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Abstract

We study pseudo-multiplicative unitaries and pseudo-Kac systems on C*-
modules in general and examples arising from locally compact groupoids in par-
ticular. Multiplicative unitaries on Hilbert spaces were introduced by Saad Baaj
and Georges Skandalis as a framework for generalisations of Pontrjagin duality of
locally compact abelian groups: each locally compact quantum group gives rise
to a multiplicative unitary from which one can construct two Hopf C*-algebras
representing the initial quantum group and its generalised Pontrjagin dual [3, 28].
Building on the notion of a Kac system, they define reduced crossed products for
coactions of Hopf C*-algebras and prove a generalisation of the Takesaki-Takai
duality theorem [3].

For measurable quantum groupoids, a von Neumann-algebraic duality theory
building on pseudo-multiplicative unitaries on Hilbert spaces exists [59, 12, 32|, but
up to now, the treatment of topological groupoids by C'*-algebraic means remained
restricted to the finite case [5, 36, 40]. Aiming at this deficiency, we introduce
pseudo-multiplicative unitaries on C*-modules. The results cited above [3] do
not carry over. Problems arise from the internal tensor product of C*-bimodules
and adjointability questions for linear operators on C*-modules. Motivated by
r-discrete groupoids, we introduce a decomposability condition and obtain the
first main result: a decomposable regular pseudo-multiplicative unitary gives rise
to two Hopf C'*-families. The construction rests on a number of new concepts:
homogeneous operators on C*-bimodules, the category of C*-families and the
internal tensor product of C'*-families.

The second main result is the axiomatisation of pseudo-Kac systems on C*-
modules and the generalisation of the reduced crossed product construction and
the associated Baaj-Skandalis duality theorem to decomposable pseudo-Kac sys-
tems. This implies a corresponding duality theorem for r-discrete groupoids.

Finally, we study decomposable groupoids and their associated pseudo-Kac
systems. We show that coactions of the function algebra of the groupoid coincide
with actions of the groupoid and that coactions of the dual Hopf C'*-family coincide
with upper semi-continuous Fell bundles on the groupoid, provided the latter is
r-discrete. This is the third main result. A discussion of non-Hausdorff groupoids
and the approaches of Mahmood Khoshkam and Georges Skandalis [23], Jean-
Louis-Tu [55] and a Hausdorff compactification introduced by James Fell [16]
completes the thesis.



Zusammenfassung

Wir untersuchen pseudo-multiplikative Unitdre und Pseudo-Kac-Systeme auf
C*-Moduln sowie Beispiele aus dem Bereich lokal-kompakter Gruppoide. Multi-
plikative Unitédre auf Hilbert-Rdumen wurden von Saad Baaj und Georges Skan-
dalis als Rahmen fiir Verallgemeinerungen der Pontrjagin-Dualitat lokal-kompak-
ter abelscher Gruppen eingefiihrt: zu jeder Quantengruppe kann ein multiplika-
tives Unitéres und aus diesem wiederum koénnen zwei Hopf-C*-Algebren kon-
struiert werden, welche die Ausgangsgruppe und ihr verallgemeinertes Duales
reprasentieren [3, 63, 28]. Aufbauend auf dem Begriff eines Kac-Systems kon-
struieren die Autoren ferner verschrinkte Produkte fiir Kowirkungen von Hopf-
C*-Algebren und verallgemeinern den Takesaki-Takai-Dualitéatssatz [3].

Fiir messbare Quantengruppoide existiert eine Dualitatstheorie, welche auf
pseudo-multiplikativen Unitaren auf Hilbertrdumen und der rdumlichen Theo-
rie der von-Neumann-Algebren beruht [59, 12, 32]; die Behandlung topologischer
Gruppoide mit C*-algebraischen Methoden aber blieb bisher beschrinkt auf den
diskreten Fall [5, 36, 40]. Um diese Einschrankung zu tiberwinden, fiihren wir
in dieser Arbeit den Begriff eines pseudo-multiplikativen Unitéren auf C*-Moduln
ein. Die direkte Ubertragung der Ergebnisse aus [3] scheitert an den Eigenschaften
des internen Tensorprodukts von C*-Bimoduln und der Adjungierbarkeitsfrage fiir
lineare Operatoren auf C*-Moduln. In Anlehnung an den Begriff eines r-diskreten
Gruppoids formulieren wir eine Zerlegbarkeits-Bedingung und erhalten das erste
Hauptergebnis — die Konstruktion zweier Hopf-C*-Familien aus einem zerlegbaren
regularen pseudo-multiplikativen Unitdren. Dieses Ergebnis beruht auf einer Reihe
neuer Konzepte: homogene Operatoren auf C*-Bimoduln, die Kategorie der C*-
Familien und das interne Tensorprodukt von C*-Familien.

Das zweite Hauptergebnis ist die Axiomatisierung von Pseudo-Kac-Systemen
auf C*-Moduln und die Ubertragung der Konstruktion reduzierter verschrankter
Produkte sowie des entsprechenden Dualititssatzes auf zerlegbare pseudo-Kac-
Systeme. Letzterer impliziert ein entsprechendes Ergebnis fiir Wirkungen von
r-diskreten Gruppoiden.

Beispiele zerlegbarer Pseudo-Kac-Systeme liefert die Klasse der zerlegbaren
Gruppoide, welche die r-diskreten Gruppoide verallgemeinern. Als drittes Haupt-
ergebnis zeigen wir, dass Kowirkungen der Funktionenalgebra eines solchen Grup-
poids und Kowirkungen der dazu dualen Hopf-C*-Familie mit Wirkungen des
Gruppoids beziehungsweise oberhalb-stetigen Fell-Biindeln auf dem Gruppoid ko-
rrespondieren — letzteres unter der Einschrankung, dass das Gruppoid r-diskret
ist. Dies verallgemeinert entsprechende Resultate iiber diskrete Gruppen [2]. Zum
Schluss betrachten wir Gruppoide, die nicht Hausdorffsch sind, und verkniipfen
die Zugénge von Mahmood Khoshkam, Georges Skandalis [23] und Jean-Louis-Tu
[55] mit einer von James Fell eingefithrten Hausdorfl-Kompaktifizierung [16].
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Introduction

Overview

In this thesis, we introduce and study pseudo-multiplicative unitaries and pseudo-
Kac systems on C*-modules in general and examples arising from locally compact
groupoids in particular. Although these notions are modelled after (pseudo)-
multiplicative unitaries and Kac systems on Hilbert spaces [3, 59, 60], the new
setting presents several difficulties.

Multiplicative unitaries on Hilbert spaces are fundamental to the study of lo-
cally compact quantum groups and their duality which generalises the Pontrjagin
duality of locally compact abelian groups [28]. In the von Neumann-algebraic
theory of measured quantum groupoids, an analogue roéle is played by pseudo-
multiplicative unitaries on Hilbert spaces [32, 12]. In both theories, the con-
struction of the generalised Pontrjagin dual proceeds in two steps: the quantum
group(oid), which is some kind of Hopf algebra equipped with a Haar measure,
gives rise to a (pseudo-)multiplicative unitary. From this unitary, one constructs
a pair of operator-algebraic Hopf algebras [3, 63, 28]. One of these coincides with
the initial quantum group(oid) and the other is its Pontrjagin dual.

Although examples of pseudo-multiplicative unitaries on C*-bimodules have
already been discussed in the literature [38, 39], the construction of the two as-
sociated Hopf objects remained elusive [40]. The main obstacles arise from the
internal tensor product of C*-modules and its functorial properties which — on the
level of operators — are poorly understood. An additional difficulty comes from
the fact that adjointability of maps is much more subtle for C*-modules than it is
for Hilbert spaces, where every bounded linear map is automatically adjointable.
Whereas the legs of a (pseudo)-multiplicative unitary consist of adjointable oper-
ators on Hilbert spaces, in the new setting, adjointability is lost.

In this thesis, we carry out the second step of generalised Pontrjagin duality
— associating two generalised Hopf algebras to a pseudo-multiplicative unitary —
under a certain decomposability condition on the underlying C*-bimodules. In the
situation of locally compact groupoids, this assumption is close to r-discreteness.
Tailored to this situation, we introduce semigroup grading techniques on C*-
bimodules and their operators. The general idea is that relations which are trivial
for Hilbert spaces but need not be satisfied for C*-bimodules are now demanded to



hold up to twists by partial automorphisms which are kept track of by additional
book-keeping. We introduce the notion of a C*-pre-family of “twisted operators”
on a C*-bimodule, internal tensor products of such families and morphisms be-
tween them. A main feature of this theory is a satisfactory functorial behaviour of
the internal tensor product of C*-pre-families. The notion of a Hopf C'*-pre-family
follows immediately, and our generalisation of the Baaj-Skandalis construction as-
sociates to each decomposable pseudo-multiplicative unitary on C*-bimodules a
pair of such Hopf C*-pre-families.

Kac systems are fundamental to duality theorems for C'*-dynamical systems
which are (co)actions of locally compact (quantum) groups on C*-algebras. Such
systems are often studied via their covariant representations or their associated
crossed products. It is interesting to ask whether a C'*-dynamical system can
be reconstructed from its associated crossed product [30, 42]. In the case of a
locally compact abelian group, the crossed product carries a natural action of the
Pontrjagin dual, and the Takesaki-Takai duality theorem says that the iterated
crossed product is Morita equivalent to the initial system [50, 51]. Based on
the notion of a Kac system, Saad Baaj and Georges Skandalis have generalised
the crossed product construction and the duality theorem to coactions of Hopf
C*-algebras [3]. Related crossed product constructions and duality theorems for
coactions of groupoids on von Neumann algebras have been obtained by Takehiko
Yamanouchi [66].

We introduce the notion of a pseudo-Kac system on C*-modules and extend
the crossed product construction as well as the Baaj-Skandalis duality theorem to
the new setting. Here, the main difficulty is that of axiomatisation. A Kac system
consists of a multiplicative unitary and a symmetry on the underlying Hilbert
space. In the new setting, the example of groupoids shows that the symmetry
arising from the inversion of the groupoid introduces an additional C*-module.
Besides examples, conceptual arguments show that one has to introduce a family
of C*-modules and operators in the axiom system. Once the axioms are fixed, the
constructions necessary for Baaj-Skandalis duality carry over with minor modifi-
cations and a lot of book-keeping. As an application of the generalised Takesaki-
Takai-Baaj-Skandalis duality theorem, one obtains a C'*-algebraic duality result
for coactions and crossed products of r-discrete groupoids on C*-algebras.

The initial motivation for this work came from locally compact Hausdorff
groupoids. Unfortunately, the decomposability condition mentioned above re-
stricts us to decomposable groupoids which, roughly speaking, are extensions of
r-discrete groupoids by group bundles. To each such groupoid, we associate a
pseudo-Kac system and identify the notions of coactions arising from the two as-
sociated Hopf C*-pre-families. For one of them, injective non-degenerate coactions
coincide with actions of the groupoid [31] on a C*-algebra. For the other Hopf
C*-pre-family, such coactions coincide with upper semi-continuous Fell bundles on
the groupoid, provided it is r-discrete. This generalises corresponding results for
groups [35, 44, 2].

ii



With non-Hausdorff groupoids, problems arise from the very beginning in the
definition of the C*-module underlying the pseudo-multiplicative unitary. We
study a Hausdorff compactification functor introduced by James Fell [16] and
show that its application to locally compact non-Hausdorff groupoids yields locally
compact groupoids, which are, of course, Hausdorff. In the r-discrete case, this
groupoid again is r-discrete and gives rise to the same C*-module as the one
associated to the initial groupoid by M. Khoshkam and G. Skandalis [23]. Thus,
from the point of view of pseudo-multiplicative unitaries, each r-discrete groupoid
can be replaced by its Hausdorff compactification.

The treatment of general locally compact groupoids still seems out of reach.

Organisation of the thesis

The thesis consists of three chapters, an appendix, and an introductory section
which explains the mathematical context of this work.

The first chapter is concerned with semigroup grading techniques which are
needed for the treatment of decomposable pseudo-multiplicative unitaries. We
introduce homogeneous operators on C*-bimodules. These are maps which — up
to partial automorphisms of the underlying C*-algebras — are adjointable and
commute with left multiplication. They are closely related to ordinary operators
on C*-bimodules with suitably twisted structure maps. The point is that we
consider simultaneously whole C*-pre-families of such operators, indexed by the
respective partial automorphisms. Roughly, a C*-pre-family is a x-algebra of
homogeneous operators whose subspace of operators of a fixed degree is closed
for each degree. The control provided by the grading allows the formation of an
internal tensor product of such families. The internal tensor product is used for the
definition of morphisms of C*-pre-families. This approach implies bi-functoriality
of the internal tensor product by the very definition. The notion of multipliers,
tensor products and morphisms lead to the definition of a Hopf C*-pre-family and
coactions of such a Hopf C*-pre-family on C*-pre-families.

In the remaining part of the chapter, we consider homogeneous elements of C*-
bimodules and introduce the notion of decomposability. We collect some useful
facts which are needed later on and obtain particularly satisfying results in the
case that the underlying C'*-algebra is commutative. The notion of decomposable
C*-algebras gives rise to the notion of an C*-family which has better properties
than a C*-pre-family with respect to the grading.

In the second chapter, we introduce the notion of a pseudo-multiplicative uni-
tary on C*-modules and discuss its relation to other notions of multiplicative
transformations [3, 4, 38, 59, 12]. Using ideas introduced in the first chapter,
we formulate a decomposability and regularity condition on pseudo-multiplicative
unitaries. The first main result of the thesis is the construction of the legs of a
decomposable regular pseudo-multiplicative unitary which are Hopf C*-families.
The approach follows [3], but the setting of C*-modules introduces many new tech-
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nicalities. The section ends with a discussion of coactions of Hopf C'*-families on
C*-algebras. The definition raises many questions which suggest that it is more
natural to consider coactions on C*-families. For the latter ones, the property
of regularity is introduced, which will be important for the proof of the gener-
alised Baaj-Skandalis duality theorem. Finally, we study examples of coactions
which arise from legs of coaction unitaries. They will turn up in the context of
pseudo-Kac systems again.

Next, we introduce the notion of a pseudo-Kac system on C*-modules. The
complex axiom system is carefully motivated by conceptual reasoning and a dis-
cussion of the example of locally compact groupoids. The left and the right leg
of a pseudo-Kac system are pairs consisting of a Hopf C'*-family and a canonical
coaction on a C*-algebra. Building on [3] and keeping track of the multitude of C'*-
modules and operators involved, we define reduced crossed products for coactions
of the legs and dual coactions on them. The chapter ends with a generalisation of
the Baaj-Skandalis duality theorem which is the second main result of the thesis.

In the third chapter, we apply the material developed so far to the class of
decomposable groupoids. We give a precise definition and study Haar systems on
such groupoids. Then we illustrate the notions of C'*-families and internal tensor
products by examples associated to continuous representations of decomposable
groupoids.

The topic of the second section is the pseudo-Kac system associated to a de-
composable groupoid. We determine the Hopf C'*-families comprising the legs of
this system and study coactions of both legs. For the left leg, non-degenerate in-
jective coactions coincide with groupoid actions on C'*-algebras. In the r-discrete
case, injective coactions of the right leg coincide with upper semi-continuous Fell
bundles on the groupoid. To prove the latter result, we carry over the construction
of Haar means [2].

In the last section, we consider non-Hausdorff groupoids. First, we discuss
a Hausdorff compactification introduced by James Fell [16] and show that the
Hausdorff compactification of a non-Hausdorff locally compact groupoid is a lo-
cally compact groupoid. We explain how this Hausdorff groupoid facilitates a
geometric description of a substitute for the fundamental C*-module L?(G,\)
introduced in [23].

The appendix contains standard notions and results which are used freely
throughout the text. An index of frequently used notation and terminology com-
pletes the thesis.

Background

In the following, we outline the mathematical and historical route from Pontrjagin
duality to the objects of study of this thesis.

v



Groups, Hopf algebras and multiplicative unitaries

Pontrjagin duality [43, 53, 21, 14, 28] Let G be a group. A character on G
is a group homomorphism G — S! = {z € C | ||z|| = 1}. If G is abelian, the set of
characters on G, equipped with pointwise multiplication and inversion, forms the
dual group of G. If G is locally compact, the compact-open topology on the subset
G of all continuous characters endows G with the structure of a locally compact

group. The Pontrjagin duality theorem says that the natural map G — G is an
isomorphism of locally compact abelian groups.

Much work has been spent on generalisations of this duality. The characters
of a non-abelian group see only its abelian quotient, so higher-dimensional repre-
sentations have to be taken into account. These are encoded by the corresponding
group (C*-/von Neumann) algebra. In the abelian case, this group algebra is
isomorphic to the function algebra on the dual group via the Fourier transform.

Hopf (C*-)algebras [49, 1, 19, 3, 24, 57] Replacing the underlying space and
maps of a group by its function algebra and the induced homomorphisms, one is
lead to the the notion of a Hopf algebra. A Hopf algebra consists of an associative
algebra A over some field, a coproduct A: A — A® A and an antipode k: A — A
subject to a number of axioms which are precisely the transposes of the group
axioms.

If A has finite dimension, the Hopf algebra (A, A, k) has a dual Hopf algebra
(fl, A, k) where A := A’ is the dual space of A and the structure maps are defined

by
(6 )(f) = (6 @VA(f), (Ad)(f@g)=0o(fg), (kd)(f) = (k).

In the formula for A, we identify A’ ® A’ with (A® A)’. The natural map A — A
is an isomorphism of Hopf algebras.

This duality is an analogue of Pontrjagin duality for finite non-abelian groups:
If G is a finite group, the function algebra C'(G) and the group algebra CG =
C(G)" are dual Hopf algebras. Their structure maps are given by

AG) =Y 6 @6, k(0.) =01, AQ) =X X, &)=\,

z=xy

where ¢, € C(G) and )\, € CG, z € G, denote the operators of pointwise multi-
plication and left translation, respectively. If, in addition, the group G is abelian,
the Hopf algebra (CG, A, k) can be identified with the Hopf algebra of functions
on G.

A Hopf C*-algebra consists of a C*-algebra S and a coassociative x-homo-
morphism A: S — M(S®S). The antipode is replaced by the condition that the
spaces A(S)(1® S) and A(S)(S ® 1) should be dense in S ® S. If G is a locally

*

compact group, then Cy(G) and C(r)(G) are Hopf C'*-algebras in a canonical way.

'We omit mentioning of the counit which is redundant.



Multiplicative unitaries and the Baaj-Skandalis construction [3] Given
a Hilbert space H, a unitary V on H ® H is called multiplicative if it satisfies the
pentagon equation ViaV13Vas = VogVis. Under additional regularity assumptions,
one can show that the right leg (S(V),A) and the left leg (S'(V), A) of V, given
by

S(V) :=span{(w®1)(V) |w € B(H).}, A:s—V(s®1)VT,
S(V) :=span{(1 ®@w)(V) | w € B(H),}, A5V 123V,

are Hopf C*-algebras (here, B(H), denotes the predual of B(H)). We call this
result the Baaj-Skandalis construction. Its relevance to generalisations of Pontr-
jagin duality lies in the fact that a (regular) multiplicative unitary encodes a pair
of Hopf C*-algebras simultaneously and therefore has duality “built in”.

As an example, consider a locally compact group G with a left-invariant Haar
measure A. Then the formula (W f)(x,y) := f(z,2~'y) defines a multiplicative
unitary on L?(G,\) ® L2(G, \). If G is finite, V is equal to the sum Y orea 0z ®Ag,
and the left and right leg of V' coincide — up to a switched =sign — with the Hopf
algebras associated to (@ in the previous section. In the general case, S (V) =
Co(G) and S(V) = CHG).

The notion of multiplicative unitaries is central to C*-algebraic generalisations
of Pontrjagin duality beyond finite Hopf algebras.

(Locally compact) quantum groups [61, 64, 26, 27, 28] A widely accepted
slogan is that a quantum group is some kind of Hopf algebra equipped with a Haar
functional. A left-invariant Haar functional on a complex Hopf algebra (A, A, k) is
a linear map ¢: A — C satisfying (1@ ¢)A(a) = ¢(a)- 1. Of course, this definition
has to be adapted if one considers e.g. Hopf C*-algebras or Hopf-von Neumann
algebras. In the case of locally compact groups and compact quantum groups, the
existence of a Haar functional can be deduced from the axioms.

Theories of quantum groups with a nice duality include multiplier Hopf alge-
bras, compact and discrete quantum groups and locally compact quantum groups.
We briefly outline the construction of the Pontrjagin dual in the latter approach.
Given a locally compact quantum group consisting of a Hopf C*-algebra (S, A)
and a left-invariant Haar weight with corresponding GNS-space H, one constructs
a unitary V* on H ® H via the map S xS — S® S given by (s,t) — A(t)(s®1).
Then the unitary V' is multiplicative, and the Hopf C*-algebra of the dual locally
compact quantum group is just the right leg of V.

Coactions, crossed products and duality

C*-dynamical systems [50, 51, 42] A central topic in the theory of C*-
algebras is the study of automorphism groups and C*-dynamical systems. Such
a system consists of a C*-algebra C', a locally compact group G and a strongly
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continuous action a of G on C. Usually, such a system is studied via its covari-
ant representations which consist of a representation 7 of the C'*-algebra and a
unitary representation U of the group on the same Hilbert space, related by the
formula U,m(c)Us = m(ay(c)) for all ¢ € C and = € G. The covariant represen-
tations correspond bijectively to representations of the crossed product C' x, G
which is the C*-algebra generated by the universal covariant representation. This
C*-algebra has nice functorial properties, but its definition is very abstract. It
is complemented by a reduced crossed product C X, G which has a concrete de-
scription and coincides with the universal crossed product if G is amenable. In
the following, we concentrate on the reduced crossed product.

It is natural to ask whether the system (C, G, ) can be reconstructed from the
C*-algebra C' %, ,G. If G is locally compact and abelian, this question is answered
by the Takesaki-Takai duahty theorem. In that case, C' X, G carries a natural
action & of the dual group G and the iterated crossed product (C Xq, G) X4 r G
is equivariantly isomorphic to the C*-algebra C ® IC(LQ(G, )\)), equipped with a
natural action induced by a.

Coactions of Hopf (C*-)algebras [33, 2, 24] The first step towards a gener-
alisation of the Takesaki-Takai duality to arbitrary locally compact (quantum)
groups is a reformulation of group actions in terms of coactions of Hopf C*-
algebras.

A coaction of a Hopf C*-algebra (S,A) on a C*-algebra C' is a coassociative
s-homomorphism 6: C' — M (C ® S) such that §(C)(1 ®.S) is contained in C ® S.
If § is injective and §(C)(1 ® S) is dense in C' ® S, the pair (C,d) is called an
(S, A)-algebra.

As an example, consider the Hopf C*-algebras (Co(G),A) and (C*(G),A)
associated to a locally compact group. The C*-algebra M(C ® Cy(G)) can be
identified with the algebra of bounded strictly continuous functions G — M(C).
Then Cy(G)-algebras (C,0) correspond to actions (C,«) of G via the formulas
az(c) == (1 ® evy)d(c) and (0(c))(z) := ay(c), where ev, denotes evaluation at
a point z of G. If G is discrete, C*(@)-algebras (C,0) correspond to G-graded
C*-algebras C = @, C» (strictly speaking, Fell bundles on G) via the formulas
Cro={ceC|éc)=c@A}and 6(c) = c® A, for z € G and ¢ € C,.

Kac systems [3] The generalisation of the Takesaki-Takai duality theorem to
coactions of Hopf C'*-algebras rests on the notion of a Kac system which consists
of a Hilbert space H, a multiplicative unitary V on H ® H and a symmetry U on
H, subject to a number of axioms. A prototypical example is the multiplicative
unitary V of a locally compact group G together with the symmetry U on L?(G, \)
given by (U f)(x) :== AY2(z)f(z~ 1), where A = dA~1/d) is the modular function
of the group.

Given a coaction (C,d) of the right leg (S(V'),A) of V, the associated reduced
crossed product C' X, S is the C*-algebra of operators on the C*-module C ® H
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generated by §(C)(1®S(V)). This reduced crossed product carries a dual coaction
6 of the left leg (S(V),A) via 6(¢)(1 ® 8) — (6(c) ® 1)(1 ® A(8)). One similarly
defines reduced crossed products and dual coactions for coactions of the left leg
(5' , A) of V, and the Baaj-Skandalis duality theorem says that the iterated crossed

product <C Xg S ) x5 S is equivariantly isomorphic to the C*-algebra C @ K(H )
equipped with a coaction naturally induced by 4.

From quantum groups to quantum groupoids

In many geometric situations, symmetries are not governed by a global group but
rather by a groupoid. A groupoid G is a small category in which every morphism
is invertible: it consists of a morphism set G, a set of objects (or units) G°, range
and source maps r,s: G — GV, an inversion map i: G — G, and a composition
law o: G3x, G — G, where G3x, G = {(z,y) € G x G | s(z) = r(y)}, subject
to a number of axioms. A left Haar system A\ on G is a family (A"),cqo, where
A% is a measure on the fibre r—!(u), subject to a number of axioms including left
invariance.

Replacing spaces by algebras again, the definition of a groupoid suggests that
a “quantum groupoid” should consist of a “base algebra” R over some field &, an
algebra A with two commuting maps p,o: R — A, and a coproduct subject to
several axioms. The difficulty lies in the definition of the target of the coproduct. If
one translates the groupoid situation, the source of the multiplication map G ;x,.G
should be replaced by the tensor product A, ®g ,A. If R is non-commutative,
one of the homomorphisms p,o has to be replaced by an anti-homomorphism.
However, this choice of the target does not lead to a self-dual concept of quantum
groupoids on an algebraic level because there exists no pairing of A ® g A with
A’ ®r A’. Hence, the tensor product over R has to be replaced by a “self-dual”
product.

Hopf x g-algebras [52, 48] In the purely algebraic setting, the problem indi-
cated above is solved by the x p-product. Denote by R the opposite of R and
by r + 7 the natural anti-homomorphism R — R. Put R® := R ® R. The xp-
product of two R-bimodules M and N is defined by M xg N := [* [ zM;®,Nj,
where

/TM®TN =M ®@N/{frm®@n—-m®rn|reRmeMmneN),
T

S

/ Mz ® Ng := {Elmz®nl eMN | Vse R:Y,mis®@n; = Ezml®n15}

The X g-product has the following characteristic property: If P is a right and @ a
left R-module, the spaces Endy(P) and Endg(Q) are algebras over the ring R¢ —
shortly called R¢-algebras — and one has a natural map Endg(P) x g Endg(Q) —
Endk(P QR Q)
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A X p-Hopf algebra A is an RC-algebra equipped with a coproduct A: A —
A xpr A and a counit €: A — Endg(R) which are homomorphisms of R¢-algebras,
subject to a number of axioms.

As an example, consider a finite groupoid G. Put R := C(G"). Consider the
function algebra C'(G) and the convolution algebra CG as R¢-algebras via

(f ©® )00 = f(r(z))0ag(s()),  (f @G Aa:= f(r(x))g(r(x)Ae;, z€G.
The representations C(G) — Endg(C(G)) and CG — Endg(C(G)) given by

point-wise multiplication and convolution, respectively, extend to inclusions
C(G) xr C(G / /fc . ® ;C(G),
= C(G s%x, G) — Endg (C(GSXT G))
and

g
(DGXR(DG:/ /fq:Gg@f@Gg
f

:<)\x

Now, (C(@),A,€) and (CG, A, é) are x z-Hopf algebras with the structure maps
given by

s(2) =sw) /(A ® Ay(g((?) ::2((?)) < Ende (C(G, %, G)).

R 0
=Y 6@, AN =X\, d:)=¢N) :{ g zige

z=zY

Weak Hopf (C*-)algebras [5, 6, 36, 37] An alternative approach to the prob-
lem with the tensor product ® g indicated above is to restrict to cases where a
coproduct can be defined as a map A: A — A® A. For groupoids, this corre-
sponds to the case where G 4 x,, G C G X G is open which is a severe restriction.
This leads to the notion of a weak Hopf (C*-)algebra which has been studied by
Gabriella Bohm, Kornél Szlachanyi, Dmitri Nikshych and others. For such ob-
jects, a theory including duality, Haar functionals, coactions, crossed or smashed
products, duality of iterated smashed products and a relation to multiplicative
isometries has been developed. However, the notion of a weak Hopf C'*-algebra is
inherently restricted to finite-dimensional C'*-algebras.

Measured quantum groupoids [58, 59, 60, 12, 32] In the von Neumann-
algebraic setting, Jean-Michel Vallin, Michel Enock and Franck Lesieur introduced
the notion of measured quantum groupoids and pseudo-multiplicative unitaries,
including a generalisation of Pontrjagin duality. In this setting, the tensor product
®p is replaced by the von Neumann algebra fibre product which builds on Connes’
fusion product.

ix



The pseudo-multiplicative unitary of a locally compact groupoid

A proto-typical example of the kind of objects we want to study is the pseudo-
multiplicative unitary associated to a locally compact groupoid. For notational
convenience, we describe the construction of the pseudo-multiplicative unitary
VP which is the “opposite” of the pseudo-multiplicative unitary V we usually
associate to a groupoid. Let G be a locally compact groupoid with left Haar
system . Denote by L?(G,\) the associated C*-module over Co(G®). It is the
completion of the pre-C*-module C.(G) with structure maps given by

(o) = [ T@g@ax (@), we 6. fge CO),
(FR)@) = F@)hr(z

and corresponds to the continuous Hilbert bundle (L2(G”,)\“))u on G . The
range map and the source map of G induce representations 7., 7, of Co(G?) on

L?(G, \) given by

(mr () f)(@) == f(@)h(r(z)),  (ms(h)f)(@) = f(x)h(s(x)),
r€G, feC(G), heCya.

), z€G, feC(G),heCy(G,

The corresponding internal tensor products L?(G, \)®,, L*(G, \) and L?(G, \)®,
L?(G, \) can be identified with completions of the spaces C.(G %, G) and C.(G X
G), respectively. Consider the map Wy: C.(G, %, G) — C.(G, x5 G) given by
(Wof)(z,y) :== f(yz,y). By left-invariance of the Haar system A, it extends a
unitary operator W: L?(G,\) ®x, L*(G,\) — L*(G,\)®,, L*(G, \). This unitary
satisfies the pentagon equation WioWi3Wag = WogWis,

(WiaWisWas f)(2,y, 2) = (WisWas f)(yz, z, 2)
= (W23f)(2y1:, Y, 'I) = f(ZyCL', <Y, y)a
(W23W12f)(x7 Y, Z) = (Wle)(.T, Y, Z) = f(ZyCL', 2Y, Z)a

in a sense which is made precise in section 2.2.

Notation

Apart from standard conventions, we use the following notation:
Let C be a normed space. Given a subset A C C, we denote by spanA the
closed linear span of A. Given a family € = (%), of subsets of C, we denote by

span® := span, %, = span( U (fm)

the closed linear span of the union of the subsets in the family. Let C’ and C” be
normed spaces with a continuous map -: C' x C” — C. Given subsets A C C’ and



B c C”, we denote by
A-B:=closureof {a-b|ac A be B} CC

the closure of the setwise product of A and B. Likewise, for a € A and b € B, we
denote by aB := {a} B and Ab:= A{b} the closures of the setwise products.

To differentiate between the algebraic tensor product and completions thereof,
we denote the algebraic tensor product by ©®.

The index at the end of this thesis contains an extensive list of further notation
used and introduced throughout the text.
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Chapter 1

Semigroup grading techniques
for C*-bimodules

This chapter lays the foundation for the study of decomposable pseudo-multiplica-
tive unitaries on C*-bimodules.

1.1 The category of C*-pre-families

The main objective of this section is the definition of Hopf C*-pre-families which
generalise Hopf C*-algebras and provide the right concept for the generalisation of
the Baaj-Skandalis construction. This notion builds on a number of new concepts
and constructions — homogeneous operators on C*-bimodules, C*-pre-families of
such operators, internal tensor products and morphisms of C'*-pre-families — each
of which is carefully motivated by a discussion of the ultimate application in the
Baaj-Skandalis construction presented in the second chapter.

Throughout this section, let A and B be C*-algebras and let E and E’ be C*-B-
A-bimodules, i.e. C*-modules over A equipped with representations B — L 4(F)
and B — L4(FE") which are written as left multiplication by elements of B.

1.1.1 Homogeneous operators on C*-modules

This subsection introduces homogeneous operators on C*-bimodules: maps which
— up to partial automorphisms of the underlying C'*-algebras — are adjointable and
commute with left multiplication. They are fundamental to the generalisation of
the Baaj-Skandalis construction carried out in the second chapter. Their appear-
ance and their role in this context is explained in the introductory section. The
precise definition, a collection of some immediate properties and several examples
follow. Finally, the relation to ordinary operators on C'*-bimodules is indicated.

Throughout this subsection, let o and ( be partial automorphisms of A and
B, respectively.



1. SEMIGROUP GRADING TECHNIQUES FOR C*-BIMODULES

Motivation

Ordinary operators on C*-bimodules do not suffice for the adaptation of the Baaj-
Skandalis construction to pseudo-multiplicative unitaries on C*-bimodules. We
explain the problems which arise by a proto-typical example. Let G be a locally
compact groupoid with a left Haar system A and consider the pseudo-multiplicative
unitary

W: L*(G,A) @, L*(G,X) = L*(G,\) @x, L*(G, ), (Wf)(z,y) = f(yz,y),

defined in the introductory section.

To adapt the Baaj-Skandalis construction to the operator W, we rewrite the
classical construction as follows. Let H be a Hilbert space and let V' be a mul-
tiplicative unitary on H ® H. Then the right and the left leg of V' are equal
to

S(V) =span{0,V0 | {,n € H} and S(V) =span {#"V6¢ | £,n e H},

respectively, where the operators 0¢: H — H ® H and 0¢: H — H ® H associated
to an element § € H are given by 0:¢ := { ® ¢ and ¢ :=(@Eforall (€ H. It
is easy to see that they are bounded.

Let us adapt these definitions to the operator W. For each element £ €
L*(G, \), the map 0¢: L*(G,\) — L*(G,\) ®, L*(G,)\), m = m, or m = 7, given
by the same formula as before, is adjointable:

(¢ @x ¢"10:C) = (¢ ®n ¢"|€ ®x C) = ("7 ((C1E))C) = (B (¢ @x ¢)IC)

for all ¢ € L%*(G,\), where 0:(¢" @x (") = m((§¢))¢" for all ¢',¢" € L2(G, \).
Hence, S(W) can be defined by the same formula as S(V'), and a short calculation
shows that S(W) = Cy(G). Difficulties occur with the left leg of W. In general,
the map 0%: L2(G,)\) — L?(G,\) ®x, L*(G,\) given by the formula above is not
adjointable. If it were, it would have to commute with right multiplication by
elements of Cy(G®). Then

05(Ch) = Ch @r, € = ( @, Ts(h)E = { R, Eh = 05(C)D

for all ¢ € L?*(G,\), whence ms(h)é = &h = m,.(h)¢ for all h € Co(G®). This
condition is only satisfied if the support of £ is contained in the subset {z € G |
r(z) = s(z)} of G, which is a severe restriction.

Summarising, it is not clear how to define the left leg of W. This problem is
related to the fact that the left leg of W encodes the left regular representation of
G which — on L?(G, \) — does not act via adjointable operators. In general, left
multiplication on G does not commute with the range map and therefore the left
translation operators are not even Co(GP)-linear.

The problems originate from the discrepancy between the range and the source
map of the groupoid G. Let us assume that the groupoid G is r-discrete, i.e. that

2



1.1. THE CATEGORY OF C*-PRE-FAMILIES

it has a cover consisting of open subsets U C G such that the restrictions of the
range and source map to U both are homeomorphisms onto open subsets of G°.
Locally on each such subset U, the discrepancy between the range and the source
map of G can be measured by the partial homeomorphism gy : s(U) — r(U) of G°
given by s(z) — r(z) for all x € U: one has r|y = qu o s|y. This relation provides
a control on the non-adjointable maps which occurred above. Given an element
¢ € C.(U) c L*(G,\), we have

(ms(h)§) (z) = h(s(x))é(x)
= h(qy (r(2)))é(2) = (mr(q(h))€) (), w €U, he Co(s(U)),

where qu.: Co(s(U)) — Co(r(U)) denotes the partial automorphism of Cq(G°)
given by (qu«h)(v) = h(g;'(v)) for all v € 7(U) and h € Co(s(U)). Now, consider
the operator #¢. For simplicity, let us assume that gy extends to a homeomorphism
of GY. Then for all ¢,(’,¢" € L?(G, \), we have

I
=

(¢ @, ¢"16°¢) = (¢"|ms (¢'1€))€) = ("1€)av« ((¢'1€)) = qu((¢"ap ((€1C™)C)),

and therefore the map ¢’ ®@x, (" — (g}, ((£|¢")) is adjoint to the map 6 up to a
twist which is controlled by the (partial) automorphism qg..

The left regular representation of G' can be treated similarly. For simplicity, let
us assume that the left Haar system A is given by the family of counting measures
on the discrete fibres GV := r~1(v),v € GY. Let U C G be an open subset as
above. Then for each function f € C.(U), the associated left convolution operator
Ap: L2(G,)\) — L*(G, \) given by

0, r(z) & r(U),
AO@) = >, f {f(y)é(y tz), y=r"1(r(@)nN

yeGT(x)

where # € G and ¢ € L?(G, \), is adjointable up to the partial automorphism qg,:

> @) f)iy )
z€GT(z)

= > fl 2) = OO ), vel,

2€Gs(@)
where  f*(y) == f(y~)), y€G,

ie. (('|AfC) = qui((Ap=C'|C)) for all ¢, (" € L*(G, N).

The preceding discussion motivated the consideration of operators which are
adjointable up to a partial automorphism of the underlying C*-algebra. For the
formation of internal tensor products of operators on C*-bimodules, it becomes
necessary to also keep track of the covariance of the operators involved with respect

(A (r(y))

3



1. SEMIGROUP GRADING TECHNIQUES FOR C*-BIMODULES

to left multiplication. Operators of the form #¢ as above always commute with
the representation, but an operator of the form

Oc: (L*(G,\),ms) — (L*(G, ), 7s) ®cyco) (LXH(GA),7s), (€ @, ¢

need not:

(Hﬁh)c = ei(ﬂs(h)C) =¢ O ﬂ's(h)c =¢h O ¢, h(eﬁg) = Ws(h)g O ¢

Again, if G is r-discrete, U is a subset of G as above and £ belongs to C.(U), the
preceding discussion shows that hf¢ = f¢qu+(h) for all h € Co(s(U)).

Definition and first properties

The following definition is fundamental to everything which follows:
Definition 1.1. A map T: E — E’ is a (8, @)-homogeneous operator if

i) there exists a map S: E' — E such that (SE’'|E) C Dom(«) and (n|T¢) =
a((Sn|&)) for allé € E and n € E/,

ii) Im(T) C Im(B)E" and Th¢ = B(b)TE for all b € Dom(fB) and all £ € E.

The (5, a)-homogeneous operators share many properties of ordinary operators
on C*-modules.

Proposition 1.2. Let T and S as above. Then
i) T is linear and bounded,
i1) the map S is uniquely determined by T and «,
iii) S is a (8%, a*)-homogeneous operator,

i) if o/ € PAut(A) extends a, then T'(¢a’) = (T€)a(d') for all @’ € Dom(a)
and £ € F,

v) T(§uy) — TE for each approximate unit (u,), of the ideal Dom(«) and each
€k,

vi) T'(v,€) — TE for each approximate unit (v,,), of the ideal Dom(3) and each
SO

vit) if 3 € PAut(B) extends (3, then Tb¢ = B/ (b)TE for all b € Dom(3') and
fek,

viig) ImT C Im(B)E' Im(«),

iz) the space (E'|TE) is an ideal in A,
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z) if (B',¢/) € PAut(B) x PAut(A) extends (5,«), then T is also ((',a/)-
homogeneous.

Proof. Let (u,), and (v,), be bounded approximate units for the ideals Dom(c)

and Dom(/3), respectively.

i,ii) If « is equal to the identity on A, the first two statements reduce to well-
known facts about maps on C*-modules. Their proofs carry over to the general
case easily.

iii) Clearly, (T E|E) C Dom(a*) and (£|Sn) = o*((T¢|n)) for all n € E' and
¢ € E. Furthermore, for all b € Dom(38*) and n € E’, one has

(Stnl€) = o ((b*T€)) = o™ ((n|TF*(b7)€)) = (B7(b)S|€). €€ E,

and therefore Sbn = 5*(b)Sn. Finally, let us show that the image of S is contained
in Im(5*)E. For each element n € E’, the net (v,Sn), converges to Sn because

(1 =) 8n|(1 = v)Sn) = o ((n|T(L = vu)" (1 = vu)S))
= o ((n](1 = B(vu))"(1 = B(vu))T'Sn))

and lim, (1 — B(v,))*(1 — B(vu))T'Sn = 0 because the image of T' is contained in
Im(B)E'.
iv) For all ' € Dom(c’) and all £ € E,n € E’, one has
(n|T(a’)) = a((Snl¢a’)) = a((Snl€)) o/ (a) = (n|TE)e’ (') = (n](TE)a (a')).
v) For each £ € E one has
(T(§ = &u)|T(€ = €w)) = (1 = alw,) (TE|TE) (1 = a(w,)) —= 0

because (T¢|T€) is contained in the ideal Im(«).

vi) From part ii) of the previous definition, 8(v,)(T¢) = T'(v,&) converges to
T¢ for each € € E.

vii) For each b € Dom(/3’) and £ € E, one has
TH¢ = liin Tv,b'¢ = li}ILn B(v,b)TE = 1131 B(v,) 3 (W)TE =B (V)TE.

Here, we used part vi) and the fact that 3/(0/)T¢ is contained in Im(3)E’.
viii) One has Im T C E'Im(«) by iv) and v) and Im 7" C Im(3) E’ by definition.

ix) It is clear that (E'|TE) is a left-sided ideal in A. On the other hand, for
all ¢ € E,n € E' and all a € A, one has

(nT€)a = lim(n|T¢)aw, = lim{y|(T¢)aw,) = lim(y|T({a" (auy))) € (E'|TE).

x) This is obvious from the part vii) and the definition. O
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Definition 1.3. The a-adjoint of a (3, a)-homogeneous operator T: E — E' is
the unique map S: E' — E satisfying the conditions of definition 1.1.

First examples of homogeneous operators already occurred in the introductory
motivation. The following example will reappear in subsection 1.2.3.

Example 1.4. Given unitaries v € B and u € A, the map O, ,: F — E given
by & — véu* is (0, a)-homogeneous, where § := Ad, and « := Ad,, are the inner

automorphisms of B and A given by b — vbv* and a — uau*, respectively.
This follows from the equations

Oy 0 (bE) = vbéu™ = (vbv™)véu™ = Ady(b)O, &,
(n0yu€) = (nlvéu™) = uu™ (W n|€)u* = Ad, ((v'nul)), &n e E.

The following construction will be used in subsection 1.1.4.

Example 1.5. Consider the space Im(a) @ Dom(a) with the maps T := (§¢)
and S := ( O?* 8). These are prototypes of homogeneous operators.

i) Consider the space E, := Im(a) @ Dom(«) as a C*-C-A-bimodule in the
canonical way:

{(a,b)|(a',0)) == a*a' + "V, (a,b)c:= (ac,bc), A(a,b) := (Aa, \b).
Then T, := T is an (id, @)-homogeneous operator with adjoint S, := S:

((a, b){ T(d,V)) =a*a(t)) = a(a*(a)*V) = a(({ S(a,b) |(a', b))
(a(v'),0) (0,a*(a))

for all a,a’ € Im(«) and all b,b’ € Dom(a).

ii) Consider B := Im(a) @ Dom(«) as a C*-A-Im(«)-bimodule via
{(a,b)|(a,V)) :==a*d’ + a(b*V'), (a,b)c:= (ac,ba’(c)), c(a,b) = (ca,ch).
Then T% := T is an («a,id)-homogeneous operator with adjoint S := S:

{(a,b)|T(a,V)) = a*a(t)) = a(a*(a)*b) = (S(a,b)|(d’,V))
and
ImT =Im(a) ® 0 C Im(a)E*,  Tc(a,b) = (a(ch),0) = a(c)T(a,b)

for all a,a’ € Im(«), b,', c € Dom(a).
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Uniqueness of the adjoint

We show that the adjoint of a homogeneous operator is uniquely determined by
the operator itself and does not depend on the partial automorphism occurring in
the adjunction equation.

Proposition 1.6. Let T: E — E’ be a (3, a)-homogeneous operator. Then the
set ¥ :={o/ € PAut(A) | T is (3',a’)-homogeneous, 3’ € PAut(B)} has a smallest
element.

Proof. For each o/ € ¥, denote the restriction of o to the ideal o’* ((E'|TE)) by
af. Clearly, o, belongs to ¥ again. We show that o, does not depend on the
choice of o’ and therefore is the smallest element in X.

Denote the ap-adjoint and the «of-adjoint of T' by S and 59 respectively.
Then

ap((Sn|€)b) = ao((S*nléb)) = (n|T(€b)) = ap((S¥nléb)) = ap ((S* nl¢)b)
for all ¢ € E,np € E' and all b € A. Therefore,
ap (o (a)b) = ag(ap*(a)b) forall a e (E'|TE), be A.

Let (uy,), be an approximate unit for the ideal (E'|T'E). Then af*(u,) and og(u,)
form approximate units for the ideals Dom(ayg) and Dom(ayg), respectively. Let
b € Dom(ayp). Then the equation above implies that the limit ¢ := lim,, af*(u, )b
exists and that ag(b) = af(c). Clearly ¢ € Dom(c) N Dom(«y) and hence

ap(c) = lim ag (o (wy)e) = lim af(ag* (w)e) = ag(c) = an(b).
In particular, ¢ = b. Therefore, Dom(cy) is contained in Dom(ay), and af, extends
ap. Hence, af = . O

Corollary 1.7. If T: E — E' is simultaneously (83, «)- and (', a’)-homogeneous
for some (B,a) and (5',a') € PAut(B) x PAut(A), its a-adjoint and its o' -adjoint
are equal.

Notation 1.8. We call the a-adjoint of a (3, &)-homogeneous operator T: E — E’
simply its adjoint and denote it by T*.
Relation to ordinary operators

The (3, «)-homogeneous operators E — E’ are closely related to ordinary opera-
tors on C*-bimodules with suitably twisted structure maps, as will be explained
in the following. Consider the subspaces

Egq) =Dom(8)EDom(a) ¢ E,  E'® .=Im(3)E Im(a) C '
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as C*-Dom(3)-Dom(«)-modules, where the structure maps of E g, are inherited

from E and the structure maps of E'(%% are twisted by o and 3 in the obvious
way: Denote by ¢: E'(3:®) < E’ the inclusion, then

&) prs.ar = a((m)e(€))r), &-a=1"(a(a)), b-&:="(BO)u(E))
for all £, € E'®®) and b € Dom(8).

Proposition 1.9. Let T: E — E’ be a (8, a)-homogeneous operator. Then T and
T restrict to a pair of adjoint operators T': E(g o) — E'B) gnd T*: ')
Eg,a) of C*-modules which intertwine the representations of Dom(3). These re-

strictions uniquely determine T and T*, and |T|| = ||T).

Proof. Parts iii) and viii) of proposition 1.2 imply that 7" and 7™ restrict to linear
maps T': E(g o) — E'(B:2) and T*: F'(B) E(8,q)- By definition, one has

<77‘T5>(E'(ﬁ,a)) =" (T p) = (TNl = <T*n|£>(E<ﬁ,a))

for all £ € Eg ) and n € E'(B:2) Tt is easy to see that the restrictions 7' and

T* intertwine the representations of Dom(/3). The fact that T" is determined by T
and has the same norm follows from parts v) and vi) of proposition 1.2. O

In general, not every ordinary operator g oy — £’ (B:2) extends to a (8, a)-
homogeneous operator from E to E’. This is illustrated by the following example.

Example 1.10. Let « be the identity on an ideal J of a unital C*-algebra A
and put £ = E' = A. Let B = C act by scalar multiplication and put 3 = id¢.
Then Lpom(a) (E(Ol’id),E’(o"id)) = M (J), but every (id, @)-homogeneous operator
E — E' is an ordinary operator on A and hence given by left multiplication by
an element in A. In general, A G M(J).

1.1.2 C*-pre-families of homogeneous operators

This subsection introduces the notion of C*-pre-families of homogeneous opera-
tors. In our generalisation of the Baaj-Skandalis construction, the legs of a decom-
posable pseudo-multiplicative unitary will turn out to be such C*-pre-families.
As a preparation, we collect some easy properties of the family of all homoge-
neous operators on a C*-bimodule. It resembles a graded C*-algebra, but — as the
ensuing discussion shows — the involution does not extend to the closed linear span
of all homogeneous operators. We give the precise definition of a C*-pre-family
and carry over some notions from C*-algebras to C*-pre-families. The subsection
ends with a discussion of the C*-pre-family of all compact homogeneous operators.

8
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The family of all homogeneous operators on a C*-bimodule

Notation 1.11. Let o and (8 be partial automorphisms of A and B, respectively.
We denote the set of all (3, a)-homogeneous operators E — E’ by Zf(E, E"), and

the family (Xf,l(E, E’))a, P by Z(E,E"). Furthermore, we denote by £P(E,E')
the sub-family consisting of with fized index 3 and varying index o HIER

The next proposition summarises some easy properties of the family of all
homogeneous operators £ — E’. Let E” be an additional C*-B-A-bimodule.

Proposition 1.12. For all o,/ € PAut(A) and all 8,3 € PAut(B), one has:
i) LB BN L (B E) c £5%E, E).

ii) (.,Zf(E, E’))* = .,Sff:(E', E). The map T — T* is anti-linear, isometric and
anti-multiplicative in the sense that (T"T)* = T*T"* for allT' € .,%f// (E',E")
and T € Z2(E, E'). Furthermore, |T*T| = ||T|% for all T € £2(E, E").

iii) For each pair of partial identities € € PAut(A) and €’ € PAut(B), the space
ZLE(E) is a C*-subalgebra of La(E).

iv) The subset LL(E,E') of L(E,E') is a C*-bimodule over .,%ff:(E’) and
233 (B).
v) If (3, 0)) extends (3, ), then L2(E,E') C .,ff,l(E, E).

Proof. Many of these statements are natural generalisations of the corresponding
facts about ordinary operators on C*-bimodules and can be proved in a similar
way or follow directly from proposition 1.2. Therefore, we only prove part i).

i) Let T € Z2(E,E') and T' € ff,/(E',E”). We check that T'T satisfies
condition i) of definition 1.1. One has inclusions

(E"|T'TE) = o/ ((T"*E"|TE)) C o/ (Dom(c/
(I*T"*E"|E) = o ((T"*E"|TE)) C o (Dom(c/')

Furthermore, for all £ € E and n € E”, one has
(T'TE) = o/ ((T""|T€)) = (/) ((T*T"1|€)).

Next, we check that T'T satisfies condition ii) of definition 1.1. The image of the
composition T"T is contained in

T'Im(B)E = T'(Dom(B’) NIm(B)) E C #'( Dom(8') NIm(3)) E = Im(5'B)E.

Furthermore, for each b € Dom(3'3) and £ € E, one has T'Tb¢ = T'3(b)TE =
B'(B(b))T'TE. Therefore, T'T is (33, ’ a)-homogeneous with adjoint 7*7"*. O
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Why homogeneous operators do not form C*-algebras

It is tempting to form the *-algebra generated by all homogeneous operators on a
C*-bimodule and to complete it to obtain a C*-algebra. However, the involution
does not extend to an isometry on this linear span and therefore the operator
norm does not give rise to a C*-norm on the closed linear span. We illustrate this
phenomenon by the following example.

Regard N as a discrete space and let A = Cy(N). For each k € N, denote by
0k the element of A defined by dx(l) := d;. For all k,1 € N, denote by ay; the
partial automorphism with domain Cd; and range Cd; mapping §; to 5. Denote
by ey, the map A — A given by (ex f)(m) = Spm f(1).

Consider A as a C*-module over itself and let B := C act by scalar multiplica-
tion. Observe that the map ey, is a well-defined adjointable operator on the Hilbert
space [?(N), but is not an adjointable operator on the C*-module A = Cy(N) un-
less k = [. However, for each k and [ in IN, the map ey, is an (id, akl)—homogeneous
operator with adjoint ejx. Let (¢,)m be a sequence of complex numbers converg-
ing to 0. Then the sum ) ¢,em1 converges in L(A), but the sum of the adjoints
> Cme1m converges if and only if the sequence (¢, ), is summable. Therefore,
the involution * does not extend from the set of all homogeneous operators to the
closed linear span.

Likewise, the family of homogeneous operators comprising the left regular rep-
resentation of a groupoid need not be contained in a C*-algebra consisting of
bounded linear maps on the Banach space L2(G, \). For an example, consider the
discrete groupoid of the full equivalence relation on N, i.e. G = N x N, G° = N,
and the structure maps are given by

r(k,l) =k, s(k,l) =1, (k,0) - (I,m) := (k,m), k,l,m €N,

and reconsider the preceding discussion.

Summarising, we see that the notion of a C*-algebra has to be replaced by a
notion of a C*-pre-family which takes the gradings of the homogeneous operators
into account.

Definition and first properties

Definition 1.13. Let ¢,¢’ C £L(E, E') be families of closed subspaces. We call
¢ a sub-family of €’ and write € C €' if €0 C €5 for all o € PAut(A) and

all B € PAut(B). We denote by €4 and €iq the families (Cgéd)aePAut(A) and

((gig)BEPAut(B)’ respectively. In particular, we apply this notation to the famz'{y
ZL(E,E") and # (E,E'). By a useful slight abuse of notation, we identify €4

and €,q with the families given by

g [ CY, p=id, 65 a=id,
(@ "{ {0}, B#id, (id)a '—{ 0}, atid

10
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respectively. We denote by €* C £L(E', E) the family of closed subspaces given by
(€*)2 = (62)",  aePAut(A), 5 € PAut(B).

Let 9 ¢ Z(E',E") be another family of closed subspaces. The product 9€ C
Z(E,E") is the family of closed subspaces given by

(2¢)%, = span 9°¢°, o € PAut(A), 8" € PAut(B).

[[3/[3S[3//7 CV/CVSCV//

Likewise, given a homogeneous operator T € .,ff/,(E',E”) where o/ € PAut(A)
and 3" € PAut(B), the product T¢ C L (E,E") is defined as

(T(ﬁ)g; = , 6<§pan 3 TES, o € PAut(A), 8" € PAut(B).
/ < //7a/a_a//

Products of the form 25 are defined similarly.
It is easy to see that the product of families thus defined is associative.

Definition 1.14. A C*-pre-family on E is a family € C L (F) of closed subspaces
satisfying €*€ C € and €5 C (55,/ for all (B,a),(f,d') € PAut(B) x PAut(A)
such that (B,a) < (f,d'). A C*-pre-family module from F to E’ is a family
92 C Z(E,E'") of closed subspaces satisfying 22*9 C 9 and 98 ¢ 95,, whenever
(8,0) < (8, a).

Remarks 1.15. Let 2 be a C*-pre-family module and let & be a C*-pre-family.
i) The products 2*% and 27* are C*-pre-families.

ii) For each pair of partial identities € € PAut(A) and € € PAut(B), the space
%< is a C*-subalgebra of Z(E) C La(E) - it is closed with respect to the
norm and the algebraic operations:

! /% / / / ! ! !
(C5) =65 =%6¢, G -G CC =C

iii) For each # € PAut(B) and a € PAut(A), the space ¢4 is a C*-module over
the C*-algebra Cgf*f
(€0)" -6l =65 68 c6f, ¢ 600 cell =4l
It is simultaneously a left C*-module over the C*-algebra Cﬁffj and in fact
a C*-bimodule over both C*-algebras in the sense of [17]. As a result of the
first observation, we obtain €5 =<8 (51151 Hence, %‘5;&1 = %. In particular,

€*€ = €. A similar argument shows that for each C*-pre-family module
9, one has 99*9 = 9.

11
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iv) For each family ¥ C Z(FE) of subsets of homogeneous operators, there
exists a smallest C*-pre-family containing 4. This smallest family is said
to be generated by the family 4. Likewise, for each family 2 C Z(E,E’)
of subsets of homogeneous operators, there exists a smallest C*-pre-family
module containing Z.

Several notions and constructions known from C*-algebras or C*-categories
have natural analogues for C*-pre-families.

Definition 1.16. Let € be a C*-pre-family on FE.
i) € is non-degenerate if span, g (ngE) =FE.

i1) The multiplier family of € is the family of subspaces M (€) C L (E) given
by

M(C) ={T e LB(E) | T€, 6T Cc €}, «ecPAut(A), 3 PAut(B).
It is easy to see that this is a C*-pre-family.
By remark 1.15 iii), these definitions can be reformulated as follows.
Remarks 1.17. Let € be a C*-pre-family.

i) An operator T belongs to . (¢) if and only if T%¢ and €}{T are contained
in €.

ii) The C*-pre-family % is non-degenerate if and only if the C*-subalgebra
Cfiléif C La(FE) is non-degenerate.

Intuitively, one should think of a C*-pre-family ¢ as a “C*-algebra graded
by an inverse semigroup” or rather as “sections of a Fell bundle over an inverse
semigroup”. The problem with the latter analogy is that the inclusion condition
€5 C Cﬁf, for (8,a) < (f',') is not complemented by a decomposition condition
or a sheaf-like condition. This deficiency is remedied by the notion of a C*-family
which is introduced in subsection 1.2.3.

The C*-pre-family of compact homogeneous operators

A standard example of a C*-pre-family is the family of all compact homogeneous
operators. To us, it is of minor relevance because it may be very small and even
consist of the zero operator only. Replacements for this family are considered in
the more appropriate setting of decomposable C'*-bimodules in section 1.2.

Lemma 1.18. Consider E and E' as C*-C-A-bimodules. For each § € E Dom(«)
and 1 € E'Im(a), the map TS':: E — E' given by ¢ — na((€[¢)) defines an
(id, &)-homogeneous operator. One has (Tﬁ‘g)* = Tg‘; and [T || < [I€[[lnl]-

12
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Proof. Let ¢ € E and ¢’ € E’. Then the inner products (£|¢) and (¢'|n) are
contained in Dom(«) and Im(«), respectively, and

(CT5e0) = (I ((€]0))
= a(a”((¢'M)(EIO) = a((€a*((l¢')]C)) = a((T,¢10).

Therefore, the operators T := Tﬁg and S = Tgo‘;; satisfy the conditions of definition
1.1. O

Definition 1.19. An operator T: E — E’ is elementary compact if it is of the
form T = T;‘ as in the proposition above, and (3, a)-homogeneous compact if it
is (8, a)-homogeneous and contained in the closed linear span of all elementary
compact operators with fivzed . We denote the space of all (3, a)-homogeneous

compact operators by %ﬁ(E,E’) and the family (%ﬁ(E,E’))aﬁ by H (E,E").

Proposition 1.20. i) The families # (E) and # (E,E") are a C*-pre-family
and a C*-pre-family module, respectively.

ii) For all partial automorphisms a,a’ € PAut(A) and 3,5 € PAut(B), the
products J{aﬁ, (E'\E"ZP(E,E') and .,Eff/ (E',E"YAL(E,E') are contained
in 5B, E").

iii) If the C*-pre-family # (E) is non-degenerate, the subspace AL (E,E') is
strictly dense in £0(E,E') for all a € PAut(A), 8 € PAut(B).

Proof. i) By lemma 1.18, the adjoint of a compact operator is compact, too.
The fact that the composition of two compact operators is compact again will
follow from part ii). It is clear that ¢’ (E, E') is contained in ,/“i/(ﬁ/ (E,E) if
(B,0) < (8',d).

ii) It is enough to show that the product of an elementary compact operator
with another homogeneous operator can be approximated in norm by elementary
compact operators which have the right homogeneity degree. Let T’ ;{5 E — E"
be an elementary compact operator and let S € £ (E,E'). Then £ is con-
tained in F Dom(a’), and by proposition 1.2, the element S*¢ is contained in
Eo*(Dom(c/) NIm(e)) = EDom(c/c). Let (u,), be an approximate unit for
the ideal Im(a’a) and put v, := (&/a)*(u,). Consider the net of operators
T, :=T% . For each ¢ € E, one has

nuy S*
T,¢ = 1uy - (/) ((S*€I0)) =1+ () ({(S7€)v[C))

Since S*¢ = lim,, (S*¢)v} and (¢’ (<S*£‘C> = a((ﬂSC)) the net (Tl,) converges
to 7). in norm. Hence, Ji/ﬁ (E',E"\%P(E,E') is contained in jifﬁﬁ( E,E").
The second inclusion is obtalned by taking adjoints.

iii) If the assumption is satisfied, the C*-algebra %, 1(E) acts non-degenerately
on E, whence there exists a net (u,), € S (E) which converges strictly to id .

13
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Then for each operator T € Z2(E,E'), the net (Tw,), lies in 4 (E, E') and
converges strictly to 7T'. O

It is easy to see that the relation between homogeneous operators on C*-
bimodules and ordinary operators on C*-bimodules with twisted structure maps
is bijective for compact operators.

Proposition 1.21. The restriction T — T € LDom(a)(E(@a),E’(B’a)) introduced
in proposition 1.9 defines a bijection between the set of all (B, a)-homogeneous
compact operators E — E’ and ordinary compact operators Epga — E/(B0) of
C*-bimodules which commute with left multiplication. O

1.1.3 The internal tensor product of C*-pre-families

This section introduces the internal tensor product of C*-pre-families, which is
needed to define the notion of a Hopf C*-pre-family and of a coaction: by analogy
to other Hopf-like notions, a Hopf C*-pre-family .# should be equipped with a
coproduct A which is some kind of morphism from . to Z (& ®, %), and the
internal tensor product . ®, . occuring in the range still has to be defined.
Given an internal tensor product E ®p F' of suitable C*-bimodules and two
operators S € L(E), T € L(F), the equation £ ® g b = £b ®p n implies that the
map E®Rpn — SEQpTN is only well-defined if .S intertwines right multiplication by
elements of B in a way which matches up with the way in which T" intertwines left
multiplication by elements of B. First, we formulate this compatibility condition.

Definition 1.22. Two partial automorphisms 3 and (3’ of B are compatible,
written By ', if and only if 5*5" <id and 56" < id.

In general, compatibility is not an equivalence relation because it is not tran-
sitive: the trivial partial automorphism defined on the 0-ideal of B is compatible
to every other partial automorphism. The following observation is immediate.

Lemma 1.23. Let 3,5 € PAut(B) such that v 3'. Then 3* v '*. For each
b € Dom(5") N Dom(f), one has B(b) = 3'(b). O

Let C be a C*-algebra and let F' and F’ be C*-C-B-bimodules.
Proposition 1.24. Let T € L}, (F, F') and S € L(E, E') where v € PAut(C), a €
PAut(A) and 3,3 € PAut(B) such that 3y 3'. Then the map T ® S:n©® & —
Tn ®. SE defines a (v, a)-homogeneous operator T ®, S: F @, E — F' ®, E' with
norm ||T ®, S| < ||S||||T|| and adjoint (T ®. S)* =T* @, S*.

Proof. For each n € N, consider C” with its standard inner product as a C*-
module over C. Denote by C,, its conjugate which is a C*-module over M, (C).

14
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We write elements of C” as column vectors and elements of C,, as row vectors.

Put M,(B) := B® M, (C) and

E"W =EgC", E'™ .= F @ C", S = S ®idgn,
F(n) ::F®(Dn, F(/n) = F/®(Dn, T(n) ::T®id@n.
Then F,), F(’n) are C*-C-M, (B)-bimodules, and E™ E'™ are C*-M,(B)-A-

bimodules. The operators T' and S are (v,3’)- and (3, a)-homogeneous, respec-
tively, where 8 := 3 ® idjy, (¢) and B = p®id Ma(C)-

First, we prove the adJunctlon equation for finite sums of elementary tensors.
In the following, we fix n and omit the index n in the notation introduced above.

Let (=" 1mi@&inF,Eand (=" 0@ in F' ®, E'. Put

52(615"'7€n)T6E’ n= (7]1, "?nn)€F7
&=, e E, n = (... ) € F.

The inner products on F' ®, F and F ®, E are related as follows:

<<|C> FR+FE Z<£z‘ 77@|77]>F €j>

i,j
= (&) F &) 5 = (N @« &N @ &) (po. 1)

We use similar relations between F/®, E’ and F'®, E’ in the following calculations.
(T ©8)C) (g, oy = &[0 1 T0) 52 SE) g, = (&'|B' (T ) ) SE)

Let (uy), and (u!,),, be approximate units for Dom(/3) and Dom(/3’), respectively,
and put v, ,, := 3'(u},)B(u,) ® 1, (@)- Then the homogeneity of T' and S implies

(T © 9 g, vy = i (€18 (T Im) ) v, SE) gy

Since B'({(T*n’|n))v,, is contained in Im(3’) Im(8) = B’(Dom(B8*B’)) and B*B’ <
id, we have

BT m)vu S = 88" (B' (T 0" Im))vyr v) = S(T*n'[m)B" (v, ).
Thus, (¢'|(T ® S)¢) is equal to
lim (€[ ST m) 8 (0108 = i ({8 (v )T 10" S°€1€) ).

Since (T*n’|n)*S*¢’ is contained in Dom(3’) Dom(8)E, we have

lim 87 (v, )(T"n’|m) " S7¢" = (T"n'|n)" 5S¢

15
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Summarising, we obtain the adjunction equation:
(T ®8)¢) = a(((Tn' | #S"E'|€) )
= a((S €T IyrE) ) = a(((T* © SIIC)).

Now, let us show that T'® S extends to a bounded linear map. By the preceding
discussion, we have

(ToS)|(T e S)C)=a(((T*©87)[¢) = a({(T*T © $*S)|C)).-

By the discussion above and since S*S commutes with M,,(B), we find

(T T © 5*S)C) = (€|(n|T*Tn)rS*SE) .

In the C*-algebra M, (B), we have (T*Tn|n) < ||T||*(n|n). Furthermore, since
S*S commutes with (n|n), we have S*S(n|n) < |S*S||(n|n). By proposition
1.12, ||S*S|| = ||S||? and |T*T|| = ||T||?, and by [29, lemma 4.2], | T|| = ||T|| and
S]] = [|S||- Therefore,

(T oS)|(T o 8)C) <IISIPITI*(ENnIn)rE) g = ISIPITI(CIC),

whence T'® S extends to a linear map T ®, S: F ®, E — F' ®, E' of norm less
than or equal to ||T||||S]|. With the adjunction equation proved above, it is easy to
see that the this map is a (v, a)-homogeneous operator with adjoint 7* ®, S*. O

Note that the preceding proof substantially simplifies if 3 = (3’. The preceding
proposition generalises the “balanced tensor product” defined in [11, proposition
1.34] which corresponds to the case where a, 3, 3" and 7 are the identity.

Lemma 1.25. Adjoints and products of elementary operators are elementary
again.

Proof. The statement concerning adjoints follows from the previous proposition.
Let

TeZ)(F), SefJ(E), ~ePAut(C), acPAut(A), 3,4 € PAut(B),

T e &) (F), S e Z%E), + €PAut(C), o € PAut(A), 6,6 € PAut(B),
such that g v " and 0 v §’. Then (043) v (6'3') since

(88)7(88) = B*(5°0)8' < B*B' < id, (3B)(6'F)" = 6(BB™)8"* < 66’ < id,

and T'T € .,?572, (F), 'S € £°F (E). Therefore, the internal tensor product
T'T ®, S'S is well defined, and the formula (7' ® S")(T ® S) =T'T ® S'S implies
(T @, ST @, 5) =T'T ®, 5'S. O

Now, the following definition and proposition are immediate.
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Definition 1.26. The internal tensor product of families of closed subspaces € C
ZL(E,E') and 2 C ZL(F,F') is the family 9 @, ¢ C L (F @ E,F' @, E') of

closed subspaces given by

(2 @, 6)] = span(.@g, R cgf)’ a € PAut(A), v € PAut(C),
Byp

where the closed span is taken over all compatible partial automorphisms 3 and 3’
of B. An operator of the form T ®, S € ¥ ®, € is elementary.

Remark 1.27. Let ¢,¢" C Z(F) and 2,2 C Z(F) be families of closed
subspaces. Then (2' @, €¢')(2 @, €) C (2'P) ®+ (¢'¢). However, this inclusion
may be strict and fail to be an equality. As a simple example, consider the case
where all spaces comprising the families ¥ and Z are 0 except for .@g, and %063 ,
where o € PAut(A), v € PAut(C) and 3, 5" € PAut(B) are fixed and 3 and 3’ are
not compatible. Then 2'®,%’ = 2®,% = 0, but (.@’.@@,ff’%)}g = .@g/*%/®*(€£:5
need not be 0.

However, it is easy to see that (2/ @, €')(2 ®« €) = (2'9) . (€'F) if
9' ¢ LY(F) and €' C LY(E).

Proposition 1.28. Let ¢ C L (E,E') and 9 C £ (F, F’") be C*-pre-family mod-
ules. Then the internal tensor product 9 ®. € is a C*-pre-family module again.
IfE=FE F=F and¢,2 are C*-pre-families, then 2 @, € is a C*-pre-family.
In that case, one has a natural inclusion M (D) Q. M(C) C M (D R F).

Proof. If € and 2 are C*-pre-family modules, then
(2 @+ C) D @+C) (D RC) C (DD D) @4 (€C*C) =D R+ C,
and for all extensions (v, a) < (7/,a/) in PAut(C) x PAut(A), one has
(2 ®. %)}, = span(Z}, ®. 67 /

) C span(.@g// Qx (55/) = (2 ®:€) -
Byp’ Byp'

Therefore, ¥ ®, % is a C*-pre-family module. The proof of the second statement
is similar. The last statement follows from the inclusion

(M(D) @ M(E)) - (D 2. C) C MDD @0 M(E)E =D 2. C. 0

The internal tensor product operation is not quite associative on the level of
operators. It may happen that R,S and T are operators such that the internal
tensor products T ®, S and (T ®, S) ®. R are well-defined but the internal tensor
product S ®, R is not well-defined at all. This phenomenon occurs e.g. if T' =0
and S and R are not compatible, but it is not restricted to trivial cases like this
one and difficult to analyse. For the precise formulation of semigroup gradings on
families of operators, the associativity of the internal tensor product on the level
of C*-pre-families was a crucial test.

17
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Proposition 1.29. The internal tensor product operation on families of closed
subspaces is associative.

Proof. Let D be a C*-algebra, let G,G’ be C*-D-C-bimodules and let 4 C
ZL(EE"), 2 C L(F,F') and & C Z(G,G’) be families of closed subspaces.

For each 6 € PAut(D) and each o € PAut(A), the spaces ((& ®. Z) @ Cﬁ)i and
(& @4 (2 @ Cﬁ))i both are equal to

span{T ®. S @, R|T €&, S€ T}, ReCl,vvv,8v3}. O

1.1.4 Morphisms of C*-pre-families

This subsection introduces the notion of a morphism between C*-pre-families.
Like the internal tensor product, this is needed in order to define the notion
of a Hopf C*-pre-family. The definition which we give may look strange but is
well motivated. We show that it implies the expected properties and that non-
degenerate morphisms extend to multiplier families. The subsection ends with a
proof of the bi-functoriality of the internal tensor product of C*-pre-families. The
latter two results are needed in order to make sense of equations like (A ®, 1)A =
(1®+A)A and (8’ ®41)¢ = (¢®41)d which express coassociativity of the coproduct
A of a Hopf C*-pre-family and equivariance of a morphism ¢ between C*-pre-
families with coactions ¢ and ¢’, respectively.

Motivation

For the coproducts on the legs of a multiplicative unitary, the Baaj-Skandalis
construction gives formulas which — on a set-theoretic level — still make sense in
the setting pseudo-multiplicative unitaries. Apart from the set-theoretic level, it
is clear that a morphism of C*-pre-families ¢: € — Z should consist of a family of
linear maps ¢ : 6. — 9 given for all & € PAut(A) and 3 € PAut(B), which are
multiplicative and commute with the involution in the obvious sense. As in the
case of x-homomorphisms, these properties imply that for every « and 3, the map
¢§ is norm-decreasing. It is easy to check that the formulas for the coproducts
mentioned above give rise to such families.

The problem is that it is not clear whether the internal tensor product is func-
torial with respect to such families of maps. More precisely, given two morphisms
¢: 6 — € and : D — 2’ of C*-pre-families on suitable C*-bimodules, it is
difficult to compare the norm of an operator of the form ¢(S) ®p ¥(T), where
S €% and T € Z, to the norm of the operator S ®p T'.

We turn the problem upside down and incorporate the functoriality require-
ment in the definition of a morphism. Then the proof of bi-functoriality of the
internal tensor product reduces to an easy check.

18
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Definition and first properties

Definition 1.30. Let ¢ and 9 be C*-pre-families on E and E’', respectively. A
morphism ¢: € — 2 is a family of maps ¢§: €5 — 9P given for all « € PAut(A)
and 3 € PAut(B), subject to the following condition: for each C*-module F’' over
B and each C*-A-C-bimodule F' over some C*-algebra C, the family of maps

id x¢l, x id: LE(F') x €5 x L3(F) — LF) 0. 9% 0. L3(F),
(R,8,T) — R®. ¢°,(S) ®. T,

where a Y o € PAut(A) and § v ' € PAut(B), induces a x-homomorphism of
C*-algebras

1d®y¢ @4 id: LYF) @, € @4 Lo(F) - LYF) @, 9 @, Lo(F).
Remark 1.31. In the definition above, one has inclusions

LYF) @, C @4 La(F) C LYNF @, E @, F) C Lo(F' @ E®, F),
LYUF') @, D @y Lia(F) € LY(F @, E' @, F) C Lo(F @4 E' @, F).

Remark 1.32. It is easy to see that the composition of two morphisms is a
morphism again. Hence, the collection of all C*-pre-families on C*-B-A-bimodules
with morphisms as above forms a category.

Next, we show that the family of maps comprising a morphism has all the
expected properties. The proof depends on an embedding construction which
involves example 1.5 and requires some preparation.

Lemma 1.33. Let F' be a C*-C-B-bimodule, where C' is some C*-algebra.

i) If (F|F)E = E, then for each T € LX(E), the norm of the operator 1 ®, T
on F ®, F is equal to the norm of T'.

ii) If the representation of B on E is faithful, then for each S € .,Sfiif(F), the
norm of the operator S ®, 1 on F ®, E is equal to the norm of S.

Proof. i) It is enough to show that the *-homomorphism Z{(E) — Z¥(F ®, E)
given by T' — 1 ®, T is injective. But if T # 0, then (F ®, E|F ®, TE) =
(E|T(F|F)E) #0.

ii) Likewise, the map S — S ®, 1 is injective since (F ®, E|SF ®, E) =
(E|(F|SF)E) #£0if S #0. O

Lemma 1.34. For all « € PAut(A) and B € PAut(B), there exist a C*-A-
Im(a)-bimodule E* and a C*-C-B-bimodule Eg with operators T® € Z5(E®)
and Tg € féd(Eg) such that the map Z2(E) — LY (Es @ E ®, E*) given by
S+ T3 ®, S T is an isometric embedding.
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Proof. Let E*, T* and Eg, T3 be as in example 1.5. Then ||T¢|| = ||T3]| = 1, and
hence the map S — T3 ®. S ®, T is norm-decreasing. On the other hand, one
has

1T ©.08 ©. T = |T5T5 . 575 @, TT°|.

Here, T**T“ and Tng are equal to the identity on the subspaces Dom(a) C E“
and Dom(3) C Eg, respectively. By the previous lemma and proposition 1.9,
1T @ S ®. T*|* = [|5*S]. O

Proposition 1.35. Let ¢: € — Z be a morphism of C*-pre-families on E and
E', respectively. For all a,o’ € PAut(A) and 3,5 € PAut(B), the map o8 is

linear and norm-decreasing, Qﬁi(c*) = ((ﬁg(c))* and qﬁg(c)qﬁg(c’) = gbggl, (cc) for
all c € Cﬁf, c e ﬁa”f/l.

Proof. Let a € PAut(A) and § € PAut(B). Choose Eg,Ts and E*,T* as in
the lemma above. Then the embeddings constructed above yield a commutative
diagram

o2 Jid@.2.id
G PNEy) @, D @, La(E®) C Lina)(Es 0. B 9, E).

This implies that ¢§ is norm-decreasing, linear, and that * o gbﬁ = ¢§i o *.
Multiplicativity can be proved by a similar embedding technique, using the
space Im(aa’) & (Dom(a) N Im(a’)) & Dom(aa’) and the maps

00 ad’ 0a0 000
00 O =1000)-{00&" |,
00 O 000 000

and a similar construction for 3, 3’. O

~

It is natural to ask whether morphisms of C*-pre-families on C*-B-A-bimodules
are linear with respect to B and A in suitable sense. This question will be taken
up in subsection 1.2.3.

Definition 1.36. A morphism ¢: € — 2 is injective if each component ¢§, a €
PAut(A), 5 € PAut(B), is injective.

Remark 1.37. From the previous proposition and remark 1.15 iii), it follows that
¢ is injective if and only if the component gb}g is an injective *-homomorphism.
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Non-degenerate morphisms and extension to multiplier C*-pre-families

In the setting of Hopf C*-algebras, the extension of non-degenerate *-homo-
morphisms to multiplier algebras is a fundamental technique. For instance, the
coassociativity condition on a coproduct A: S — M (S ® S) given by (A® 1)A =
(1 ® A)A involves the extension of the maps A® 1 and 1 ® A — which are defined
on S® S — to the multiplier algebra M (S ® S). In the following, we establish the
corresponding technique for C*-pre-families.

Definition 1.38. A morphism ¢: € — M (2) of C*-pre-families is non-degenera-
te if p(€)2 = 9.

Lemma 1.39. A morphism ¢: € — #(2) of C*-pre-families is non-degenerate
if and only if its component qbig ‘51151 — M(@f&i) is non-degenerate as a *-homo-
morphism.

Proof. This is an easy consequence of remark 1.15 iii). If the *-homomorphism
¢4 is non-degenerate, the family ¢(%)Z contains

WG 2 = 94(Cs) 218 2 = 91{ 9 = 2.

Conversely, assume that ¢ is non-degenerate. Then .@iig is the closed linear span
of products of the form ¢5(c')d where ¢ € €% and d’ € @5,/ for some (3, @) and
(8',¢’) in PAut(B) x PAut(A) satisfying aa’ < id and 53’ < id. Write ¢/ = ¢pc”
with ¢y € € and ¢’ € %5 Then

Po()d = di5(co) (P(c")d) € 9(E) 24 O

Lemma 1.40. Let o € PAut(A), 8 € PAut(B) and let (Ty)y be a net in £2(E, E')
such that for each £ € E and each n € E’, the nets (T\§)x and (Txn)x converge in
E' and E, respectively. Then the map & — limy T\& defines a (3, a)-homogeneous
operator whose adjoint is given by the map 1~ limy Txn.

Proof. By the Banach-Steinhaus theorem, the assignment of the limits defines
bounded linear maps T: E — E' and S: ' — E. Let n € E' and £ € E.
Since Dom(«) is closed, the inner product (Sn|¢) is contained in Dom(«), and
one has a((Sn|¢)) = limy a((Tyn|&)) = limy(n|T\§) = (n|T¢€). Likewise, InT C
spm)\(ImTA) C Im(B)E’" and Tb¢ = limy T (b¢) = limy, B(b)Tr& = B(b)TE for all
b€ Dom(f) and € € E. O

Proposition 1.41. Let ¢p: € — (D) be a non-degenerate morphism of C*-pre-
families. If the C*-pre-family & is non-degenerate, then ¢ extends uniquely to a

morphism M (€) — M (D).

Proof. Let € and 2 act on E and E’, respectively. Let a € PAut(A4), 8 €
PAut(B) and consider an element ¢ € 4 (%)Q Choose a bounded positive ap-
proximate unit (u, ), for the C*-algebra Cﬁllcii Since ¢ and Z are non-degenerate,
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the image ¢(%) is non-degenerate on E’. Therefore, the nets (gbg(cul,))y and
(qb%: (u,,c*))y converge pointwise. Denote the pointwise limits by gzgg(c) and gEgI (o),
respectively. By lemma 1.40, they form a pair of adjoint operators in £8 (E') and
.,Sff:(E' ), respectively. A standard argument shows that they do not depend on
the choice of the approximate unit.

Let o € PAut(A), 3 € PAut(B) and d € .@5,/ Since ¢ is non-degenerate,
d5(c)d is the norm limit of the products ¢4 (cu,)d € gg/ Hence, it belongs to
.@gg,/. A symmetric argument, shows that qu; (c)d belongs to _@5: 5// Thus, qgg(c)
is contained in .#Z(2)5.

Now, let us show that the collection ¢ defines a morphism .#(€) — #(2).

Let F’ be a C*-module over B and F be a C*-A-C-module, where C' is some
C*-algebra. Then ¢ induces a *-homomorphism

id ®xp®id
_—

LUF) @, F 0, La(F) LNF) @0 M(D) @1 La(F)

C M(LYF) @, 2 @, La(F)).

Since ¢p(€¢)2 = P, this *-homomorphism is non-degenerate. Hence, it extends to
the C*-subalgebra L'Y(F) @, M (€) ®. La(F) of M(LYF') @, C @, La(F)).
By construction, this extension is induced by the collection of maps (id ng;g X

id)”, a € PAut(A), § € PAut(B). O
In the following, we give some examples of morphisms.

Examples 1.42. Let % be a C*-pre-family on F.
i) An inclusion of C*-pre-families is a morphism.

ii) Let V: E — E’ be a unitary which intertwines the representations of B on
E and E’. Then the family Ady (%) given by Adv((ﬁ)g = Adv(%ff) for
all &« € PAut(A4) and § € PAut(B) is a C*-pre-family, and the map Ady
defines a non-degenerate morphism 4 — Ady(%). If the C*-pre-family %
is non-degenerate, so is Ady (%).

iii) Let E” be a C*-module over some C*-algebra C' with a representation
m: C — LY(E). Consider E' = E" ®, E as a C*-B-A-bimodule via the ac-
tion of B on E. Then the family 1®, % given by (1®, %)ﬁ = 1®, (55 for all
a € PAut(A) and € PAut(B) is a C*-pre-family, and the map 7' — 1®, T
defines a non-degenerate morphism ¢ — 1 ®, €. If the C*-pre-family € is
non-degenerate, so is 1 ®, %

The internal tensor product of morphisms

The characterising property of our definition of morphisms is that it makes the
internal tensor product of C*-pre-families bi-functorial.
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Proposition 1.43. Let C' be a C*-algebra and let

e ¢: 6 — €' be a morphism of C*-pre-families on C*-B-A-bimodules and

e : 2 — ' be a morphism of C*-pre-families on C*-C-B-bimodules.
Then for all o € PAut(A) and v € PAut(C), the family (1/1%, X ¢§)5Yﬁ, defines
a map (Y @, §)d: (2 @. €)4 — (2" @4 €')d, and the family (¢ . @) defines

a morphism V¥ Q4 ¢: D Ry € — D' R4 €'. Furthermore, the following diagram
commautes.

20.¢ 2L 9o, ¢
1®*¢ w®*¢> l1®*¢
| e

/ / /
DR, C m@ R E'.

Proof. Let a € PAut(A) and v € PAut(C). We first consider the case 2/ = 2
and ¢ = idg. Choose E,,T, and E% T% as in lemma 1.34, and consider the
embeddings

(2 ®.F)) — LYNE, 2, F @« E®. EY),

(2 ©:C') — L (By ©. F @, E' ©. E%)
given by z — T, ®, x®,T*. Since ¢ is a morphism, it induces a *-homomorphism
Therefore, the collection (id ><¢§) yields a well-defined map (id ®,¢)a: (2 @4

Let G’ be an arbitrary C*-module over C' and let G be an arbitrary C*-A-D-
module, where D is some C*-algebra. By definition, ¢ induces a *-homomorphism
id ®.¢ ®, id: LYG @, F) @ € @ La(G) » LYG @, F) @4 € @4 La(G).
Restricting to the C*-subalgebra .Z4(G") @, 2 . € @+ ZLq(G), we see that id ®.¢
induces a *-homomorphism as desired.

A symmetric argument shows that the morphism ¥ ®, lg is well-defined.
Repeating the argument for the composition (¢ ®, l¢7)(1lgy @ ¢), we obtain the
morphism ¢ ®, ¢.

The last statement follows from lemma 1.39. O

Byp

Proposition 1.44. Let C' be a C*-algebra and let
o ¢: ¢ — M(€') be a non-degenerate morphism of C*-pre-families on C*-B-
A-bimodules and
o V: 9 — M(D') be a non-degenerate morphism of C*-pre-families on C*-C-
B-bimodules.
Then the internal tensor product Y®@4¢: DR,C — M (D' ®.€") is non-degenerate.

Proof. The assumption implies

(Ui$(2) @+ BUE)) (2 @ €)= (2’ . €'} O
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1.1.5 Left Hopf C*-pre-families

The notion of a Hopf C*-pre-family and a coaction is the straight-forward gen-
eralisation of the corresponding C*-algebraic notions introduced in [2] and [3].
Stefaan Vaes and Alfons Van Daele gave a refined definition of a Hopf C*-algebra
[57] which involves the Haagerup tensor product of C*-algebras and therefore does
not easily carry over to C*-pre-families.

Let E be a C*-bimodule over A.

Definition 1.45. A left Hopf C*-pre-family is a non-degenerate C*-pre-family on
E with an injective morphism A: . — M (S . .7) such that

AN 1@y S) =S RS = A(S) (S ®4 1)
and the following diagram commutes.

7 2 M @, .S

N J16.2

Remark 1.46. If (%, A) is a left Hopf C*-pre-family, the morphism A is non-
degenerate. In the diagram above, we used the extension of non-degenerate mor-
phisms to multiplier families.

Definition 1.47. Let (%, A) be a left Hopf C*-pre-family on E.

i) Let € be a non-degenerate C*-pre-family on a C*-A-B-bimodule E’. A left
coaction of (., A) on € is a non-degenerate morphism 6: € — M (S R.F)
such that 6(€)(. ®. 1) C ¥ ®, € and the following diagram commutes.

¢ M(S R4 F)

0
6l l1®*6

NS @.C) 5 M DS @, ).

If § is injective and 0(€)(.L @4 1) = 7 R, €, the pair (€¢,0) is a left
(.7, A)-pre-family.

ii) Let € and €' be non-degenerate C*-pre-families on C*-A-B-bimodules with
left coactions & and &', respectively. A mon-degenerate morphism ¢: € —
M (€'") is equivariant if the following diagram commutes.

¢ — e WS, C)
¢l/ ll@*(b
ME)— (S 2.C").
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iii) Let 9 be a non-degenerate C*-pre-family on a C*-B-A-bimodule E'. A right
coaction of (., A) on € is a non-degenerate morphism 6: 9 — M (DR .7
such that 6(2)(1®,.) C 2R, and (0®41)d = (1®,A)d. If 0 is injective
and 6(2)(1 @, ) = D &, .7, the pair (2,0) is a right (., A)-pre-family.

i) Let 9 and 2' be non-degenerate C*-pre-families on C*-B-A-bimodules with
left coactions & and &', respectively. A mon-degenerate morphism : 9 —

A (2" is equivariant if §' o) = (¢ @, 1) 0 4.

Clearly, the class of left coactions and the class of right coactions, together
with non-degenerate equivariant morphisms, forms a category.

1.2 Semigroup gradings on C*-bimodules

Homogenous elements of C'*-bimodules play a decisive role in our generalisation
of the Baaj-Skandalis construction. The introduction of homogeneous operators
on C*-bimodules is partially motivated by the occurrence of maps of the form
05 F - E®,F, (— (®,¢and 0e: B — E®y FE,( — {®,( In general,
maps of the first kind are not adjointable and maps of the second kind do not
commute with left multiplication. However, they are homogeneous if the element
€ € F is homogeneous. The Baaj-Skandalis construction can be adapted to pseudo-
multiplicative unitaries whose underlying C'*-bimodules are decomposable in the
sense that they are the closed linear span of their homogeneous elements.

The material in this section splits up into two parts. We collect some easy
properties of homogeneous elements of C*-bimodules and C*-algebras which are
used throughout the calculations in chapter 2. These include nice factorisation
theorems for compact homogeneous operators on C*-bimodules over commutative
C*-algebras. Additionally, the underlying concepts are studied for their own sake:
we characterise decomposability of a C*-algebra A as being equivalent to the
condition A = Z(A)A, introduce the notion of a C'*-family which refines the notion
of a C*-pre-family and give precise bundle-theoretic descriptions of decomposable
C*-bimodules and of C*-families in the case that the underlying C*-algebras are
commutative.

Throughout this section, let A be a C*-algebra and let F and E’ be C*-
bimodules over A, i.e. C*-A-A-bimodules.
1.2.1 The family of homogeneous elements of a C*-bimodule

We introduce the notion of homogeneity for elements of C*-bimodules and collect
some easy properties. Furthermore, we consider operators which are related to
the maps #¢ and t¢ discussed above. The following definition is fundamental.

Definition 1.48. An element £ € E is y-homogeneous/~y-covariant for some v €
PAut(A) if it is contained in the subspace E Dom(vy) and satisfies Ea = ~y(a)& for all
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a € Dom(vy). We denote the set of all y-homogeneous elements of E by €ov~(E),
and the family (€ov, (E))y by €ov(E). The C*-bimodule E is decomposable if the
closed linear span of the family €ov(E) is equal to E. We use the same notation
for a C*-algebra, considering it as a C*-bimodule over itself in the canonical way.

Examples. Examples of homogeneous elements of C'*-bimodules occurred already
in the introductory section preceding the definition of homogeneous operators. For
each r-discrete groupoid G, the associated C*-bimodule (L?(G, ), m5) over Co(G)
is decomposable, see proposition 3.5.

If X is a locally compact space and v € A is a unitary, then each element of
the form f ® w in the C*-algebra Cy(X) ® A is (id ® Ad,)-homogeneous:

(feu-(g®a)=(g@uaw®) - (f@u) = (([d®Ad,)(g®a)) - (f@u)

for all g® a € Cp(X) ® A.
In proposition 1.55, we will show that a C*-algebra B is decomposable if and
only if B = Z(B)B.

For each element { € E, the map 0¢: A — E given by a ~— {a defines a
compact operator, and the map 6_: ' — K4 (A, E) given by { — 0 is an isometric
isomorphism £ = K4(A, E) of Banach spaces. In presence of a representation of
A on F, this result can be refined as follows.

Proposition 1.49. i) For each £ € Gov(E), v € PAut(A), the map 0¢: A —
E given by a — &a is a (7y,1id)-homogeneous compact operator. Its adjoint is

given by 07 (n) = (¢|n) for alln € E.

it) For each v € PAut(A), the map G,N: Covy(E) — K] (A, E) given by & — 0
defines an isomorphism €ov(E) = K] (A, E).

Proof. i) For all a € Dom(y) and a’ € A, one has 6¢(aad’) = {aa’ = v(a)f¢a’. The
image of 6 is contained in Im()E because £ belongs to Im(v)E. This proves that
f¢ is a (v,1d)-homogeneous operator. It is homogeneous compact by the remark
preceding the proposition.

ii) We only need to show that the map 0_ is surjective. Let T' € ¥ (A, E).
Then there exists an element & € E such that Ta = £a for all a € A. Since £ is
contained in (A = Im 7T, it belongs to Im(v)E. For all @ € Dom(y) and b € A,
one has

(§a —v(a)§)b = &(ab) — v(a)éb = T(ab) — ~v(a)(Th) = 0
and therefore {a = y(a){. Hence £ belongs to €ov(E). O
The formulation of the next lemma involves the following notation.
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Notation 1.50. For each pair of partial automorphisms ~,v" € PAut(A), we
denote by Gov (E") @+ Gov(E) the subspace of E' @, E given by

span{¢’ ®, ¢ | & € Gov, (E'), £ € Gov,(E)}.
Furthermore, we denote by €ov(E') ®, Gov(E) the subfamily of €ov(E' @, E)
given by

(Cov(E') @ C501)(]5))7,, = span (Govy (E') @, Covy(E)).

¥ y=y"

Next, we collect some easy properties of homogeneous elements. They can
be proved by straight-forward calculations, but the identifications made in the
previous proposition allows to shorten the proofs.

Lemma 1.51. Let v,+" € PAut(A).
i) (Govy(E)| Covy(E)) C Covyy(A).
i) Covy (E') @4 Govy(E) C Covyy(E' @4 E).
i) Govy(E) C Covy (E) if v > 7.
iv) Zf(E,E’)(CgOUW(E)) C Covy (E') where v' = Bya*.
v) Covy(E) is a C*-bimodule over Gov.«(A) C Z(A).
vi) If E is decomposable and full, A is decomposable.
vii) If E is decomposable, then AE = E.

Proof. For part ii), we only give a short proof under the assumption that AE = F;
the general case can be covered by a straight-forward albeit tedious calculation.

i),ii) For all n,§ € E and &' € E’, we identify the operator 6, with ;0 and
the operator 6, ¢) With the composition

(O ®:1)0e: A > EF~A®, F — E ®,E.

The claims follow from the previous proposition and parts i,ii) of proposition 1.12.

iii) This follows from part ii) of proposition 1.49.

iv) Let T € Z2(E,F') and € € Gov(E). Then (Or¢)*¢ = (T€|¢) = a((€]T*())
and hence (Or¢)* = i T* € ,/“ifaoéfﬁ*(E, A). By part ii) of proposition 1.49, T¢
belongs to €ov.(E).

v,vi) This follows from i) and iv).

vii) By assumption, E' = span., ¥ov,(E) C span, Im(y)E C AE. O

Proposition 1.52. i) For each £ € Gov,(E), v € PAut(A), the map 605: A —
E given by a — af is an (id,v*)-homogeneous compact operator. Its adjoint
is given by 0%*(n) = ~v((¢|n)) for alln € E.
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it) For each vy € PAut(A), the map 6~ : ‘govd(E) — Jifylii(A,E) given by & — ¢
defines an isomorphism €ov(E) = ,)ifflii(A, E).

Proof. Let (uy,), be an approximate unit for Im(vy).

i) By assumption on ¢, the inner product (£|F) is contained in Dom(~y). For
all a € A and n € E, one has

y((nlag)) = limy((nlauy€)) = lim~y((n|6)) auw, = y((nl¢))a.

Therefore, the map 6¢ is an (id, y*)-homogeneous operator. We show that it is
elementary compact. By part v) of lemma 1.51, ¥ov(E) is a C*-module over
the ideal €ov+y(A). By the Cohen factorisation theorem, we can find elements
¢ € €ovy(E) and a’' € €ov.+y(A) such that £ = £’a’. Then

6ta = a¢ = af'a = ay(a)¢' = 7" (3(d')a) = T (. (a); a € A,

ii) We only need to show that the map 6~ is surjective. Let T' € JK;Q(A, E). By
part viii) of proposition 1.2, the image of the operator T is contained in £ Dom(~).
Consider the composition 77: Dom(y) — Im(y) — EDom(y). It belongs to
A« (Dom(y), E). By part ii) of proposition 1.49, it is of the form a + &a with
some & € €ov(F). Then, by assumption on 7', one has for all a € A

Ta =lim T (au,) = lim Ty (v* (au,))
v v

= lim £&7*(awy) = lim au, & = lim aéy*(u,) = aé = 0%a. O

1.2.2 Homogeneous elements of a C*-algebra

In this subsection, we collect several characterisations of homogeneity in C*-
algebras and some properties of homogeneous elements of C'*-algebras. But first,
we show that decomposability is not a very strong condition on a C*-algebra.

Proposition 1.53. A C*-algebra A is decomposable if and only if the inclusion
of the centre Z(A) = Govia(A) in A is non-degenerate, i.e. if Z(A)A = A.

Proof. Assume that A is decomposable. By lemma 1.51, for each v € PAut(A), the
space Gov~(A) is a C*-bimodule over the centre Z(A). Hence, Z(A) €ov,(A) =
%ov(A) and therefore Z(A)A is dense in A.

Now, assume that Z(A)A = A. For each unitary u € M(A) and each ¢ € Z(A),
the product cu is contained in Gov.(A), where v = Ad, € Aut(A) is given by
v(a) = uau*. By [34, remark 2.2.2], each element of A can be written as a sum of
four unitaries in M (A). Therefore, A is decomposable. 0

Next, we collect results which will be needed in chapter 2. Let v € PAut(A).

Lemma 1.54. An element a € A is y-homogeneous if and only if one of the
following conditions holds.
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i) a € Im(y) and ab = ~(by*(a)) for allb e A,
i1) a € Im(y) and ab = v(b)a for all b € Dom(7),
iii) a € Dom(y) and ay*(b) = ba for all b € Im(~).
iv) a € Dom(y) and ba = vy*(vy(a)b) for all b € A.

Proof. Let (u,), be an approximate unit for the ideal Dom(y). Then (v,), :=
(v(uy)), is an approximate unit for the ideal Im(). Each of the four conditions
immediately implies that lim, v,a = a = lim, au, and hence that a is contained
in Dom(y) NIm(y). Now, the implications i) = ii) < iii) <= iv) are obvious. We
show ii) = i), and iii) = iv) is analogous. For all b € A, one has ab = lim, au,b =

lim, y(uyb)a = lim, v(u,by*(a)) = v(by*(a)). O
Proposition 1.55. i) a(%ov,(A) N Dom(a)) C €0vaya+(A) for each a €
PAut(A),
it) v(€ovy(A)) = Cov, (A v*(Gov,(A)).

Proof. i) Let a € Gov,(A) N Dom(a) and b € Dom(aya*). Then b € Dom(a*) =
Im(a), a*(b) € Dom(v) and v(a*(b)) € Dom(«), hence

a(a)b = a(aa* (b)) = a(y(a*(b))a) = (aya™)(b) - a(a).

ii) By lemma 1.54, Gov.(A) is contained in Dom(y) N Dom(y*). By part i), we
have

v(Covy(A)) C Covyrys(A), Y*(€ovy(A)) C Covaryy(A).

Since yyy* and v*yy both are restrictions of 7, both of the sets above are contained
in Gov~(A). Since v and v* are mutually inverse, the claim follows. O

Part ii) of the preceding proposition exhibited a peculiar feature which we
pursue in the next lemma and proposition. Neither of both is used in the rest of
the thesis. Put Dom®(7y) := 1,,-o Dom(7") and Im>(y) := (5o Im(¥").

Lemma 1.56. The restrictions of v and ~* to the ideal J := Dom® () NIm™(~)
form a pair of inverse isomorphisms.

Proof. The following chains of (partial) maps and inclusions show y(J) C J.

v v v
PZ N P S

R
Dom(vy) > Dom(y?) > Dom(v?) > ---

Im(y) > Im(yQ) ) Im('yg) > .-
¥ ¥ ¥

Symmetrically, v*(J) C J. This proves the claim. O
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We denote the restriction of v to the ideal Im®(y) N Dom® () by Yeo-
Proposition 1.57. One has €ov(A) = Cov_(A).

Proof. This follows from lemma 1.54 and part ii) of proposition 1.55. O

1.2.3 C*-families

Let A and B be C*-algebras and let F be a C*-B-A-bimodule. If both C*-algebras
are decomposable, the definition of C*-pre-families on E can be refined so that one
obtains a close analogue to the notion of a Fell bundle over the inverse semigroup
PAut(B) x PAut(A) — the notion of an C*-family. If A and B are commutative,
this analogy can be made precise, see proposition 1.63. Basically, a C*-family
is a C*-pre-family which is a module over a C*-(pre-)family of coefficients €(E)
naturally associated to E. This C*-(pre-)family of coefficients is given by left
and right multiplication by homogeneous elements of B and A, respectively, on
E. In chapter 2, it will turn out that the Hopf C*-pre-families associated to a
decomposable pseudo-multiplicative unitary are in fact C'*-families.
First, we define the C*-(pre-)family of coefficients O'(E).

Proposition 1.58. i) For eacha € Govy(A), a € PAut(A), the map p(a): E —
E given by £ — &a is an (id, o*)-homogeneous operator, and p(a)* = p(a(a*)).

i) For each b € Govg(B), f € PAut(B), the map A(b): E — E given by & — b€
is a (B,1d)-homogeneous operator, and A(b)* = A(b*).

iii) The family O(FE) C Z(FE) given by ﬁg(E) := A(Govg(B))p(Cova~(A)) for
all « € PAut(A) and B € PAut(B) is a C*-pre-family.

Proof. Fort part ii), we only give a short proof under the assumption that BE = E;;
the general case can be covered by a straight-forward albeit tedious calculation.
With respect to the identifications £ = B ®, F ®, A, the maps A(b) and p(a)
correspond to 0, ®, 1 ®, 1 and 1 ®4 1 ®, 0%, respectively. The claims follow from
proposition 1.52, 1.49 and 1.24. Part iii) is immediate. O

Definition 1.59. A C*-pre-family € C £ (E) is a C*-family if € 0(F) C € and
€0 =40 ﬁgrg(E) for all a € PAut(A) and 8 € PAut(B).

Remark 1.60. i) The C*-pre-family 0(FE) is a C*-family.

ii) A C*-pre-family ¢ C Z(F) is a C*-family if and only if ¥0(E) C ¢ and
€< = €0 (F) for all partial identities e € PAut(A4) and € € PAut(B),
because C = EL - Cgf*(f for all @ € PAut(A) and § € PAut(B).

Later, we will need the following lemma.

Lemma 1.61. Assume that BE = E. Consider the space B as a C*-C-B-
bimodule in the canonical way and denote this bimodule by B.
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i) Let € C ZL(E) be a C*-pre-family such that ¢l = %”f)\((ﬁovﬁ*ﬁ(B)) for all
o € PAut(A) and 3 € PAut(B). Then the identification E = B® @, E as
C*-C-A-bimodules induces an embedding spanﬁcﬁf C (Zid(B‘D) R %)a.

ii) Let E' be a C*-B-A-bimodule such that BE' = E' and let 2 C £ (E') be
a C*-pre-family such that 95 = .@5)\(‘501)(3))5*5 for all a € PAut(A) and
B € PAut(B). Let ¢p: € — 2 be a morphism. If \(¥ov(B))€¢ C €, then
d(A(b)c) = X(b)op(c) for all b € Gov(B) and c € F.

Proof. i) Denote by ®: BC ®, E = E the identification given by ®(b' ®, &) =
Ve, b € B¢ € E. Let 3 € PAut(4),a € PAut(4) and ¢ € €2 and b €
Covg3(B). Then S o A(b): b — [(bb') defines a (id, 3)-homogeneous operator on
BT For all ¥/ € B and ¢ € E, one has

(B0 A(b) @4 )V ©. ) = B(ABY) @, £)
= BOV)ct = b€ = AD)D(V @, ),

whence Adg-1(cA(b)) is contained in Z'4(B%) ®, €. The claim follows.

ii) By part i), for each oo € PAut(A), the identification ® induces an embedding
o Mﬁ‘ﬁf C (L'YB%) @, €)a and a similar embedding ¢/, for mﬁ.@g Now
for cach ¢ € €2 and b € Covg (B), 3,0" € PAut(B), a € PAut(A), one has

(d ©.9) (ta(A(B)<)) = (1d ©.0) (AB) @ ta(c))
= (A1) 9. 1) - (id®.6)(ta(0)) = 1t (AB)O(). O

Remark 1.62. Using a similar technique like the one used in the proof of proposi-
tion 1.35, one can probably show that each morphism ¢: € — 2 of C*-pre-families
is p(€ov(A))-A(€ov(B))-linear. We do not make this precise because of lack of
time. Note that one should assume the inclusion p(%ov(A))A(€ov(B))€ C €.

Fell bundle picture for C*-families

If the C'*-algebras A and B are commutative, C*-families of E correspond to cer-
tain Fell bundles on groupoids. In the following, we describe this correspondence.

Proposition 1.63. Let X and Y be locally compact Hausdorff spaces and let E
be a C*-Cy(Y)-Co(X)-bimodule. Let € C L (F) be a C*-family. Then there ex-
ists an upper semi-continuous Fell bundle Fell(€) on the locally compact groupoid
PHom (V) x PHom (X) with natural isomorphisms

To([¢] x [¢], Fel(%)) = €, ¢ € PHom(X),1) € PHom(Y),

such that with respect to these identifications, the multiplication and involution on
€ coincide with the product and involution on sections of Fell(€) induced by its
Fell bundle structure.
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Proof. For an open subset U of X, denote by idy the identity map on Co(U).

i) For each pair of open subsets V' C Y and U C X, the *-homomorphism
Co(V xU) — M(Cglf[}/) given by ((f ® g)c)€ := c(f&g) for all f € Co(V), g €
Co(U), c€ ‘fii;l}/ and £ € F is non-degenerate because ¢ is a C*-family.

Let ¢ € PHom(X) and ¢ € PHom(Y'). Put V := Dom(¢)) and U := Dom(¢).
Then ‘5{;&* is a C*-module over ‘ﬁll(;iUV By lemma A.2, it is a convex Cy(V x U)-

module. Denote by C:f the pull-back of the corresponding Banach bundle over
V xU to [¢] x [¢] C PHom (V) x PHom (X)) via the source map s X s: [¢] X [¢] —
V x U. Then I'y (C;f) = ng* by construction.

Let ¢’ € PHom(X) and ¢ € PHom(Y") be restrictions of ¢ and 1 to subsets
U' Cc U and V' C V, respectively. We show that the restriction of C:f to [¢'] x [¢]

is equal to C';’f),/. By the correspondence between modules and bundles, it is enough

to show that (fgﬁ* -Co(V! x U') is equal to ‘ﬁf/g‘. By the considerations above, the
definition of a C*-pre-family and the definition of a C*-family, we have

Ve _ o U oot pidys Yuidyr bl
Gl =6l - CoV! x U') CEL - ColV x U) =€) - 63" C 6,0V =6

Hence, there exists an upper semi-continuous Banach bundle C' on the groupoid
PHom (V) x PHom (X) such that C|yxpe = C4 for all ¢ € PHom(X) and
1 € PHom(Y"). By functoriality of the correspondence between modules and bun-
dles, the multiplication and involution on % induce families of multiplication and
involution maps on the family (Cw) o These induce well-defined maps C? — C
and C — (' as in the definition of a Fell bundle because the multiplication and in-
volution on % is coherent with respect to inclusions. It is easy to check that these
maps endow C' with the structure of an upper semi-continuous Fell bundle. O

1.2.4 Homogeneity of C*-bimodules over commutative C*-algebras

Decomposable C*-bimodules over a commutative C*-algebra are particularly nice
behaved: The fibres of the corresponding Hilbert bundles decompose nicely over
the effective groupoid of the underlying space. This decomposition property im-
plies several factorisation results for compact homogeneous operators and internal
tensor products which will be relevant to the chapter 2. After a discussion of
the decomposition and factorisation results, we show that a decomposable C*-
bimodule can be disintegrated over the effective groupoid of the space underlying
the corresponding Hilbert bundle.

Let A = Cy(X) where X is a locally compact Hausdorff space, and let E and
E’ be decomposable C*-bimodules over A.

Lemma 1.64. Let ¢ € PHom(X) and let ¢’ € PHom(X) be the restriction of ¢
to an open subset U C Dom(¢). Then Govy, (E) - Co(U) = Covy (E).
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Proof. First, note that Dom(¢,) = Co(U). By parts iii) and iv) of lemma 1.51,

Covg, (E) = Covg, (E) Co(U)
C Co(X) Govy, (E)Co(U) = p(0L, (E)) Govy, (E) C Covyr(E),

dU*
where ¢ = id ¢, - idys = ¢.. O

Notation 1.65. Let ¢ be a partial homeomorphism of X. Given a point x €
Dom(¢), we denote by €0v ) (E) the fibre of the Hilbert bundle correspond-
ing to the C*-submodule Covy, (E) C E at x. It is, of course, a Hilbert space.
The preceding lemma shows that if ¢’ € PHom(X) coincides with ¢ on a small
neighbourhood of x, then €ov(y .\ (E) = Govy »)(E). Hence, the assignment
Cov (g4 (E) 1= Cov(g ) (E) is well-defined.

Given partial homeomorphisms ¢ and 1 of X, we write ¢ L v if there exists
no open subset U C Dom(¢) N Dom(v) such that ¢|y = ¥|y, or, equivalently, if
the domain of ¢ A 4 is empty.

Lemma 1.66. For each pair of partial homeomorphisms ¢,1) € PHom(X) sat-
isfying ¢ L 1, one has (Govy, (E)| Covy, (E)) = 0. For each x € X, one has
Cov(E)z = Drepgom (x), CoVi(E).

Proof. By lemma 1.51, the inner product {‘€ovy, (E)|€ovy, (E)) belongs to the
subspace ov,(Cy(X)) of Co(X), where w = ¢*1,.. If ¢ L 1), there exists no open
set U C X such that ¢|y = ¥|y, and since Cp(X) is commutative, Gov,,(Co(X)) =
0. The second assertion follows immediately. O

Proposition 1.67. 6ov(E') ®, Gov(E) = ov(E' @, E).
Proof. Let z € X and ¢ € PHom (X),. By lemma 1.66, one has a decomposition
Cov(E' @, F) = EB Covy (E') @y Covy-1,(E).
rePHom(X),

Hence, for each ¢” € PHom(X), the fibre of the Hilbert bundle corresponding to
the C*-module ‘Kovqy*/(E' ®4 F) and the fibre of the sub-bundle corresponding to
Span g Covgy (E') @4 Covg, (E) are equal. O

Proposition 1.68. i) For each & € €ov,(E Dom(«)) andn € €ov (E' Im(a)),
the elementary compact operator Tﬁg is (3, a)-homogeneous with 3 = v ay*.

ii) For all a, 3 € PAut(A), one has HL(E,E') = span{T}'. as above}.

Proof. i) Writing Tno‘g = Hnozﬂg, the claim follows from propositions 1.49 and 1.12.

ii) Let ¢,¢ € PHom(X). We want to compare the spaces given above fibre
by fibre. It is easy to see that the right module structure on F turns Jif;f dff* (E)
into a Cp(Dom(¢))-algebra. By lemma A.2, the right module structure on E turns
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%f*(E, E’) into a non-degenerate convex Cy(Dom(¢))-Banach module. By the
remark above and lemma 1.66, the fibres of both modules given in the statement
at a point x € X are equal to

EB K( Covly 4] (E), Covipus—1 o)) (E’))
[w,z]ePHom (X))

Therefore, the Banach modules coincide. [l

For each pair of Hilbert spaces H and H’, one has a canonical isomorphism
K(H' ®H) = K(H')® K(H). For the internal tensor product of C*-modules, one
has the following analogue.

Proposition 1.69. Let E,E’ and F,F' be decomposable C*-bimodules over A.
Then # (F,F') @, # (E,E') = X (F @. E,F' ®, E').

Proof. 1t is clear that the right hand side is contained in the left hand side. Let us
prove the reverse inclusion. By proposition 1.68 and 1.67, for each pair of partial
automorphisms «, 5 € PAut(A), the space %ﬁ(F ®4« B, F' ®, E') is spanned by
operators of the form TCO’iC’ where

(=10 ®4 & € Covy, (F) @4 Covy, (E)Dom(c) C Govyyy, (F @4 E)Dom(a),

('=n @& € Covy (F') @i Govy (E') Im(a) C Covyy (F' @4 E') Im(a),
and v,yjavivs = . Then, in particular,

¢ € (F ®, E)(Dom(y1) NDom(w)), ¢ € (F' @, E')(Dom(v]) NIm(a)),

and the equation 77 ., = TCO,‘a( a € Dom(a), shows that we may assume

a)*,¢’
£ € Govy, (E)a*(Dom(yy) NIm(a)) = €ov,, (E) Dom(yjer) = Dom(d) €ov., (E),
¢ e Cov, (E")a(Dom(y1) N Dom(w)) = Covy, (E") Im(ayy) = Im(9) Cov.y, (E),

where § = 7{avyf. Thus, without loss of generality, n € Gov.,(F)Dom(d) and
1" € Gov., (F') Im(d). Consider the elementary compact operators T . and Tg, -

By proposition 1.68, T . € HO(E,E') and Tg’,n € Ji/f(F, F’). We show that
TG = Tg’m ®4 T ¢ Let 0" @, " € F @, E. Then
T @.8") =n' @& - a((E]nn")¢"))-

By covariance of £ and &/, we have

E|nin™)e"y = (nln") €|€") = (&t (Mln")*)|€") = ((nin")) (£1€7),
1 @. & (i) (n™)) =0 @. 6((nin")) e = n's((nln")) @. €.

Therefore,

TG (" @ €)= 0/6((nln")) @« €a((€l€”)) = (T, @ T () (" ®x€"). O
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Now, we show that each decomposable C*-bimodule over Cy(X) can be disin-
tegrated over the effective groupoid PBHom (X). The initial C*-bimodule identifies
with the push-forward of the Hilbert bundle obtained by the disintegration along
the range map. If the support of the Hilbert bundle on the effective groupoid is
Hausdorff, this push-forward construction can be described in the form of an inter-
nal tensor product with a canonical C*-bimodule. In principle, this C*-bimodule
is nothing else but L2(PHom (X), \), where A denotes the family of counting mea-
sures. However, this can not be defined as a C*-bimodule over Cy(X) because in
general, the topology on the groupoid PHom (X) does not satisfy the Hausdorff
condition. Therefore, we impose the support condition mentioned above and make
the following definition. Let X C P$Hom (X) be a closed Hausdorff subset. Then
the space C.(X) is a pre-C*-module over Cp(X) with respect to the operations

floy(@) = > ), (NG :=F@)f(r@), fg€Ccl(X), feCo(X).

rePHom (X)*

We denote by I'?(X) the completion of this pre-C*-module and by M the repre-
sentation of Cp(X) on I'?(X) given by pointwise multiplication.

Proposition 1.70. Let E be C*-bimodule over Co(X).

i) There exists a continuous Hilbert bundle Cov(E) on PHom (X) with natural
isomorphisms

To([¢], Cov(E)) = Govy, (E) for all ¢ € PHom(X),
Cov(E); = Gove(E) for all € PHom (X).

it) If E is decomposable and the subspace
X := closure of {r € PHom (X) | Cov(E) # 0} C PHom (X)
is Hausdorff, then E 2 To(Cov(E)) @y I'(X).

Proof. i) For each ¢ € PHom(X), the space Govy,(E), considered as a right
C*-module over Cp(Dom(¢)), corresponds to a continuous Hilbert bundle over
Dom(¢) C X. Denote by Covy4(E) the pull-back of this Hilbert bundle to the
subset [¢] C PHom (X) via the restriction of the source map s: [¢p] — Dom(¢p).
Then I'g(Covg(E)) = Govg, (E), and the fibre of Covy(E) over a point ¢ € [¢] is
equal to Gov,(E).

Let ¢’ € PHom(X) be the restriction of ¢ to an open subset U C Dom(¢).
By lemma 1.64, we have %ovy, (E)Co(U) = Govy (E). By the correspondence
between modules and bundles, this implies that the restriction of Cov4(E) to [¢']
is equal to Covy (E).

Hence, there exists a continuous Hilbert bundle Cov(E) on PHom (X) such
that Covy(E) = Cov(E)|g for all ¢ € PHom(X).
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ii) The family of embeddings
Jo: To(Covy(E)) @nm Co([¢]) = To(Covy(E)) = Covg, (E) — E,

indexed by ¢ € PHom(X), define a map j: I'o(Cov(E)) @y I'*(X) = E. The
image of j is dense because F is decomposable. We show that for each = € X, the
map j,: (Cov(E) @y (X)), — E, is isometric. With respect to the canonical
identification

(FO(COV(E)) O r%x))x = I'y(Cov(E)) @ 1 (PSHom (X)7)
EB Cov(E),

rePHom (X)®

12

this map corresponds to the natural map Gaxe‘mﬁam(X)z Cov(E) — E, which is
isometric by lemma 1.66. O

Remark 1.71. Using the techniques for the study of non-Hausdorff groupoids
which will be developed in section 3.4, one can eliminate the support condition,
replacing I'2(¢r) by a suitably defined C*-module L?(Hom (X),)). Then the
internal tensor product Cov(E)® y L*(PHom (X), \) a-priori is a C*-module over
a C*-algebra which properly contains Cy(X), but one can easily show that in fact,
the inner product takes values in Cp(X) only.
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Chapter 2

Pseudo-multiplicative unitaries
and pseudo-Kac systems on
C*-modules

In this chapter, which is the main part of this thesis, we introduce and study
pseudo-multiplicative unitaries and pseudo-Kac systems on C'*-modules. Building
on the theory developed in the first chapter, we formulate decomposability con-
ditions for such unitaries and pseudo-Kac systems and obtain the following main
results: First, we define the legs of a decomposable pseudo-multiplicative unitary
as families of homogeneous operators and show that they are Hopf C*-families.
Second, we construct crossed products in the framework of pseudo-Kac-systems
and prove a duality theorem for iterated crossed products. Both results extend
the work of Saad Baaj and Georges Skandalis [3].

Examples of pseudo-multiplicative unitaries and pseudo-Kac systems associ-
ated to groupoids are discussed in the third chapter. Up to now, these are the only
examples satisfying the aforementioned decomposability condition for non-trivial
reasons. For these examples, a one-line calculation shows that the legs form Hopf
C*-families. Thus, at the moment, the first main result lacks further illustrative
examples. We discuss potential sources of interesting pseudo-multiplicative uni-
taries on C*-modules — bicrossed product constructions and deformations — in a
separate subsection. However, the constructions and results of the second part of
this chapter are new and seem to be interesting already for r-discrete groupoids.

2.1 Preliminaries

The leg notation and the internal tensor product The common notation
assigns a fixed role to the right and left factor of an internal tensor product of
C*-bimodules. For us, it will be useful to freely switch the order of the factors in
internal tensor products. To do so, we introduce the following notation.
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2. PSEUDO-MULTIPLICATIVE UNITARIES AND PSEUDO-KAC SYSTEMS
ON C*-MODULES

Notation 2.1. Let A, B and C be C*-algebras, let F' be a C*-C-B-bimodule and
let E be a C*-B-A-bimodule. We put FS F := F ®, F and denote by E© F the
completion of the pre-C*-module E ©® F over A with respect to the inner product
and right module structure given by

noén o) =nE)m), Moa=nos nnecE eF acA

The formula c¢(n © &) := nec for allm € E, & € F and ¢ € C defines a
representation of C' on E & F and turns it into a C*-C-A-bimodule.

The flip %: n© & « £ S n defines isomorphisms X: FEQF «— F S FE.

This notation also applies to internal tensor products of homogeneous opera-
tors, representations and C*-pre-families in the obvious way.

As an example for the notation introduced above, let A, B,C and E, F be as
above, let D be another C*-algebra and let G be a C*-D-C-bimodule. Then we
can form e.g. the internal tensor products GG FSE, GS(EQF) and (FeE)oG
with inner products given by

(e|nlicichm e’y = Coneeld o o €)coron

={Co el e o)) csrEer)
=(neéecln ef)e ) rsrean)

where (,¢' € G, n,n’ € F and £,¢ € E.

Furthermore, we use an obvious generalisation of the leg notation [3] to denote
maps between internal tensor product of C*-bimodules which act on individual
factors only, i.e. are of the form 1@, W ®,1: Fo @, EQ, F| — FoR, E' @, F, W €
Zf(E ,E'), up to a rearrangement of factors. We apply the same notation to C*-
pre-families and representations. For an illustration, look at lemma 2.5.

Hopf C*-(pre-)families

Definition 2.2. Let (., A) be a left Hopf C*-pre-family on a C*-bimodule E
over a decomposable C*-algebra A. If % is a C*-family, (¥, A) is a left Hopf
C*-family.

The asymmetry of the internal tensor product of C'*-bimodules and C*-pre-
families leads to the distinction between left and right Hopf C*-pre-families. The
former ones have already been introduced in subsection 1.1.5. Now that we have
introduced the necessary notation, we can define the latter ones. We will see that
the left leg of a decomposably regular pseudo-multiplicative unitary is a right Hopf
C*-pre-family and the right leg is a left Hopf C*-pre-family.

Definition 2.3. i) A right HopfAC*—(Apre—)famil}A/ is a non-degenerate C*- (pre)-
family 7 with a morphism A: . — M (S © ) such that (S, AP) is
a left Hopf C*-(pre-)family, where AP := 3 o A denotes the composition

38



2.2. PSEUDO-MULTIPLICATIVE UNITARIES ON C*-MODULES

S — M S z, M(S @, .F). The Hopf C*-(pre-)family (., A°) is
the opposite of (.7, A).
Let A and B be C*-algebras and let (5’?, A) be a right Hopf C*-pre-family on
a C*-bimodule over A.

ii) Let € be a non-degenerate C*-pre-family on a C*-A-B-bimodule. A right
coaction of (&, A) on € is a non-degenerate morphism 6: € — M (€ ©.7)
such that 6(%)(1© ) C €. and (6@ 1) = (10 A)J.

Let € and €' be non-degenerate C*-pre-families on C*-B-A-bimodules with
right coactions 5 and & , respectively. A non-degenerate morphism ¢: € —
M(E") is equivariant if (¢ © 1)6 = &' ¢.

iii) Let 9 be a non-degenerate C*-pre-family on a C*-B-A-bimodule. A left
coaction of (., A) on 2 is a non-degenerate morphism 6: € — M (S ©F)
such that §(2)(7 ©1) C ¥ © Z and (1©6)d = (A& 1)d.

Let 9 and 9’ be non-degenerate C*-pre-families on C*-B-A-bimodules with
left coactions 5 and ¥, respectively. A non-degenerate morphism ¢: 9 —
M(D') is equivariant if (1€ 1h)d = 8'¢.

2.2 Pseudo-multiplicative unitaries on C*-modules

In this section, we introduce pseudo-multiplicative unitaries on C'*-modules. This
notion generalises several concepts introduced by Saad Baaj, Georges Skandalis [3],
Etienne Blanchard [4] and Moto O’uchi [38]. It is a direct C'*-algebraic analogue of
the von-Neumann algebraic notion of a pseudo-multiplicative unitary on a Hilbert
space introduced by Jean-Michel Vallin [59]. We give a precise definition and
discuss examples, standard constructions and the connection to related notions. In
a separate subsection, we indicate one of the main motivations for the introduction
of pseudo-multiplicative unitaries on Hilbert spaces and present a related example
of pseudo-multiplicative unitaries on C*-modules constructed by Moto O’uchi [39].
Then we turn to the main result of the section which is the construction of the
legs of a pseudo-multiplicative unitary in the form of Hopf C*-families. To do so,
we need to assume certain regularity and decomposability conditions which are
discussed in a separate subsection.

2.2.1 Definition, remarks and examples

Let E be a right C*-module over a C*-algebra A with commuting non-degenerate
representations m,, ms: A — La(F).

Notation 2.4. We use the notation E" and E® to distinguish between the two
C*-bimodule structures given by m, and ms, respectively. Thus, we put e.g.

E°oFEeFE:=((E,m)0FE 1om) oF,
E°*©(EGE') = (E,n,)e(Ec (E ).

39



2. PSEUDO-MULTIPLICATIVE UNITARIES AND PSEUDO-KAC SYSTEMS
ON C*-MODULES

Furthermore, we use multiple indexing and write

EcE*eoFE:=(Ec(E,m),1c6n)0E=(EGE"1cn,)9F
~Ec(E°oE,mnol)=Ec(E°9FE,1om).
We write E™*, E®" and the like if we consider E as a C*-module with an ordered

list of representations; when forming an internal tensor product with such a C*-
module, the first representation is used implicitly, i.e. we have

EcE*eoFE=(EcE¥) o E=ZFEc(E*"©F).

Lemma 2.5. Assume that V € Ly(E*©FE, ESE") intertwines the representations
. and s as follows:

V(1emrs(a)) = (1o ms(a))V,
V(nr(a)©1) = (mr(a) 1)V,
Vlemnr(a) =(rs(a) 1)V, ae€ A.
Then V', considered as an operator of the following C*-bimodules,
ES@ES_)E®ET78, ES,T@E_)ET(@ET‘, ES@ET‘_>E8®ET"

intertwines the representations given by left multiplication, and all operators in
the following diagram are well-defined. Furthermore, one has isomorphisms of
C*-modules as shown below.

(FoE™)oF 2 Ec(E* @F)
(ES@ES)@E V/7 *\ E@(ET®ET)
! 12 23 !

E* o (E* o E) (EGE) G E"
Va3 . Vi2
Efe(ESE") 13 (Es© E)S E"

Tos \~ =/ o3
1%

(Es@ E"YoE 2 L (E*cE"OE

Proof. The existence of the isomorphisms follows immediately from the fact that
s and 7w, commute. The operators in the diagram are well-defined by proposition
1.24. O

Using the leg notation and omitting explicit mentioning of the elements of A,
the intertwining conditions in the lemma above can be shortly rewritten as follows:

Vg = msV, Vi =mV, Vg =maV.

In the following, we will frequently use this short-hand notation.
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Definition 2.6. A unitary V: E°©@ E — E © E" is pseudo-multiplicative if it
satisfies the assumption of the previous lemma and the diagram above commutes.

The condition V12Vi3Vaes = Vo3Vis is called the pentagon equation.
This definition generalises the following concepts.

e If A = C and the representations m, and 7, are given by scalar multiplication,
V' is a multiplicative unitary on a Hilbert space in the sense of Saad Baaj
and Georges Skandalis [3].

e If A is commutative and the representations 7, and ws both coincide with
the module multiplication, V' is a continuous field of multiplicative unitaries
as defined by Etienne Blanchard [4].

e If A is commutative and the representation ms coincides with right multi-
plication, V is a pseudo-multiplicative unitary in the sense of Moto O’uchi

[38].
If one replaces
e I by a Hilbert space H,
e A by the opposite NP of a von Neumann algebra N,

e the module structure of E' over A by a non-degenerate normal representation
aof N on H,

e the representations 7, and 7, by non-degenerate normal anti-representations

3 and 8 of N on H,

e the internal tensor products £ © EF and E © E" with the relative tensor
products H g ®, H and H ,®g H, taken with respect to some normal semi-
finite faithful weight on N and its opposite on NP, respectively,

and inserts the condition Vas = a1V, one obtains the definition of a pseudo-
multiplicative unitary on a Hilbert space given by Jean-Michel Vallin [59, 15].

Isomorphisms of pseudo-multiplicative unitaries on C*-modules are defined in
the obvious way.

Definition 2.7. For i = 1,2, let E; be a non-degenerate right C*-module over
a C*-algebra A; with commuting non-degenerate representations 7' and ' of A;.
Two pseudo-multiplicative unitaries

Vi:Ei©@E{ - E{SE] and Vi:E5QFE; — E56 E)
are isomorphic if there exists an isomorphism U: E1 — Fo such that

72 = Ady(nl), 72 = Ady(n)), (Uc U)WV, =W(UaeU).
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Examples Multiplicative unitaries on Hilbert spaces, continuous fields of such
unitaries and pseudo-multiplicative unitaries in the sense of Moto O’uchi all yield
examples for pseudo-multiplicative unitaries on C*-modules. Later in this the-
sis, we present in detail two examples belonging to the third class: Pseudo-
multiplicative unitaries associated to locally compact groupoids — see subsection
3.2.1 — and examples associated to inclusions of finite-dimensional C'*-algebras [39]
— see subsection 2.2.1. An example which does not belong to one of the first three
classes is presented in subsection 2.4.5.

Let us also indicate two potential sources of further examples. First, we ex-
pect the bicrossed product construction for multiplicative unitaries [3] and locally
compact quantum groups [56] to extend to pseudo-multiplicative unitaries on C*-
modules. Second, we sketch a vague idea connected to deformations of Hopf
C*-algebras. In [4], Blanchard introduces fields of multiplicative unitaries over
parameter spaces and presents examples. It would be interesting to exhibit an ex-
ample in which the fibres of such a deformation are linked not only “analytically”
via the underlying parameter space, but also “algebraically” in the sense that one
can identify additional deformations indexed by a groupoid over the parameter
space. Then Hopf C*-algebras indexed by different deformation parameters would
be linked up by additional “Hopf C*-bimodules” indexed by pairs of deformation
parameters.

Standard constructions In the following, we collect several easy constructions.
In subsection 3.2.1, the connections to corresponding constructions for groupoids
are clarified.

Let V: F°©@ F — E S E" be a pseudo-multiplicative unitary.

e The opposite It is easy to see that the unitary
VP =YV*'S: ETeE S EcE LS EoFE S EcE
is pseudo-multiplicative. We call it the opposite of V.

e Reduction Let I C A be an ideal and put B := A/I. We consider B
as a left C*-module over itself. Left multiplication defines a representation
A — Lp(B). Put F:== E®, B.

Lemma 2.8. Assume that ws(I)E and 7,.(I)E are contained in EI. Then
the representations s @, 1 and m, @, 1 of A on Lp(FEr) factorise through
the quotient map A — B. Denote by 7r£ and 7T£, respectively, the induced
representations of B on Er. Then one has isomorphisms

Ejeo E; = (E°9FE) ®, B, E;cE; =2 (EcE")®. B,

and the operator
Vi:EieE 2 (E°eE) ®.BY Y (EeE)®. B2E & E!

1 a pseudo-multiplicative unitary.
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Proof. The first statement follows from the inclusions 74(1) E®, B, 7, (1) E®
B C EI ®, B and the equation FI ®, B = F ®, IB = 0. For the second
statement, note first that one has isomorphisms

(FFPoFE)®,BXF/oFE>F/oAoFE>FE/©@BQFEXE;QFE]

because the representation 7s ®, 1 on Ej factorises through the quotient
map A — B. An analogous reasoning, applied to E; © E%, proves the
second statement.

The fact that V7 is a pseudo-multiplicative unitary follows immediately from
the corresponding properties of V. O

We call V7 the reduction of V' with respect to I.

The direct sum and external tensor product of two pseudo-multiplicative unitaries
Vi:Ei©@ By — E; © E] and Va: E5 © By — Ey © Ej is defined as follows.

e Direct sum The direct sum F := E; @ F5 is a right C*-module over the
C*-algebra A := A; @ A, and the direct sums 7s := 7} & 72, 7, := 7} & 72
define commuting representations of A on E. It is easy to see that the
composition

VidoVs
—

E°©E= (E{e E,) ® (E; © Ey) (E16FE])® (B Ey) = EGE"

is a pseudo-multiplicative unitary. We call it the direct sum of V1 and V5.

e External tensor product Let A := A; ® Ay be the maximal C*-tensor
product and let F := E; ® E5 be the corresponding external tensor product
of C*-modules. The tensor products 7, := 7} @ 72 and 7, := 7} ® 72 define
commuting representations of A on E. Again, it is easy to see that the
composition

VieVs
— 5

E*oFE = (E{eE)® (E;© E») (E1OE)®@(E20 ) 2 EGE"

is a pseudo-multiplicative unitary. We call it the external tensor product of
Vi and V5.

Extended example: inclusion of C*-algebras

In this subsection, we discuss one of the motivating examples for the development
of the theory of quantum groupoids and pseudo-multiplicative unitaries on Hilbert
spaces. It arises from the study of inclusions of factors [20] which are von Neumann
algebras with trivial centre. Their study lies at the heart of von Neumann algebra
theory because each von Neumann algebra can be written as a direct integral of
factors over some measure space. Examples of inclusions of factors arise from
group actions: given a factor M; with a suitable action of a group G, one can
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form the von Neumann-algebraic crossed product My := M7 x G. It contains M,
and is a factor if the action satisfies certain assumptions. On the other hand, one
can consider the fixed point algebra Mg := MlG of this action and ask whether
this is a factor.

The study of more general inclusions of factors Mg — M; raised the question
whether one can exhibit some (quantum) group(oid) G with an action on M; such
that My is isomorphic to the fixed point algebra M 1G and the inclusion My — My
given by the basic construction [20] is isomorphic to the inclusion M; — M; x G
[13, 15]. The ultimate goal is a Galois theory for inclusions of factors. The first step
in this programme — to associate a pseudo-multiplicative unitary to an inclusion
of factors — has been adapted by Moto O’uchi to certain inclusions of C*-algebras
[39]. We reproduce it here.

Let A; be a finite-dimensional C*-algebra, let Ay be a C*-subalgebra of A;
containing the identity of Ay and let P;: A7 — Ag be a faithful conditional ex-
pectation. Denote by Ej the right C*-module over Ay obtained from P; by the
Rieffel construction, and by ¢1: A; — La,(E1) the representation induced by left
multiplication.

We assume that P; is of index-finite type [62, 1.2.2 and 2.1.6], i.e. there
are elements ui,...,u, € A; such that idg, = > i |u;)(u;|. Note that then
L4,(E1) = Ka,(E1). The index of Pj is the sum Index P; = ) u;u}. It is invert-
ible and belongs to the centre of Aj.

The reduced basic construction is given by the C*-algebra Ay := K 4,(F1), the
inclusion Ay C A, realised by ¢, and the conditional expectation Py: Ay — A
defined by P (|a)(b|) := (Index P)~'ab*, a,b € A;.

We denote by Fs the right C*-module over Ag obtained from P; o P, by the
Rieffel construction, and by ¢o: Ay — K4,(E2) the representation induced by left

multiplication. Then one has an isomorphism ®: E; ®4, E1 =, E, given by
®(a @, b) = |a)(b"|¢1 (Index P12, @7 (z) = a(u;) @, (Index Py) Y20},

(2

where a,b € E1 and x € Fs.
We make the following technical assumptions without further comment:

(A].) A6 NA; C Z(AIO N Ag), (A2) Ay = A - (A6 N Ag),

where Af; denotes the centralisator of Ay in As. The pseudo-multiplicative unitary
associated to the conditional expectation is defined on the C*-module

E:={T¢c Ka)(E1,E>) | Tor = ¢2T'}

over the C*-algebra C' := A} N Ay. The map ¢: AyNA; — Aj given by g(a)b = ba
for b € Eq, is a linear bijection of Aj N A; onto C. Since ¢(a)gq(a’) = g(da’a) for all
a,a’ € AN Ay, the C*-algebra C' is commutative if assumption (A1) is satisfied.

Denote by s and 7, the representations of C' on E given by ms(c)e := ec and
mr(c)e 1= ce, respectively, where ¢ € C,e € E and (ce)(e1) := ¢ - (e(e1)) for all
e1 € Fr.
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Theorem 2.9 ([39], theorem 3.2). Let C, E, 75 and m, be as above and assume
that the assumptions (A1) and (A2) hold. Then for all x,y € E, there exist
finitely many x;,y; € E such that (idg, ®¢,y)r = >_,(x; @4, idE, )y; as operators
Ei — E| ®4, E1 ®¢, Er. Furthermore, the map x © y — >, x; S y; defines a
pseudo-multiplicative unitary V: E° Q@ F — ES E'.

2.2.2 Regularity and decomposability

In this subsection, we introduce regularity and decomposability conditions for
pseudo-multiplicative unitaries on C*-modules which allow us to construct their
legs in the form of Hopf C*-families. The notion of regularity of multiplicative
unitaries on Hilbert spaces [3] is less general than that of manageability introduced
by Woronowicz [63] but better suited to our purposes because it is simpler and
allows us to focus on the new phenomena introduced by the C*-bimodules. In
contrast to regularity, decomposability is a condition on the two individual legs of
a pseudo-multiplicative unitary — it may well happen that one is decomposable,
while the other is not.

In the following, we will focus on the left leg. The corresponding definitions
and results for the right leg can be obtained by first writing them down for the
left leg of the opposite VP of the initial pseudo-multiplicative unitary V and then
rephrasing them in terms of V.

For the formulation of the regularity and decomposability condition, we employ
the following notation. It will be used throughout the remainder of this chapter.

Let V: F°©@ F — E S E" be a pseudo-multiplicative unitary.

Notation 2.10. We put &" = Gov(E"), & = Gov(E®) and &/ = Cov(A)
as families, i.e. & = Cov(E"), & = Govy(E®) and o, = Cov,(A) for all
v € PAut(A). Furthermore, we put

&) =0, (&l :=0¢, |67) = Ha(AE"), (&= Ha(E",A),
€} =65, {&]:=0%, |67} := YA E"), {6 :=YE"A), &

Notation 2.11. In the following, we employ commutative diagrams in the cate-
gory whose objects are C*-bimodules over A and whose morphisms are families of
closed subsets of homogeneous operators. The composition of morphisms is given
by the product of such families as defined in 1.13.

The definition of regularity involves the closed subspace
c\V):= (<E| e 1) Vv (1 © |E)) CLa(EP©AAGE").
In some more detail, it is equal to the composition

FodlP psop V. pspr EPL AsEr
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In the following, we will frequently identify £* © A and A © E” with E without
explicit mentioning of the canonical isomorphisms. Thus, we also identify the
C*-algebra Ls(E*© A, AS E") with L4(F) and consider C(V') as a subspace of
L4(E). In leg notation, we write C'(V) = (E|; V |E)2. In the next definition, we
will use the short-hand leg notation and the detailed diagrammatic notation in
parallel.

Definition 2.12. A pseudo-multiplicative unitary V: E° Q@ FE — E°* S E" is
i) left (right) decomposable, if the C*-bimodule E" (E®) is decomposable,
i1) regular if the space C(V') C La(F) defined above is equal to K4(E),

i11) decomposably left (right) regular if

(a) V is left (right) decomposable,
(b) the sub-family €, (V) := (&1 V |E)2 C La(E"), in detail given by the

composition

ErgES’T@A&ES’T@ELET(@ETﬂA@ErgEr,

is equal to |ET)(E"| (the sub-family of Lq(E®) given by

G(V) = (B V6% B* 2% propr Y po pre B, o
is equal to |&°)(&7%]),
(c) The sub-family {&"|2|67}2|EY C H (A, ET), in detail given by the
composition

A prapre Al propr ¥k pro g E",

is equal to |67} ({€°]2]6}2| 6%} = [67}),

Let us discuss these conditions. If A is commutative and the representation 7,
coincides with the right module structure of E, then, trivially, V is left decompos-
able. In particular, each pseudo-multiplicative unitary in the sense of [38] is left
decomposable. This includes the examples associated to locally compact Hausdorff
groupoids (3.2.1) and to inclusions of C*-algebras (2.2.1). The former ones are
also right decomposable provided the groupoid is decomposable, e.g. r-discrete,
see 3.2.1.

The conditions i) and iiib) above are linked to each other as follows.

Lemma 2.13. Let V: E°©@ F — E S E" be a pseudo-multiplicative unitary.

i) If V' is decomposably left (right) reqular, then V is also regular.

46



2.2. PSEUDO-MULTIPLICATIVE UNITARIES ON C*-MODULES

ii) If V' is left (right) decomposable, regular and if H#q(E") = |&7)(&T] (or
Hia(E®) = |&°%)(&%|, respectively), then condition iiib) of decomposable left
(right) regularity is satisfied.

Proof. We prove both statements about decomposable left regularity.
i) By assumption, the C*-bimodule E" is decomposable. Therefore, (E| =

spang(&j| and hence also C(V') = spang ‘ﬁrﬁ(V)
ii) By covariance of V and the assumptions, one has (frﬁ(V) = C(V)m%f(ET) =
(167)(6™))7 for cach 3 € PAut(A). O

Corollary 2.14. A pseudo-multiplicative unitary over a commutative C*-algebra
which is is left (right) decomposable and regular satisfies condition 4iib) of decom-
posable left (right) regularity.

Proof. This follows from part ii) of proposition 1.68 and lemma 2.13. O

Condition iiic) is introduced because it is needed in order to show that the leg
of a decomposably regular pseudo-multiplicative unitary is a Hopf C*-family. We
do not yet understand it conceptually.

Lemma 2.15. If <£1’C’1‘(5"13> - A = A, then condition iiic) of the definition above is
satisfied.

Proof. For all ¢,(" € &, £ € &7, v € PAut(A), and a € A, one has

{Tl2-1C}2 - [€}a = {2 (ag & ) = al(('IC) = [€'}a, & = &((]C)-

The assumption and lemma 1.51 imply that &7 <c§"lg|(§’lg> = & for all v € PAut(4),
whence the claim follows. O

In the remainder of this paragraph, we collect several results which will be
used in the next subsection. In the following lemma, we use the notation &" S &
which is defined in 1.50, and the notation (&",7s) © E for the family of closed
subspaces of the C*-bimodule E*" & E given by

(6", ms) @ E)® :=span{{@n € E* @ E | { € Gova(E"),n € B}, o€ PAut(A).
Lemma 2.16. If V is decomposably left reqular, then V((&",m5) @ FE) = 8" &7.

Proof. Let (T,), be a bounded approximate unit for the C*-algebra (|gr><é@r|)ld.
We show that the net (T, © 1), converges pointwise to the identity on £ & E.

Since |&7) is a left C*-module over (|&7)(&7])'d for each a € PAut(A), the
product (7,6¢), converges to ¢ in norm for each fixed { € &). But then also
1,6 — € for each £ € &7. By a standard argument, ((TV =) 1)C)V converges to ¢
for each element ( € E© E" which can be written as a finite linear combination
of elementary tensors £ © n. Since vectors of this form are dense in ¥ © E” and
the net (||T,, © 1”)1/ is bounded, the assertion follows.
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Combining this result with the assumption on V', we find for each o € PAut(A)

V(&L @ E) C (|E"WE) NV |E)2EL
C span [85)1(E5 1 V |E)28,

Bp'*<id
= Span  |E5)1 |65 (ER| &L C Span &) G Eh, C (£ 0 6.
Bp'p"*<id Bp'<id

In the following, we will shorten the notation, considering entire families instead
of individual closed subspaces. To prove the reverse inclusion, we use a bounded
approximate unit (Sy), for the C*-algebra K 4(FE) and regularity of V to see that
V*(&" © &) is contained in the family

|E)o(E|2VFE N E" = |E)2 |EMWE|E = (6" ,7s) © E. O

Remark 2.17. If A is commutative, the result of the previous lemma holds irre-
spective of any regularity of V. To see this, observe that the intertwining prop-
erties of V' imply that V' induces a bijection between the families ov(E*" © E)
and Gov(E" © E"). If A is commutative, by proposition 1.67 the latter family
decomposes as follows,

Cov(E" S E") =%ov(E") ©@6ov(E") =&" 0 &7,
and a similar decomposition holds for the family Gov(E®" © E).
Lemma 2.18. IfV is decomposably left reqular, the following diagram commutes.

A 1€} o |E)2 BT o R (El2 o

lé”} lV {@Mhl
pr—  prop 2 e

Proof. Consider the left hand side of the diagram. Since V' commutes with 7,1,
the family V'|&")2|&"} is generated by compositions of the form a — m.(a)é©n —
V(nr(a) @n) = mi(a)V (€ @n) where £ € & and n € E. The family |£7}2|&7}
is generated by compositions of the form a — m.(a)¢’ © 1’ where ¢, € &". By
the previous lemma, both families coincide. Taking adjoints and multiplying both
families by V' on the right, one obtains commutativity of the square on the right
hand side. U

2.2.3 Construction of the legs

This subsection contains the main result of the first part of this chapter. We define
the left leg of a decomposably left regular pseudo-multiplicative unitary and show
that it is a Hopf C*-family. The corresponding result for the right leg can be
obtained by considering the opposite unitary and is summarised at the end of this
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subsection. For most proofs, we employ commutative diagrams as explained in
the previous subsection.

Throughout this subsection, let V: E°©@FE — ESE" be a pseudo-multiplicative
unitary.

The left leg Denote by .7 := {&7|, V |£7 )y € L(E5) the composition

prpeoa popr Vper Y proaxp
Since V' commutes with the representation m,, the family % commutes with the
representation .

Proposition 2.19. IfV is decomposably left reqular, S isa non-degenerate C*-
pre-family.

Proof. We prove SIS = S by means of the following diagram. The composition
S.* is the arrow in the top line, and .¥* is equal to the composition obtained
by first going down, then to the right and finally up again.

|67 }2 e |E7)2(E |2 v {672

B ————=E°CE" EsoFE" EfoFE" ESSFE" E?

E)sl () L|E>3 (R) <§T2T () (éarlz[ (C) (&7l

V23 Vis {6713

Ga% ESsE™SoF — 12Es EST‘@E Er®Er ES@ET)®ET ~SESoET

€7 }s {673

E*SET E°GE"GE" E*SE"

(2.12 ddic)
\_ |67 }2

The individual labelled cells commute for the following reasons: (I) intertwin-
ing properties of V, (R) decomposable left regularity of V, (P) pentagon equa-
tion, (2.18) lemma 2.18, (C) by inspection, (2.12 iiic) by assumption iiic) of de-
composable left regularity of V. Hence, the entire diagram commutes, whence
S.F* = *. This also implies S =

For all o, 8,0/, 3" € PAut(A) satisfying (5, «) < (6',a’), one has P (??f,l
by part iii) of lemma 1.51. Thus, 7 is a C*-pre-family.

The C*-pre-family S is non-degenerate since

span,, g (LS’?O?E) = span,, g &2V ]éaghE) = span,, ({gng(E S Er)) =F

by assumption iiic) in definition 2.12. O
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Proposition 2.20. The C*-pre-family S is a C*-family.
Proof. Let a,d/, 3,3 € PAut(A). By definition,
I O5(B°) = {ELa VI6E5) - mo( o) p( o)
={&ul2p(Har) - V - |E5)2 s ().

We show that {&7 |2 p(or+) and |&5)2 ms(3 ) are contained in {&/[2 and |£55 )2,
respectively. By lemma 1.54, one has for all n € & and a € o7~

{nl2p(a)(¢ & ') = {nl2(¢ & ('a)
= Ca((n|¢"a) = ¢(aod) (o (a)(nl¢"), (o €EcE.

Now a* € 4, and by proposition 1.55, a'*(a*) belongs to «7,,. By lemma 1.51
and proposition 1.58 again, na'*(a*) = p(a’*(a*))n is contained in &7 .
For all { € &5 and a € /3, one has

[§)2ms(a){ =aC© &= (O &a=[¢a)o(, (E€E,
and {a = p(a)¢ is contained in éaﬁrﬁ, by lemma 1.51 and proposition 1.58. Thus,
IO 0%(B°) C {2V |Egr)2 = S5

For B = 8*8 and o = a*a, we obtain .72 - ﬁg:g(Es) = 7P since Ef = &y - Ay
for all v by part v) of lemma 1.51. O

Lemma 2.21. The following diagram commutes.

pr—Le g propr 2 p
| | )|
|€7}2 {€72 5%

s — 2 g s L s

Proof. For the left square, consider the following diagram.

PP
4 (D) ¥
ES ES ET‘ ES ET‘ ES
e O 5 o8 o
|67)2.7 (.19) Llé”}s 9)) W}SL ©) [Ié”}z
* éa’l‘
EsQFE" ES@ET@ET—”>(ES@E7")®ET<—‘2>ES®ET
N )
1%

The individual cells commute for the following reasons: (I) intertwining property
of V, (C) by inspection, (D) definition, (2.19) by the commutative diagram in
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2.2. PSEUDO-MULTIPLICATIVE UNITARIES ON C*-MODULES

the proof of the previous proposition — the composition V' |& 7">2<7? is equal to the

composition of the first four arrows going from the left corner E? to the right,

and the composition (&7 |2V}5|&" }3|&" }2 is equal to the composition of the arrows

going down, to the right, slanted right upwards and finally up in that diagram.
For the right square, consider the following diagram.

ESoFE"
- E)2(E" = ©
(R) (1)
s r S T T S S,T S 7,8
EsoF e E*e(E"oF )—>V;3 E*oF @E—>V12 E*cE™oF v
\% (I J/vlg (P) /Egl
1672 % s
E*oFE —= (E*@E") o " —= E’cE'oF" ESsE"
2.18
{672 (0) l{é"s (I l{ma ( ){ml
|67 )2 {&" 2
ES EsQFE" ESsFr ——————>[s
_ (D) )
7

The individual cells commute for the following reasons: (I) intertwining proper-
ties of V, (C) by inspection, (D) definition, (P) pentagon equation, (R) decom-
posable left regularity of V', (2.18) lemma 2.18. By definition, the composition
{E7 5V |E)9(E7 |2 is equal to .F(E7 ]y, whence the claim follows. O

Proposition 2.22. i) For each © € .%, the operator loz e Z(EGE™) is
well-defined. Furthermore, one has a morphism A: ¥ — ZL(E®*© E®) given
by Alx) =V*(1cax)V.

ii) In £(E*© E°), one has A(F)(10 ) = S oS = ANL)FL el). In
particular, A(S) is a non-degenerate C*-sub-family of M4 (S © 7).

ii) The map A: S — (S ©.F) is coassociative in the sense that (A©1)A =
(1o A)A.

Proof. 1) The first assertion follows from the fact that the family % commutes
with the representation m,.. The existence of the morphism follows from example
1.42 ii).

ii) We first prove A(%) = {&"|3Vi3Va3|&" )3 by means of the following diagram.

& &
EseFE* ‘—>>3E5@E8@E7" Y E*e(E°GE") s (E*QE*)GE" u>3ES@ES
lv (1) lvm (P) szT () V*T
& &
Bopn 2L (EGE™)oE" s pepsor Y peprs
N (D) )
=2
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The individual cells commute for the following reasons: (I) intertwining properties
of V, (P) pentagon equation, (D) definition. Therefore, the composition on the
top line is equal to A(.#).

We prove A(#)(1©.7) = . ©.7 by means of the following diagram.

S5

(" epes

Eok — X psoprops — 2 (BSsENeE (@

~ \
e 2 3 r
e (2.21) 1eléme s ) a3 ©) a3 {70
ok X lpepon 2 pro(Erer) Vi (rory)er Ul psops
N ) )
A(S)

The labelled cells commute for the following reasons: (1) by the diagram above,
(2.21) lemma 2.21, (2) by definition of .# and because | £}V C LY E* 0 E", E®),
(C) by inspection. We show that cell (3) commutes. The families 1© |&"}5.# and
Soz0 (|62 © 5’?) are generated by maps of the form

(ol —caBles), el cc&l, a,d,pePAut(A), o <id

and

(o= (ed)ed—ca (el
§ e yf, & e&l, a,d,BePAut(A), ayd,

respectively. Hence, Y30 (|67)2 © 5’?) is contained in 16 |&"}9.%. We prove the
reverse inclusion. We can write { = {’a = o/(a){’ with & € &, and a € Fpq.
Then 3¢'c¢ = 3¢’ od/ (a)¢' = p(d/(a))$¢’©&'. By part i) of proposition 1.55, o'(a)
is contained in 7, ,+. By lemma 1.51 and proposition 1.58, the product §" :=
p(d/(a))$ belongs to yf,a,*a. Since o’*a < id, we have o/ o/*a < o/. Therefore, §
belongs to yf,, and the map 1© (|£}238) is equal to Xagz 0 (|¢')2 © §).

We prove (. © 1)A(.¥) = .¥ © .7 by means of the following diagram.

A(S)
r '
ES@ESWES@ES@ETWES@(ES®ET)W-(ES(@)E;S)(@ETWES@ES
2
k N N m wj Ly?@l
S

EPoFE?

Cell (1) commutes by definition of .% and because V|&")y € Lq(E*, E5 & E").
We show that cell (2) commutes. By lemma 2.21,

(L @){E"3Vis = ((F{E2Vi2) © 1) a3 = (L(E72 © 1) 0 X
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2.2. PSEUDO-MULTIPLICATIVE UNITARIES ON C*-MODULES

The families (y<gr|2 ©1) 0¥y and S ©{&" |y are generated by maps of the form

(o(Ced—cad"al —s(El" el
se ISP eedy, a,B,8 € PAut(A), BF* <id,

and

(o('el")—8Cads (1) =0 (EI)dcad =5 ca ),
§edp el aB,p €PAut(A), By,

respectively. Hence, . © {&"|y is contained in (F(&£7| © 1) 0 3. We prove
the reverse inclusion. We can write { = ¢’a’ with ¢’ € &% and o' € Fpp.
Then §(¢|¢") = §a*(¢'|¢"), and the element §' := 3a’* belongs to yf)\(dgug/) C
0 Since 86" <id, we have 83*3' < 3. Therefore, 5’ belongs to 5’?0?/, and
the map (5(¢|]2 © 1) 0 o3 is equal to § & {&'|.
iii) By the pentagon equation, one has for each § € S
1o A)AGB) =VEVy - 8 ViV
( )JA(S) 2313 3 13V23
V5383V
= Vi5V5333Va3Vio = (A @ 1)A(3). O

Theorem 2.23. Let V: E°© FE — ES E" be a decomposably left reqular pseudo-

multiplicative unitary. Then the pair (5’?, A) defined above is a right Hopf C*-
family. [

The right leg The right leg of V' is the sub-family . := (&%, V |&%} € ZL(E")
given by the composition

FedorE M peor Yuper Y A ~F

Since V' commutes with the representation w49, the family . commutes with the

representation 7.

Corollary 2.24. LetV: E°©@FE — ESE" be a decomposably right reqular pseudo-
multiplicative unitary and let ¥ C L (E") be defined as above.

i) & is a non-degenerate C™*-family.

ii) For each y € .7, the operator y © 1 € L (E%" @ E) is well-defined, and
the formula y — V(y © 1)V* defines a non-degenerate morphism A: . —
M(S S S).

iii) The pair (&, A) is a left Hopf C*-family.

Proof. Consider the opposite VP = XV*X. It is decomposably left regular, and
its left leg coincides with .. This proves i). The remaining parts follow from
theorem 2.23, applied to VP, in a similar fashion. O
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2.3 Coactions of the associated Hopf C*-families

Our primary interest in Hopf C*-families lies in their coactions on C*-algebras,
associated crossed products and duality theorems. The first of these notions has
yet to be defined. This is done in the first subsection where we also discuss the
relation to coactions on C*-pre-families. Next, we study a regularity condition for
coactions of the legs of a pseudo-multiplicative unitary which is relevant to the
proof of the duality theorem 2.74. The section ends with a discussion of coaction
unitaries. They give rise to coactions and will be fundamental constituents of
pseudo-Kac systems.

Again, we focus on the left leg of a pseudo-multiplicative unitary and on right
Hopf C*-families.

2.3.1 Coactions on C*-algebras

In order to define coactions of Hopf C*-families on C*-algebras, we first have to
construct an internal tensor product of C*-algebras with C*-families: by analogy
to Hopf C*-algebras, a coaction of a Hopf C*-family (Y A) on a C*-algebra C
should be a +-homomorphism 5: C — M(C e ) subject to several conditions,
where the C*-algebra C' © 5 yet has to be defined. The necessary definitions
are straight-forward. However, they raise several questions which suggest that for
Hopf C*-families, it is more natural to consider coactions on C*-pre-families than
coactions on C*-algebras. This problem is discussed at the end of this subsection.

Internal tensor product of C*-families with C*-algebras

Let A and B be C*-algebras and let E be a C*-B-A-bimodule such that BE = F.
We denote by o the representation of B on E given by left multiplication.

Definition 2.25. A C*-A-algebra (C,7) consists of a C*-algebra C' and a non-
degenerate x-homomorphism m: A — M(C). A morphism between C*-A-algebras
(C,7) and (C',7') is a non-degenerate x-homomorphism ¢: C — M(C") inter-
twining ™ and 7', i.e. satisfying gb(ﬂ'(a)c) = 7'(a)¢(c) for alla € A and ¢ € C.
We denote the category of all C*-A-algebras by C%.

Let (C,m) be a C*-A-algebra. We denote by Cov(C, ) the family given by

Cove(Cym) := {c € Cr(Dom(a)) | Va € Dom(«) : em(a) = 7(a(a))c},
a € PAut(A).

Let 9 be a C*-pre-family on E. The internal tensor product (C,7) © Z is the
C*-subalgebra of Lo(C © E) given by

(C,7) © 2 :=spang (Cov(C,7) © 9)6, where
(Cov(C,m) © .@)6 .= Span Gova(C, ) © 2°,, 3 € PAut(B).

a’
ava/
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2.3. COACTIONS OF THE ASSOCIATED HOPF C*-FAMILIES

Remark 2.26. Let (C,7) be a C*-A-algebra. Then, adopting the convention of
definition 1.13, ¥ov(C,7) is a pre-C*-family. Consider C' as a C*-A-C-bimodule
via m. Then K¢ (C) C Lo(C) can be identified with C, acting on itself by left
multiplication, and for each v € PAut(A), the space Gov.(C,n) identifies with
] (C). This follows easily from the equality %] (C) = Kc(C) N Z}(0).

To prove functoriality of the internal tensor product constructed above, we
need to make the following preliminary remarks. Let ¢: (C,7) — (C’,7’) be a
morphism of C*-A-algebras. Then ¢ induces a non-degenerate s-homomorphism
indg ¢: Lo(C @ E) — Lo (C'© E) via the map Lo(C© E) — Lo (C'@ C O E)
given by T +— 1 & T, and the identification C'© Co FE = C'© E. If ¢ is injective,
so is indg ¢. We omit the subscript E if it is clear from the context.

Proposition 2.27. Let 7 be a C*-pre-family on E and let (C,m) be a C*-A-
algebra.

i) The space (C,m) © Z is a C*-algebra.

ii) Let ¢: (C,w) — (C',7") be a morphism of C*-A-algebras. Then the induc-
tion homomorphism indg ¢ restricts to a non-degenerate x-homomorphism
indy ¢: (C,m)© 2 — M((C',7')© D).

iii) If 2 is a C*-family, the representation 1©0 of B on COFE turns (C,m)© %
into a C*-B-algebra. The maps (C, ) — ((C, T)Q Y, 1@0) and ¢ — indg ¢
define a functor indg: C% — C%.

iv) Let : 9 — M(D') be a non-degenerate morphism of non-degenerate C*-
families. Then the family of maps

1x 0 Gova(Cym) x L) = Gova(Cm) © A(9)],
(C, d) —cQ d’

where ay o € PAut(A), f € PAut(B), defines a non-degenerate *-homo-
morphism 1 © ¢: (C,n) © 9 — M((C,TI‘) © _@’). Furthermore, 1 © ¢ is
a morphism of C*-B-algebras. The family (1 © @Z))(C’W) defines a matural
transformation ¥: indg — indg.

v) Let E' be a C*-module over B with a non-degenerate representation o’ of a
C*-algebra B’ and let 9’ be a non-degenerate C*-family on E’. Then one
has a natural transformation ind g9 — indgindg given by inclusions of
C*-algebras.

Proof. i,ii) This follows from proposition 1.28 and its proof, respectively.

iii) The assumption on Z implies that A(¢ov(B))2 = 2, whence the first
claim follows. The existence of the functor is immediate.
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iv) Denote by BT the space B, considered as a C*-C-B-module in the canonical
way. By definition 1.30, the morphism %) induces a *-homomorphism

ideyeid: £4(C)e 2o LYB®) - M(Z4(C)e 7' e £Y(BY)).

Since Z is a non-degenerate C*-family on E, one has BE = E. By part i) of
lemma 1.61, the identification E =2 E © BT induces an embedding

(C,m) e 2 C La(C)e 20 LB,

and a similar inclusion holds for (C,7) © 2’. Now, the *-homomorphism id ©1)
is obtained as the restriction of idQw € id. It is non-degenerate because 1) is
non-degenerate, and it intertwines the representations of B on E and E’ by part
ii) of lemma 1.61. The last statement in the claim is obvious.

v) For each C*-A-algebra (C, ), the C*-pre-family €ov(C, 7)© Z is contained
in Gov ((C, T)© 2,16 0). By associativity of the internal tensor product of
C*-pre-families, one obtains

tov(C,m)© (20 P') = (Cnw(C,m)e )P
céov ((Cm)©2,100)0 7. O

Hooptedoodle 2.28. Denote by [C*%,C%] the (quasi-)category' consisting of all
functors C% — C%g as objects and natural transformations as morphisms. Then
the map € +— indg and ¢ — 1 defines a (quasi-)functor from the category of
C*-families on C*-B-A-bimodules with non-degenerate morphisms € — #(2) to
the (quasi-)category [C%, Cgl.

Definition of coactions

Let (5’?, A) be a right Hopf C*-family on a C*-bimodule F over A. By the previous
proposition, it defines

e a functor § on C% given by S(C,7) := ((C,7) © .,1© 0) and §(¢) :=
ind ; ¢, where 0: A — L4(F) denotes the representation defining the bi-
module structure, and

e a natural transformation A: S = ind ; — 1nd/©/ 5’2,

such that the following diagram commutes.

§——
O

'"Depending on the Universe you choose to live in.

>

=0
>
W

CI)>
03>
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2.3. COACTIONS OF THE ASSOCIATED HOPF C*-FAMILIES

Hooptedoodle 2.29. Consider the (quasi-)category whose objects are endofunc-
tors of the category C% and whose morphisms are natural transformations. Com-
position of functors defines a (quasi-)monoidal structure on this (quasi-)category,
and the pair (S, A) is a (quasi-)cosemigroup in this (quasi-)category.

Definition 2.30. i) A (right) coaction of (S, A) on a C*-A-algebra (C,7) is
a morphism 6: (C,m) — S(C,m) of C*-A-algebras which satisfies 6(C)(1 ©
5’?) C (C, W)@f and is coassociative in the sense that the following diagram
commutes.

i) Let &': (C',7') — S(C',7') be another coaction of (S,A). A ‘morphism
¢: (C,m) — (C',7") is equivariant with respect to the coactions 0 and ¢" if
the following diagram commutes.

(C,TF)—S>S'(C,7T)

J e

', 7)) = §(c', )

Remark 2.31. Coactions of a Hopf C*-family (., A) on C*-A-algebras form a
category:

e its objects are all triples (C,,d) where 0 is a coaction of (S, A) on a C*-
A-algebra (C, ),

e morphisms (C,7,8) — (C',7’,8') are all morphisms (C,7) — (C',7) of
(C*-A-algebras which are equivariant with respect to the coactions é and 4’.

We loosely use the term coaction for objects of this category. For examples of
coactions in the context of groupoids, see subsection 3.2.3 and section 3.3.

Coactions on C*-algebras versus coactions on C*-families

Let (C,7) be a C*-A-algebra. It is natural to ask whether coactions on (C, 7) and
coactions on the associated C*-pre-family €ov(C, ) correspond to each other via
a restriction and an extension procedure. The extension process is easy, but the
restriction is obstructed by the following problem: given a coaction § on (C)m),
we do not know whether §(%ov(C,)) is contained in . (6ov(C,7) © .%). After
proving the extension result, we discuss several related open questions.

o7
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Proposition 2.32. Let F be a C*-module over a C*-algebra B with a non-
degenerate representation w: A — Lp(F). Let € C Za(F) be a non-degenerate
C*-pre-family such that €N ) = € and € = €N Aora) for all a € PAut(4).
Let & be a right coaction of (7, A) on €. Then the C*- algebra C':= span,, €

satisfies m(A)C = C, and & extends to a coaction of (S,A) on (C,x). If § is
injective, so is the extension.

07

Proof. The first claim follows from the equation m(A4)C = span, (M(«)¢)" =
span, €* = C. Observe that by construction, € is a subfamily of ov(C, 7). The
extension of the morphism § is constructed along the lines of the proof of part iv)
of proposition 2.27. Denote by AT the space A, considered as a C*-C-A-bimodule
in the canonical way. By definition, the morphism § induces a x-homomorphism

id ®.0 @, id: La(B) ©F © L'YA%) - M(ZLa(B) o€ o ¥ e £(AT)).

By assumption on %, one has AF = F. By lemma 1.61, the identification F =
B © F © AT induces an embedding C — 19 % © gid(AC). Hence, the x-
homomorphism id ®*5 ®s4 id restricts to a x-homomorphism §:C = L B (F ©F).
By construction, & extends 6 whence

J(C)(1e ) C span, (8(%)(1©.%))" Cspan, (¢ © )" C (C,1) @ .

By construction, &' intertwines the representation m with 1€ . Coassociativity of
0’ follows from the coassociativity of d. If 4 is injective, it is isometric, and hence
0’ is isometric, too. O

As indicated above, the definition of the internal tensor product of C*-pre-
families with C*-algebras and the definition of coactions on C*-algebras raise
several questions which we can not yet answer. Most of these questions are related
to the following problem:

Question 1 Let B be a C*-algebra, F' a C*-A-B-bimodule and ¢ C Z4(F) a
C*-pre-family. Put C := span,%® and denote the representation of A on
F by o. Then one always has an inclusion ¥ C %ov(C,0). Under which
conditions is this inclusion an equality?

Several related open questions follow.

Question 2 In the situation of part v) of proposition 2.27, under which conditions
is the inclusion indgg g/ (C, 1) C indg/indy(C, ) an equality?

Let (C,7,6) be a coaction of (S, A).
Question 3 Is $ov ((C,ﬂ') oS 10 0) equal to (C, ) © F?
Question 4 Is 6(%ov(C, 7)) contained in M (Cov(C,m) © 5’?)7

Question 5 Does injectivity of ) imply decomposability of C'?
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2.3. COACTIONS OF THE ASSOCIATED HOPF C*-FAMILIES

We expect that in general, the answer to all questions is “no”. Apparently, the
best behaved notion of a coaction of a Hopf C*-family on a C*-algebra is the
following.

Definition 2.33. A coaction (C,m,0) of (S, A) is a (S, A)-algebra if it is induced
from a (., A)-pre-family as in proposition 2.32.

This point of view is supported by the fact that in the context of decomposable
pseudo-Kac systems, dual coactions on crossed products will turn out to be of this
kind.

2.3.2 Regular coactions on C*-pre-families

In this subsection, we introduce a regularity property for coactions of the legs of
a pseudo-multiplicative unitary on C*-pre-families which occurs in the proof of
the duality theorem for iterated crossed products 2.74. Regarding C*-pre-families
as sections of generalised Fell bundles, regularity can be thought of as a support
condition for those sections.

We give the definition of regularity, note several examples and establish an
easy criterion. Then, we prove a property of regular coactions which is crucial for
the duality theorem. Finally, we show that every coaction restricts to a maximal
regular coaction.

Throughout this subsection, let V: E*©@ F — E S E" be a decomposably left
regular pseudo-multiplicative unitary. For each oo € PAut(A), put J, = (&, |&2).
By lemma 1.51, J, is an ideal in oy« C Z(A).

Definition 2.34. A right coaction ) of (ﬁ,A) on a C*A—pfe—family € is regular
if 65 = (ﬁg‘)\(Ja) for all a € PAut(A) and all 8. A (L, A)-family is regular if
its_coaction is reqular. A (S’, A)—algebm is regular if it is induced from a reqular
(7, A)-family.
Remark 2.35. From the proof of proposition 2.20, it follows that

IB = FP A(Jg) p(Jo)  for all o, B € PAut(A).

We will see that coactions constructed out of coaction unitaries and dual coac-
tions on crossed products are always regular. Additionally, we have the following
criterion. It will imply that coactions of r-discrete groupoids are always regular,
see 3.3.

Proposition 2.36. Let (€, 3) be a right coaction of (5’2,A) on a C*-pre-family.
If § is injective and 6(€¢') C € © .7, the coaction § is reqular.

Proof. Let f € PAut(B) and o € PAut(A). Then 5(%’5‘) is contained in (%@5’?)%‘
By remark 2.35, (¢ © 5’?)%‘ =(¢e LS’?)%‘)\(JO(). Furthermore, 6(cA(a)) = d(c)A(a)

for all a € /. Let (u,) be an approximate unit of the ideal J,,. Since ¢ is injective,
the net (6(0)\(1@)))” converges to d(c) for each ¢ € €73 Hence, €3 = €5A(Jo). O

99



2. PSEUDO-MULTIPLICATIVE UNITARIES AND PSEUDO-KAC SYSTEMS
ON C*-MODULES

Remark 2.37. It seems natural to call the Hopf C*-family (5’? , A) A-discrete if
M) C A (S) is actually contained in .. If this condition holds, then each
coaction (%, d) which satisfies A\(«7)¢ = € is regular, because

5(€) = 6(NA)E) = (1o NA)d(€) Cc (10.9)5(€) Cc € o .7

The regularity condition is relevant to the duality theorem 2.74 for the follow-
ing reason.

Proposition 2.38. Let (C,, 6) be a coaction (8, A)-algebra which is induced
from a regular coaction (¢,0) of (., A). Then

spang (¢ © #)° (1@ Ka(E)) = Kco(C @ E).
Proof. Let c© 8 €€ .7, c1,c0 € € and &,¢,n € E. Then

(cos)(1elg)m)de = (casd)(detmnl)) = cnhld)de ¢,
e eendo=c- ahded

for all d € C and ¢ € E. This shows that spang (¢e.7) (10 K4(E)) is contained
in Ko(C © E). Let us prove the reverse inclusion. For all @ € PAut(A), one has

spang SV E = {672 V|E)2 E = {&]]2 (E © E) = Ea((&|E))
and therefore, in Lo(C,C © E),
spang (¢ © S2|E)) D € 0 |EJ,) = ¢“n(Ja) © |E).
Since C' = span, ¢ = span,é“J,, the reverse inclusion follows. O

In the remaining part of the subsection we show that every coaction of (5’? , A)
restricts to a maximal regular coaction. Given a coaction (¥, 3), a natural can-
didate for the “regularisation” is the family € given by ‘gg‘ = g)\(J ) for all
o € PAut(A) and all 3. However, neither it is clear whether % is a C*-pre-family
nor whether 4 restricts to a coaction on 4. So, we need some preparations. They
could be simplified if we could show the following equation:

2

(1) Jo = a*(Ju+) for all a € PAut(A).
Lemma 2.39. For all « € PAut(A), put I, := Jo Na*(Jar).
i) For all a,y € PAut(A), one has /3 = 3 p(Ia).
ii) The C*-subalgebra I;q C A is non-degenerate.

iii) For all a, o € PAut(A), one has o*(Jya(Jy)) C Jya and o*(Iya(ly)) C
Lova.
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Proof. i) By remark 2.35 and proposition 1.2, one has
I = (T = pla )" L3 = F2pla (Jo)),

and by remark 2.35 again, we obtain .%3 = %4 p(I,,).
ii) Since E is full, one has by part i) and proposition 2.19

A= (B|E) = (E|A{E) C (E|ELq) = ALq.

iii) Let us prove the first inclusion. Since F is full and 7 is non-degenerate, we
have Jyq = ((&1,,,75) © E|(éaof 75) © E). By lemma 2.16, this space contains

a'a’
the following inner product.

/a,

= (&a|m(Jar)6)
= (&0 (Jwalla))) = a* (Jua(Ja))

Next, let us prove the second inclusion. Replacing o and o’ by o* and ao*,
respectively, we find that o/(o/*(Ja/*)Ja*) is contained in J, . Therefore,

o (Iwa(ly)) = o (Jua(Ja)) - o (& (o) a(a* (Jar)))
C Joya- o (Oé/*(Ja/a)) =Iyq. O

Let B be a C*-algebra, let € be a non-degenerate C*-pre-family on a C*-A-
B-bimodule F' and let § be a coaction of (., A) on €. Consider the sub-family
¢ C € given by €5 := C§A(l,) for all a € PAut(A) and 3 € PAut(B).

Lemma 2.40. The sub-family € C € is a non-degenerate C*-pre-family.

Proof. By the previous lemma, one has for all o,a’ € PAut(A) and all 8,8 €
PAut(B)

Gy €3 =G5 NLow) E5MN 1) = €5 Mlwa* (1)) €5
=65 €5 A(a([a/a*(Ia))) CCrs A Naa) = €55
Furthermore, by proposition 1.2, one has

(€5)" = MI3) €5 = MJat (Jor)) C5-
=5 Ma(Jad" (Jar))) = €5 AIar) = C5- .

If (§',a) > (B, ), then %Zg‘ = €§'A\(la) is contained in %gﬁl)\(la/) = %Zgi, There-
fore, € is a C*-pre-family. Finally, by part ii) of the previous lemma, one has
F = AF = JqF. By remark 1.17 ii), we obtain Gi4F = €{\(Liq)F = F. O

Lemma 2.41. If €A\() CC, then € © .9 =€ ©.7.

61



2. PSEUDO-MULTIPLICATIVE UNITARIES AND PSEUDO-KAC SYSTEMS
ON C*-MODULES

Proof. Let 8 € PAut(B) and a,a’,y € PAut(A) such that o v o’/. By part i) of
lemma 2.39, one has

Cg eI =680 S ply) = €5 Nlw) © T,

The inclusion I C &+ and the assumption on % imply that the product
€9 A1) is contained in %fa,*a,. Since a ¥ ¢, one has aa’*a’ < . Thus,

€O A1) C ‘ﬁf/ Since A(Io) = A(I4)?, we obtain ¢5 © (?i;// C Cgf/ © 5’207, which
implies the claim. O

Proposition 2.42. i) Let (¢,6) be a right coaction of (.7,A) on a C*-pre-
family.  Then the sub-family € C € given by €5 := ‘gg‘)\([a) is a non-
b

degenerate C*-pre-family. If € = C€N), the coaction
reqular coaction on € .

restricts to a

i) Let (C,m,6) be a coaction of (.7, A) such that C = span,, Gove(C, ). Then
the subspace C' := span, (Gova(C,m)7(1y)) of C is a non-degenerate C*-
subalgebra, and the restrictions of m and ) define a coaction of (ﬁ,A) on

C.

Proof. Part i) and ii) follow from lemmas 2.40 and 2.41, respectively. O

2.3.3 Coaction unitaries

Coaction unitaries are closely related to pseudo-multiplicative unitaries on C'*-
modules. The construction of the legs of a decomposably regular pseudo-multipli-
cative unitary carries over to coaction unitaries, giving rise to C'*-pre-families, C*-
algebras and coactions thereon. In the context of pseudo-Kac systems, coaction
unitaries will give rise to dual coactions on reduced crossed products.

There are two variants of coaction unitaries — right and left ones. The former
ones give rise to right coactions of the left leg of a pseudo-multiplicative unitary,
the latter give rise to left coactions of the right leg. We focus on right coaction
unitaries and summarise the corresponding results for left ones at the end of the
subsection.

Right coaction unitaries Let E be a C*-module over a C*-algebra A with
commuting non-degenerate representations 7, and 75 of A and let V: E* @ F —
E © E" be a pseudo-multiplicative unitary.

Let F be a right C*-module over A% and let 77: A%? — Lgop(F) and 75: A —
L 4o (F') be two commuting non-degenerate representations. Then one has the
following analogue of lemma 2.5.

Lemma 2.43. If W € Laew(F*© E,F" © F) satisfies

W7T32 = 7T52VV, WT['TQ = 7T51VV, Wﬂ'm = 7TF2VV,
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then all operators in the following diagram are well-defined.

FToFr‘oF
/W N _ _
FsoFE’oF 2 ® FFroFr oF
\V23 Wl/
FFo(EcE) I, (psToR) oF

g

Definition 2.44. A unitary W: F*© E — F" @ F is a right coaction unitary for
the pseudo-multiplicative unitary V if it satisfies the assumption of the previous
lemma and the diagram above commutes.

Proposition 2.45. Let W be a right coaction unitary for V and assume that V
1s left decomposable and decomposably left reqular.

i) The sub-family (W) := (Fla W |69 C La(F?) given by the composition
s psgoAlf2, |€7)2 reor W, Frs@F< |2 [T o A s
is a non-degenerate C*-pre-family.
i) One has ws(Cov(A)S (W) = S (W).

i15) The map T — W*(1pr @ T)W defines a regular coaction ) of . A) on
) The map F g

A A

iv) If the representation mr is faithful, then (y(W),S) is a reqular (<,A)-
family.

Proof. 1) The proof is completely analogous to the one of proposition 2.19. We
prove . (W)Z(W)* = .(W)* by means of the following diagram.

FrsoF F3g(FToF) FrsoF

(F)
\_ id
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The individual cells commute for the following reasons: (C) by inspection, (Iy)
intertwining properties of W, (R) regularity of V, (Py ) pentagon equation for W,
(F) F is full and 77 non-degenerate.
Furthermore, one has span,, .% (W)*F = (F|y W |E)oF = m:((F|F))F = F.
ii) Since m, W = Wrr,g, the product A(€ov(A)).7 (W) is equal to

7'('51((501}(14» <F‘2 %4 ‘(g:r>2 = <F’2 W TFTQ(CKOU(A)>|(§>T>2.
By lemma 1.51, this equals (F|o W |£7)y = .%(W).

iii) We prove W*(1e. (W)W (16.¥) = .#(W)©.¥ by means of the following
diagram.

F(W)es
e ~ N
FS@ES > FS@ET@ES (FT‘,S@F)@ES
|6 Y007 Wiz
10.9 F
(1e7) (2.22) Sias ©) N
|67 )3 Wis (Fls

[PoEs —=FSoFEsoE" gFS@(E‘S@ET) s ((FS,F@E)@F)SQ — = [SoES

[W (Iw) Wiz (Pw) Wi, Iw)  w
_ & _ _ _ F _
Frops L pro pse pr ue Fro(F o F) 2 pre
N (D) )
& (W)

The individual cells commute for the following reasons: (Iy) intertwining prop-
erties of W, (Py) pentagon equation for W, (D) definition of (W), (C) by
inspection, (2.22) by the second diagram in the proof of proposition 2.22.
Therefore, the map T — W*(1 © T)W defines a non-degenerate morphism
6: SW) — (S (W) ©.¥). The fact that § is coassociative is proved as part
iii) of proposition 2.22. Finally, the coaction 5 is regular because
S W) = (Fla W |62 = (Fla W |E5Jg)2 = S (W) m(Js), [ € PAut(A),

where Jg = (63|6%).
iv) If the representation 7 on F is faithful, the map T+ 15+ © T is injective.
Therefore, the coaction ¢ is injective as well. O

For later use we note the following analogue of lemma 2.21.
Lemma 2.46. The following diagram commutes.

s T ps 2 pag e Tl g

,y?(W)L lw lf(W)
|F)2 (F2 S (W)

Fs FrésgF — F* — F*
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Proof. For the left square, consider the following diagram.

(W)= (W)*

4 ) (D) )
s T,S s T K
R i e
|E7Y2. 2 (W) (2.45) |F)3 (Iw) [F)3 (©) | )2
_ _ * _ & _
FoE  Free(FeoF) —2 (reB)er): L pragp
N |
w

The individual cells commute for the following reasons: (I ) intertwining property
of W, (C) by inspection, (D) definition, (2.45) by the commutative diagram in the
proof of the previous proposition.

For the right square, consider the following diagram.

S T
a CaNal b
E
(R) s (Iw)
S r S Is T S S,T 7,8 s
F*oF o F*e(E"oFE )—>V22 F*o(E*"oF) e Freo(F°oF) /1
w (Iw) Wis (Pw) Was (El|3
T [67)2 s, o W12 7,5 s 7
FrisgF —= (F*TeE)oF)? —= F*o(FroF) FrsoF
(@)
(Fl2 (O) (Fl3 (Iw) (Fla (Fl2
Fs |gr>2 FS@ET w FF,S@F L)Fs
\ (D) )
S (W)

The individual cells commute for the following reasons: (Iy) intertwining proper-
ties of W, (C) by inspection, (D) definition, (Py ) pentagon equation for W, (R)
decomposable left regularity of V. O

If V is not left decomposable, one still has the following results.

Proposition 2.47. Let W be a right coaction unitary for V. Then the sub-
space S(W) = (F|a W |E)y C Lpor(F) is a non-degenerate C*-algebra, and the
representation T: A — Lpop(F) restricts to a non-degenerate x-homomorphism
ms — M(S(W)). One has W |E)y S(W) = |F)2 S(W) and S(W)(F|la W =
S(W)(E|s. O
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Left coaction unitaries Let F' be aright C*-module over A% and let 75: AP —
Lyop(F) and m,: A — L gop(F') be two commuting non-degenerate representations.
Then one has the following analogue of lemma 2.5.

Lemma 2.48. If W € Laew(F © F5,E S F") satisfies
W = maW, W = maW, Wrs = m2W,

then all operators in the following diagram are well-defined.
EcFroFs

FeoFsoF® ESE SF"

\W23 " /

F@(E@Fr’g) & (ES@E)(@FT

g

Definition 2.49. A unitary W: F & F® — E S F" is a left coaction unitary for
V' if it satisfies the assumptions of the previous lemma.

So, W is a left coaction unitary for V' if and only if W := YW*X is a right
coaction unitary for VP = X V*3.

Proposition 2.50. Let V be a decomposably right reqular pseudo-multiplicative
unitary and let W be a left coaction unitary for V.

i) The sub-family /(W) = ("1 W |F)1 C La(F") given by the composition

Freaspsr B popsr Wops o pr Y g g pro pr
is a non-degenerate C*-pre-family.
it) One has m(ov(A)).S (W) = .7 (W).
iii) The map T — W(T & 1ps)W™* defines a coaction 0 of (., A) on S (W).
w) If the representation s is faithful, (#(W),8) is a regular (., A)-family.
[

Proposition 2.51. Let W be a left coaction unitary for V.. The subspace S(W) :=
(B[t W[F)1 C Laor(F) is a non-degenerate C*-pre-family, and the representation

i A — LA(F) restricts to a non-degenerate x-homomorphism m, — M(S(W)).
O
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2.4 Pseudo-Kac systems on C*-modules

In this section, we introduce the notion of a pseudo-Kac system on C'*-modules
and use it as a framework to construct reduced crossed products for coactions of
Hopf C*-pre-families and to generalise the Baaj-Skandalis duality theorem.

The definition of a pseudo-Kac system builds on the notion of a Kac system on
a Hilbert space introduced by Saad Baaj and Georges Skandalis [3], but brings in
a new level of complexity: the underlying Hilbert space, the multiplicative unitary
and the symmetry comprising a Kac system are now replaced by families of four
C*-bimodules, six unitaries and four symmetries. The involved system of axioms
calls for a careful motivation. In various examples, the families of C'*-modules and
operators arise from one single module and two additional maps after completion
with respect to several different inner products. The algebraic essence of the
underlying triples and the transition to the C'*-algebraic setting are discussed in
the first subsection. The definition of a pseudo-Kac system and several remarks
follow.

Like a decomposable pseudo-multiplicative unitary, a decomposable pseudo-
Kac system has two legs which form a “dual pair” of Hopf C*-families. The
reduced crossed product constructions given by Saad Baaj and Georges Skandalis
carry over to coactions of these Hopf C*-families, as does the duality theorem.
In the adaptation to the present situation, much attention has to be paid to the
choice of the right member of the family of C*-bimodules and of the family of
unitaries in each equation — each one plays its own réle. This phenomenon seems
to be inherent to the problem and not to our axiomatisation: an ad-hoc proof
of the duality theorem adapted to locally compact groupoids already reaches a
comparable complexity.

The main example for the theory developed here is provided by locally compact
groupoids. At the end of this section, we present another example of a pseudo-Kac
system which is not decomposable.

In the discussion of pseudo-multiplicative unitaries in the previous section,
we considered both left and right Hopf C*-families and left and right coactions.
Following [3], we restrict to right coactions and hence also to right Hopf C*-
families. At the moment, we do not see whether the simultaneous consideration
of left and right coactions would make the treatment more transparent.

It would be nice if the axiom system could be simplified. We suspect that
in the context of measured quantum groupoids and von Neumann algebras, the
corresponding notion of a pseudo-Kac system should consist of just one pseudo-
multiplicative unitary and one additional symmetry — there, the problems which
force us to introduce families of operators should be amenable to the Tomita-
Takesaki theory and the theory of operator-valued weights.
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2.4.1 Motivation

As a motivation for the axiom system, we first present its algebraic essence as a
“toy definition”.

The algebraic setting

An algebraic pseudo-Kac system consists of a pseudo-multiplicative isomorphism
and an additional “antipode” subject to several conditions. This isomorphism is
the algebraic counterpart of the notion of a pseudo-multiplicative unitary on a
C*-module.

Preliminary definition A pseudo-multiplicative isomorphism con-
sists of an algebra A, a vector space E with pairwise commuting rep-
resentations my: A’ — L(E) and 7., ms: A — L(E), and an isomor-
phism V: E ;OF E — E7O®, E which intertwines the representations
T, Ty s S follows

Vg =1V, Vag =meV, Vrp =mnV,  Vme =74V,
and satisfies the pentagon equation VioVizVosz = VogVis.

One easily checks that the intertwining conditions imply that the maps in the
following diagram are well-defined.

T Ir s\
” Ero, EsOr B
e %

ESQFESQFE EFQTEFQTE

VQx // 12
1%

13
ESGFQ (EFQT E) - (ESQFE)Fl ©rE

The pentagon equation holds exactly if this diagram commutes.

Preliminary definition An algebraic pseudo-Kac system (A, E,U, V)
consists of

i) an algebra A and a vector space E with representations mr, w5: AP —
L(E) and mtp,ms: A — L(E) all of which commute pairwise,

ii) an involutive isomorphism U: E — E such that Ury = 75U and
Un, = w U,

iii) a pseudo-multiplicative isomorphism V: E & E — E+®, E
such that 751V = Vg1, 2V = Vrgo, (Z(10U)V)2 =1 and the map

V=XUo)VUo1X: Ez&, F — E, 0z E

1 a pseudo-multiplicative isomorphism.
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This notion of an algebraic pseudo-Kac system does not include any regularity
condition for the multiplicative isomorphism. Note that a useful regularity condi-
tion depends on the identification of a natural replacement for the space of maps
K4(E,A), where E is a C*-module over A.

Examples of algebraic pseudo-Kac systems associated to étale groupoids and
to pairs of algebras are presented in subsection 3.2.1 and 2.4.5.

The transition to the C*-algebraic setting

Formal problems Let us now shift from algebraic pseudo-Kac system to the
C*-algebraic setting. The appropriate counterpart of the notion of a pseudo-
multiplicative isomorphism has already been introduced in 2.6. There, one re-
placed

e the algebra A by a C*-algebra A and the vector space F by a C*-module
over A,

e the representations 7, s by *-representations of A on the C*-module F,
e the isomorphism V: F ;07 F — E#®, E by a unitary V: E°@ E — EQE".

The representation 7 present in the algebraic definition is implicit in the C*-
algebraic notion in form of the right module structure of £ over A. Also, the
counterpart of the equation Vrr; = eV is implicit in the fact that V is a map
of C*-modules. The remaining intertwining conditions for V' with respect to the
representations 7, and 7w and the pentagon equation imposed on V are exactly
the same in both settings.

To extend a pseudo-multiplicative unitary to a pseudo-Kac system, one should
introduce a fourth representation 7z of A°? on ' and a counterpart of the involutive
isomorphism U acting on E. The theory of Kac systems suggests that U should
be a unitary map on . Now, several problems arise:

e Since 7 corresponds to the right module structure of £ and U intertwines
77 and 75 in the algebraic setting, one must either have mr = 75 or introduce
another C*-module F' which gets identified with E via U.

e In this case, however, V would be a map E S F — E © F and no longer fit
the definition of a pseudo-multiplicative unitary. Similar problems arise in
the equation (2(1 ® U)V)3 = 1.

e Let us consider the domain and range of V with the definition of pseudo-
multiplicative unitaries of C*-modules. Since the algebraic tensor product
gets replaced by the internal tensor product on C*-modules, 7, should get
replaced by a right C*-module. Thus, an additional C*-modules appears.
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Conceptual problems The purpose of pseudo-Kac systems will be the con-
struction of crossed products for coactions of a dual pair of right Hopf C*-families,
(.7,A) and (.7, A), say. Let ¢ be a right coaction of (., A) on a C*-algebra C.
By analogy to the setting of Hilbert spaces, the corresponding reduced crossed
product should be equal to the product span(6(C)(1 © 5’?)) However, the in-

ternal tensor product 1 & S = (1e 521[3) g is formed of the strictly adjointable

operators of 5 only — for o £ id, the subspace yf does not enter the definition
of the reduced crossed product. Thus, in the definition of the reduced crossed
product, the factor 1 © spanﬁﬂg is to small — the C*-algebra Spanﬁﬁﬂig should

be replaced by a larger C*-algebra Sy which carries a canonical coaction of .%.
Arguably, this coaction should be the left leg of a coaction unitary which should
enter the definition of a pseudo-Kac system. Symmetrically, the consideration of
crossed products for coactions of the Hopf C*-family (y , A) suggests to introduce
an additional coaction unitary.

The example of locally compact groupoids Next, let us consider the fun-
damental example which shall be covered by the theory of pseudo-Kac systems
on C*-modules. Let G be a locally compact Hausdorff groupoid with left Haar
system A. In subsection 3.2.1, we associate to G a pseudo-multiplicative unitary
V:E°*eFE — ESE", where

e F is the C*-module L?(G, \) over A = Cy(GY),

e 7, and 7, are the representations induced by the range and the source map,
respectively,

e V is the operator induced by the map Vy: C. (GSXTG) — C, (GTXTG) given
by (Vof)(z,y) == f(z, 2 ty) for all (z,y) € G,Xx, G and f € Co(G 5%, G).

In analogy to the situation of the Kac system associated to a locally compact
group, the additional operator U should be induced by the inversion v : G — G
given by x — 27!, This inversion defines a unitary map between the C*-modules
E = L*(G,)\) and L*(G,\7!) =: F. Here, A1 denotes the right Haar system
associated to A, i.e. the family of measures A, ! := v*(\V) on the fibres G, v € GY,
of the source map. Put n7 := m, and 75 := m and use the same notation for
the representations on F' induced by the range and source map of G, respectively.
Now, the crucial point is the following observation:

The map Vy: CC(GS Xy G) — CC(GT Xy G) defined above extends to
unitaries F° @ F - F"QFE and FO F" — ES F".

This result will be proved in section 3.2.
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Summary In the definition of C*-algebraic pseudo-Kac system, one needs to
introduce additional C*-modules and unitaries. This seems to open Pandora’s box
— if one C*-algebraic pseudo-Kac systems consists of a collection of C*-modules
and unitaries, the formation of direct sums and external tensor products of such
systems might lead to an explosion of the number of C*-modules and unitaries
involved.

2.4.2 Definition and first properties

In this subsection, we introduce the notion of a pseudo-Kac system. As already
indicated, it consists of families of C'*-bimodules and families of operators. The
defining properties again are families of equations, for which we employ the fol-
lowing notation.

Notation 2.52. Given two sets M, N of homogeneous operators of C*-bimodules
with different domains and different ranges, we denote by MN, M*, M e N and
M SN the set of all possible compositions, adjoints and internal tensor products
that can be formed with elements of M and N'. We say that two families commute
if MN = N M. Furthermore, we apply the leg notation to such families in the
obvious way. Finally, an equation of the form M =1, in this context, means that
all elements of M are identity morphisms, but of potentially different objects.

This notation is used in the following definition. In the remarks ensuing the
definition, the corresponding equations are written out in full detail.

Definition 2.53. A C*-pseudo-Kac system (A, I, E,n,U, V') consists of
e a C*-algebra A,
e a family I of four indices, say (r,s,T,5),
e a family E of right C*-modules E,., Es over A and Er, F5 over AP,

o families of pairwise commuting non-degenerate and faithful x-representations
mr, e of A and ¥, 7% of AP on E, defined for allx € I, except for i,z € 1,

e a family U of two pairs of mutually inverse unitaries
U':F-—FE;, U:Fs—F. U:E.—E, U E;—E,,
where U® = (U")* and U® = (U")*,

o a family V of unitaries

V. E,6E" — Ero E!, V. Eie B — ELoE,,
V' B e Br — Er o EL, V. E,0FE. — E'QE,,
V' Ef© Er — El © E,, V. B, EL — E- o EL,
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subject to the following conditions:
i) the family U satisfies Un,U = mg and Un7U = 75,
ii) V and U intertwine the families of representations mp, 7, 75, s as follows:

Vst = 1V, Vg = w52V, Vi =maV,

Vs = msaV, Vi = RV, Vg =7V,

iii) the families V and V .= SUL VUL Y both satisfy the pentagon equations
Vi2VigVas = Va3 Vi, ViaVisVas = Vas Vi,

i) the families U and V satisfy the irreducibility equation (XU3V)3 = 1;

v) The pseudo-multiplicative unitaries V'™ and V', the latter being given by
the composition

N _ urs = Vs o 2U7 5
VB eE 25 BB LS ETeE, —L E, ¢ E,
are reqular.

Of particular interest to us are decomposable pseudo-Kac systems. To these,
the techniques of the previous chapter and the previous section can be applied.
In particular, we can associate Hopf C'*-families, consider coactions of these Hopf
C*-families on C'*-algebras and — in the following subsections — turn to crossed
product constructions and duality theorems.

Definition 2.54. A pseudo-Kac system (A, 1,7, E,U,V) is decomposable if the
C*-bimodules ET, EI?, ET and E? are decomposable, and if the pseudo-multiplicative
unitaries V" and V'™ are decomposably left and right reqular.

Remarks 2.55. i) One has UU = 1.

ii) The pentagonal equation for the family V' is equivalent to the fact that each
of the eight diagrams in figure 2 commutes. The fact that each map in these
diagrams is well-defined follows from the intertwining properties imposed on
the family V' by condition ii).

iii) The last condition is equivalent to the fact that the following two diagrams

commute.
S 1 v 1 r T ver T
B Fr— Fr G EL E;oF —ElQFE,
E-S EL Eio Er Ef@ET E; o
Vk B B V3T VT Vss
&®@§EQ@E E@%EE&®Q
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FEr e Ef© Er
V2T3F

Erc E e Er
iy Vi3 iy
EL© E7 © Er Er 6 EL S EX Eieo E:e Fr ET© El 9 E,
Vi r viE v e /
Eie(Ero Ef) 15 (Bl e Br) o B} Ero(BroE) S (B o B o F,
ET©E:0Er Er o E;°© Er
Vlrj V2r3? ‘/152E V;?
El© Ef © Ey ETeEl©FE  E,cE°oE: E-e El o F,
V;? - VITQT‘ V233r Ver VISQS
13
By o (Bro Bp) = (B € Er) © B E,G(Ef0E) (E;cE)eE,
E-S E’ © ET

E, o E° © Er j
V2T3T V.sr Vls{ v; S
13 _
E,o(ETeE)” (EToE)eE, E,c (Bro ELT) — (ES
E-o E; 0 E] E-cETSET
Vls2s V2S3T Vls2S V2S3S
E;oE; o E] E-coE©E  EGE cE] ErSEr G E"
V283T Vst Vls2S V2SBS Vs AT
_ _ 13 _ _ _ 13 _
E;c(FleE])” (EIsE)eEF, E,o(B-0E") ™ (B9 Er)cE]

Figure 2.1: The eight pentagon diagrams of a C*-pseudo-Kac system
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ON C*-MODULES

iv) The operator V" is a pseudo-multiplicative unitary, and V*5 and V'" are a

left and a right coaction unitary for it.

v) The definition of the family V raises some ambiguities concerning the nota-
tion of the indices. The indexing does not interfere with the formulation of
the axioms, but is very important in the remainder of the section. It will be
fixed in the next paragraph.

The dual pseudo-Kac system

The notion of a pseudo-Kac system has a rich symmetry: out of one pseudo-
Kac system, several related ones can be constructed. As in the case of pseudo-
multiplicative unitaries, this symmetry will be used to transfer results about one

leg of a decomposable pseudo-Kac system to the other leg.

The most important symmetry is the duality of pseudo-Kac systems which is

explained in the following.

Proposition 2.56.

modules.

Let K =

family V = SULVULE as follows:

V= Vs
yre :2177"_\7":
7
T
VT = Ve
7 .

Then K =

- Urs
EF'eE, *>E,0F!
o U pem
BoE " pep Y,
o por Y
- Urs
Feor X B e YL
— UTE
FIoE, > E,c EL

(A7 I? 7T7 E7 U7

Put I = (,8,T,3) where 7 =35, § =

V) be
F

a
a

Y E.oET =L
ﬂ»E—@ET
L ETe©E,
Y, o E, =4
LETOE,

LAY RN it

(AOp,f,w,E, U, V) is a C*-pseudo-Kac-system

r, § = 8.

pseudo-Kac system on C*-

We index the

EU’"
E! © Es,

SUT
L EL © Fs,

U7
—4L E, @ES

)

SU?F
L E. o EE,

U}
—L E. 0 E},

ZUT
El © Es.

as well.

Proof. We check the axioms one after the other. Axiom i) is satisfied because

UrniU = UnsU = mr = 75,
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To check axiom ii), we use a self-explanatory column-notation:

3 ( 3
% sl Ts2
5 Ts2 Tr1
o) T Ts1 52
V.- "y =X VUIE - A =XU,V- UL Y =
32 72 Ts1
T&1 Trl Tr2
T2 ) T52 \ 771
T2 Ts1 (7
Tr1 Ts2 T3
32 31 T ~
=XU; - A VLY = S NULVULY = V.
Ts1 79 Tso
s T 3
sl Tr2 72
72 71 Ts1

For axiom iii), note that the bidual family Y:/ is given by
SULVULE = SULSULVULSULE = Uy U VU Us.

It is easy to see that the family UsU;VU;U; satisfies the pentagon equation if V'
does. The irreducibility condition iv) holds because

(BULV)3 = (SULRULVULE)? = (VED,)? = X (SUV 28U, = UsX - XU, = 1.

Finally, the pseudo-multiplicative unitaries

VT =V =V and VI = VTS = VIT = U, U, VT,
are regular by assumption on K. O

Definition 2.57. The pseudo-Kac system K is the dual of K.

Observe that the operator V' is a pseudo-multiplicative unitary, and V' and

V" are a left and a right coaction unitary for it.
The bidual pseudo-Kac system K is not equal to the initial pseudo-Kac /C, but

1somorphlc in a suitable sense. It is glven by K = (A,f,ﬂ',E, U, V), where the
=73, s =7, and the family Vis

\3I>>

mdexsetI—(rsrs)lsglvenbyr—s F=s,

glven by V = UlUQVUQUl.
It is easy to see that the bidual of the bidual is strictly (?qual to the initial

pseudo-Kac system. The predual pseudo-Kac system K = K of K is given by

K= (A%, I,m,E,U,V), where the index set I = (7,5,7,5) is given by # =7, § =
5, 7=s,5=r, and the family V is given by V = SU,VU,X.
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Examples and standard constructions

In this thesis, we give two examples of pseudo-Kac systems. In section 3.2, we
associate to each locally compact groupoid a pseudo-Kac system which is decom-
posable if the groupoid is decomposable. In section 2.4.5, we construct pseudo-Kac
systems out of center-valued tracial conditional expectations. The following con-
structions can be used to obtain further examples of pseudo-Kac systems.

e Completion Let (Ag, Ey, Uy, Vo) be an algebraic pseudo-Kac system, put
I = (r,s,7,3) and let A,m, E,U and V be a C*-algebra, families of C*-
modules with representations and unitaries as in definition 2.53, respectively,
such

— that Ag is dense in A, the family E is obtained by completing Ey with
respect to various pre-C*-module structures,

— the representations on E are induced by the corresponding representa-
tions on F and

— the families U and V are induced by the unitaries Uy and Vj, respec-
tively.

Then E,m,U and V satisfy the conditions v)-viii) of definition 2.53. If
(A, 1,7, E,U,V) is a pseudo-Kac system, we say that it is induced by the
algebraic Kac system.

Given two pseudo-Kac systems, one can form their direct sum and their external
tensor product; we do not write down the details.

The left and the right leg of a decomposable pseudo-Kac system
Let K :=(A,I,7, E,U,V) be a decomposable pseudo-Kac system.

Notation 2.58. We denote by (5’?, A) the right Hopf C*-family of the left leg of
the pseudo-multiplicative unitary V',

P = {E VT |68y C L(ED), A(T) =V (1L TV,

where & := Gov(EL). We denote by (.Fy,00) the right coaction of (.7, A) associ-

ated to the left coaction unitary V'™ in subsection 2.8.8,
Fo= (B VT &2 € La(EY), (D) =T— VT 1TV,  (21)

and call it the initial coaction of (j,A) The extension of this coaction to the
C*-algebra Sy = span,, 5’?00‘ in the sense of proposition 2.32 is denoted by 5 again.
The left leg of K is the pair ((#,A), (%,00)). The right leg ((-#,A), (F, %))
of KC is the left leg of the dual pseudo-Kac system I@, i.e. (<, A) is the right Hopf
C*-family of the left leg of the pseudo-multiplicative unitary V',

S =A{E VT ES)y ¢ L(EL), AT)=V"™1cT)V',
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where &F := Cov(E?), and (F,0) is the right coaction of (,A) associated to
the left coaction unitary V°7,

Ty = (Bsla V" |67)2 C La(EY), 60(T) =V (1 T)V*.
The extension of this coaction to Sy := span, 7" is denoted by oo again.

Recall that associated to the Hopf C*-families A(&”: , A) and (., A), we have
the pairs of functors and natural transformations (S, A) and (S, A) given by

S:C*% — C*, SCm) = (Cm)es1er), S¢=indy,
A: S — S2 A(C,w) = idc©A
on objects (C,m) and morphisms ¢ in the category C%, and

S: Chop — Chop, S(C,m) = ((C,ﬂ')@y,l@ﬂ?), S¢ = indy,
A: S — S? Aoy =ido ©A,

on objects (C,7) and morphisms ¢ in the category C*op.

Next, we recall the notion of regularity for coactions on C*-pre-families and C*-
algebras introduced in subsection 2.3.2. The reduced crossed product construction
will give rise to such coactions, and the formulation of the duality theorem depends
on them.

Notation 2.59. A right coaction of (¢§’?,A) on a C*—pre:family € is regular
if €5 = €5A(Ja) for all a € PAut(A) and all B, where Jo = <(é"{)a|(é}r)/a>
Likewise, a right coaction of (,A) on a C*-pre-family € is regular if 5 =
(fﬁa/}\(l]a/) for all o € PAut(A%) and all 8, where Jor = {(&F)a|(EF)ar)-

A right coaction (C,m,0) of (.SA',AAE is a regular (S, A)-algebra if it is induced
from a regular right coaction of (#,A) on a non-degenerate C*-pre-family € C
Cov(C,m) in the sense of proposition 2.32. Likewise, the notion of an (S,A)-
algebra is defined.

Observe that the initial coactions belong to this class by proposition 2.45.

2.4.3 Crossed products and dual coactions

In this section, we introduce reduced crossed products for coactions of the Hopf
C*-families comprising the left and the right leg of a pseudo-Kac system. These are
“twisted tensor products” formed of the C*-algebra or C*-pre-family underlying
the coaction under consideration and of the C*-pre-family underlying the initial
coaction of the respective dual Hopf C'*-family. The initial coaction induces a dual
coaction of the dual Hopf C*-family on the reduced crossed product.

The constructions are similar to the case of Kac systems [3], but much more
book-keeping is needed in order to keep track of the multitude of C*-bimodules
and unitaries involved.
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First, we collect some standard relations which are satisfied by each pseudo-
Kac system. They are used in the construction of dual coactions and in the proof
of the duality theorem. Then we discuss coactions of the right leg of a pseudo-Kac
system and associated reduced crossed products. The corresponding constructions
and results for coactions of the left leg are summarised at the end.

Throughout this subsection, let K = (A, I, E,m, V,U) be a pseudo-Kac system.

Standard relations

The following relations are straight-forward reformulations of the corresponding
results for Kac systems introduced and proved in [3, section 6]. We adopt the
notation 2.52 for sets of morphisms to collect families of related equalities in one
equation.

Proposition 2.60. One has the following families of relations.
i) VVV = U3,
ii) Vi2UaVo3Usz = UaVazUa Vi3 Va2,
iii) VasViaViz = VisVas and VigViz = VigVasVia,
iv) VazViaVsy = VayViaVas and ViaVisViy = VisVasVig,
v) each of the following pairs of families commute:

o3 Va3 Vas with Via, ViaVioS1o with Vas,
Vio with %3, Vos with Vlg.

Proof. By condition v) of definition 2.53, one has

VVV = UUs - SULVEU, V SURV - Uss = UrUs - UsS = U 3.

|4 |4

The assertions ii),iii) and v) are direct generalisations of proposition 6.1 (1)-(5)
and of proposition 6.5 (b),(c) in [3]. The proofs carry over verbatim. For relation
iv), combine the pentagon equation and iii). O

In the situation of Kac systems acting on Hilbert spaces, these relations imply
the equations

V(is@1)V*=A(s), s€ S, and V({UsU® 1)V =UsU®1, §€ 8,

which are used to construct dual coactions on reduced crossed products and to
prove of the duality theorem. In the setting of pseudo-Kac systems, these two
equations split up into several related but formally different ones.
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Proposition 2.61. Let Eq and V° be a C*-module and a unitary belonging
to the family E and V, respectively, and assume that ¢o: Ey — DomV? and
Yo ImVO — Ey are maps of the form ¢ — ¢ ®n and ( — ¢ @ &, respectively.
Then
VGTVO Ve = VH@iVo)aV, V@3V )V = (93V )2,
V(g5VOa)1 V= V¥ (95V2),V.

Proof. By parts iv) and v) of the previous proposition, one has

V(¢i V)1V = ¢ VasVigVigthy = @3 VayVisVazthy = V¥ (43 Viha )1V,
V(¢3V1p2)2V* = ¢3ViaVasVisehs = ¢3Vasths = (83V1h)2,
V(gaVipa 1 V* = ¢3V1aVisVighs = ¢p3Vi5VagViaths = V¥ (p5Vha)o V. O

Coactions of the right leg

First, we discuss reduced crossed products for coaction of the right leg on C*-pre-
families. The corresponding constructions and results for coactions on C'*-algebras
will be summarised at the end.

Let B be a C*-algebra and let ¥ be a non-degenerate C*-pre-family on a
C*-A°-B-bimodule E with a right coaction ¢ of (., A).

Proposition 2.62. The image 6(%) is contained in LYE e ES), and 5(¢)(1©
) C L (E e E?) is a C*-pre-family.

Proof. Since V'™ commutes with 7, the C*-pre-family . commutes with .
Therefore, §(¢’) commutes with the representation 75 on E © E,.
Since §(¢) and 1© . are C*-pre-families, it is enough to show that the family
X = (1 .%)(%) is contained in §(%)(1 © .4). By equation (2.1), one has
X = (B3 V35 |67)30() = (B3 Vg (8(%) ©1) |67)s.

By proposition 2.61, one has V' (s©1)V"™ = A(s) for all s € .. By uniqueness of
the extension of morphisms to multiplier families, we can rewrite in the expression
above V37 (§(%) © 1) = ((id©A)(6(%))) V4. Since ¢ is non-degenerate and
(ideA)d = (§ © 1)d, we can rewrite

(Erfs (([d©A)(6(%))) = (Ad Erls ((6©1)(8(4)))
= (E:[3 (60 D)((1©A45)8(9))) C (B3 (6(¢) ©.7).

Inserting this in the expression for X again, we obtain
X C (B3 (8(%) © ) Vag |6F)3 C 6(€)(1© H). O

Definition 2.63. The reduced crossed product of the coaction (¢,6) is the C*-
pre-family € x S :=6(€)(1 e A) C L(E E?).
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A similar argument as the one in the proof above shows the following result.
Corollary 2.64. The product ..y C L(E?) is a C*-pre-family. O

The reduced crossed product carries a dual coaction which is constructed using
the standard relations collected in the previous subsection.

Proposition 2.65. The formula
s(c)1e38) — (Je)e1)(1ed(s), ceF, e A,

defines a regqular coaction & on the reduced crossed product € % So. With this
coaction, it becomes a reqular (., A)-pre-family.

Proof. Consider the operator V' is given by the composition
EFeolb B Y Eor 25 ok,
It intertwines the representation 7 as follows:
Ving = SUSVSUS Sy = SUSVEm,Us S = SUSTa VS USE = mgo V"™,

We show that for each T' € € x 5’?0, the operator T'© 1g, on £ © E¥* @ E, is
well-defined, and that the map ®: ZY(F e EY) — Z(F © Ef © E%) given by
T+ Vi (T © 1g,)Vys* implements the formula given above.

The C*-pre-families . and Sy commute with the representation ms because
they are the left legs of the operators V' and V' respectively, which commute
with the representation 7z by definition and proposition 2.56. Since the family
& C Z(ET) is non-degenerate, it follows that the family §(¢) C Z(¢ © )
commutes with the representation 7z. Therefore, € x (??0 commutes with mss.

By proposition 2.61 and part v) of proposition 2.60, one has

d(1es)=Vi(1esa Vi =10(3), §c %,
dles)=Vilesol)Vig*=1as0l), sc.?.
Since . C Z(ET) is non-degenerate, the second equation implies ®(6(c)) =
d(c) © 1. Therefore, the map ¢ implements the formula above.
The formula shows that the map J is coassociative. Furthermore,
5(¢ x SH)1el1e.7)=8(€)o1)(1ed(H)(1ele.¥)
=)o) (1o e P

Y (5@ 10 A) 0.7 = (€ xn ) o P,

where we used the fact that 6(¢") commutes with the representation ms in the
equation (x). The coaction 0y on .# is regular by proposition 2.45. Therefore, ¢
is regular. O
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Definition 2.66. The dual coaction on the reduced crossed product € S is the
coaction & constructed in the previous proposition.

The reduced crossed product construction extends to morphisms.

Proposition 2.67. Let ¢’ be a non-degenerate C*-pre-family with a coaction ¢’
of (<,A) and let ¢: € — M (€") be a non-degenerate equivariant morphism.
Then the morphism ¢ © 1 extends to an equivariant non-degenerate morphism

dX1:C xSy — ME xH).

Proof. By proposition 1.43, the morphism ¢ induces a non-degenerate morphism
pol: ¢SS — ///(%' © ,5”5’?0). By 1.41, the latter extends to the multiplier
C*-pre-family ./ (¢ © ). Since () is contained in (¢ ©.7), the C*-pre-
family € x.% is contained in . (€©.%.%). Since ¢ is equivariant, (¢p©1)(5(%)) is
contained 6(¢(€)). Hence, the image (¢©1)(€ x.%) is contained in . (€' x.%).
The formula for the dual coactions shows that ¢ © 1 is equivariant. O

Corollary 2.68. The reduced crossed product construction defines a functor from
the category of right coactions of the Hopf C*-family (., A) to the category of
reqular right coactions of the Hopf C*-family (7, A).

Proof. Functoriality follows immediately from the construction given in the proof
of the previous proposition. [l

The reduced crossed product construction applies to coactions on C'*-algebras
as well. Straight-forward modifications yield the following definition and results.

Proposition/Definition 2.69. Let (C,m,d) be a coaction of (S,A). Then the
family

Cx % =06(0)1e H) C La(C e E?)
s a non-degenerate C*-pre-family. The formula
5(e)(1038) = () V(10 &(E), ceC, se .,

defines a reqular coaction ) of (5’?, A) on C'x.%. The pair (C x.%, 5) s a reqular
(52 , A)—pre—family, called the reduced crossed product C*-pre-family associated to
(C,m,0).

The reduced crossed product (S,A)—algebra C % Sy is the extension of this
(y , A)—pre—family according to proposition 2.32; it is also reqular.

Let (C', 7, &) be another coaction of (S, A) and let ¢: (C,w) — (C',7') be a
non-degenerate morphism. Then ¢ defines equivariant non-degenerate morphisms
¢ x1:Cx 5’% — ("% 5’% and gb x1: (C X go,ﬂsg) — (C/ X 9077732)-

The reduced crossed product construction defines a functor from the category
of right coactions of (S, A) on C*- algebms with non-degenerate equivariant mor-
phisms to the category of regular (S A) algebras. U
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Coactions of the left leg

Reduced crossed products for coactions of the left leg (5’? , A) are defined similarly
as for the right leg. For completeness, we reproduce the corresponding construc-
tions and results.

Proposition/Definition 2.70. Let € C Z(E) be a non-degenerate C*-pre-
family on a C*-A-B-bimodule E with a right coaction 6 of (., A). The image
Adyr (6(%)) is contained in L'Y(E © EL), and the product

€ xSy = Adys (5(%))(1© %) C Z(E © Ef)
is a C*-pre-family. The formula
Adgz (5(e)) (1 © ) = (Adyg (3(c) ©@1) (1 @ 00(s)), c€F, 5 €.,

defines a reqular coaction § of (<, A) on € x Fy. With respect to this coaction, it
is a regular (7, A)-pre-family, called the reduced crossed product C*-pre-family
associated to (€,0).

Let €' be a non-degenerate C*-pre-family with a coaction & of (5’?, A) and let
V: € — M(€') be a non-degenerate equivariant morphism. Then the morphism
Y © 1 extends to an equivariant non-degenerate morphism ¢ X 1: € x %y —
%(cg/ A yo)

The reduced crossed product construction defines a functor from the category
of right coactions of the Hopf C*-family (f,A) to the category of regular right
coactions of the Hopf C*-family (.7, A).

Proof. The proof proceeds along the same lines as the proofs of propositions 2.62
and 2.65. For the construction of the coaction, one uses the map T — V3§ (T ©
1) VsT*. Let us show that V¥ (sg © 1)V = §y(sp) for all so € Sp, because we
will need this relation later on anyway. By definition of Sy and V, one has

So = (Es|a V" | Ey)2 = (Brl1 V| Ey)1.
By definition of g and by proposition 2.61, we obtain
o(s0) = V(1@ s50) VT =V (sg @ )V*, 59 € Sp. 0
Finally, we state the corresponding result for coactions on C'*-algebras.
Proposition/Definition 2.71. Let (C,, ) be a coaction of (S,A). The family
C xS = Adyr (0(C))(1© H) C La(C © EF)
is a C*-pre-family. The formula

Adyz (0(c)) (1@ 5) = (Adyz (5(c) ©1)(1 @ (5)), c€C,s e,
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defines a regular coaction 0 of (<, A) on C x .%y. With respect to this coaction, it
is a regular (7, A)-pre-family, called the reduced crossed product C*-pre-family
associated to (C,0).

The reduced crossed product (S, A)-algebra C' x Sg is the extension of this
(.7, A)-pre-family according to proposition 2.32; it is reqular.

Let (C', 7,8 be another coaction of (S,A) and let 1: (C,m) — (C',7') be a
non-degenerate morphism. Then i defines equivariant non-degenerate morphisms
Ib X1:Cx yg —M//(Cl X yg) andw X 1: (C X So,ﬂ?g) — (Cl X SO,T['?Q).

The reduced crossed product construction defines a functor from the category
of right coactions of (.§', A) on C*-algebras with non-degenerate equivariant mor-
phisms to the category of reqular (S, A)-algebras. U

2.4.4 The duality theorem

Now, we come to the second main result of this thesis — the generalisation of the
Takesaki-Takai-Baaj-Skandalis duality theorem to coactions of Hopf C*-families.
Let us first put it into a categorical perspective. Denote by Coact(g a) and
C’oact(g,A) the category of right coactions of (S, A) and (S’,A), respectively,
on C'*-algebras with non-degenerate equivariant morphisms. The reduced crossed
product construction defines two functors
—XS’O
—
Coact(s,a) Coact(S,A).

~—
—xSo

The images of these functors are contained in the full sub-categories of all regular
(S, A)-algebras and all regular (S, A)-algebras, respectively. Denoting these sub-
categories by C7«“Y, and C7.%? | respectively, we can refine the previous diagram

(8,4) (5,A)
as follows.
C n —xSo c*red
U N
C:gfg) v C’oact(g,A)

This diagram does not commute, but the following duality theorem calculates the
compositions of the restrictions of the reduced crossed product functors

—)45'0
T A
*reg *reg
C(s.a) Cisay
~—
—XxSo
Its content will be interpreted after the proof at the end of this subsection. The
proof of the duality theorem given in [3] carries over with increased book-keeping,
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but regularity of coactions enters as a new phenomenon. First, we collect some
preliminary results.

Proposition 2.72. i) The space S}, == (Es|a V" |E,)y C La(E,) is a C*-
algebra, and the representation mr restricts to a mon-degenerate x-homo-
morphism A — M(Sy).

i) The map sy — V(556 157) V"™ defines a coaction & of (S, A) on (S, 7).
iii) The map (n]a V" |€)g — (n]a V7 |€)s defines an isomorphism

¢: (8077[-?7 50) i (S(/bﬂ—?a 56)

iv) Conjugation by the unitary V3 which is given by the composition

Uss A SUg -
BseE 2L EeF Y5 E oF —% E,oF,

maps so S 1gs to ¢(sg) © Lz for each so € Sp.

Proof. Let n € E5,{ € E, and put so = (n]2 Vo €)a, sy = (2 Vo |€)a. By
definition of V', one has so = (/|1 V*°|¢’)1 and s{, = (/|1 V*°|¢')1 where ' = U®n
and & = U"¢. Now

V(500 1)V = (2 Vg VIS Vo * 1€)2 = (12 V°1€)2 = ), © 1pp

by part v) of proposition 2.60. Since V" commutes with the representation ms =
771, this equation implies that (S{,7r) is a C*-A-algebra and that the map ¢
defines an isomorphism (So, 77) = (S}, 77).

Denote by t: Sog — La(Es © E?) and (/: S, — La(Es © ET) the injections
given by 2 +— 2 S 1. Then ' 0 ¢ = Adys, or. Combining this observation with the
formula for the initial coaction &g given in the proof of 2.70, we find that for each
so € Sp, we have

(Ve 1)((¢pe1)d(s0) = ViJ (d0(s0))13 Vis ™ = Vi Vi¥ (so)1 Vi3 * Vis ™.

By part iii) of proposition 2.60, we have a commutative diagram
(EIS E}) © E,

(B3 G E) © Br (E{© E]) © E,

Vf{\ - /Vl%

E5®EZ’S@EF 223, Es@(EZ@EZ)
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Therefore, we have
(e 1)((9 @ 1)do(s0)) = Vi3 Va3 Vi3 (s0)1 Vi3 ™ Va3 Vg™
= Vi V33 (8(s0) ©101) Va3™ V™
=Vi5 (¢(s0) © (1©1)) V5~
= (Lo 1) (V" (é(s0) © 1gr)V"),

which shows that under the isomorphism ¢, the coaction dg on Sy corresponds to
the map on S{ given in part ii). In particular, this map is a coaction. O

An analogous result holds for the space S := (E,|o V" |Er)y C L (Fs).
Proposition 2.73. One has Sy - U™*SHU" = K4 (E,).
Proof. Since VT s regular, one has

KA(E,) = (E o V™ |E) 1 = (Epla VIT*USS | Ey)s.

By part i) of proposition 2.60 and part iii) of remark 2.55, VrryrTyTs = U3,
Thus, we can replace V”*UfE by V'"V"$. Since Sy is non-degenerate, we have
goKA(Er) = K4(FE,). Multiplying the equation above on the left by Sy and
applying lemma 2.46, we find

KA(E,) = So(E|a VTV |Ey)y = So(Er|a V' |Eg)g = SoU™*SHU”. O

Now we can state and proof the generalisation of the Takesaki-Takai-Baaj-
Skandalis duality theorem.

Theorem 2.74. Let (C,7,8) be a reqular (S, A)-algebra and let  denote the
dual coaction of (5’?, A) on the crossed product C' x Sy. Then the reduced crossed
product C' x SO X Sg is isomorphic to Ko(C © E,). Under this isomorphism, the
bidual coaction is given by the composition Ad e o(d © 1), where the unitary

W' is given by W =X o V' : ET © E, — E © E,.
Proof. The C*-algebra C' x Sy x S is generated by elements of the form
(6(c) ©1) (1@ Adyzdo(30)) (1@ 1©s0) € Leo(C © E} © Ey),
ceC, §0€S0, sp € 5.

Conjugation by UVysUs*: C © Ef © Es — C @ E! © E; acts on a product of the
form above as follows:

i) 6(c) ©1— Adyz((0 ©1)d(c)) by coassociativity, definition of A and propo-
sition 2.61,

i) Adg; 00(80) — 1© U5 U™ by definition of &,
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iii) 1©s9+— 19 ¢(sg) by part iv) of proposition 2.72.
Therefore, the image of the element above is
(Adyz; (6@ 1)é(e)) (11U 5U"™ - ¢(s0)) € La(C © E] © Ey).

This is equal to the image of the element

§(c) (1@ 30-U™d(s0)U") € Lc(C O Ey)
under the composition of the induction homomorphism

Lo(CeE,) — Le((Ce E.6)eCeE,)
followed by the identification

(CekE),l)eCeoE.~2CoE.oE,

with conjugation by Uj;. By proposition 2.73, one has S - U™*SyU" = Ka(Ey).
Thus, the iterated crossed product C'x Sy xSy is isomorphic to 6(C)(1c@ K4 (E,)).

Let (¥,0) be a regular coaction of (., A) which (C,7,d) is an extension of. Then
the formula §(%)(1 © .) = € © . and proposition 2.38 imply

C % Sy % Sy = 0(C) (1 © Ka(E,))
= Spang 5 8(%)° (1c © S Ka(E,))
=spang: (¢ © ) (1c © Ka(E,))) = Kc(C © E,).

Now, let us identify the bidual coaction. It maps the initial element to
(b @1e1) (10 Ady; (do(%)) ©1) (1@ 16 do(s0))
and therefore the element above to
) (G0 01) (16500 1)(10 (Ades 06 © Din(s0)).
On the other hand, by coassociativity, the map § © 1 sends the element above to
(1eA)(c) (1e1esy- U p(so)U").
Conjugation by W’ = 1@ SV'" acts on this element as follows:

i) (1&A)s(c) — d(c)©11 because V'™ (A(s)) V™% = s@ 1 for each s € .7
by definition of A,

ii) 1© §p+— $¢ because V' commutes with 1 © ,§0 by proposition 2.61,
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iii) 1@ U™¢(so)U" — (Adyr o © 1)dp(sg) because

SV (Lo U™ ¢(so)UN V5 = UV (¢(s0) © VUL
= Ui ((¢ ©1)(d0(s0))) Ui~

by part iii) of proposition 2.72.
A comparison with the expression (}) completes the proof. O
Remark 2.75. A similar result holds for coactions of regular (S ) A)—algebras.

Roughly speaking, the preceding theorem shows that the restricted reduced
crossed product functors

—)45'0
—T T
*reg *reg
Cs.a) C(S,A)'
~—
—XxSo

are inverse equivalences of categories up to “Morita equivalence”. To make this
precise, one would have to define the notion of Morita equivalence for (S’ , A)—
algebras and (S, A)-algebras which involves coactions of Hopf C*-families on C*-
modules. This could certainly be carried out, building on the theory developed in
the first chapter and the theory of coactions of Hopf C*-algebras on C*-modules
laid out in [2], but will not be pursued in this thesis. In the context of Kac systems
associated to locally compact groups, a precise formulation of the slogan above is
given in [2].

A second look at the definition

At the end it seems appropriate to have a second look at the definition of a pseudo-
Kac system. Each member of the family V has been used to define an important
ingredient of a pseudo-Kac system:

V' — for the Hopf C*-family (y, A),

V' and hence V" — for the Hopf C*-family (.7, A),
V' — for the canonical coaction (5’?0, 50),

V" — for the canonical coaction (., &),

V"5 and hence V5 — for dual coactions on reduced crossed products of the form

Cgmyo,

VS — for dual coactions on reduced crossed products of the form € x ..
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2.4.5 Extended example of a pseudo-Kac system

In this subsection, we present an example of a pseudo-Kac system which is not so
much interesting in itself but rather serves as an illustration of the axiom system.
It generalises the groupoid associated to the full equivalence relation X x X on
a space X, but in contrast to pseudo-Kac systems associated to groupoids, here
the underlying C*-algebra may be non-commutative. Furthermore, of the families
of C*-modules and unitaries comprising the system, no two members need to
coincide. The construction is inspired by examples in Franck Lesieur’s thesis
[32, section 7.6,7.7]. We subsequently discuss the pseudo-multiplicative unitary,
an algebraic pseudo-Kac system and finally the C*-pseudo-Kac system which is
obtained as a completion of the former one.

The pseudo-multiplicative unitary

Let 7 be a conditional expectation from a C*-algebra A to a C*-subalgebra B of
Z(A) such that 7(A)A = A. We associate to 7 a pseudo-multiplicative unitary as
follows. The underlying C'*-module F and the representations 7; and 7, of A on
E will be of the form

E:A7—®A, 7['5:1®Q, 71-7’:97@17
where the individual components are defined as follows:
e A, is the C*-A-B-module obtained via the Rieffel construction from 7, which
is the completion of A with respect to the inner product (ala’) := 7(a*d’),
and A and B act via left and right multiplication, respectively,
e 0,1 A— Lp(A;) the implicit representation,

e 0: A— L(A) is the representation given by left multiplication,

e F:= A, © A is the internal tensor product over B, taken with respect to
the representation g|p: B — La(A).

Denote by a — a, the canonical map A — A,. Since BA = A, the notation 1, Sa
is well-defined for each a € A even if A is not unital.

Proposition 2.76. The formula
V((ar ©b)© (¢ ©d)) := (ar ©¢) S (1; ©db), a,b,c,d € A,

defines a reqular pseudo-multiplicative unitary V: E°* @ F — ES E". If A is
decomposable, V' is right decomposable.
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Proof. Throughout the proof, let a,b,c,d, e, f and a’,V’,c,d denote arbitrary el-
ements of A. Let us first show that V is isometric and hence also well-defined.
One has

{((arcc)c(1-0db)|(ded)e (1,6 dlbl)>(E@ET)
= (1, e db|o;((ar G cla} & )p)1, & d'V)
=(1,cdb | (c*r(a*d)), & d’b'>E
=b*d" - 7(c*c)r(a*d) - d'V,

where we used the equation 7(c*bc’) = 7(¢*b) = 7(¢*¢)b for b := 7(a*a’). On the
other hand, one has

((areb)©(c;od)|(d,cb)a(d e d/)>(ES@E)
=(a; 6b|a. s o((cr & d|c, & d/>E)b/>E
= (a; ©b|d; & d*T(c*c')d'b'>E
=b"-1(a*ad) - d*r(c*)d'V.
Since B is contained in Z(A), both expressions coincide. This proves that the
formula given in the proposition defines an isometric operator V. Note that it

is enough to consider elementary tensor products instead of finite sums in this
calculation. In £ © E”, one has for all a, b, c,d € A the equality

(ar ©b) 6 (c; &d) = (ar 5b) S m-(c)(1, ©d) = (a; Sbc) & (1, & d).

Therefore, the image of V is dense and V is a unitary.

Next, we show that V' is pseudo-multiplicative. A short glance shows that
V commutes with the representations m,.; and ms, and that Vm.o = w5 V. The
composition Vi9VisVos: F*Q E*©@ EF — E S E" © E" is given by

(a: 5b) & (cr 6d) © (e, 5 f) 2 (a, 5b) © ((er G ) & (1, & fd)
Wis, ((a;e1)©(c-0¢€)) & (1, © fdb)

Y2 (4, 0) 6 (1, G e) & (1, & fdb),

and the composition Vo3Vis is given by

Viz

(ar®b)@(cr®d)@(er®f)—>(a7®0)@(17®db)@(€r®f)
B, (ay @)@ (1, G e) © (1, & fdb).

Therefore, V' satisfies the pentagon equation.

89



2. PSEUDO-MULTIPLICATIVE UNITARIES AND PSEUDO-KAC SYSTEMS
ON C*-MODULES

Next, we show that V is regular. One has

((ar bV e d)2)a, oV = (a. ©bli((df 5 ) e (1, & dV))
= m((ar @ bla; & ¢)) (1, © d'V)
= (b*r(a*ad’)d), & d'V
= (b*c), e r(a*ad)d'V
= |(b*), c d)a, 1| (a5 V),

where we used the fact that 7(a*a’) belongs to Z(A).

Let us prove the last statement. For each a € A and b%ov,(A), v € PAut(A),
the internal tensor product a, © b is contained in (A; © A)Dom(v), and the
equation

(ar 5b)d =a, ©ba' = a; vy(a')b = 7s(y(d))(ar ©b), a' € Dom(y),

shows that a, &b belongs to €ov.,(E®). If A is decomposable, the closed linear span
of such elements is equal to E, whence the C*-bimodule E? is decomposable. [

It would be interesting to check whether V' is right decomposably regular; we
leave this question unanswered because of lack of time.

To illustrate the construction, let us discuss a particular case. Let X be a
compact space and p a probability measure on X with support suppu = X.
Denote also by p the state on the C*-algebra A := C(X) corresponding to the
measure p, i.e. u(f) = [y fdp, f € C(X). Put B = € and denote by V), the
pseudo-multiplicative unitary associated to the state p in the previous proposition.
Denote by G = X x X the compact groupoid associated to the equivalence relation
on X which identifies all points. For each z € X, one has G* = {z} x X, and
the family \* := J§, x pu, x € X, is a left Haar system on X. Denote by Vgp the
opposite of the pseudo-multiplicative unitary associated to the groupoid G.

Proposition 2.77. One has V, = V,;”.

Proof. To distinguish between the different representations occurring in the defini-

tion of the operators V,, and Vgp , let us introduce indices and write 71'50, 7'('? ,Th

and Eg, E,. Observe that L*(G,)\) = C(X,L?*(X,u)). The representations et

S
and 77? are given by

(7S (£)€) (x,y) = F(y)E(=,y), (7S (£)€) (z,y) = f(z)é(z,y),

where f € C(X), £ € C(X,L*(X,p)) and z,y € X. We identify E,, and Eg via
the map

YT:E,=L*X,p)cC0(X) = C(X,L*X,n) =C(X)oCX) = Eg,
ficfo 201, fi,foe C(X).
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Then one has T (74)Y* = 7¢, Y(7)Y* = ¢ and the map

W: By e Eq — B o B, -5 B, o B, 2% B o B

is given by

(10 /)0 (0109) —5 (26 f1)© (926 91)
e, (focog)e(leah) xer, (2@ fa) & (911 ©1),

for all f1, f2, 91,92 € C(X). Rewriting this, we obtain

(W((f1© f2) © (91 © 92))) (2, 9), (z,x)) = g2(x) fo(y)g1(2) f1(2)
= f1(2) f2(y)91(2)g2(x).

On the other hand, a short calculation shows that the unitary V2" is given by

(VR (.y), (2,2)) = h((z.2) - (2.9), (2, 2)) = h((z), (2, 2)).

for all z,y,z € X and h € C(X x X). This proves W = V2. O

The algebraic pseudo-Kac system

Let A be an algebra and let B C Z(A) be a subalgebra such that BA = A. The
space F := A ®p A, the representations

i ms: AP — L(E), m(a®)(bec):=bOca, ws(a”?)(b®c):=ba®c,
o, st A — L(E), m(a)(b®c) :=ab®ec, ms(a)(b®c) :=b®ac
and the linear maps

V:Es0f E— E+0, E, Veobd) o (cod) :=(adc) o (1od),
U:E— FE, U@@o®b)=boa

form an algebraic pseudo-Kac system.

Proof. First, observe that the assumption on A and B implies that for each a € A,
the element a ®1 € A ®p A is well-defined. Second, observe that the assumption
furthermore implies that the multiplication map A ®4 A — A is an isomorphism.
Therefore, the maps

O F,0Fh FE— AGOp AGR A, (@®b)®(c®d)—a®c®db,
U: E;0, E— AGgAOg A, (dot)o(dod)—dotdod,

induce isomorphisms. A short calculation shows that V' = ¥ ~1®. This proves that
V is a well-defined isomorphism. A short glance shows that U and V intertwine
the representations 7w, w3, 7, and 7, as desired.
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The calculation in proposition 2.76 shows that V satisfies the pentagon equa-
tion. The map (10 U)V: E ;& E — E ;O E and its powers are given by

)

(aeb)®(cod) —(db ® 1 )0 a 6
a’ %4 o
(01 )e(@o )= (a0l)o(cod)

G/" b// c// dll

C
~—
d/

—

In E &7 E, the last term is equal to (¢ © ) ® (¢ ©® d). Thus, (X(1©® U)V)3 =id.
The map V is given by

~ (UGId)E
_

Vi(@a®b)®(cod) (doc)®(a®b)

S(UGId)
—_—

Y (doa)® (1@ be) (1®be) ® (a®d)

for all a,b,c,d € A. A short calculation shows that V satisfies the pentagon
equation:

(@Ob) o (Ccodo (o) — 22 (10b)o(@od oo f)

I

Vas (10bc)® (10 de) ® (a® f)

TVIQ
‘713

(@b (1ode)®(cOf) —=(10bc)®(10de)® (a® f)

The pseudo-Kac system

Let 7 be a conditional expectation from a C*-algebra A to a C*-subalgebra B of
Z(A) such that 7(A)A = A. Additionally, let us assume that 7 satisfies 7(aa’) =
7(d'a) for all a,a’ € A. We associate to 7 a pseudo-Kac system, building on the
algebraic pseudo-Kac system introduced above.

Denote by 7°P the opposite trace on A% and let (A, o,) and (A%, 0rop)
denote the corresponding Rieffel constructions. Furthermore, denote by a +— a°?
the canonical anti-isomorphism A = A°. Consider the following family £ of
C*-modules.

Eri=A, A, FE;:=A0A, E..=A%0A%, E;,:=A% cA%”.

These C*-modules identify with the completions of the space A® p A with respect
to the following inner products.

(a®bld © V). = T1(a*ad )bV, (a®bld ® V). = a*dT(b*V),
(a®bld ©V)g, := [d'a*T(b'b*)]P, {a®bld ©V)g, = [r(a'a*)b'b*]P.
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Under this identification, the right module structures of F, and E4 over A% are
induced by (a ®b) - ¢ =ca® b and (a ®b) - ¢ = a © cb, respectively.

Proposition 2.78. The algebraic pseudo-Kac system associated to A and B in
the previous paragraph induces a pseudo-Kac system.

Proof. 1t is immediate that the flip a © b — b® a extends to a family of unitaries
as in parts iii),v) of definition 2.53.

Let us check that the map (a ©b) ® (c®d) — (a ® ¢) ® (1 ® db) induces a
family of unitaries V' as claimed. For all a,b,c,d,a’,b',c',d € A, one has

((aob) e (cod|dot)e(dod)mer =
[d'a*T(c* )T (d*d'b'b*)|P
={(a®bld ©7(c*)d*d Vg, = a*d7(c*)T(b*d*d'),
T(a*a )T (c*d)b*d*d'V,

8 8 8
I
=l owl 3

(@aoc)e(lad)(dod)e(ledV)) mep,) =
[d'a*T(d'Vb*d*)T( c*)]°P, x=r,

={(a®cld ©dr(dbvd)) g, = a*d7(c*d)T(dbb*d*), =3,
[7(a'a*)d T(d'b'b*d*)c*]oP =

8

Here, we used the fact that the image of 7 lies in the centre of M(A). Since 7 is
tracial, we can deduce the existence of the unitaries V' : Elo B — E” © FE, and
VT, ES© BEr — ET © E,.. Furthermore, we have

((cob)e(cod|dobt) e (dod)per =
c CT(d*d’b’b*) (d'a*), x=73
=(cod(d odr(dad)Wb))p, = [r(¢c)dT(d Wb d|?, x=s,
[ r(dVb*d*)r(d a*)]P, x=r,

(o (lod)(dod)e(led)) mem) =
T(a*a")c*dr(b*d*d'V), x
= (1®db|r(a*ad )" ©db g, =4 [r a*a’)T( Ad'Vv*d*)P, x
T(a*a")T(c*)b*d*d'V, x

I
‘3| \EIJ V)|

Again, since 7 is tracial, we can deduce the existence of the unitaries V*%: E, &
EI — Er©FEr and V*%: E;© ET — ErG E”. Finally, comparing the last two lines
in each block, we obtain the existence of the unitaries V7 : ET © Fr — Er O EL
and V*": B, ET — ET @ E,.

The pseudo-multiplicative unitary V" is regular by proposition 2.76. A similar
calculation shows that the pseudo-multiplicative unitary VT ETeE, — E.GE?
is regular. O
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Chapter 3

Applications to locally compact
groupoids

Fundamental examples for pseudo-multiplicative unitaries and pseudo-Kac sys-
tems are those associated locally compact Hausdorff groupoids. The pseudo-
multiplicative unitary and the pseudo-Kac system are decomposable if the un-
derlying groupoid satisfies a certain decomposability condition which is close to
being r-discrete. This property — which is the topic of the first section — provides a
control over the discrepancy between the range and the source map of the groupoid
and entails a number of consequences which may be interesting in their own right.
It is a spacial analogue to the decomposability property for C*-bimodules intro-
duced in the first chapter.

For pseudo-Kac systems associated to decomposable groupoids, the construc-
tions and notions introduced in the previous chapter can be made very transparent.
The legs are easily computed, and coactions of these legs can be related to classical
notions such as groupoid actions and Fell bundles. This is done in the second and
the third section.

In applications of groupoids, the Hausdorff condition is frequently not satis-
fied. The study of non-Hausdorff groupoids requires its own methods: one can
approach the situation via topology and construct a Hausdorff “resolution” of such
a groupoid [55], or via algebra and construct auxiliary algebras or modules out
of special functions on such a groupoid [8, 23]. In the last section, we present a
new approach along the first line which is related to a Hausdorff compactification
studied by James Fell [16]. The results obtained elucidate several other construc-
tions considered by Mahmood Khoshkam, Georges Skandalis [23] and Jean-Louis
Tu [55].

3.1 Decomposable groupoids

In this section, we introduce a decomposability condition for groupoids which
will render the associated C*-bimodules and hence also the pseudo-multiplicative
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unitaries and the associated pseudo-Kac systems decomposable. The precise def-
inition, an equivalent characterisation, first implications and the decomposability
result for the associated C*-bimodule are presented in the first subsection.

The following two subsections are included for their own interest. First, we
study Haar systems on decomposable groupoids. Then the techniques and con-
structions introduced in the first chapter are illustrated by representations of de-
composable groupoids. Partial integration of a continuous representation yields a
C*-family, and several constructions on the level of representations have counter-
parts on the level of C*-families.

Throughout this section, let G be a locally compact groupoid with open range
and source maps.

3.1.1 Definition and first properties

Generally, the range and the source map of a groupoid are mutually independent
in the following sense: given a point of the groupoid, its image under the range
map can not be computed from its image under the source map. We call the
groupoid decomposable if, locally on the groupoid, the range and the source map
differ by a partial homeomorphism of the unit space.

Definition 3.1. An open subset U C G is covariant if it satisfies the following
assumption:

Ve,y e U:r(x) =r(y) < s(z) = s(y).

We denote by €ov(QG) the family of all open covariant subsets of G. The groupoid
G is decomposable if the family €ov(G) forms a basis for the topology of G.

As a first example, note that every r-discrete groupoid is decomposable. Of
particular interest to us will be the dynamics on the unit space introduced by the
covariant subsets of G or, more precisely, by the adjoint action of G.

Proposition 3.2. i) Let U C G be an open covariant subset. Then the map
s(x) — r(z),z € U, defines a homeomorphism qu: s(U) — r(U).

i1) Let G be decomposable. For each covariant open subset U C G, denote by
qu: U — PHom (G) the map = — [qu, s(z)],x € U. Then the family (qu)

U
defines a continuous groupoid homomorphism q: G — PHom (G).

iii) For each ¢ € PHom(GY), the subset Covy(G) := q~1([¢]) of G is open and
covariant.

iv) For each germ [p,v] € PHom (GO), the subset Coviy,(G) = q ' ([p,v]) is

relatively closed and open in G®W) and in G,.

96



3.1. DECOMPOSABLE GROUPOIDS

v) The subsets of PHom(G") given by
{qv | U € €ov(G)}, {4 € PHom(G") | [¢] C q(G)}
are equal and form an inverse semigroup.

Proof. i) By assumption on U, the map ¢y is a bijection. Since the range and
source maps are continuous and open, it is a homeomorphism.

ii) It is clear that for each pair of open covariant subsets U, U’ € ¥ov(G), the
restrictions qu|ynys and qur|ynys coincide. Since €ov(G) covers G, one obtains a
well-defined map q: G — FBHom (GO). It is also clear that this map is a homomor-
phism. Let us show that it is continuous. Let ¢ be a partial homeomorphism on
GY and let U € $ov(G). Then the intersection q~1([¢]) N U is equal to the set of
points = € U such that qu|y = ¢|y for some neighbourhood V' of s(z). Therefore,
this intersection is open, and hence q~!([¢]) is open in G. Since sets of the form
[¢], » € PHom(GY), constitute a basis for the topology on PBHom (GO), the map g
is continuous.

iii) The set Covy(G) is open because q is continuous, and covariant because
r(x) = ¢(s(x)) for each x € Covy(G).

iv) The set Covg,)(G) is relatively open in G, because it is equal to the
intersection of the open set Covg(G) with Gy,. It is relatively closed because G,
is the disjoint union of the sets Cov,(G) where ¢ € PHom (G?),, each of which is
open. The statement concerning G¢) follows similarly.

v) The left hand side is contained in the right hand side because q(U) = [qy/]
for each U € %ov(G). Let ¢ € PHom(G?). If [¢] C q(G), there exists a family
(Uy), of covariant open subsets of G such that [¢] = |, q(U,). Then the union
U :=J, U, is open and covariant since r(z) = ¢(s(z)) for all € U, and qy = ¢.
Therefore, the right hand side is contained in the left hand side.

The last claim follows from the equations gy o gy = quyr and qu = qu-1),
U U € 6ov(Q). O

The homomorphism ¢: G — PHom (G°) constructed in the previous proposi-
tion yields another characterisation of decomposable groupoids — they are exactly
the extensions of r-discrete groupoids by group bundles.

Definition 3.3. The stationary subgroupoid of G is the subspace Stat(G) :=
Coviq(G) of G, equipped with the operations inherited from G.

Note that by proposition 3.2 iii), the stationary subgroupoid is open in G.

Recall that a sequence of groupoid homomorphisms N = G L, H is ezact if
o(N) = ker p, where ker p = {x € G | p(x) € H°}, and an extension if furthermore
o is injective and p is surjective.

Proposition 3.4. G is decomposable if and only if there exists an extension N —
G — H where N is stationary in the sense that r(n) = s(n) for alln € N, and H
is r-discrete.
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Proof. Assume that G is decomposable. Then the sequence Stat(G) — G - q(G)
is an extension of the form desired.

Conversely, let N = G 2, H be an extension of the form above. Then the
inverse image of each open covariant subset U C H under p is open and covariant

in G, and the family {p=1(U) | U € €ov(H)} covers G. O

The next result is the primary reason for our interest in decomposable group-
oids — it implies that the associated pseudo-Kac system is decomposable. Assume
that the groupoid G is Hausdorff and let A be a left Haar system for G. Denote
by 7, and 74 the representations of Co(G°) on the C*-module L?(G, \) given by

(7s(£)€) (z) = f(s(x))8(2), (7 (£)€) (2) = f(r(@))E(2),
for all z € G, £ € L*(G,)\) and f € Co(GY).

Proposition 3.5. Let G be a decomposable Hausdorff groupoid with left Haar
system X. Then the C*-bimodule (LQ(G, )\),71'8) is decomposable, and one has

C0v p+ (LQ(G, A),ms) = Ce(Covy(G)), ¢ € PHom(GY).

Proof. Since G is decomposable, the support of each function f € C.(G) can
be covered by a finite collection of covariant open sets. By a partition of unity
argument, we can write f as a finite sum of functions f; € C.(U;) where U; €
%ov(G). Therefore, the linear span of the family of subspaces C.(U),U € %ov(G),
is dense in L?(G, \).

Let ¢ € PHom(G"). Then Dom(¢*) = Co(Im(¢)), and for each f € Co(Im(¢)),
£ € Co(Covy(@)) and x € supp(&), one has

() (@) = &(@) f(r(2) = &) f($(s(2))) = (6" f)(s(x))¢(x) = (ms(6" £)E) (x)-

Clearly, C.(Covy(G)) Co(Im(¢)) = Ce(Covg(G)). Therefore, C.(Covy(G)) is con-
tained in %ovg-(L?(G,\)). By part iv) of the previous proposition, the fibre of
the module L?(G, \) over a point v € G is equal to

(LG, N), =L*G" X)) = P  ClCovi(G), ved.
rePHom (GO

Therefore, the fibres of the two sub-modules of L?(G, \) given in the first equation
of the proposition coincide, and hence, the two sub-modules coincide as well. By
the argument given above, this also implies that the C*-bimodule (L2(G, /\),775)
is decomposable. O

Remark 3.6. The C*-bimodule (L*(G,\),m,) satisfies Goviq (L*(G, \),m,) =
L?*(G,\) because 7, coincides with the right module structure, and therefore is
decomposable independent of any assumption on G.
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3.1.2 Haar systems

Haar systems on locally compact groupoids differ from Haar measures on locally
compact groups in two decisive points — neither do they need to exist nor do they
need to be unique. For an r-discrete groupoid, however, the fibres of the range map
are discrete, and the family of counting measures is a canonical choice for a Haar
system. For a decomposable groupoid, the situation is similar: the fibres of the
range map are disjoint unions of translates of locally compact groups. This implies
that Haar systems on a decomposable groupoid correspond bijectively with Haar
systems on the stationary subgroupoid, as will be shown in the next proposition.
Then we introduce unimodular Haar systems and study the interrelation of Haar
systems with groupoid homomorphisms. Apart from the next subsection, none of
these results is used anywhere else in this thesis.

Proposition 3.7. Let G be a decomposable Hausdorff groupoid and let Ao be a
Haar system for Stat(G).

i) For eachx € G, the map y — xy defines a homeomorphism m: Stat(G)*(®) —
Covq(x)(G).

ii) Let t € q(G). Then for each pair of points x,x’ € q~'(¢), the measures
Mg (Ag(x)) and My, ()\S(x )) on Cov(G) coincide. Denote this measure by
AL

iii) For each v € GO, denote by AU the unique Borel measure on G whose
restriction to Covy(G) is equal to \¥ for each germ r € PHom (G°)V. Then
the family (A\V),cqo is a Haar system for G.

) If X is a left Haar system on G satisfying N"|seat(cyr = A for allv € GY,
then X' = X. The assignments

A=A and N — )‘/’Stat(G) = ()‘,U’Stat(G)”)Uego

define a bijection between the set of left Haar systems on G and on Stat(G),
respectively.

Proof. i) Obvious.
ii) One has m, ()\S(x)) = Myx (mfw* (Ag(w))). Since the product 'z’ is con-
tained in Stat(G)*®) and the measure \g is left-invariant, one has 1m,—1,/, (Ag(w)) =

Ag(x). The claim follows.

iii) We check conditions i)-iii) in the definition of a left Haar system. Let
v € G°. Since Aj is a regular Borel measure with support Stat(G)” and the map
m, is a homeomorphism for each x € G, each of the measures A¥, ¢ € LHom (G°)?,
is regular. By proposition 3.2 iv), AV is regular as well.
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Next, let f € Ce(Covy(G)) for some ¢ € PHom(G?) and let v € Im(¢). We
need to show that the function F' on Im(¢) defined by

F('):= [ f(y)d\" (y)
Gv
is continuous at v. Let (v,), be a net in Im(¢) converging to v. We can choose
a point x and a net (z,), converging to = in Covy4(G) such that r(z) = v and

r(z,) = v, for all v. Put g := (mx)*(f]m,ﬂ(v)) and g, := (mwu)*(f\quvy)).
Then

F(v,) = e
(vy) B 9 (y) 0 (v),
Stat(G)¢~(®)

and a similar equation holds for F'(v). By the Tietze extension theorem, we
can find a continuous function h € C.(Stat(G)) extending g. Denote by g/, the
restriction of h to Stat(G)". By assumption on A, the net

Fl .= / a V)
Stat(G)¢ (")

converges to F'(v). Since f and h are continuous and have compact support and
since x, converges to x, we obtain ||g, — g,|| — 0 as v — oo. Furthermore, by
construction, the union | J, supp(g, —g),) is contained in a compact set. Therefore,

1 v
F(v,) — F, = / - (90 —91) (y)dA{’f ( )(y) —0 as v — 00.
Stat (G)® ™ (vw)

This proves that F(v,) — F(v) as v — oo.
The fact that the family (AV), is left-invariant follows from the decompositions

(GS(J*’)’ )\S(x)) - H <COVq(x/) (G), My« ()\g(x ))) )
q(z')eq(G=(=))
(@@ = ] <Covq(m/)(G),mm/*()\g(x ’)), z€G.

q(z’)eq(G>())

iv) The first statement follows from left-invariance of the Haar system \’, and
the second statement is an immediate corollary. O

Remark 3.8. If locally, the map r has continuous sections, the proof of the
continuity condition in part iii) substantially simplifies: If o is a section of the
range map 7: Covy(G) — Im(¢) defined on a neighbourhood V' C G of v, then

f@i (@) = | femax, . o ev.
(eld Stat(G)¢~ ' (v")
The function assigning this integral to v’ is continuous on V' by assumption on Ag.
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The following definition is motivated by the application in the next subsection.

Definition 3.9. Let G be a decomposable Hausdorff groupoid. A Haar system
A for G is unimodular, if for each germ r € PHom (G°), the restrictions of the
measures \'®) and )\;(i) to the set Covy(G) coincide.

Corollary 3.10. Let G be a decomposable Hausdorff groupoid. If its stationary
groupoid Stat(G) admits a unimodular left Haar system which is invariant under
the adjoint action of G, i.e. which satisfies /\g(w) = (Adx )*(Ag(w)) for all x € G,
where Ady: G*®) — G™®) s given by y — xyx !, then G has a unimodular left
Haar system, too.

Proof. Let Ay be a left Haar system on Stat(G) as above and denote by A the
associated left Haar system on G, see proposition 3.7. Let € G and put ¢ := q(z).
Denote by i: G — G the inversion map y +— y~'. Then )\s_é) = i*()\s(m)). By
assumption on Ag, in the notation of proposition 3.7 one has

-1 o s(x)
()\s(m)) ‘cov;(g) = <)‘ ‘i(COV;(G)))

= i <)‘T(fl) |C0VF_1 (G’))

= (iomy—). (A7)

= (my o Ad,—100), ()\S(x*l)) — Mg ()‘S(x))-

Here, we used unimodularity of the Haar system Ao and the equation i o m -1 =
mg o Ad,—1 of,
(iom,-1)(y) =i(z7'y) =y 'a
= z(z ty ) = (my 0o Ad,—1 0i)(y), y € G O

In the next subsection, we will need to compare Haar systems on the domain
and the range of a groupoid homomorphism. The following proposition shows that
under certain surjectivity assumptions, the push-forward of the Haar system of
the domain is related to the Haar system on the range by a continuous “modular”
function on the domain.

Proposition 3.11. Let 0: G’ — G be a proper continuous homomorphism of
decomposable Hausdorff groupoids with left Haar systems X' and X, respectively.
If the restriction o : GV — G°') is surjective for each v' € G'°, there ezists a
continuous strictly positive function Dy on G' such that \°V) = o, (DU)\’UI) for
each v' € G'°.

Proof. Let v € G'° and put v := o(v'). The measure p¥ := o, ()\,UI)|Stat(G)v on
the group Stat(G)" is non-zero. The assumption on ¢ and the left-invariance of
the measure X'*" imply that ;" is left-invariant also. Since A?|stat(c) is a non-zero
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(2

left-invariant measure on the locally compact group Stat(G)? as well, there exists

a number DJ(v') > 0 such that A”|giae(q)e = DO

We show that the function DY thus defined is continuous at v’. Choose a non-
negative function f € C.(Stat(G)) such that f(v) = 1. Then the functions F’ on
G'% and F on GY given by

Fi= [ @@, )= [ o) @),
Stat(G)o(w) G/
are continuous and related by the formula

PPy = [ 5@ (DR ) ) = P

O ()\/u’)

Since the functions o* F and F’ are strictly positive on a neighbourhood of v/, the
function DY must be continuous at v’ as well.
Put D, := s*(DY). We show that \” = o, (DUX”/). Let z € GY and choose

2’ € GV such that o(2') = z. Then, by proposition 3.7, one has
)‘U|Covq<x)(G) = Max <)‘S(x)|8tat(c)s(w>)

= (my 0.0). (DY(s(a)) A
N—_——

(oomys )«

= 0, <D2(s(x/)))\/s(m/) |Covq<x/)(G/)) — 0, (DO)\ls(m/)) ‘Covq(z)(G’)'

Stat(G’)s(x/))

3.1.3 C*-families associated to representations

This subsection is included as an extended example for the notions and construc-
tions introduced in the first chapter and will be used nowhere else in this thesis.

To each continuous representation of a decomposable groupoid, we associate
a C*-family which encodes that representation. This C*-family is obtained by
partial integration along the fibres of the range map. The relation to the classical
integration procedure of measurable representations which involves an additional
integration over the unit space is discussed in the next paragraph. The functori-
ality of this association is clarified in the last paragraph.

Throughout this section, let G be a decomposable Hausdorff groupoid with
a unimodular left Haar system A. A continuous representation of G consists of
a continuous Hilbert bundle H on G° and a family of unitaries U,: H. s@@) —
H,(z),z € G, such that

i) U, =idg, for all v € G,

ii) U,Uy = Uyy for all z,y € G,
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iii) (U,)"! = (U,-1) for all x € G,

iv) for every pair of continuous sections n,§ of H, the function on G given by
z — (n(r(x))|U:£(s(x))) is continuous.

The trivial representation of G consists of the trivial Hilbert bundle C x G° and
the family of identity operators id, = idg, z € G.

The left regular representation consists of the Hilbert bundle L?(G,\) and the
family of unitaries U,: L2(Gs(m),)\s(m)) — Lz(Gr(x),)\r(x)) given by (U,f) =
flz=t- =), z€q.

Throughout this section, let (H,U) be a continuous representation of G.

The C*-family associated to a continuous representation

Consider the C*-module T'g(H) as a C*-bimodule over Co(G°) via the represen-
tation M of Co(G®) given by pointwise multiplication.

Proposition 3.12. Let (H,U) be a continuous representation of a decomposable
Hausdorff groupoid G.

i) Let ¢ € PHom(G?) and f € C.(Covy(G)). Then for each & € To(H), the
section Ug& of H over Im(¢) given by

U9 / F@)UE(6 L )dN (z), v € Tm(@),

s continuous and vanishes at infinity.

i) The map Us: & — U defines a (¢«, ¢«)-homogeneous operator on the C*-
bimodule T'o(H). Its adjoint is given by (Ug)* = Uy, where the function

g € Ce(Covy-1(GQ)) is defined by g(x) = f(z~1).
iii) One has Covy(G) N Covy(G) = Covpny(G) for all ¢, € PHom(GY).

iv) The family €*(H,U) C Z(T'y(H)) given by
(U, H)y = {Us | f € Ce(Covpny(G))} ¢, € PHom(GY),
is a C*-family.
v) The C*-family associated to the trivial representation is given by

€*(C x GY,id ) = (@ A)x 0 M(Co(s(Covpry(G)))), ¢, ¢ € PHom(G?).

Proof. i) This follows from the continuity of the representation and condition ii)
on the Haar system.
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ii) Let {&,m € T'g(H). Then the functions (n|Us&) and (Uynl&) belong to
Co(Im(¢)) and Co(Dom(¢)), respectively. For each v € Im(¢), one has

lU€) (v) = ()| (U5€) (v / ()| £ (@) U671 () . AN ().

Since U} = U,-1 and f(x) = g(x~1), the integrand is equal to

(F@Uzn@)[E(d 1 (©))) = (9 YUemn(®)|E(87 () ) .

Substituting 2’ = ™! and using unimodularity of the Haar system, we obtain

U6 (v /<g (0)]€(61(0))) 7. Ao(')
:/ <g< |s o) . AN (@)
Go(v)
_< 977 |§ >HU
:<U977‘§> "U))

Since the representation M coincides with the right module structure, we can
deduce that the operator Uy is (¢, ¢« )-homogeneous.

iii) Evident.
iv) Let 1 € PHom(G?) and g € C,(Covy(G)). A short calculation shows that
Ung = U(f*g) where

(0@ = [ el i), aeG.

By part iii) and lemma A.1, this implies that the family ¢*(H,U) is closed under
multiplication. It is closed under involution by part ii) and therefore a C*-pre-
family. The fact that it is a C*-family is easy to check.

v) Let f € Ce(Covy(@)), ¢ € PHom(GY). Then
(idf &) (v) = . fl@)dX"(z) - £(¢7 1 (v), veGP €€ Cul(GY).

Therefore, id; = ¢. o M(F) where F € Cy(Dom(¢)) is given by F(¢~*(v)) =
Jow f(@)dX (), v € Im(¢). Thus, ||idf || = || F||sc. This implies the claim. O

We call €*(H,U) the C*-family associated to the continuous representation
(H,U).
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Integration with respect to a measure

The C*-family constructed above can be related to the C*-algebra classically
associated to a continuous representation (H,U). Before we explain this re-
lation, let us first recall the definition of this C*-algebra [45]. It depends on
the choice of a quasi-invariant measure ¢ on G° and acts on the direct integral
L?(H,u) = [ Hdu. A positive regular Borel measure p on G is quasi-invariant
if the induced measures v := fGO A¢dp(u) and v = fGO A, tdu(u) are equivalent
[45, 41]. The direct integral L?(H, 1) of H with respect to a measure p on G is
the Hilbert space completion of the space I'.(H) with respect to the inner product
(nl€) == [0 co{n v))du(v). Let u be a quasi-invariant measure and denote by D
the Radon- leodym derivative D = dv/dv~—!. Then, for each function f € C.(G),
the formula

(Ue)(w / F(@)D V2 (@)U, (s(2))aX" (x), v € GO,

defines an operator U]‘f € B(L%*(H,p)), and the map f +— U;f defines a *-repre-
sentation of the convolution algebra C.(G). The C*-algebra generated by the
image U*(C.(Q)) is called the C*-algebra associated to (H,U, ) and denoted by
C*(H,U, ). This C*-algebra can be obtained from the C*-family €*(H,U) by
tensoring with a C*-family which corresponds to the adjoint representation of
G on the measure space (G, ) — in fact C*(H,U, u) = span¢*(H,U, i) where
C*(H,U,u) =€*(H,U) @y €*(C x G,id, i), see the following proposition.

Proposition 3.13. Let (H,U) be a continuous representation of a decomposable
Hausdorff groupoid G with a unimodular Haar system A and let p be a quasi-
invariant measure on G°. Consider L>(H, ) as a C*-Co(GY)-C-bimodule via the
representation M of Co(G) given by pointwise multiplication.

i) The family ¢*(H,U, pn) C La(L*(H, 1)) given by
G (U, H,1)* := {U} | f € Ce(Covy(G)}—, ¢ € PHom(GP),
is a C*-family, and span€¢*(H,U,pn) = C*(H,U, p).

ii) For each ¢ € PHom(G), put Dy := dplim, ) /dos (tlDom(p)) - Then the
functions r*(Dg) and D = dv/dv™! coincide on Covy(G).

i11) The C*-family associated to the trivial representation and p is given by
E*(C x GY,id, )% = ¢t o M (Cy(s(Covy(G)))), ¢ € PHom(G),

where ¢ € B(L?(H, 1)) is the operator given by

-1/2 _
<¢¢s><v>={§¢ WO MO e 6t ce L)
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iv) There exists an isomorphism V: T°(H) @y L*(G%, ) — L*(H, 11), given by
(V(f @ ) (v) = fv)E(w), vea.

v) For all g € Ce(Covpry(@)), f € Co(s(Covy(G))), ¢,¢» € PHom(GY), one

has
Ady (Ug @ar ¢ - M(f)) = UL where h:= gs*(f) € Ce(Covyne(G)).
The map Ady defines an isomorphism

C*(H,U) @y €*(C x G°id, ) = €*(H, U, p).

Proof. i) The first statement is an analogue of proposition 3.12. The second
statement follows from the fact that G is decomposable.

ii) By unimodularity of A, one has for all f € C.(Covy(G))
[ r@psaa @ = () () Dy (B(0) i)
Covy(G) Dom(¢) J Gy

_ / / £ (@A (@) Dy (6(0) )t Do (s ()
Dom(¢) JG¢(¥)

— [ 5@ @) Da(v)d (b)) ()
Im(¢) JGv

-~

dﬂ‘lm(zzﬁ) (v,)

_ / F@)dv(z).
Covg(G)

iii) Let f € Cc(Covy(@Q)), ¢ € PHom(GY). A similar calculation as in propo-
sition 3.12 shows that id; = ¢k o M(F), where F' € Cy(s(Covy(G))) is given by

F(¢7 (v)) = [oo f(2)dX(2), v € Im(¢). The operator ¢4 : L (H|pom(e)» tDom(s)) —
L? (H|Im(¢),,u|1m(¢)) is isometric,

loe|? = / o, EETENEG™ ) D3 )bl ()

ds (“'Dom(qﬁ) )

— / EIEW)dplpom () () = €2, € € L2(H. 1),
Dom(¢)

and therefore, ||id; || = [|F||oo supp(u)- The claim follows.

iii) Evident.

iv) The operators idﬁf and U, satisfy the conditions of proposition 1.24 by
proposition 3.12 and part i). The action of the operator V (U, @ ¢k - M(f)) on
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an element 7 ® )y & € Do(H) @y L2(GO, ) is given by
V(Ugn@uds - M(f)€)(v) =
= /G 9@)Uan(é™ ()N (@)D, (0) f (67 (0))E(& ™ (v)

= /Gv g($)f(5($))D*1/2(x)Umn(gbfl(v))g(gZ)fl(U))d)\v(x)
= (U#V(n M 5))(2}), v € Im(¢).

The last statement follows from the formula proved in the first part. O

Functoriality of the association

We conclude the extended example by a discussion of the relation between groupoid
homomorphisms and the partial integration of continuous representations. Let
G’ be a decomposable Hausdorff groupoid and let o: G’ — G be a continuous
homomorphism. Denote by o the restriction of o to G'°. The representation
(H,U) pulls back to the representation o*(H,U) = (c§H,c*U) of G', where
(0*U)ar = Ug(yy for all 2’ € G'.

Proposition 3.14. Let 0: G’ — G be a continuous homomorphism of decompos-
able groupoids.

i) Consider Co(G'°) as a C*-Co(G°)-Co(G'?)-bimodule via the representation
oy Co(G%) — M(Co(G'?)). Then the family €*(co) C £ (Co(G'?)) given
by

C*(00)7: = 0 M(Co(s(V))))), Vi := Covy(G') N o~ (Covy(Q)),
¢ € PHom(GY), ¢ € PHom(G'°), is a C*-family."
it) One has an isomorphism V: To(H) @4 Co(G'®) — To(ogH) given by
(V(n ®o3 ) (') = 0o ()W), 1 €To(H), & € Co(G).

Assume that o is proper and that the restriction o : G’V — G°") of o is sur-
jective for each v' € G'°. Denote by D, the function on G’ associated to o in
proposition 3.11.

iti) For each g € Cc(Covy(G)), ¢ € PHom(G?) and each f' € Co(s(Vf)), (TS
PHom(G"°), one has

Ady (Ug ®oz ¥s - M(f')) = (c*U)p where b’ := Dy -0*(g) - s*(f').
The map Ady induces an embedding
Cg*(H, U) ®‘78 Cg*(O'Q) — C5*(0'*(1{, U))

! Here, we cavalierly neglect the partial automorphism on the C*-algebra € defined on the
0-ideal.
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) If G' and G are r-discrete, this embedding is an isomorphism.

Proof. 1) Let ¢, be as above and f' € Co(s(Vf)). For all g € Cy(Dom(¢)), one
has

(¥ 0 M(f)o5(9) = ¥u(05(9)) (s 0 M(f)) = 05 (4(9)) (1 0 M(f"))

as operators on Cp(G'?), because o(v~1(v)) = ¢ 1 (a(v')), v € Vf. Together
with proposition 3.12 ii), this shows that the operator ¥, o M(f’) is (¢, s)-
homogeneous.

Let us show that €*(o¢) is a C*-family. Since ||, o M (f")|| = || f'l|oo, the space
yo M (Co(Vf)) is closed. It is easy to see that the family € *(og) is closed under
involution and multiplication. The fact that it is a C*-family is easy to check.

ii) Evident.

iii) The operators U, and 1, o M (f’) satisfy the conditions of proposition 1.24
by part ii) of proposition 3.12 and by part i). We compute the action of the
operator V(Uy @ 1, o M(f')) on an element 1 ®, £ € To(H) ®4 Co(G"). By
proposition 3.11, we have

(Ugm)(o(v"))

| s@tns@) o)
Go (') S———r

do. (DaX'?) ()

L @) Uanle(s(@) Dy @)X @),

Therefore, we find

(V(Uygn @4 0 M(f1)E)) (') = (Ugn)(o(0)) - F/( 7 (@))E@ ™ (v')
= Jo Do (a")g(a(2) f'(s(2"))Us(ary
o (s(@))E(s(@))ax" (o)
- /G’ W (@) Uaary (V (1 @0 €))(5(2'))) dN" (o)
= (@ U)wV(n @ 6) ().

iv) Since the open G-sets and G'-sets cover G and G’, respectively, each com-
pactly supported continuous function on G’ can be written as a sum of functions
R e Co(V') where V' is a G'-set whose image o(V’) is contained in some G-
set V. Given such a function, choose g € C.(V) such that o*(g)|supp(ry = 1-
This is possible because the image o(supp(h’)) C V is compact. Finally, put
1= sy (h') where syr: V! — s(V') denotes the restriction of the source map,
which is a homeomorphism by assumption on V’. Then the internal tensor prod-
uct Uy @ qyrs 0 M(f') is well-defined. For all n € T'o(H),¢ € Co(G'°) and 2’ € V',
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we have

(V(Ugn ®x quisM(£1)€)) (r(a")) =

Therefore, the embedding is surjective. O

3.2 The pseudo-Kac system of a locally compact group-
oid

In this section, we study the main examples for the theory developed in the previ-
ous chapter: pseudo-multiplicative unitaries and pseudo-Kac systems associated
to locally compact groupoids. The pseudo-multiplicative unitaries have already
been considered by Moto O’uchi [38], but a satisfactory definition of their legs
remained an open question. The results of the previous section imply that the
unitary associated to a decomposable groupoid is itself decomposable. In this
case, the generalised Baaj-Skandalis construction introduced in the second chap-
ter can be applied.

After a review of the pseudo-multiplicative unitaries, we exemplify the “toy
definition” of an algebraic pseudo-Kac system and associate a C'*-pseudo-Kac sys-
tem to each locally compact groupoid. The latter is less complex than the general
definition allows because several members of the respective families of C*-modules,
representations and unitaries comprising the pseudo-Kac system coincide. Again,
this system is decomposable if the underlying groupoid is decomposable.

Next, we compute the legs of this pseudo-Kac system. They are related to the
function algebra and to the left regular representation of the groupoid, respectively.
Then we determine the canonical coactions of the legs. The underlying C'*-algebras
are the function algebra on one side and the reduced groupoid C*-algebra on
the other side. Finally, we show that a certain class of coactions of the left leg
corresponds bijectively to groupoid actions. The study of coactions of the right
leg is left to a separate section.

3.2.1 Construction
The pseudo-multiplicative unitary

We construct the pseudo-multiplicative unitary associated to a groupoid and relate
several standard operations on unitaries obtained this way to the corresponding
operations on the level of the underlying groupoids. Except for the regularity and
decomposability considerations, the following result already appeared in [38]. For
completeness, we reproduce the entire proof.
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Proposition 3.15. Let G be a locally compact Hausdorff groupoid with a left Haar
system \. Put

A= Cy(GY), E = L*(G,))

and denote by w4, 7, the representations of Co(G°) on L*(G,)\) induced by the
range and source map of G, respectively, i.e.

(ms(£)E)(x) == f(s(x))&(), (mr (£)E) () == f(r(x))&(2),
for all x € G, f € Co(G®) and ¢ € L*(G,\). Clearly, these two representations
commute. The map Vy: Co(G 5%, G) — C.(G %, G) given by

(‘/Of)(mvy) = f(xw%'ily)? (x7y> € GT’ XT Gv f € CC(GSXT’ G)v

extends to a regular pseudo-multiplicative unitary V: E° @ E" — E* © E". This
pseudo-multiplicative unitary is always left decomposable and left decomposably
reqular. If G is decomposable, it is right decomposable and right decomposably
reqular.

Proof. First, note that the spaces C.(G sx, G) and C.(G %, G) are dense subsets
of E°©@ F and F © E", respectively. The map Vj is a linear isomorphism because
it is the transpose of the homeomorphism G, X, G — G s X, G given by (z,y) —
(z,27'y). It extends to a unitary because

(Vof [Vog) (o) (1) = / Flaa Ty)g(z, 2 y)dN @ (y)dx(z)

— [ T gt )ax) o )ax @)
= (flg)(prom(v), ueE G,
for all f,g € C.(G s %, G).
For all f € C.(Gs%x, Gsx, G) and all (z,y,2) € G 4%, GsX, G, one has
(ViaVasVas f)(z,y, 2) = (VisVas f)(z, 27 1y, 2)
= (Vasf)(z, a7y, a7 '2) = fz, 2y, y12),
(VasViz f) (@, y,2) = (Vief) (@, y,y~'2) = f(z, 27y, y '2).

Since C.(G s X, G s X, G) is dense in E* © E* © E, the unitary V satisfies the
pentagonal equation.
For every f,g and f', ¢’ € C.(G), one has

({gle v elf)n)(y) = /(m) g(@)h(@) f(z~y)dN @ (@),

(IF' g Ih) (y) = / g @h(x)f'(y)dN" ¥ (z), heCe(@),y € G

r(y)
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Therefore, V' is regular.

The unitary V' is left decomposable by remark 3.6. If G is decomposable, V'
is right decomposable by proposition 3.5. The remaining regularity statements
follow from corollary 2.14, proposition 2.36 and lemma 2.15. O

Examples 3.16. Let (G, \) and (G', \') be two locally compact Hausdorff group-
oids with left Haar systems and denote by V and V', respectively, the associated
pseudo-multiplicative unitaries.

e Let C C GY be a closed subset such that (ros~1)(C) C C. Then the ideal
I:={f € Co(G) | flc = 0} of Cy(G®) satisfies the assumptions of lemma
2.8. The reduction of V with respect to I is isomorphic to the pseudo-
multiplicative unitary associated to the subgroupoid Go C G and the left
Haar system A\c C A, where G¢ := s~ 1(C) and A¢ := (\V)vec-

e The direct sum V @ V' is isomorphic to the pseudo-multiplicative unitary
associated to the coproduct (G, \) [[(G', X).

e The external tensor product V ® V' is isomorphic to the pseudo-multiplicate
unitary associated to the product (G, \) x (G', ).

The algebraic pseudo-Kac system

Combining the pseudo-multiplicative isomorphism of the previous paragraph with
the inversion map of the underlying groupoid, we obtain an algebraic pseudo-Kac
system.

Proposition 3.17. Let G be an étale groupoid. Put A = C.(G°). Then the
space E := C.(Q) of compactly supported functions on G with the representations
T = W, T = Ts induced from the range and source maps, and the operators
induced from the involution and multiplication on G,

V:E;0F FE - E70, F, (Vf)(x;y) = f(xaxily%
U: E—E, Uf)(z) = fl=z™1),

form an algebraic pseudo-Kac system.

Proof. A straight-forward variation of the proof of proposition 3.15 shows that
V is a pseudo-multiplicative isomorphism. One easily checks that V' commutes
with the representations mg; and 7sy. The map X (1 ® U)V is the transpose of
the homeomorphism ¢: G 3 X, G — G 4%, G given by the composition (x,y) —

(y,7) — (y,27 1) = (y,y 'z~ 1). A short calculation shows that ¢ is the identity

—“1.-1\ ¢ / -1 -1 -1 -1,.—1 ¢ -1
(y e Y@ la ™ oy y =@z, =z )= (o a ! ay)=(zy)
NI S N N, =~ <N
! v v ?_/1/1,/_1 vz y" y' y”_l 7”—1
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The map V is the transpose of the homeomorphism
Grxy G—Grxs G, (x7y)'_> (yilam)'_)(yil,yx)'ﬁ(yxay)'

A straight-forward calculation shows that it satisfies the pentagon equation. [

The C*-pseudo-Kac system

The construction of the Kac system associated to a locally compact group carries
over to locally compact Hausdorff groupoids with minor modifications.

Proposition 3.18. Let G be a locally compact Hausdorff groupoid with left Haar
system X\. Put

o A:=Cy(GY,
o [:=(rs,T,3),
e E.:=E-:=L*G,)\) and E, := Fs := L*>(G,\7!),
and denote by
e T, := 7 the family of representations of Co(G°) on L*(G, \) and L*(G, A1)
induced by the range map of G,
o T, := mg the family of representations induced by the source map.

Then the map Vy introduced in proposition 3.15 and the map Uy: C.(G) — C.(G)
given by (Uof)(x) := f(z~1) induce families of unitaries U and V as in definition
2.58, and the tuple (A, I, E,7,U, V') forms a pseudo-Kac system. This pseudo-Kac
system s decomposable if G is decomposable.

Proof. 1t is clear that Uy induces unitaries as in definition 2.53. We show that V
extends to unitaries

(1) VT VT.ESeFE —E.6E 2E ©F,,
(2) VI V. EeE,2E,cF. — E ©FE,,
(3) V¥ V*. E,0FE, - E.cFE..

Part (1) follows from proposition 3.15. For parts (2) and (3), let f € C(G, %X,
G)),9 € Co(G s %, G) and u € G°. Then

Wog) oy )= [T
/ | T ote.s)ix )ans @)
f|g>(ES@E)( u),
IV9) 5, () = / [ TE st pay @ w)ix )
= / Flya,y)glya’,a')dN(2")dA (y).

Gu

9@, 2~ y)AN @ (y)dr, ()
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Upon substituting ¢ := ya’ and z” := 2/~!, this expression becomes
L[ TT0 a0 b N @) = V5 F19) g ()
u /l)

The fact that these families satisfy the conditions vi)-viii) of the definition follows
from proposition 3.15 and calculations similar to those carried out in the previous
subsection. O

3.2.2 The left and right leg

Let G be a decomposable Hausdorff groupoid with left Haar system A. We deter-
mine the legs of the pseudo-Kac system associated to G in the previous subsection.
Let us fix the following notation. Denote by m: Cy(G) — L¢ygoy(L*(G, A)) and

m': Cy(G s xr G) = Leyqoy (LG, A)™ @ L(G, )

the representations given by pointwise multiplication. Note that the internal ten-
sor product L?(G,\)™ @ L?(G, \) can be identified with the completion of the
space C.(G s X, G) with respect to the inner product

o) = [ [, 7

and that the representations m and m’ are injective.

g(z, ) dN® ()dA(z), ve G, f,ge CuGsx, Q),

Proposition 3.19. Let G be a decomposable Hausdorff groupoid with left Haar
system .

i) For each ¢,7 € PHom(G"), the space yf* 18 contained in 5’?iidd, and the
map A;f: is extended by the x-homomorphism Aig One has

FH =m(Co(G)) € LYULAG,N),7ms) C Ley o) (L*(G, V)

and Ald(m(f)) = m/(f'), f € Co(G), where f' € Cy(G s, G) is defined by
(@, y) = f(xy) for all (z,y) € Gsx; G.
The canonical coaction (Sp, s, d0) is given by

So = m(Co(G)) = S, do = Ald.

i) The C*-family .7 C £ (L*(G,\), ) is given by

P = MCe(Covigny) (@) € L(L*(G,N), ),  ¢,% € PHom(GY),

where for each f € Co(G), the map A\(f) on L*(G, ) is defined by

(DO = [ Fe i), @€ G e e,
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The coproduct A is given by the formula

(A(A(f))(ﬁ@n))(w,y)Z/ FR)EE " 2)n(=""y)dA ) (z),

Gr(=)

where (x,y) € G %, G, &,n € L*(G,\) and \(f) € 7.
The C*-algebra of the canonical coaction is given by

Sy = C:(G) C LC()(G'O) (L2(G, )\71)),
and the coaction &g is given by the same formula as A.

Proof. 1) The first claim follows from remark 3.6. For all n,¢,¢ € C.(G), one has
(e tvTae 0@ = [ HmEe o))
= / o M) (@7 y)d\" @) (y) = (m(f)¢) (@),

where f € Cy(G) is given by

fa) = [ A i),

The support of f is compact because it is contained in (suppn)-(supp ¢) ~1. Hence,
5’2151 is contained in m(Cy(G)). An easy application of the Stone-Weierstrass
theorem shows that this inclusion is an equality.

Let us prove the formula for the coproduct. Let f € Co(G), ,n € C.(G) and
(z,y) € G 5%, G. Since (V)Y an))(z,y) = &(z)n(ay), one has

(V1 em(f)VT(ned)(,y) = flay) (VT (n &)(z, zy))
= flzy)n(x)Ey) = (M’ (f)(n &) (x,y).

ii) By definition, the C*-family . is the left leg of the pseudo-multiplicative
unitary

V' (L2(G,N), 1) © LAH(G,\) — L2(G, ) © (LA(G,\), ),

which by the calculation in the proof of proposition 3.17 is given by (V” lx,y) =
flyz,y), f € Ce(Grx,Q), (x,y) € G xsG. Let ¢,9 € PHom(G®). By proposition
3.5, 1.52 and 1.49, one has

4" =5pan {Co(Covy-1(G))|, - V™ - |Ce(Covy-1(G))),
For all n € Cc(Covy-1(G)) and € € C(Covy-1(G)), one has

(Te{mhvrele) ) (=) = /M) 1) (V¢ &) (x,y))dN @ (z)

= [ i)
(NNO@). e, CeCu),

114



3.2. THE PSEUDO-KAC SYSTEM OF A LOCALLY COMPACT GROUPOID

where the function f € C.(G) is given by f(y) = £(y~Vn(y—1) for all y € G. The
support of f is contained in

(COV¢—1 (G) N COVw—1 (G)) -1 = 00V(¢/\¢) (G),

whence the fE)rmula for the C*-family . follows. A similar calculation with v
replaced by V" proves the equality Sy = C¥(G). Next, let us check the formula
for the coproduct. Let f € C.(Covgry(G)). Then the operator A(A(f)) is given
by

(V1 e AV ) (z,y) = (1 NHVT (e )y a,y)
= [ IR e ) e )

= /Gr(z) Fnz"ty -y e, 2 Ly)dA @ (2)

z 1z

for all (z,y) € G, %, G and n,§ € C.(G). The formula for the coaction follows
from a similar calculation. O

3.2.3 Coactions of the left leg and actions of the groupoid

Let G be a locally compact Hausdorff groupoid. We show that (S’ , A)—algebras
correspond bijectively with actions of the groupoid G on C*-algebras. Let us first
recall the definition of groupoid actions on C*-algebras [31]. An action of G on a
Co(G®)-algebra C is an isomorphism of Cy(G)-algebras d: s*C — r*C such that
dy o dy = dyy for all (z,y) € G %, G.

Given two C*-algebras C' and D, we denote by C "% D the maximal C*-tensor
product of C' and D. The following lemma relates the Co(G)-tensor product to
the internal tensor product.

Lemma 3.20. Let C be a Co(X)-algebra and let E be a C*-module over Cy(X).
Let D C Lgyx)(E) be a nuclear C*-subalgebra which is a Co(X)-algebra with
respect to the representation of Co(X) on E given by the right module structure.

Then the map ¢: C ‘© D — Lo(C © E) given by c @ d — ¢ @ d induces an
isomorphism C Qcyx) D = C e D.

Proof. The existence and surjectivity of ¢ follow from the universal property of
the maximal tensor product. In the notation used in [4], by [4, proposition 3.21]

the map ¢ induces an isomorphism C gco( x) D = C&D. Since D is nuclear,

C gco(x) D = C ®¢y(x) D by [4, proposition 3.24]. O

Now, we show how to construct a groupoid action out of an (S, A)-algebra.
Put X := G°. For two Cy(X)-algebras C' and D, put

M(C ®CO(X) D) = {T (S M(C ®CO(X) D) ‘ T(l &® D) cC ®CO(X) D}
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Proposition 3.21. Let 6 be an injective coaction of (S,A) on an object (C,7) €
C?%. Then

i) m(Co(X)) C ZM(C), i.e. C is a Cy(X)-algebra,
ZZ) S(C7 7T) = ((C ®CO(X) (CO(G)aTrT‘))aﬂ-SQ) = (T*C, 778)7
iii) 0(C) is contained in the multiplier algebra M(r*C) C M(r*C),

iv) for each x € G, the composition of & with the map M(@r*C) — (@) given

by evaluation at = factorises to a x-homomorphism 6, Csz) = Cr(z);
v) Smgy = Smy for all (z,y) € Gsx, G,
vi) the family (53:)3:66‘ defines a map d: s*C — r*C of Cy(G)-algebras,
vii) if (C, ) is an (S, A)-algebra, then d is an action of G on C.

Proof. i) By covariance of , one hasg([ (Co(X)),C)) = [ms2(Co(X)), 5(C)]. Since
S = m(Co(G)) commutes with the representation 7, and 5(C) is contalned in
M(C ©.#), this is 0. By injectivity of §, we obtain [r(Co(X)),C] =

i) C ®cy(x) (Co(G), m) = Com(Co(G)) C Lo(C e L* (G, N) by lemma 3.20.

iii) This follows from the condition §(C)(1© %) c C & .7.

iv) Denote by p,(;): C — Cy(;) the quotient map and by ev,: Co(G) — C the
evaluation map. It is easy to see that the tensor product p,(,) ® ev, extends to a
quotient map M (r*C) — Cy(z) as desired. If f € Co(GP) vanishes at s(z), then
(Pr(z) @ €vg) © 5(71(]”)0) = (Pr(z) ® evx)(wsg(f)g(c)) =0 for all ¢ € C. Hence, the
composition factorises to a *-homomorphism by Cs(z) = Cra)-

v) Let (z,y) € G 4%, G. Then 315?4 = 3my follows from commutativity of the
diagram

r ) R
Cs(y) C - M('I"*C) Pr(y)@€Vy

e s

N Ao - Pr(a)®evz@eu
M(r*C) —=> M (C ®¢y(x) (Co(G s xr G), 1)) @ Cria)s

pr(acy)®evxy J

Sy

where we used the identification Cy(G s %, G) = (CQ(G),TI’S) Ry (X) (CQ(G),TI’T)
and the formula (A(f))(ac,y) = f(xy).
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vi) Consider the multiplier algebra M(r*C) as a Cy(X)-algebra via the rep-
resentation 7. Since 6(C) and 1 ®¢,(x) Co(G) commute in M (r*C), one has a
morphism

d: s°C = C®CO(X) (Co(G),Tl’S) — C®CO(X) (Co(G),Tl’r) = M(T*C),
c@ f b1 ®f).

By assumption on §, the image of d is contained in r*C. Let us show that d, = b
for each € G. Choose f € Cy(G) such that f(x) = 1. Then

dy (ps(m)(c)) = (pr(m) ® G’Um)(d(c ® f)) (pr(x ® G’Um)( ( )( f))
(pr(a: ®€UJ1)8( ) 0z ( )( )), ceC.

vii) Using parts i) and ii), it is easy to see that the assumption implies s(C)1e
S ) =C8 . Therefore, d is surjective. Then d, is surjective for each v € G°
by [31, prop. 3.1]. Since d, = d?, it must be the identity. Therefore, d,—1 is the
inverse of d, for each z € G. Using [31, prop 3.1] again, we find that d is an
isomorphism. 1

The previous proposition has the following converse.

Proposition 3.22. Let C' be a Cy(X)-algebra and let d: s*C' — r*C be an action
of G on C. Then the composition of the map i1: C — M(s*C),c — c® 1, with
the extension M(s*C) — M(r*C) of d defines a coaction &: C — M(r*C) which
turns C into an (S, A)-algebra.

Proof. Since d is a morphism of Cy(G)-algebras, we have for all ¢ € C and f €
Co(X)

0(fe) = d(fe®1) = d(c@m(f)) = d(c @ Dmea(f) = S(c)mea(f)-

Hence, é is a morphism from C' to §(C). Again, since d is a morphism of Co(G)-
algebras, one has

~

3(C)(1® Co(@)) = d(C @ 1)(1® Co(G)) = d(C ® Co(G)) = r*C.

For each = € X, denote by 535 the map associated to § in part ii) of the previous
proposition. The same calculation as shown there proves that 6y = dy. Since maps
of the form p,.(,,) ® evy ®evy, (z,y) € G sx, G, separate the points of ]\;I(C ®Cy(X)
(C(G 5%, G), 1)), the same diagram as shown there proves coassociativity of 5.
Therefore, § is a coaction. Finally, the map 4; is injective by [4, cor. 3.16], and
since d is injective, so is 5. Considering C as a C*-pre-family on the C*-C-C-
bimodule C via

C, a=id, g=id,
Co = { {0} otherwige o f € PAut(Co(G")),
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and ¢ as a morphism of C*-pre-families in t}}e obvious way, (C,0) become§ a
(Co(G), A)-pre-family, and the coaction of (S, A) is induced from this (Cy(G), A)-
family by tautology. O

Alternatively, in the last part of the proof above, one could also consider the

C*-pre-family ov(C) in order to produce a (Cy(G), A)-pre-family.

Theorem 3.23. There exists a bijective correspondence between actions of G on
Co(X)-algebras and (S, A)-algebras.

Proof. Combine the previous two propositions and observe that both times one
has 0, = d, for all x € G, whence the constructions given there are mutually
inverse. O

Remark 3.24. This paragraph has shown that the semigroup grading techniques
introduced in the first chapter are not needed for the treatment of the left leg of
the pseudo-Kac system associated to a groupoid. It is convenient to focus on the
grading degree (id,id) and — roughly speaking — to neglect components of other
degrees if they are given or put them equal to 0.

3.3 Coactions of the right leg and Fell bundles in the
r-discrete case

Let G be an r-discrete Hausdorff groupoid. In the previous section, we associated
to G a pseudo-Kac system, computed its legs and investigated coactions of the left
leg. The study of coactions of the right leg (S, A) requires a separate section. We
show that injective coactions of (S, A) correspond bijectively with upper semi-
continuous Fell bundles over G. This generalises an analogous result for discrete
groups [35, 44, 2]. In the first subsection, we show that the reduced C*-algebra
of a Fell bundle on the groupoid G carries a canonical injective coaction. This
does not depend on the assumption that G is r-discrete. The reverse process — the
construction of a Fell bundle out of an injective coaction — proceeds in several steps.
Following the proof of the corresponding result in the group case [2], we construct
a Haar mean and show that injective coactions of (S, A) are automatically non-
degenerate in a strong sense. Next, we associate to each injective coaction a Fell
bundle, using the Haar mean again, and show that the reduced C*-algebra of
this Fell bundle coincides with the C*-algebra underlying the coaction. Then, the
correspondence follows easily. As a by-product, it will follow that each injective
coaction of (S, A) is a regular (S, A)-algebra.

Throughout this section, let G be an r-discrete Hausdorff groupoid and denote
by (S, A) the functor and the natural transformation of the right leg of the pseudo-
Kac system associated to the groupoid G.
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CASE

3.3.1 From Fell bundles to coactions

Let F' be an upper semi-continuous Fell bundle on the groupoid G. The reduced
C*-algebra of F is defined as follows. Denote by F the restriction of F to G° and
note that To(F°) is a C*-algebra. The space I'.(F), equipped with the operations

WOw) = [ @l e@ini@. (€N =@ fs@)

Gy

where &, € To(F),f € To(F°) and z € G,v € G°, is a pre-C*module over
Lo(F). Tts completion is denoted by I'2(F). For each section f € T'.(F), one has
a left convolution operator Ay on I'>(F) given by

(M\E)(x) = / FWEW )N (y), € eTL(F), z € G.

Gr(z)

The reduced C*-algebra of the Fell bundle F is the C*-subalgebra of Ly (ro) (P2 (F))
generated the convolution operators Ay, f € I'o(F'). It is denoted by Cy(F'). The
map A: ['.(F) — C}(F) is injective. Denote by m, and 7s the representations
of Co(G?) on the C*-module I'?(F') induced by the range and source map of G,
respectively.

Proposition 3.25. Let F' be an upper semi-continuous Fell bundle on a locally
compact Hausdorff groupoid G. The formulas

(7 (®)f) (@) = b(r(2))f(x),  (fr(b))(z) = f(z)b(s(2)),
z€G, be Cy(GY), f eT(F),
define a non-degenerate *-homomorphism w: Co(G°) — M(C}(F)). The C*-

algebra L (C}H(F),m) = C}(F) © . is faithfully represented on the C*-module
(T2(F),n,) © L*(G, \), and the formula

GrOEe @) = [ FEEE o na )
(2,y) € G, X, G, E€T(F), n€CQ), f €T(U,F),

defines an injective coaction dp of (S,A) on (CF(F),).

Proof. It is easy to see that 7 is a non-degenerate *-homomorphism Cy(GY) —
M(CE(F)).

Denote by 74 and 7, the representations of Co(G?) on I'}(F) induced by the
source and range map of G, and by p: Gg4%x, G — G and ¢: G, X, G — G
the projections onto the first components, respectively. Then the C*-module
(T%(F),n,) © L*(G, )\) identifies with the completion of the space T'.(p*F) with
respect to the inner product

G = [ [ o i @ @ @), ue 6 f.g €Tl F)
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and the C*-module (I'?(F), 7,) © L?(G, A\~ !) identifies with the completion of the
space I'.(¢*F') with respect to the inner product

G = [ [ty senid 0 @), weG faeli )
u r(z)

Consider the map Vig: Te(p*F) — To(¢*F) given by (Veof)(z,y) == f(yz, ).
We show that it extends to a unitary
Vi: (T2(F),m) @ L*(G,\) — (T?(F),n,) © L*(G,\7Y).
For f € To(q¢*F), g € To(p*F) and u € G°, one has
(Vo) (u / | gt san, o @)
r(z)

Substituting 3’ := yx and 2’ := ™!, this expression becomes
[ [ sy o /s an )
uJGY
Substituting z := 3’2’ and retaining y’, we obtain

(Vo)) = [ [ R0 A G o) = (Vi o) o

A calculation similar to the one carried out for the computation of the coproduct
A on . in part ii) of proposition 3.19 shows that the map

CH(F) — Loy (T(F), m) © L*(G, V), T Vi1e TV,

implements the formula for dr given above. Thus, dr is a well-defined injec-
tive morphism (Cj(F),n) — S(C;(F),n) of Co(G")-algebras. The inclusion
CHF)(1e.) C S(CkF),r) and coassociativity of the map dr follow eas-
ily from the formula. O

Remark 3.26. The proof suggest to generalise the notion of a coaction unitary so
that it accommodates the unitary Vi — a modification of the approach to coaction
unitaries can be used to show that the coaction constructed above is in fact a
regular (S, A)-algebra. If the underlying groupoid is r-discrete, this will follow
from corollary 3.38.

3.3.2 The Haar mean for the right leg

In this section, we construct a Haar mean for the right leg (S, A), following ideas
of [2]. To do so, we first need to collect several preliminary results about the right
leg which are particular to the r-discrete case. It may be helpful to bear in mind
the special case where G is just a discrete group. A fundamental réle is played by
the following subsets of G.
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Notation 3.27. We denote by 4 the family of open G-sets of G for which the
restrictions r|y and s|y are homeomorphisms onto open subsets of G°. We denote
by G the subfamily of all open subsets U C G whose closure is compact and
contained in an element of 4. For each U € 4, we choose a function xu € C.(G)
such that xu|y = 1 and the support of xy is contained in some G-set. ForU € 94,
we denote by ry: U — r(U) and sy: U — s(U) the restrictions of the range
and source map, respectively. Then the partial homeomorphism qu defined in
proposition 3.2 is given by qu := ry o 351.

Since G is r-discrete, both families ¥ and 4 form open covers of G. In the
following, we prefer to work with the family ¢“¢. However, all statements apply
and all arguments carry through with ¢ instead of ¥ after straight-forward
modifications. If G is just a discrete group, the families ¥ and ¥“¢ coincide with
the family ({x})w cc of the singleton sets of all group elements.

The family ¥¢ facilitates a useful description of the Hopf C*-family (., A)
and of the functor S.

Lemma 3.28. The C*-family . is generated by the subfamily
{MC(0)) | U € Covgny(G), U € 9} € #", 6,4 € PHom(GY).
For each U € 9 and ', f" € Co(U), one has AA(f'f")) = Af") @ A(f").

Proof. Let ¢,7 € PHom(G"). By proposition 3.19, the space Y(;i* is densely
spanned by operators of the form A(f) where f € C.(Covgay(G)). By assump-
tion on G and a partition of unity argument, each function f € Cc(Covyny(G))
can be written as a linear combination of functions f; € C.(U;) where U; C
COVd)/\w(G), U; € G<.

Let us prove the second statement. Recall the formula for the coproduct A
given in proposition 3.19. Put f = f/f” and let &, € L*(G,)\) and (z,y) €
G x,G. If UNr~1(z) is empty, then

(AAUNE @) (@,y) = 0= (A(S)E) (@) - A )n) ().
Otherwise, the intersection U Nr~!(z) contains exactly one point, z, say. Then
(AN E @) (z,y) = f(2)EE" ey

1)
= f'(2)¢(z"") - f(2)n(z )
= (AE (@) - A" ) (). O

Let (C,7) € C%. The following lemma describes the C*-algebra (C,7) © ..

Lemma 3.29. i) For all c@ \(f) € ov(C,7) ©.% and all g € Co(GP), one

has (c @ A(f))mr2(g9) = c@ A(fs*(9)) = em(g) © A(f) and mr2(g)(c © A(f)) =
m(g)cOA(f) =co A(r*(9)f).
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ii1) The C*-algebra (C,7) © . is generated by elements of the form c © A(f)
where f € Cc(U) for some U € 9 and ¢ € Govg,, (C, ).

Proof. 1) This follows from the equations

ma(g)(d @& =dom(gé=calg=mr(g)d 0t eC cL?GN),
Mm@ = fx(g*&) = (frg) xE=M[s"(9)& €€ L*(G,N).

ii) By lemma 3.28, the internal tensor product (C, 7)©.¥ is generated by elements
of the form c© A(f) where ¢ € Govy, (C,7), f € Co(U), U C Covypy(G), U € G
and ¢,v € PHom(G®). Choose a function g € Cy(s(U)) such that f = fs*(g).
Then c@ A\(f) = c© A(fs*(g)) = em(g) © A(f) by part i), and cn(g) is contained
in Govg,, (C,m). The claim follows. O

Next, we describe the individual subspaces Govg,,, (C,m) © . for U € 4.
Lemma 3.30. Let U € 9.

i) Given a finite number of elements ¢; @ A(f;) € Covg,, (C, 1)@ A(Co(U)), one
has Y, ¢ © M fi) = c© AM(xv) where ¢ =), ¢;m(su«(fi))-

ii) Given a sequence of elements ¢; © g; € Govg,,(C,m) © X(Co(U)) which con-
verges in norm to some operator d, there exists ¢ € Covg,,(C,m) such that
d=ce A(XU)

iii) The spaces {c@ A(xv) | ¢ € Covg,, (C,m)}, {cQA(f) | c € Covy,, (C,7), f €
Co(U)} and Govg,, (C,m) © A(Co(U)) are equal.

w) Let ¢ © A\(f) € Covg,, (C,m) @ M(Co(U)) and g € Co(U"), U" € 4°¢. Then
cO AN fg) = © Xxvuru) for some ¢ € Covy, ., (C,m).

Proof. 1) This follows from part i) of lemma 3.29.

ii) One has ¢; © A(g9) = 7(rv«(9))ci © A(xv). By assumption, the sequence of
elements

m(ru«(9)ei = (L& (xul) - (c: © Mg)) - (1 © [s0+(x)))

converges to ¢ := (10 (xu|) - d- (1 © |su«(xv))). Hence, d = c© Axv).

iii) This follows from parts i) and ii).

iv) Part i) of lemma 3.29 and the inclusion supp fg C U N U’ imply ¢ &
A(fg) = ¢ @ Mxunur) where ¢ = em(srun.(fg)). Clearly, ¢ is contained in

C - Co(s(UNU")) = CDom(qunurys). Since the restriction of gy to s(U N U’)

coincides with gy, the element ¢ belongs to Cﬁovq(UﬁU,)*(C, ). O
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The Haar mean

The notion of a Haar mean for a Hopf C*-algebra has been introduced in [2,
definition 7.6, exemples 7.8(3)]. Adapted to our setting, it will be the main tool
for the construction of a Fell bundle out of a coaction.

Proposition 3.31. i) For each f € C.(Q), the following assignment defines a
function W f € Co(G %, G):

)0 T 7Y,
Wi ={ Yo 17 waecxG

i) The map f — W f extends to an isometry W: L2(G,)\) — (L*(G,\), ) ©
L3(G, ). Its adjoint is given by (W*€)(z) = &(z,x), € € C.(G),x € G.

iii) Let f,g € Co(G), and let &', ¢" € C.(U) C L*(G,\) for some U € 4. Put
§=¢'¢" Then W¢ =& ©&" and W*(A(f)E" © A(9)€") = A(f9)(E)-

w) Let d © Ng) € S*(C,w) where d € Govg,, (C,7) © &, 7m9) and g €
Co(U), U € 9. Then Adpew+)(d © A(g)) = ¢ © AMxu) for some ¢ €
Covg,, (C, 7).

v) The map Adggw+) defines a morphism E(ICJT): S?(C,7) — S(C,7), and
the family < c, W)>( " defines a natural transformation E': 8% — S.

vi) One has E' o A =idg, and the following diagram commutes.
So S — %2 . 80808

TR

SoSoS

Proof. i,ii) We only need to show that for each f € C.(G), the function W f defined
above is continuous. This follows from the fact that the diagonal {(z, )|z € G}
is closed in G, X, G because GG is Hausdorff, and open in G, X, G because G is
r-discrete.

iii) Let x € G. Then (W*()\(f)g’ S )\(g)f”) (x) is equal to

(AHE) (@) - (Mg = > fly C Y g2 (z )

yeGr(@) zeGr(z)

If UNG"X) is empty, this expression is 0, and (A(fg)€)(z) = 0 as well. Otherwise,
the intersection consists of exactly one point, xg, say. In that case,

(W*(AF)E © Mg)e") () = f(xo)€ (xg ' x)g(z0)€" (2 2) = (Mf9)€) (2).
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iv) Write d = lim,, d,, where

dy =Y b ONfL), chONSL) € Govg, (Com) @ NCo(U}), U € 9.

Let ¢ € Cand ¢ =¢'-¢" € C.(V) C L3(G, \) where V € 4. Then

Adgow (de Xg))(d ©€) —hch "o WH(AfE @ Ag)g")

= hrrbn Z chd @ MNfig)t.

By part ii) of proposition 3.30, ¢, ©A(fig) = ¢, @X(xv) for some &, € Govg,, (C, ).
Thus, Adgew+)(d© Ag)) = lim, Y, & © A(xv)- By part v) of the same proposi-
tion, this element can be written in the form c©X(xy) with some ¢ € Govg,, (C, ).

v) Consider the previous calculation. The equations

mr(h)A(g) = A(r*(h)g), T (WA(fr9) = M far*(h)g),  h € Co(G)

show that Ad ;) intertwines the representation w3 on COL*(G,\)™ ©L*(G, \)
with the representation 7,5 on C @ L?(G, \). Thus, Ad(jgw+) defines a morphism
E(’C e S%*(C,m) — S(C,7). The fact that the family (Ef defines a

natural transformation is clear from the construction.

(C,T()) (C,m)

vi) The equation E’ o A = idg follows from part iii) and lemma 3.28. Let us
show that the diagram commutes. Consider an element d © A(g) as in part iii).
By lemma 3.28,

S(E(,C’,ﬂ'))(d ©A(Xyg))) = E(C,w) (deAg)) @ Mxv),
B0 (A (@) © M(9) = Bl (lim D (ch © M) © A7) © M(9))

=lim ) ¢, ©Axu;) © Mfn9)-

By the same lemma, these expressions are equal. [l

Remark 3.32. In part iii), we can not simply write Ady~(N\)(f) @ A(g)) = A(fg)
because the internal tensor product A(f) © A(g) need not be well-defined. Parts
iv) and v) of this proof could be substantially simplified if we had %ov((C,7) ©
S Tra) = Cov(C,m) © ..

Next, we carry over the construction of retractions for coactions from the
group case [3, proposition 7.12, 7.13, lemme 7.14]. To do so, we need the following
proposition and lemma.
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Proposition 3.33. Let (C,m,J) be a coaction of (S, A). Then the image 6(C) is
contained in the C*-algebra (C,7) © 7.

Proof. Since 7 is non-degenerate, one has
5(C) = §(Cm(Co(GY))) = 6(C)mra(Co(GY))
5(6’)(1@)\(6’0(6‘0))) c(Cnm)e.s. O

Lemma 3.34. Let (C,m,0) be a coaction of (S,A) and let d = c© A(f) €
Covg, (C,m)eNCy(U)), U € 9. If (d0id)(d) = (id ©A)(d), then d = 6(7"U*(f)c).

Proof. Put x := xy. By lemma 3.30 and the assumption, we have

d=com(ru.()A) = (xls - (@A) @A) - [sv«(X))s

= (Xls - (c©® A(A(S))) - [sux(x))3

= (xls - (6(c) © A(f)) - [su«(X))s

= mra(ru«(f))d(c) = d(rus(f)e). O

Proposition 3.35. Let (C,m,d) be an injective coaction of (S, A).

i) There exists a unique morphism Ec r 5: S(C,m) — (C, ) such that E ¢ 5)0
0 =1id(cx) and the following diagram commutes.

5(3)

S(C,m) SS(C,)

\

S(C, ).

A(Cvﬂ') Efc,w)

SS(C,m) T

it) B (Covg,. (C,m) @ NCo(U))) C Covg,, (C,m) for all U € 9.

iii) Let ¢: (C,m,0) — (C',«',¢") be a morphism of injective coactions. Then
¢o Ec sy = Erm 50 8().

Proof. i,ii) Uniqueness follows from injectivity of 6 and the commutativity condi-
tion on the upper right triangle in the diagram. By the previous proposition, the
following maps on S(C, ) are equal.
S(0)E{c,x)S(0) = Eg(c,mS*(9)S(0)
= E50m)S(Acir)8(0) = Ascm E(cx)S(9)
Let ¢ © A(f) € Govg,,(C,m) © AM(Co(U)) where U € ¢°. By part iv) of the

previous proposition, E(,C (00 ©A(f)) = d © A(xv) for some ¢’ € Govg,, (C, ).
By lemma 3.34 and the calculation above, ¢/ © A(x) = d(¢’). Hence, the image of
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E(/C 7r)S’ (0) is contained in the image of ¢, and since ¢ is injective, the morphism
E(crg) = 5_1E('C 7r)S(é) is well-defined.
By part vi) of proposition 3.31, we have

OE(Cn5)0 = Efg(o,ﬂ)s((s)fs = Efg(c,w)A(Cm)‘; = 0.

Since § is injective, this proves the equality E(c 550 = id(cr). We show that
0B x5 = S(Ers)A. Since J is injective, so is §(§). By the equation at the
beginning of the proof and part v) of the previous proposition, we have
S(0)0E (¢ 5) = Asom ElcnS(0) = S(E(c 1) AscmS(0)

= S(E{c.1)S*(O)A(cm) = S(OE(Cm.6) A(Cym):

iii) This follows from a straight-forward calculation.

00 E{gS(8) = 6 S(0)E{p 7S ()
= (S,_lE(,C/77r/)SQ(¢)S(6) = 5/_1E(,C’771'/)S(5,)S(¢)' |:|

Hooptedoodle 3.36. The family <E(C,7r,5)> defines a matural transformation

E: SU|Coactz<§"nAj) — U|Coactz<§"nAj), where Coact?:;:LAj) denotes the full subcate-
gory of Coact(s ay consisting of the objects (C,m,8) where 0 is injective, and
U: Coact(s,ay — C% denotes the forgetful functor given by (C,m,6) — (C,)
and ¢ — ¢. The previous propositions also show that the morphisms comprising
E’ and E are equivariant with respect to the canonical coactions.

3.3.3 From coactions to Fell bundles

In this subsection, we associate to each injective coaction an upper semi-continuous
Fell bundle on G and show that the reduced C*-algebra of this Fell bundle coincides
with the C*-algebra underlying the coaction. As a key tool, we will use the Haar
mean constructed in the previous subsection.

Let (C,7,d) be an injective coaction of (S, A). For each U € ¥, put

CU = E(C,ﬂ',é) <Cgoqu>‘< (C, 77) @ A(C'O(l—]))> °

The Fell bundle associated to (C,7,d) will be constructed in such a way that the
sections over a subset U € ¢4 identify with the space Cy. The next proposition
collects some easy properties of the family (CU) I

Proposition 3.37. i) Cy = {c € Govg,, (C,7) | d(c) = @ Xxv)},

i) CyCyr C Cyyr and Cfy = Cy-1 for all U, U’ € 9°°; in particular, Cyr is a
C*-algebra if U' € G, and Cy is a C*-module over Cswys
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iii) Cy is a non-degenerate convex Co(s(U))-module with respect to the operation
c- f=cm(f).
w) If U € 9° is contained in U, then Cyr = CyCo(s(U")).

Proof. i) Let ¢ € €ovg,, (C,7) and ¢’ = E¢ x5 (c © A(xv)). By proposition 3.35,
we have

(5(0/) = S(E(C7ﬂ75)) (C < A(A(XU)))
= S(E(cr)(coMxv) © Mxv)) = ¢ © Mxv)-

Conversely, if §(c') = ¢/ © A(xv), then ¢ = E(c x5)(6(c)) is contained in Cy.

ii) This follows immediately from part i).

iii) By part i) of lemma 3.29, Cy 7(Cy(s(U))) = Cy. If U C G, the map =
defines a Cy(U)-algebra structure on ovg,, (C, ) and hence also on Cy. In the
general case, convexity follows from lemma A.2 and part ii).

iv) One has Cyr = CpCo(s(U')) € CyCoy(s(U’)) because Cyr C Cy. The

reverse inclusion follows from part iv) of lemma 3.30. g

Before constructing the Fell bundle, we use the results obtained so far to show
that each injective coaction of (S, A) is a regular (S, A)-algebra.

Corollary 3.38. Let (C,7,0) be an injective coaction of (S, A).
i) C = span;Cy = span%ov(C, ).

ii) Consider C as a C*-Co(G®)-C-bimodule and denote by € the C*-subfamily
of Z4(C) generated by the family (CU)U. Then € is non-degenerate, and §
restricts to a coaction of (%, A) on €.

iii) (€,9) is a reqular (&, A)-family and (C,7,0) is a reqular (S, A)-algebra.

Proof. i) By part i) of proposition 3.35, the morphism E ¢ 5 : S(C,m) — (C, )
is surjective. By part ii) of lemma 3.29, S(C, ) is the closed linear span of the
subspaces Govgy,,, (C,m)©A(Co(U)) where U € 4°°. By definition, for each U € ¥
the subspace Govg,, (C,m) © A(Co(U)) gets mapped to Cyy C Govg,, (C, ).

ii) The fact that ¢ is non-degenerate follows immediately from part i). The
second part follows from part i) of proposition 3.37.

iii) First, we show that §(¢)(1 ©.%) = ¢ ©.7. Let ¢ € PHom(G"). By
proposition 3.19 and by definition, one has

(¢ © ) =span{co A(f) | c€ €%, \f) € 75}
=Span{c© \(f) | c € Cu, U € 9°,U C Covy(G), A(f) € 75" }.

Let ¢ € Cy,U € 9°,U C Covg(G) and A(f) € yi*. By part i) of proposition
3.37, one has ¢ © A(f) = 0(c)(1 © A(xy-1)A(f)). This proves that (¢,6) is a
(., A)-family. It is regular by proposition 2.36 and proposition 3.33. By part i),
it follows that (C,m,0) is a regular (S, A)-algebra. O
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As before, given a Fell bundle F on G, we denote by F° the restriction of F
to GY.

Proposition 3.39. Let (C,m,d) be an injective coaction of (S, A).

i) There exists an upper semi-continuous Fell bundle F' on G with natural
isomorphisms jy: Do(U, F) = Cy, U € 9. With respect to these identifica-
tions, the multiplication and involution on C coincide with the product and
tnvolution on sections of F induced by its Fell bundle structure.

i1) The family (ju)u induces a dense embedding j: T'.(F') — C. This embedding
is equivariant with respect to the canonical coaction g on T'.(F) C CH(F).

iii) j(Do(F?)) = Gov;q(C, 7). Denote this C*-algebra by C°. The restriction
map €: To(F) — To(FY) — C extends to a faithful conditional expectation
e: C — CY.

) The embedding j extends to an isomorphism (Cj(F),m,6r) = (C,m,0).

Proof. 1) The proof of this part follows the scheme of the proof of proposition 1.63.

Let U € 9. By part iii) of proposition 3.37, the space Cy corresponds to
an upper semi-continuous Banach bundle on s(U). Denote by Fy the pull-back
of this bundle to U via the restriction of the source map sy: U — s(U). By
construction, we obtain an isomorphism jy: T'o(Fyr) = Cyp.

Let U'" C U be an open subset. By part iv) of proposition 3.37, Cyr =
CuyCo(s(U")). Therefore, the restriction of the bundle Fiy to U’ coincides with
Fyr. Hence, there exists an upper semi-continuous Banach bundle F' on G such
that F|y = Fy for all U € ¢°°.

By functoriality of the correspondence between modules and bundles, the
multiplication and involution on the family (CU)U induce families of multipli-
cation and involution maps on the family (FU) - These induce well-defined maps
F? — F and F — F as in the definition of a Fell bundle because the multiplica-
tion and involution on (CU)U is coherent with respect to inclusions. It is easy to
check that these maps endow F' with the structure of an upper semi-continuous
Fell bundle.

ii) Let (¢r)y be a partition of unity subordinate to the open cover 4°¢ of G
and put j(f) ==y ju(ov-f), f € Te(F). Note that this sum is finite since (¢
is locally finite and the support of f is compact. If (¢)y)y is another partition of
unity, we have ¢y = Y, vy for all U € 9 and hence

i) =Y gu(v- f) = juav(dvevf), fET(F).
U

uyv

The last sum is symmetric with respect to the partitions (¢ )y and (¢y )y, and
hence the definition of j does not depend on the choice of the partition.
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We show that j is equivariant. Let U € ¥ and f € T'.(U, F'). By construction,
J(fm (b)) = j(f)m(b) for all b € Co(GP). By part i) of proposition 3.37 and by the
formula given in proposition 3.25, dp(f) = f @ A(xv) and é(ju(f)) = ju(f) ©

Axw)-
We show that the map j is injective. Let f € I'.(F) and x € G such that
f(z) # 0. Choose a neighbourhood U € ¢ of x such that ¢y (z) # 0. Then

(1e xul) - 6(() - (1elsus(ov))) = j((l o (xul)-or(f)- (1 |5U*(¢U)>))
=j(ou f) = ju(ou(f))-

Since ¢y f # 0 and jy is an embedding, j(f) # 0. The image of j is dense in C
by part i) of corollary 3.38.

iii) The first claim follows from part i). It is clear that € is idempotent. We show
that it extends to a continuous linear map C — CV of norm 1. By Tomiyama’s
characterisation [54], this will imply that e is a conditional expectation. So, let
f € T(F). Choose a function y € Co(G?) with values between 0 and 1, which is
equal to 1 on supp f N G°. By equivariance of the map j, we have

«(f) = 1ol G- (1e )

Since |[x|| = 1 and [[6]| = 1, we obtain [le(f)[| < [l7(/)]-

It remains to show that e is faithful. Let ¢ € C be a non-zero element. We
want to show that e(c*c) # 0. Choose g € C.(G®) such that ¢’ := cn(g) # 0, and
X € C¢(G°) which is equal to 1 on supp g. Assume that the map 6(c’)(1|x)): C —
C @ L*(G,\) given by d — §(c')(d © x) is 0. Then for each d € C and each
¢ € C.(G) C L*(G, \), one has

5(c)(de¢€) =d(c)(d e m(g)f)
= d(c)(d e m(9)p(&)x) = (1 p(£)d(c)(de x) =0,

where p(€) is the operator on L?(G, \) given by

(pE)C)(@) == Clay ely), e, ¢eL’G,N.

yeGs(z)
This implies 6(¢’) = 0 and by injectivity of § also ¢/ = 0, a contradiction. Hence,
0# (Lo (xl)-a()a(c) - (1elx) = e(d"c) = p(g)"e(c"c)p(g).

iv) By [25, fact 3.11], the norm on I';(F') inherited from C}(F') is the unique
C*-norm with respect to which the restriction map I'.(F) — T'.(G%, F) extends
to a faithful conditional expectation. Thus, by part iii), the map j extends to an
isomorphism C(F') = C. By part ii), this isomorphism is equivariant. O

129



3. APPLICATIONS TO LOCALLY COMPACT GROUPOIDS

3.3.4 The correspondence between injective coactions and Fell
bundles

In the previous subsections, we have shown that Fell bundles give rise to coactions
and that coactions give rise to Fell bundles whose associated coaction coincides
with the one we started with. It remains to prove the converse equality. After
having done that, we discuss the functorial properties of the correspondence.

We denote the upper semi-continuous Fell bundle associated to a coaction
(C,7,9) in the previous proposition by Fell(C, 7, ).

Proposition 3.40. Let F' be an upper semi-continuous Fell bundle on G. Then
it is isomorphic to Fell(C}(F), m, 0F).

Proof. Let F' be an upper semi-continuous Fell bundle on G. We show that
CH(F)y =Ty(U, F) for each U € 9, where

CHF) = B(cs ()0 ( €0vay. (CF(F),m) © NCo(U))).

Then the correspondence between bundles and modules implies that the Banach
bundles F' and Fell(C}(F),,dr) are isomorphic. By part i) of proposition 3.37
and the formula for dp given in proposition 3.25, T'o(U, F) C C}(F)y. To prove
the reverse inclusion, we determine the action of the map E := E ¢ () r,5,) On an
element ¢ © A(f) € Govg,, (C(F),m) © AM(Co(U)) where U € 4. By proposition
3.35, 0pE = E(/C;(F)J)S((;F). Inserting the definitions, one obtains

1o E(coAf)=VrleoW")(Vrol)1oco ) (Vrol)(1eW)VE,

where W and Vp are the unitaries of propositions 3.31 and 3.25. A straight-
forward calculation shows that E(c@ A(f)) = cf, where ¢f denotes the pointwise
product over G. By definition, then, C}(F)y C I'o(U, F).

The multiplication and involution maps on both Fell bundles correspond to the
family of multiplication and involution maps on the family (C’:(F )U)U‘ Hence,
they coincide.

Theorem 3.41. The maps F — (C}(F),7,6p) and (C,m,0) — Fell(C,m,4) es-
tablish inverse bijections between the set of isomorphism classes of upper semi-
continuous Fell bundles on G and the set of isomorphism classes of injective coac-

tions of (S, A).
Proof. This follows from propositions 3.25, 3.39 and 3.40. O

Let F and F’ be upper semi-continuous Fell bundles on G and let ¢: F — F’
be a Fell bundle morphism. It is easy to see that composition with ¢ induces a
s-homomorphism ¢, : T'.(F) — [.(F’). In general, however, it is not clear whether
¢+ extends to a x-homomorphism C}(F) — C*(F’). In the reverse direction, one
has the following result.
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Proposition 3.42. Let ¢: (C,m, ) — (C',7',8") be a morphism between injective
coactions of (S, A). Then there exists a Fell bundle map Fell(¢): Fell(C,w,d) —
Fell(C', 7', 0") such that the following diagram commutes.

I(Fell(C, 7, 8)) L~ ¢

Fell(d))*l lqﬁ

T (Fell(C7, ', 8')) > .

Proof. Put F := Fell(C,,d) and F' := Fell(C',7’,d"). Let U € ¥°°. Since ¢
intertwines m with 7/, the image ¢(%ovg,, (C,7)) is contained in Govg,, (C', 7).
By part iii) of proposition 3.35, we obtain

$(Cu) = ¢ 0 Ecyrs)(Covg,, (C,m) © Mxv))
= E(C’Jr’,&) ((ﬁ(chUqU* (C, 71')) Q )\(XU)) C Ci]

Therefore, ¢ restricts to a morphism ¢y : Cyy — CY; of Cy(s(U))-modules. By the
correspondence between modules and bundles, the map j{]qSUj(}l: Lo(U, F) —
To(U, F') defines a bundle map Fell(¢)y: Fly — F’'|y. By naturality of the
construction, for each other set U’ € ¢, the restrictions of the map Fell(¢)y
and Fell(¢)yr to F|@ny+y coincide. Thus, the family (Fell(¢)U)U defines a bun-
dle map Fell(¢): FF — F’. This is a morphism of Fell bundles because ¢ is a
sx-homomorphism. Commutativity of the diagram follows immediately from the
construction. [l

3.4 Non-Hausdorff groupoids

In this section, we consider locally compact groupoids which are not Hausdorff. As
indicated in the introduction to this chapter, they frequently arise in applications
and require their own methods of study. Our initial aim was to extend the con-
struction of the pseudo-Kac system of a Hausdorff groupoid to the non-Hausdorff
case. To do so, one has to define the fundamental C*-bimodule L?(G, \). This has
already been done by Jean-Louis Tu [55] and Mahmood Khoshkam and Georges
Skandalis [23]. The first approach combines topological methods with algebro-
analytic constructions, whereas the second approach is very abstract and does not
provide a topological picture. The main result of this section is a lucid descrip-
tion of the C*-module constructed via the second approach: it is the ordinary
C*-module associated to a certain Hausdorff groupoid which is constructed out
of the initial non-Hausdorff groupoid in a functorial way, provided the latter is
r-discrete. The methods used may be of individual interest.

First, we discuss a Hausdorff compactification of locally compact spaces in-
troduced by James Fell [16] and provide a spectral picture which relates this
construction to spaces of functions which are usually taken as substitutes for the
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space C.(X) when X is not Hausdorff [8, 23]. Applied to a locally compact
groupoid, the Hausdorff compactification yields a (Hausdorff) groupoid. If the
initial groupoid was r-discrete, so is the new one. These results are proved in the
second subsection. Finally, we show that the classical C*-module associated to
the new groupoid coincides with the C*-module associated to the initial groupoid
in [23], provided the latter is r-discrete. For r-discrete groupoids, this answers our
motivating question for a pseudo-Kac system mentioned in the beginning.

3.4.1 Preliminaries

Let us first recall some terminology. Let X be a topological space. A subset Q C X
is quasi-compact if every open cover of () has a finite subcover, i.e. whenever @ is
contained in a union of open sets, finitely many of these open sets already cover
Q. A subset K C X is compact if it is quasi-compact and Hausdorff with respect
to the subspace topology. A topological space X is locally compact if every point
in X has a compact neighbourhood [55, 23]. This definition differs from [7], where
X is assumed to be Hausdorff. A continuous map f: X — Y of locally compact
spaces is proper if the inverse image f~1(K) of every compact subset K C Y is
quasi-compact [55].

Lemma 3.43. Let X be a locally compact space, x € X and V an open set
containing x. Then there exists a compact neighbourhood K of © which is contained
mn V.

Proof. Choose a compact neighbourhood K’ of x and put K := (K'NV) N K'.
Since K’ is compact, K is closed in K’ and therefore compact as well. [l

3.4.2 The Hausdorff compactification of a locally compact space

In [16], James Fell introduced a Hausdorff compactification for locally compact
spaces. We summarise his definitions and results and present a new spectral ap-
proach to his construction. The main result is the identification of the algebra of
quasi-continuous functions introduced in [16] with the algebra of functions gen-
erated by a certain replacement for C.(X) for non-Hausdorff spaces X [8]. This
identification will be fundamental to the last subsection, where we describe a ge-
ometric approach to the C*-module constructed in [23]. Next, we show that the
Hausdorff compactification is functorial with respect to proper continuous maps
and relate it to a construction introduced by Jean-Louis Tu [55].

The space HX

The Hausdorff compactification introduced in [16] is based on the notion of prim-
itive nets which have several equivalent characterisations. Let X be a locally
compact space. For a net (x,), in X, denote the set of its limit points by lim, z,.
Note that this set may contain more than one point because X need not be Haus-
dorff.
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Lemma 3.44. The following conditions on a net (x,), in X are equivalent.
i) Fach cluster point of the net is a limit point.

i1) For each point x € X which is not a limit point of the net, there exist a
neighbourhood U of © and an index vy such that x, & U for all v > vy.

iii) Each compact set which does not contain a limit point of the net is eventually
left by the net.

Proof. Obvious. O

Definition 3.45 ([16]). A net (x,), in X is primitive if it satisfies the conditions
of the previous lemma. The Hausdorff compactification KX of X is set of all limit
sets of primitive nets in X, equipped with the topology induced by the sub-basis of
open sets

Uy :={A e &KX | ANV #£0}, V C X open and Hausdorf},
UK = {Ac RX |ANK =0}, K C X compact.

Put HX := RX \ {0}.

Observe that by part ii) of lemma 3.44, the set of limit points of each primitive
net in X is closed.

The space X embeds in KX, since each constant net is primitive. This embed-
ding is dense, but not necessarily continuous. The subspace topology of X C RX
is the topology generated by the original topology of X and the family of all com-
plements of compact sets. Since X is not necessarily Hausdorff, compact subsets
need not be closed. However, if X is Hausdorff, X = X and KX is its one-point
compactification.

Sometimes it is more convenient to work with quasi-compact sets than with
compact sets. The following lemmas show that in the definition of primitive nets
and in the definition of the topology on KX, compact sets may be replaced by
quasi-compact ones.

Lemma 3.46. Let Q C X be quasi-compact and let A € HX such that QN A =
0. Then there exist compact subsets Ki,...,K, of X such that Q C |J; K; and
AN Uz K; = 0.

Proof. By lemma 3.43 and part ii) of lemma 3.44, each point x in @) has a compact
neighbourhood K, which is disjoint to A. Since @ is quasi-compact, we can find
finitely many points x; € @ such that @ C |J; K; where K; := K,,. O

Lemma 3.47. A net (x,), in X is primitive if and only if each quasi-compact
set which does not contain a limit point of (x,), is eventually left by the net.

Proof. Combine part iii) of lemma 3.44 with lemma 3.46. O
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Lemma 3.48. The family of sets
U ={AcRX |ANQ =0, ANV #0 for all V € V},

where Q C X is quasi-compact and V is a finite collection of open subsets of X,
forms a basis for the topology on KX.

Proof. Tt is enough to show that the subset 4® := {A € AX | ANQ = 0} is
open in RX for each quasi-compact set @ C X. Let A € 49 and K3,... K, as
in the lemma above. Then the intersection (), 457 is a neighbourhood of A and
contained in U®. O

The following theorem justifies the terminology of definition 3.45.

Theorem 3.49 ([16]). The space HX is a locally compact Hausdorff space, and
RX is its one-point compactification.

Convergence of nets in KX has a nice characterisation which will be used later
on frequently.

Lemma 3.50 ([16, lemma 2]). Let (x,), be a net in X and let A € RX. Then
lim,{z,} = A in RX if and only if the net (x,), is primitive and lim, z, = A in
X.

The spectral approach to the Hausdorff compactification

In [16], the Hausdorff compactification KX is identified with the spectrum of the
C*-algebra of quasi-continuous functions on X. We identify the space with another
C*-algebra which arises naturally from a standard construction [8]. Before doing
so, we recall some related definitions and results from [16].

Definition 3.51 ([16]). Let Y be a locally compact Hausdorff space. A map
f: X — Y is w-quasi-continuous if, for each primitive net (x,), of elements of
X with non-empty limit set, the limit lim, f(x,) exists in Y. The map is quasi-
continuous if, for each primitive net (z,), of elements of X, the limit lim, f(x,)
exists in Y .

The proof of the following corollary given in [16] is very brief. It can be
completed by the following lemma which is of independent interest to us.

Lemma 3.52. Let f: Z — Y be a map of topological spaces and assume that'Y is
locally compact and Hausdorff. Let Zy C Z be a dense subset. If lim, f(z,) = f(2)
for each net (z,), in Zy which converges to some point z € Z, then f is continuous.

Proof. Let z € Z be a point and V' C Y be a compact neighbourhood of y := f(%).
Let us assume that for each open neighbourhood U of z, there exists a point zi; € U
such that f(zy) is not contained in V. Since the complement of V' is open in Y
and U is a neighbourhood of zy, by assumption we find a point zy € U N Z
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such that f(xy) belongs to the complement of V. Ordering the family of open
neighbourhoods of z with respect to inclusion, we obtain a net (zy )y in Zp which
converges to z and whose image (f(mU)) i does not converge to f(z), contradicting
the assumption of the statement. [l

The following corollary is the first step towards a spectral description of the
Hausdorff compactification.

Corollary 3.53 ([16, theorem 2]). Let Y be a locally compact Hausdorff space.

i) Each w-quasi-continuous map X — Y extends uniquely to a continuous map

HxX —Y.

i1) The restriction of each continuous map HX — Y to X C HX is w-quasi-
continuous.

iii) The extension and restriction define a bijection between the set of w-quasi-
continuous maps X — Y and the set of all continuous maps HX — Y.
Under this bijection, quasi-continuous maps X — Y correspond exactly to
all those maps which extend to RX — Y.

Proof. This follows from lemma 3.52 and 3.50. O

Our spectral description involves the following C*-algebra. Recall that C&°(X)
denotes the space of all functions on X which can be written as a finite sum Y f;,
where f; € C.(U;) for some Hausdorff open subsets U; C X. Denote by €.(X) and
€o(X) the x-algebra and the C*-algebra, respectively, generated by CZ°(X) with
respect to pointwise multiplication, conjugation and the supremum norm.

Theorem 3.54. Let X be a locally compact space.
i) Each function f € €.(X) is quasi-continuous.

it) The algebra €.(X), considered as a subalgebra of Co(HX) via corollary 3.53
and part i), separates the points of HX.

iii) Extension of functions defines an isomorphism €o(X) = Co($HX). One has
HX = spec@y(X).

iv) Under the isomorphism €o(X) = Co(HX), the subspace €.(X) gets identified
with C.(HX).

Proof. 1) Let (z,), be a primitive net in X with limit set A. We may assume that
the support of f is compact and contained in a Hausdorff open set U C X. If
supp f N A is empty, by quasi-compactness of supp f and primitivity of the net,
there exists a v such that x, ¢ supp f for all v > . Then the net (f(qry))y is
eventually constant 0. Otherwise, the intersection consists of at most one point, x,
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say. Since f is continuous on U and the net (x,), converges to x, the net (f(ac,,))y
converges to f(x).

ii) Let A, B € X be distinct points. Without loss of generality, there exists a
point € A\ B. By part ii) of lemma 3.44, there exists a compact neighbourhood
K of x which is disjoint to B. Choose a function f € C.(K) such that f(z) = 1.
Then the extension f: §X — C of f satisfies f(A) =1 and f(B) = 0.

iii) By corollary 3.53 and part i), one has an embedding j: €.(X) — Cy(HX).
Since X C $HX is dense, j is isometric with respect to the supremum norms and
extends to an embedding €o(X) — Cy(HX). By part ii) and the Stone-Weierstrass
theorem, this embedding is an isomorphism. By the Gelfand-Naimark theorem,
spec&p(X) = HX.

iv) Let f € C.(HX). Then f vanishes on a neighbourhood of the point ) in
KX, and by lemma 3.48, there exists a quasi-compact subset  C X such that
f(A) = 0 whenever AN Q = (). Hence, the restriction f|x vanishes outside Q.
Since X is locally compact, f|x belongs to €.(X). Conversely, assume that the
support of a function g € €.(X) is contained in a quasi-compact subset ). Then

lim, g(x,) = 0 by part iii) of lemma 3.47. Hence, the extension of g vanishes on
the neighbourhood {€ of the point () in £X. O

Next, we summarise the functorial properties of the association X +— $H.X.

Theorem 3.55. Let ¢: X — Y be a proper continuous map of locally compact
spaces.

i) If (z,), is a primitive net in X with limit set A, then (¢(x,)), is a primitive
net in'Y with limit set ¢p(A).

ii) The map Rp: A — ¢(A) defines a continuous map K¢: KX — RY .
iii) The map R restricts to a continuous proper map Hp: HX — HY.

iv) The map X — $HX extends to a functor from the category of locally com-
pact spaces with proper continuous maps to the category of locally compact
Hausdorff spaces with proper continuous maps.

Proof. 1) Since ¢ is continuous, each point in ¢(A) is a limit point of the net
(¢(x,)),. Let K be a compact subset of Y\ ¢(A4). Then the inverse image ¢~ (K)
is a quasi-compact subset of X \ A. By lemma 3.46, ¢! (K) is eventually left by
(y)y, and therefore K is eventually left by (¢(x,)),. By lemma 3.44, ¢(x,), is
primitive.

ii) For each pair of subsets A C X and B C Y, one has ¢(A) N B = () if and
only if AN ¢~!(B) = (. For each open subset V C Y, the inverse image ¢~ 1(V)
is open since ¢ is continuous, and (R(;S)_l(i,[v) = Ug-1(1y. Likewise, for each
quasi-compact subset Q) C Y, the inverse image ¢~1(Q) is quasi-compact since ¢
is proper, and (8¢) ™! (MQ) = Yo, Therefore, the map K¢ is continuous.
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iii) By construction, the image of $X under the map K¢ is contained in HY.
The restriction of K¢ to $HX is proper because KX and KY are the one-point
compactifications of HX and HY, respectively. O

Corollary 3.56. Let ¢: X — Y be a proper continuous map of locally compact
spaces.

i) For each quasi-continuous function f on Y, the pull-back ¢*f is quasi-
continuous on X. Thus, one has a homomorphism ¢*: €y(Y) — €o(X).

ii) Under the isomorphisms €o(X) = Co(HX) and €o(Y) = Co(HY), the map
@* coincides with (H¢)*.

Proof. i) Let f € €o(Y) and denote by f the extension of f to a continuous
function on $HY . For each x € X, one has

((99)" F)({z}) = F(96({z}) = F({6(2)}) = f(¢()) = (&"f)(@).

By the previous theorem, ($¢)* f is contained in Cy($HX). By part iii) of theorem
3.54, the pull-back ¢* f belongs to €y(X).

ii) Let A € §X be the limit set of a primitive net (z,), in X. Then $H¢(A) is
the limit set of the primitive net (qﬁ(x,,))y, and

((96)°F)(A) = F(96(A)) =lim [(6(a)) = lim &" [ () = 6 [(4). O

Relation to Tu’s construction of HX

In [55], Jean-Louis Tu associates to each locally compact space a locally compact
Hausdorff space HX. We briefly describe the relation between his construction
and the functor §). As a set, HX consists of all subsets A C X satisfying the
following condition: for every family (V,),ca of open sets such that € V, and
Ve, = X except perhaps for finitely many 2 € A, one has (.4 Vo # 0. This set is
endowed with the topology generated by the families of subsets

Qv :={AeHX | ANV #0}, V C X open,
Q9 :={AeHX |ANQ =0}, Q c X quasi-compact.

Proposition 3.57. X is a subspace of HX.

Proof. We first show that X is a subset of HX. Let (z,), be a primitive net in
X with limit set A and let (Vl)z be a finite family of open subsets of X such that
ViN A # ( for all i. By lemma 3.44, the net (x,), is eventually contained in the
intersection (); Vi, which, therefore, can not be empty.

The fact that the topology on $.X coincides with the subspace topology inher-
ited from HX follows from lemma 3.48 and the relations

QyNHX =4y, VC X open, Q9NHX =4¥ Q C X quasi-compact. [
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The following example shows that the space HX may be very large — from our
point of view, too large — compared to the space $HX.

Example 3.58. Let X be the quotient space of the product [0, 1] x N obtained
by identifying (¢, m) with (¢,n) for each ¢t € (0,1] and all m,n € N. Then $HX
identifies with the disjoint union of the interval [0, 1] and the discrete space {0} xN.
The point 0 € [0, 1] corresponds to the subset {0} x N C X which is the limit of
the primitive sequence (1/n,0), . The space HX identifies with the union of
the interval [0, 1] with the discrete space of all non-empty subsets of N, which is
strictly larger than $H.X.

3.4.3 The Hausdorff functor on locally compact groupoids

The functor $ is compatible with groupoid structures: we show that applied
to a locally compact groupoid, it yields a groupoid again, which, of course, is
Hausdorff. This process preserves r-discreteness. Furthermore, every action of a
locally compact groupoid on a locally compact space X extends to an action of
the same groupoid on the space $H.X, provided some mild hypotheses are satisfied.
We use the latter result to prove the first one. Then we present an alternative
description of the Hausdorff groupoid obtained from a locally compact groupoid.
The general plan of this subsection is inspired by [55], but the techniques and
results are original.

Recall that an action of a topological groupoid G on a topological space X
[18, 46] consists of a continuous map o: X — G and a continuous map p: X, X,
G — X, written p(z,y) =: zy, where X, x, G :={(z,y) € X x G| o(x) =7(y)},
such that

i) o(zy) = s(y) for all (z,y) € X, %, G,
ii) xv =z for all (z,v) € X, x, G° and
i) (zy)y' = z(yy’) for all (x,y,y") € X%, G5, G.
The Hausdorff functor is compatible with groupoid actions:

Proposition 3.59. Let G be a locally compact groupoid with open range and
source maps. Then each continuous action (o, ) of G on a locally compact space
X extends to a continuous action (6, [1) on HX.

Proof. By corollary 3.53, o extends to a continuous map & := Ho: HX — GO.
Let (A,y) € HX5 X, G and let (z,), be a primitive net in X with limit set A.

We construct a primitive net in X with limit set Ay.

Denote by I the set of pairs (v,U) where U is a neighbourhood of y such that

o(x,/) belongs to 7(U) for all v/ > v. Since the range map is open and (o(z,)),

converges to 6(A) = r(y), for each U there exists an index v such that (v,U) € T

forall v > 1y. Put (v,U) > (v/,U") ifv > v and U C U’. Then I is a directed set.
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By construction, for each index (v,U) € I one can choose an element y,y € U
such that 7(y, ) = o(z,).
We show that the net (x,y, /) in X is primitive with limit set Ay. By continuity
of the action of G on X, the set Ay is contained in the limit set of this net. Let x’
be a cluster point of this net. Then o(z’) = lims s(y,,rr) = s(y). By construction,
the point x'yil is a cluster point of the net (xyy,,7Uyl:[1])I = (z,)1. Therefore, it
belongs to A, and hence z’ is contained in Ay.

Thus, we may put fi(A,y) := Ay. The construction shows that the subset
X oxG is dense in HX ;x,-G. By lemma 3.52, the map [ thus defined is continuous.

The fact that (&, 1) defines an action is immediate. O

Let G be a locally compact groupoid with open range and source maps. We
will show that the space HG is a locally compact groupoid again. Denote by
95, 9r: HG — GO the extension of the maps s,7: G — GY. Let (HG)° denote
the closure of G¥ in $G. First, we prove that the maps r,s: G — G° extend to
continuous maps t,s: HG — (HG)°.

Lemma 3.60. Let A € HG.
i) One has A-A71. A= A.
ii) The sets A-A~! and A1 A are subgroups of G:E’:; and ngz‘;, respectively.
iii) The pointwise products A- A~! and A= - A are points in (9G)°.
iv) Let B € HG such that A1 A=B-B7!. Then A- B is a point in HG.

Proof. Let (z,), be a primitive net in G with limit set A. Since the inversion on
G is a homeomorphism, the net (x;!), is primitive with limit set A~

i,ii) Clearly, A C A- A~'. A. Conversely, A- A~ . A is contained in the limit
set of the net (z,2,'2,), = (), which is A. Part ii) follows immediately from
the equations (AA™Y)(AA™Y) = AA™! and (A71A)(A71A) = A~ 1A

ii) Put y, = x 2! for all v. Then A- A~! C lim, y,. On the other hand, if
y is a cluster point of the net (y,),, then s(y) = r(A4), and yA is a cluster point
of the net (y,z,), = (z,), and therefore contained in A. Thus, y is contained in
AA~L. Therefore, the net (y,), is primitive, and lim, y, = A- A~!. Furthermore,
each y, is contained in GY. This proves that the product A - A~! is a point in
(HG)°. The corresponding result concerning A~! - A follows similarly.

iv) Choose € B. By partsi) and ii), one has A-B = A-BB 'z = AA 1Az =
Azx. Consider the multiplication on G as an action of G on itself. Then Az is a
point in HG by proposition 3.59. O

The following two propositions and the ensuing theorem are the key result of
this subsection.
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Proposition 3.61. Let G be a locally compact groupoid with open range map.
Then the maps

t: HG — (HG)°, s5: HG — (HG)°, m: HGx HG — HG, i: HG — HG,
t(A):= AATL s(A) = A7A, m(A,B) := AB, i(A):=A"",

are well-defined. With these operations, HG is a locally compact Hausdorff groupoid.

Proof. The maps t and s and the operations m,i are well-defined by the previous
lemma. It is clear that the multiplication is associative. The fact that with these
operations, G becomes a groupoid, follows from the previous lemma, again.

We show that the map v is continuous, using lemma 3.52. By definition of the
map t and continuity of the map r, one has for each net (z,), in G

t(lim{z,}) = t(limz,) = limz,z,; ! = lim{z,2, '} = limt({z,}).

Continuity of the other maps is proved using the same technique. O
Proposition 3.62. If G is r-discrete, the groupoid HG is r-discrete, too.

Proof. Let V. C G be an open Hausdorff G-set. We claim that the restriction
of the map v to the open subset U := Uy C HG is a homeomorphism with open
image. Put &l := ((97)Lor(V))N(HG)? and t := i, o Hr: 4 — V. We show that
the map t: U — HG given by A — A-t(A) is inverse to ty := t|g and continuous.

Let A € Y. Then $s(A) € A, and hence t(A) is contained in t(A) N V. In
particular, this set is not empty. Therefore, t(A) belongs to L. Furthermore,
€((A)) = (A~ L(A))(A - 1(A) " = A.

Let B € 2U. By definition of U, the intersection B NV is not empty. Since
$Hr(B) consists of just one point and V' is a G-set, this intersection consists of
the unique element z € V satisfying r(z) = $Hr(B) = 9r(B - B~1). Hence,
x =t(B- B~!). By parts i,ii) of lemma 3.60, t(t(B)) = B- B~!-¢(B-B~!) = B.

It remains to show that the map t is continuous. Let (z,), be a primitive net
in 7(V) = GnN4. Then

liint({my}) = lim (zut({z0})) W lim z,, - lim t({z}) = t(lilr/n{xl,}),

where we used primitivity of the net for equality (1). By lemma 3.52, t is contin-
uous.

Since sets of the form U form an open cover of G, this groupoid is r-discrete.

O

Theorem 3.63. The map G — HG extends to a functor from the category of lo-
cally compact groupoids with open range maps together with proper and continuous
groupoid homomorphisms to the category of locally compact Hausdorff groupoids
with proper continuous homomorphisms.
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3.4. NON-HAUSDORFF GROUPOIDS

Proof. Let ¢: G — G’ be a proper continuous homomorphism of locally compact
groupoids. By proposition 3.55, we only need to show that the map $H¢o: HG —
NG is a groupoid homomorphism. This follows easily from the fact that the
inclusions of G and G’ in HG and HG’ are groupoid homomorphisms with dense
images and that the restriction of $¢ to G coincides with ¢. O

Another perspective on HG The groupoid HG can also be described as a
quotient of the transformation groupoid ($G)? x G of the adjoint action of G' on

(5G)°.
Proposition 3.64. There exists an action of G on ($G)° given by the maps
9s: (HG)" — G°, Ad: (HG) 4%, G — (HG)°, (A,z) — 271 Az

The map pu: (HG)? x G — HG given by (A, x) — Az is a continuous surjective
groupoid homomorphism with kernel N = {(A,x) € (9G)° x G | x € A}. The
induced map fi: (HG)” x G)/N — HG is an isomorphism.

Proof. The subspace G*° := {z € G | r(x) = s(z)} of G is closed because r, s are
continuous and G is Hausdorff. Hence, G is locally compact. The restriction
of the source map of G to G**° and the map G*°; x, G, (z,y) — y~'zy, define
a continuous action of G on G*°. By proposition 3.59, this action extends to an
action of G on $(G%°). Clearly, this action restricts to an action on G°. Since
(9G)? is the closure of GY in $(G*°), the extended action restricts to (HG)°.

We show that the map y is a groupoid homomorphism. Let (A, z) € (HG)?xG.
Since each element A € ($G)" is a group, one has

r((A,x)) =A=A - A7 =v(Az), s((A,z)) = Ad(A,z) = 2 ' Az = s(Ax).

Furthermore, for each composable pair of elements (4,x),(A’,2") € (HG)° x G,
one has v~ 1Az = s(A,x) = r(A’,z') = A’ and therefore

M((A,.%))M((Al,x/)) = Az A’z = Adaa’ = M((A7xx/)) = U((Avx)(Al7x/))'

Next, let us show that the kernel of p is N. If (4,z) € (HG)? x G and Az is
contained in ($G)°, then 27! belongs to A. Since A is a group,  must be an
element of A.

To see that p is surjective, let A € HG. Then A = AA~ 'z for each element
x € A, and hence A = t(A)z = u((x(4),x)).

The proof of proposition 3.59 shows that G x,. G is dense in (HG)%gs %, G.
An application of lemma 3.52 shows that p is continuous. The induced map [ is
a bijection by construction, and a homeomorphism by lemma 3.52, again. O
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3. APPLICATIONS TO LOCALLY COMPACT GROUPOIDS

3.4.4 The Khoshkam-Skandalis construction

In [23], Mahmood Khoshkam and Georges Skandalis construct left regular repre-
sentations of locally compact groupoids which are not necessarily Hausdorff. An
important step is the definition of a C*-module L?(G, A~') which carries the rep-
resentation. Our interest in this module arose from the fact that it is the main
ingredient for the construction of pseudo-multiplicative unitaries for non-Hausdorff
groupoids — the unitary itself again will be given by the same formula as in the
Hausdorff case. In the following, we show that if G is r-discrete and A and \" are
the Haar systems on G and $G, respectively, given by the families of counting
measures, the C*-module L?(G, \) coincides with L2($G, \'~1).

Let us first indicate the problem encountered when constructing L?(G,A71).
A natural approach in the non-Hausdorff situation would be to equip the space
C#“(G) with the operations

lE)(w) = /G @A (@), (€f)(x) = E(@) f(s(x),
z € G, ¢ € CIG),

to obtain a pre-C*-module over Cy(G?). However, C¢(G) need not be closed under
multiplication, and hence the integrand need not be quasi-continuous. Therefore,
the inner product, as a function on G, need not be continuous. A natural solution
of this problem is to enlarge Co(G") suitably. The inner product can be rewritten
using the convolution *-algebra structure on C¢“(G) which is given by

)@= [T NI ). ) = e,
z € G, e CLQ).

Then for all n,¢ € CI°(Q), one has

(nl&)(v) = /G n(z1E(2™ N (z) = (" % E)(v), v e G

We briefly summarise the approach of Khoshkam and Skandalis [23]. Put D :=
{flgo : f € CI(G)}. Denote by Bo(G®) the C*-algebra of all bounded Borel
functions on G vanishing at infinity, equipped with the supremum norm. Then
D C By(GY), and the C*-subalgebra generated by D is isomorphic to Co(Y") for
some locally compact Hausdorff space Y. The algebraic tensor product C&“(G) ®
Co(Y), equipped with the operations

(n®alE®b) :=a"(Né)b, (nGa)b:=noab, n,&eC¥QG), abe CyY),

where the inner product (n|¢) is the one given above, is a pre-C*-module over
Co(Y). If G is Hausdorff, the completion of this pre-C*-module coincides with
L2(G,\1). Following [23], we keep this notation also in the general case.
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3.4. NON-HAUSDORFF GROUPOIDS

Now, the problem is that the space Y arises from an abstract definition with
no illuminating connection to the topology on G. The groupoid HG facilitates
a geometric description of this space and the C*-module L?(G,A7!). Identify
Co((9G)°) and Cy(Y') with subalgebras of Bo(G") via the transpose of the dense
inclusion G° — (HG)° and the canonical isomorphism, respectively.

Proposition 3.65. One has Co((HG)°) = Co(Y) as C*-subalgebras of Bo(G?).

Proof. By the Tietze extension theorem, the restriction map €y(G) = Cy(HG) —
Co((HG)") C Bo(GY) is surjective. Since €y(G) is generated as a C*-algebra by
C¥(@Q), the C*-algebra Co((HG)°) is generated by the image of C¢°(G) which is
exactly D. O

We denote by 75: Cop(Y) — B(G) the x-homomorphism given by (75f)(z) =
f(s(x)).

Proposition 3.66. Consider the map ®: CZ(G) ® Co(Y) — Bo(G) given by
P(E@a)(x) :=ms(a)é(z), x € G. Let G be r-discrete and let \,\' denote the Haar
systems on G and HG, respectively, given by the families of counting measures.

i) B(CE(G) © Co(Y)) = €.(G).
ii) ® extends to an isomorphism L*(G,\71) — L2(HG, N 1.

Proof. 1) We only need to show that the image of @ is closed under multiplication.
In fact, it is enough to show that it is equal to the pointwise product C¢(G) -
C(@), since then

Im®-Im® = 7,(Co(Y)) CIQ) - m(Co(Y)) CI(G)

C

= ms(Co(Y)) - CF(G) CE(G) = 5(Co(Y)) Im(®) = Im(®).

The inclusion Im® C C°(G) - CI(G) is easy to see. Let us prove the reverse
inclusion. Let U and V' be Hausdorff open subsets of G and let f € C.(U),g €
C.(V). Choose a function h € C,(U~!) which is equal to 1 on (supp f)~!. Then
for each = € supp f, one has f(z) = (h* f)(s(z)) and hence (g - f)(z) = g(z) -
(h* f)(s(x)). Since (f - g)(x) = 0 whenever = ¢ supp f, we conclude that f-g =
®(g © e(h % f)), where € denotes the restriction map B.(G) — B.(GP).

ii) By part iv) of proposition 3.54 and part i), the image of ® identifies with
C.(9HG). To see that ® extends to an isomorphism, it is enough to show that

<77 © a‘g © b>L2(G,)\—1) = <<1)(77 © a){q)(é O] b)>L2(5’)G,X—1)

for all n ©® a,& ©® b € CI(G) ® Co(HG). Since the inclusion G° C (HG)° is
dense, it suffices to check that the restrictions of both inner products, considered
as functions on (HG)?, to GV coincide. Let v € GY. Note that the fibre G,
is contained in (G)y,y, but also vice versa because for each A € HG, the set
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3. APPLICATIONS TO LOCALLY COMPACT GROUPOIDS

s(A) = A7 . A consists of one element if and only if A consists of only one
element. Hence,

(19 al€ © B i x 1) (0) = A(W) 3 e (@)
2€Gy
= Y enoo(s)) - eEob){s})

{=}e(9G) (1)
= (2 © a)|2(E O b)) 1> (g n-1){V}): D

This proposition answers the question for the construction of a pseudo-multipli-
cative unitary or a pseudo-Kac system for an r-discrete non-Hausdorff groupoid G:
starting from a C*-module L?(G, \) which is defined analogously to the C*-module
L?(G, A1) studied above, and proceeding in the canonical way, one obtains noth-
ing else but the pseudo-multiplicative unitary and the pseudo-Kac system associ-
ated to the Hausdorff groupoid HG.

For a locally compact groupoid G which is not r-discrete, the question is still
open. Again, given the C*-bimodule L?(G,A7!), it is clear how to proceed, but
we do not see yet what the objects obtained would tell us about the groupoid.
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Concluding remarks

Let us briefly mention some questions and points for further study.

Theory of pseudo-multiplicative unitaries Certainly, much of the theory
developed for multiplicative unitaries on Hilbert spaces should generalise to pseudo-
multiplicative unitaries on C*-modules. It might be interesting to study the com-
pact and the commutative case [3, 4] in detail.

Beyond homogeneity In this thesis, we approach to the problems arising from
the internal tensor product of C*-bimodules algebraically, introducing a kind of
grading by semigroups. This approach is quite restricted — e.g. it does not cover
the left regular representation of a groupoid on the C*-module L?(G, \). It would
be very desirable to develop similar techniques analytically, without homogeneity
restriction.

Locally compact groupoids Consider pseudo-multiplicative unitaries associ-
ated to locally compact groupoids. The main problem arising if the groupoid is
no longer decomposable is the definition of the functor .S which, in the decom-
posable case, is given by (C, p) — ((C,p) © .7, my2). All other components of the
right leg of the associated pseudo-Kac system still make sense: the formula for the
map A, the algebra Sy and the coaction dy. A rough approximation might be to
take for S(C,p) the commutant of 1 © Ady(C}(G)) in Lo(C © L?(G, \)), where
Ady(CHG)) C LCO(GO)(LQ(G, A)) denotes the C*-algebra of the right regular rep-

resentation.

Equivariant K K-theory Parallel to [2], one could consider coactions of C*-
families on C*-(bi)modules and introduce equivariant K K-theory with respect
to coactions of C*-families. Given a pseudo-Kac system, we expect the reduced
crossed product constructions to generalise to coactions on C*-(bi)modules and to
yield descent homomorphisms on the equivariant K K-theories associated to the
two legs of this pseudo-Kac system. As in the classical situation, the duality theo-
rem should imply that these homomorphisms are, in certain cases, isomorphisms.
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Appendix A

Background

A.1 Miscellaneous

An inverse semigroup is a semigroup X with an involution ¥ — X,0 +— o7,
such that co*c = o for all ¢ € X. The natural partial order on ¥ is given by
o < 1 :& 0 = 7€ for some idempotent € € 3.

Let X be topological space. A partial homeomorphism of X is a homeomor-
phism ¢: Dom(¢) — Im(¢) where Dom(¢) and Im(¢) are open subsets of X.
Together with composition and inversion, the set of partial homeomorphisms of a
fixed topological space form an inverse semigroup. We denote this semigroup by
PHom(X).

A partial homeomorphism ¢ € PHom(X) induces mutually inverse isomor-
phisms

¢«: Co(Dom(¢)) — Co(Im(¢)), (¢uf)(2) : =

For two partially defined maps ¢, defined on open subsets Dom(¢), Dom(v))
on X with values in another topological space Y, we put ¢ A ¢ = ¢|y = |y
where V' = int{x € Dom(¢) N Dom(¢)) | ¢(x) = ¢(x)}. For ¢,9 € PHom(X), the

map ¢ A is a partial homeomorphism onto its image.
Lemma A.1. One has (pA) ™! = ¢~ AU and (¢' AP )o(pA)) < (¢ 0p)A () or))
for all ¢, ¢4,y € PHom(X). O

A.2 (C*-algebras [9, 34]

A x-algebra is a complex algebra A with an anti-linear anti-automorphism *: A —
A called the involution of A. A x-homomorphism between two *-algebras is a
homomorphism of complex algebras intertwining the respective involutions. A
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C*-norm on a x-algebra A is a norm which satisfies the C*-equation ||a*a|| = ||a||?
for all @ € A. If A is complete, it is called a C*-algebra.

Let A be a C*-algebra. An element a € A is a partial isometry if aa*a = a, an
isometry if a*a = 1, a unitary if a*a = aa™ = 1, self-adjoint if a = a*, a projection
if @ = a* and a® = a, positive if it can be written in the form a = b*b for some
b € A. The natural order on A is given by a > b :< a — b is positive. An element
a € Ais central if it commutes with every element of A, i.e. if ab = ba for all b € A.
The set of all central elements of A is a commutative C*-subalgebra, denoted by
Z(A).

An approzimate unit for A is a net (u, ), of elements of A satisfying lim, u,a =
a = lim, au, for all a € A. Every C*-algebra contains an approximate unit
consisting of positive elements which have norm less than 1.

An ideal of A is a two-sided ideal in the algebraic sense which, in addition, is
closed with respect to the involution and with respect to the norm.

The unitisation of A, denoted by AT, is the C*-algebra with underlying vector
space A @ C, multiplication (a, ) - (a’,N) = (ad’ + Aa’ 4+ aX',A\X), involution
(a,\)* = (a*,)), and norm ||(a, \)|| = sup{|jaa’ + \d'|| : @’ € A, ||d’|| < 1}. The
algebra A is contained in A1 as a two-sided ideal.

A multiplier of A is a pair (S,T) of maps A — A satisfying

S(ab) = S(a)b, T(ab) = T'(a)b, b*S(a) = T(b)*a, a,be A

The set of all multipliers of A forms a C*-algebra with respect to the operations
(S, 7))+ (8", T") = (S+ S, T+T"), (S,T)(S",T") := (S8, T'T), (S,T)* := (T, S)
and with respect to the operator norm ||(S,T)| = sup{||Sal|| : a € A, |a] < 1}.
It is called the multiplier algebra of A and denoted by M(A). The algebra A is
contained in M (A) as a two-sided ideal via a — (Lg, Lg+) where L,b := ab,a,b €
A.

Let A and B be C*-algebras. A x-homomorphism from A to B is a homomor-
phism ¢: A — B of algebras which intertwines the involutions on A and B. A
s-homomorphism is automatically continuous. A #-homomorphism ¢: A — M(B)
is non-degenerate if $(A)B = B. In that case, ¢ extends uniquely to a -
homomorphism M (A) — M (B).

A linear map ¢: A — B of C*-algebras is positive if it preserves the order. A
positive map is always continuous.

An automorphism of A is a *x-isomorphism. For each unitary element u €
A, the map Ad,: A — A given by a — wuau* is an automorphism. A partial
automorphism of A is a *-isomorphism a: Dom(«) — Im(«) where Dom(«) and
Im(a) are closed ideals of A. For notational convenience, we denote the inverse of
a partial automorphism « by a*. We denote the inverse semigroup of all partial
automorphisms of A by PAut(A).

The category of all commutative C*-algebras and non-degenerate *-homomor-
phisms is equivalent to the category of all locally compact Hausdorff spaces with
proper continuous maps. This correspondence is established as follows:
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Let X be a locally compact Hausdorff space. Then the algebra Cy(X) of
complex-valued functions vanishing at infinity, equipped with the supremum norm,
is a commutative C*-algebra. The multiplier algebra M (Cy(X)) is canonically
isomorphic to the algebra Cy(X) of all bounded continuous functions. A map
¢: X — Y between locally compact Hausdorff spaces induces a non-degenerate
s-homomorphism ¢*: Cy(Y) — M(Cy(X)) via (¢*f)(x) = f(¢(x)). The image
of ¢* is contained in Cy(X) if and only if ¢ is proper.

Let A be a commutative C*-algebra. A character on A is a non-zero -
homomorphism A — C. Denote by A the set of all characters of A endowed
with the weakest topology making all functions of the form x — x(a) where a € A
and x € A continuous. Then A is a locally compact Hausdorff space, and the
Gelfand-Naimark theorem says that the natural map A — Cy (ﬂ) is a natural iso-
morphism. Each #-homomorphism ¢: A — B of commutative C*-algebras induces
a continuous map ¢*: B — A via X — X 0 Q.

A representation of a C*-algebra on a Hilbert space H is a *-homomorphism
into the C*-algebra B(H) of bounded operators on H. It is called faithful if it is
injective.

A state on a C*-algebra A is a positive linear functional of norm one. The
GNS-construction associates to a state a representation as follows. Denote by H ,
the completion of A with respect to the semi-norm a — 7(a*a), and by a — @
the canonical map A — H,. Then H, is a Hilbert space with respect to the inner
product (a|b) := 7(a*b), a,b € A. For each a € A, the map b — ab, b € A,
defines a bounded operator 7.(a) on H;, and the map n.: A — B(H) is a *-
homomorphism.

The enveloping C*-algebra of a x-algebra A is the completion of A with respect
to the semi-norm

la| ;== sup{||¢(a)|| : ¢: A — B a #-homomorphism, B a C*-algebra}, a € A,

provided that the supremum is finite for each a € A.

Let A and B be two C*-algebras. Then the algebraic tensor product A ® B
is a *-algebra. A C*-tensor product of A and B is the completion of A ® B with

max

respect to some C*-norm. One example is the mazimal tensor product A ® B
which is the enveloping C*-algebra of A ® B.

A C*-algebra A is nuclear if for each C*-algebra B there exists only one C*-
norm on A ® B. For each Hilbert space H, the C*-algebra K(H) of compact
operators is nuclear. If X is a locally compact space, the C*-algebra A = Cj(X)
is nuclear. For every C*-algebra B, the C*-tensor product Cy(X)® B is isomorphic
to the C*-algebra of all continuous functions on X with values in B vanishing at
infinity, equipped with the supremum norm.
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A.3 C*-modules [47, 29]

Let A be a C*-algebra. A pre-C*-module over a dense *-subalgebra Ag C A is a
complex vector space E equipped with a right module structure over Ag and an
inner product which is a sesqui-linear map (—|—) from E to Ay satisfying

me)" = &lm),  (mlga) = Ml§)a,  €l§) =0 and  (£§) =0 £=0

for all n,§ € F and all a € Ap. The inner product induces a norm on E via
€]l == [[{€]€)|V/2, € € E. If E is complete with respect to this norm and Ag = A,
it is called a right C*-module over A. If not, the structure maps extend to the
completion which becomes a C*-module over A.

A basic example of a C"*-module is the C'*-algebra A itself, with inner product
(alb) := a*b and the obvious right module structure.

Let E and F be C*-modules over A. An adjoint of a map T: E — F is
a map S: F — FE satisfying (n|T¢) = (Sn|¢) for all n € F and £ € E. If it
exists, the adjoint of T is unique; it is denoted by T*. In this case, T and T*
are bounded, A-linear and satisfy the C*-equation ||T||?> = | T*T|| = ||T*||?>. The
space of all adjointable operators from E to F'is denoted by L4(E, F). If E = F,
this space is also denoted by L4(E). Equipped with the natural operations and
the operator norm, it is a C*-algebra. The space L4(FE,F'), equipped with the
inner product (S|T) := S*T and the right module structure given by composition
LA(E,F)oLs(E) — La(E,F), becomes a C*-module over L4(E).

For each pair of elements { € E and n € F, the map |n)(¢|: E — F given by
¢ — n(&|¢) defines an operator E — F'. Its adjoint is given by the map [£)(n|: F —
E. An operator T' € L4(E,F) is called compact if it can be approximated in
norm by linear combinations of such elementary operators. The set of all compact
operators is denoted by K 4(F, F'). If E = F, this space is also denoted by K 4(F).
If E = A, the space K 4(A, F) identifies with F via |n){a| = na*, n € F,a € A.

The composition of a compact operator with an arbitrary operator is compact
again, whence K 4(FE) is an ideal in L4(E). One has L4 (E) = M(Ka(E)).

The strict topology on L o(E, F) is the topology generated by the family of sets

Unge:={T € La(E, F) : [[n = T¢|| < e and [|T"n — &[] < €}

where n € F, £ € F and € > 0. Thus, a net of operators (T,), converges to an
operator T if and only if for each € € F and € E’, the nets (T,,€), and (T;n),
converge to T¢ in F' and T € E, respectively. The subset K 4(E, F') is dense in
L4(E, F) with respect to the strict topology.

Let F and F be C*-modules over C*-algebras A and B, respectively, and let
A ® B be a C*-tensor product of A and B. Then the algebraic tensor product
E ® F, equipped with the structure maps
Eong on) =& e mn), Eonla@bd):=Zaonb,
£, €E,nn e€F,acAbeB,
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is a pre-C*-module over A ® B C A ® B. Its completion is called the external
tensor product of E and F' and denoted by F ® F.

A representation of A on F is a x-homomorphism 7: A — Lp(F). It is called
non-degenerate if 1(A)F = F. A C*-module over B with a representation of A is
called a C*-A-B-bimodule. If the representation is not clear from the context, we
denote it explicitly and write (F, ) for the C*-B-A-bimodule. By a C*-bimodule
over A without further specification we mean a C*-A-A-bimodule.

The internal tensor product E @, F is defined as follows. The algebraic tensor
product ¥ ® F' carries an inner product and a B-module structure given by

Eone o) = mr(EEVe)n) p,  (E@n)b:=E@nb,
&, eE nn eF beB.

These operations descend to the quotient (E ® F)/N over N = {( € E® F |
(€|¢) = 0}, which becomes a pre-C*-module over B. Its completion is called the
internal tensor product of E and F. 1t is denoted by F ®, F or E ®, F if the
representation 7 is implicit.

If the representation 7 is non-degenerate, the map a ®, n +— 7(a)n defines an
isomorphism A ®, F = F.

Let B be a C*-subalgebra of A. A conditional expectation p: A — B is a
positive linear projection satisfying p(ba) = bp(a) and p(ab) = p(a)b for all a € A
and b € B. Denote by A, the completion of A with respect to the seminorm
la| :== p(a*a), and by a — @ the canonical map A — A,. Then A, is a C*-module
over B with respect to the inner product (ala’) := p(a*a’), a,a’ € A and the
right module structure @b := ab, a € A,b € B. For each a € A, the map @ —
ad’, a' € A, defines an operator mp(a) on A,, and the map m,: A — Lp(A,) is a
*-homomorphism. The construction of A, and 7, is called the Rieffel construction.

A.4 Bundles and modules over locally compact spaces

Co(X)-Banach modules and Cy(X)-algebras [22, 10, 4] Let X be a locally
compact Hausdorff space. A right Cy(X)-Banach module is a Banach space M
with a right Cp(X)-module structure such that ||mf| < ||m||||f|| for all f € Co(X)
and m € M. It is called non-degenerate if MCy(X) = M. Each C*-module over
Co(X) is a Cp(X)-Banach module. A Cy(X)-algebra is a C*-algebra A with a fixed
non-degenerate s-homomorphism Cy(X) — ZM(A). A Cp(X)-homomorphism of
Co(X)-algebras is a *-homomorphism which intertwines the respective module
structures.

Let F be a closed subset of X and put Ir := {f € Co(X) : f|r = 0}. Then
the quotient Mg := M/(MIf) becomes a Cy(F')-module, called the restriction of
M to F. The fibre of M at a point z € X is the Banach space M, := M. The
quotient map M — M, is denoted by m +— m,.
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Let Y be a locally compact Hausdorff space. Let A be a Cy(X)-algebra and
B be a Cy(Y)-algebra. Then the maximal tensor product A '® B becomes a

Co(X x Y)-algebra. If X =Y, the restriction of A'® B to the diagonal AX) =
{(z,z) | v € X} C X x X is called the Cy(X)-tensor product of A and B and
denoted by A ®¢,(x) B-

If p: A— A" and ¢: B — B’ are Cy(X )-homomorphisms of Cy(X)-algebras,
the functoriality of the maximal tensor product yields a Cy(X)-homomorphism
b @cy(x) VP A®cyx) B — A" ®cy(x) B'. Likewise, if $: A — C and ¢: B — C
are Co(X)-homomorphisms of Cy(X)-algebras with commuting images, the map
c®d— ¢(c)y(d) defines a Cp(X)-homomorphism ¢ X ¢ (x) ¥: A ®cyx) B — C.

If p: Y — X is a continuous map, the pull-back p*A = A ®¢,(x) Co(Y) is a
Cy(Y)-algebra, where the Cy(Y')-action is given by multiplication on the second
factor. Here, Cy(Y") is considered as a Cy(X)-algebra via the homomorphism p*.

Banach bundles, Hilbert bundles and C*-bundles [9, 10] Let X be a
locally compact space, not necessarily Hausdorff. An upper semi-continuous/conti-
nuous Banach bundle on X is a topological space F with an open continuous
surjection p: E — X such that

i) for each point z € X, the fibre E, := p~!(z) is endowed with a Banach
space structure,

ii) the maps C x E — E and E xx E — FE given in each fibre by scalar
multiplication and addition, respectively, are continuous,

iii) the map E — R given by the norm in each fibre is upper semi-continuous/con-
tinuous,

iv) for each point x € X and each neighbourhood W of the zero 0, over x in F,
there exist a number ¢ > 0 and a neighbourhood U of x such that the set
{e€p~1(U) : ||| < €} is contained in W.

A bundle morphism between two upper-semicontinuous/continuous Banach bun-
dles F and E’' on X is a continuous map ¢: £ — E’ which intertwines the pro-
jections onto X and whose restriction to each fibre F,,xz € X, is a linear operator
¢r: E; — E! bounded by a constant C' not depending on x.

A continuous Hilbert bundle is a continuous Banach bundle each of whose fibres
is a Hilbert space, with the additional condition that the map F x x £ — C given
in each fibre by the interior product should be continuous.

An upper semi-continuous/continuous C*-bundle is an upper semi-continuous/
continuous Banach bundle each of whose fibres is a C'*-algebra, with the additional
condition that the maps £ xx F — E and F — F given in each fibre by multi-
plication and the involution, respectively, are continuous.

For an open subset U C X, the space of all continuous sections of p over U
is denoted by I'(U, E). The subspaces of compactly supported sections and of all
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sections vanishing at infinity are denoted by I'.(U, E) and T'¢(U, E), respectively.
We abbreviate I'(E) :=T'(X, E).

The correspondence [10] Let X be a locally compact Hausdorff space.

A Cp(X)-Banach module M is called conver if for all elements m,m’ € M
and all non-negative functions f and f’ in Cy(X) satisfying f + f' < 1, one has
Imf+m/f'|| < max{||m]|,|m'||}. Every Co(X)-algebra as well as every C*-module
over Cp(X), considered as a right Banach module over Cy(X), is convex.

Lemma A.2. Let E be a C*-module over a Co(X)-algebra A. Denote the map
Co(X) — ZM(A) by p. Then E is a Co(X)-module via & - f :==Ep(f),E € E, f €
Co(X) and as such non-degenerate and conver.

Proof. The Cy(X)-module E is non-degenerate since ECy(X) = EA - Cy(X) =
E-A = FE. The linking algebra K 4(A@® E), considered as a Cy(X)-algebra via the
map Co(X) — La(A® E) given by (a,&)f := (p(f)a,&p(f)) where (a,€) € A®E
and f € Cy(X), is convex, and hence so is the Cy(X)-submodule E C K5(AG E).
Here, we consider F embedded in K4(A @ E) via &(a,n) := (0,£a). O

The category of non-degenerate convex Banach modules over Cy(X) is equiv-
alent to the category of upper semi-continuous Banach bundles over X. Under
this equivalence, C*-modules over Cy(X) correspond exactly to continuous Hilbert
bundles over X, and Cy(X )-algebras correspond exactly to upper semi-continuous
C*-bundles over X. The equivalence is established as follows.

Let E be a Banach bundle on X. Then the space of sections I'g(E), equipped
with the supremum norm, is a Banach space. Pointwise multiplication of sections
with functions endows I'g(E) with the structure of a convex C¢(X)-module. For
each point x € X, the evaluation at = defines an isomorphism of fibres I'g(E), =
E,.

Let M be a non-degenerate convex Cy(X)-module. Denote by Bd(M) the dis-
joint union [ y M, of the fibres of M, by p: Bd(M) — X the obvious projection
map, and for each element m € M, by o(m) the map X — Bd(M),x — m,. Then
the set Bd(M) can be equipped with a topology such that p: Bd(M) — X be-
comes an upper semi-continuous Banach bundle and the map m — o, is an
isometric isomorphism M = T'o(Bd(M)).

Let E and F' be C*-modules over Co(X). Then the space K¢, x)(E, F), con-
sidered as a Banach module over Cy(X), corresponds to a continuous Banach
bundle whose fibre over x € X is K(E,, F;). If E = F, this bundle is a continu-
ous C*-bundle.

A.5 Locally compact groupoids [45, 41, 25]

Basic definitions A groupoid is a small category in which every morphism is
invertible. Equivalently, a groupoid consists of a set of morphisms G, a set of

153



units G° C G, two maps 7,5: G — G called the range and source maps, and a
composition map o: G ¢x,G — G, where G x,,G = {(z,y) C GXG | s(x) =r(y)},
subject to the following conditions:

i) r(zoy) =r(z) and s(zoy) = s(y) for all (z,y) € Gs%, G,
ii) r(z)ox =z =zos(x) forall z € G,
iii) 7(u) = u = s(u) for all u € G°,
iv) (xoy)oz=zo(yoz) forall (z,y,2) € GsX, Gsx; G,

v) each z € G has an inverse 27! € G such that zox ™' =r(z) and z oz =

s(x).

Denote the fibres of the range and source maps by G* = r~!(u) and G, = s~ !(u),
u € GY, respectively.

A topological groupoid is a groupoid equipped with a topology on its set of
morphisms for which the inversion and the composition are continuous. Then
both the range and source map are continuous, too. The topological groupoid
is called locally compact if its topology is second countable, locally compact and
if additionally the space of units and the fibres of the range and source map are
locally compact and Hausdorff. Here, a topological space is locally compact if each
of its points has a compact neighbourhood [23, 55].

Let G be a locally compact groupoid. An subset U C G is a G-set if the
restrictions r|y: U — r(U) and s|y: U — s(U) are bijections. A locally compact
groupoid G is called r-discrete if G can be covered by open G-sets U C G for
which the restrictions r|;; and s|; are homeomorphisms onto open subsets of G°.

Let G and G’ be topological groupoids. A map ¢: G — G’ is a homomorphism
if it is continuous and a functor of small categories.

Let G be a locally compact groupoid. A left Haar system for G is a family of
measures \* on G¥, u € G°, such that

i) for each u € G°, \* is a regular Borel measure with support G%,
ii) for each open Hausdorff subset U C G and each f € Cy(U), extended
by 0 to a (not necessarily continuous) function on G, the function u +—

Ju f(z) dXN*(x) on G is continuous,

iii) for each x € G, each open Hausdorff subset U C G and each f € Cy(U), one
has

/ F(y) dN@) () = / fay) dXE@ (y).
r(z) s(x)
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The associated right Haar system is the family of measures A\;! := i,(A\%) on
Gu,u € GY, given by the push-forward of the family A with respect to the inversion
map i: G — G, z+— L.

If G is r-discrete, the fibres of the range map are discrete, and the family of
counting measures on these fibres forms a left Haar system on G.

Assume that G is Hausdorff. The Hilbert bundle L?(G,\) over G° is con-
structed as follows. The space C.(G), equipped with the operations

(nl&)(u) := /Gu n(x)€(x)dA" (z), (£)() = &) f(r(z)),
where £, € C.(G), f € Co(G°) and = € G,u € GY, is a pre-C*-module over
Co(G®). We denote its completion and the Hilbert bundle corresponding to this
C*-module both by L?(G, \). Its fibres are the Hilbert spaces L? (G%, \*) ,u € G°.

If G is not Hausdorff, this definition has to be adapted, see [23, 55] and section
3.4.

Fell bundles [25, 65] Let G be a locally compact groupoid, not necessarily
Hausdorff. Given a Banach bundle E on G, we denote by EY the restriction
of E to G° and by E? the restriction of E x E to G 4%, G. An upper semi-
continuous/continuous Fell bundle on G is an upper semi-continuous,/continuous
Banach bundle p: E — G together with a continuous multiplication map E? — F
and an involution *: E — FE satisfying

i) p(erez) = ple1)p(ez) and p(e*) = p(e) ™,

ii) the induced map E, x E, — E, is bilinear for each pair (z,y) € G 3%, G,
and the induced map E, — F_-1,e — ¢e*, is conjugate linear for all x € G,

ili) (e1e2)es = e1(ezes), (e1e2)* = ebe] and (e*)* =,
iv) [lerea]l < [lerllllez]| and |le*e| = [le]|* and
v) efe >0

for all e € F and (e1,e3) € E?. For each u € G, the fibre E, is a C*-algebra, and
for each x € G, the fibre £, is a C*-bimodule over E,(,) and E,). In particular,
the restriction of E to G is an upper semi-continuous/continuous C*-bundle, and
[o(EY) is a C*-algebra.

Let (E,p) and (E’,p’) be Fell bundles on G. A map ¢: E — E’ is a Fell
bundle morphism if it is a bundle morphism and intertwines the structure maps,
i.e. gp(e)* = ¢(e*) for all e € E and ¢(e)p(ea) = ¢erez) for all (e1,ez) € E2
If these conditions are satisfied, then for each v € G°, the map ¢,: E, — E! is
a *-homomorphism of C*-algebras and bounded of norm less than or equal to 1.
Since |le|]| = ||e*e|| for each e € E, one has ||¢(e)|| < ||e|| for all e € E.

The trivial Fell bundle on G is the bundle C x G on G with obvious structure
maps.
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Examples

i)

ii)

iii)
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The effective groupoid of a locally compact Hausdorff space X is constructed
as follows. For each z € X, let PHom (X), denote the set of equivalence
classes of all partial homeomorphisms defined on an open neighbourhood of
x, where two maps are identified if they agree on some neighbourhood of .
The equivalence class of a partial homeomorphism ¢ is called the germ of ¢ at
x and denoted by [¢, 2]. The disjoint union PHom (X) := J,c x BHom (X),
is a groupoid with unit space {[id,z] | z € X} = X. Its range and source
map, the inversion and the composition are given by

7“([¢,x]) = ¢($), 8([¢,IIJ]) =,
[, 2] = [, o(2)], [6,%(y)] o ¥, y] = [P o, yl.

Sets of the form [¢] := {[p,z] | x € Dom(¢)}, ¢ € PHom(X), form a basis
for a topology on PHom (X). With respect to this topology, PHom (X)
is r-discrete. We call PHom (X) the effective groupoid of X. For [p,x] €

PHom (X), put [z, 4] := [¢, ¢~ (x)].

Let ~ be an equivalence relation on a locally compact Hausdorff space such
that ~ is closed as a subset of X x X. To such an equivalence relation,
one can associate a locally compact Hausdorff groupoid G .. as follows. As a
locally compact space, G~ is just the subspace ~ of X x X with the induced
topology. The space of units of G. is X. The range and source maps,
inversion and composition are given by

7"(1’73/) =z, s(x,y) =Y (xay)il = (y7x)7 (xay) : (yaz) = (.%',Z),
for all x,y, 2z € X satisfying z ~ y and y ~ z.

Let X be a locally compact Hausdorff space with a right action « of a discrete
group G by homeomorphisms. The transformation groupoid X X, G is the
locally compact Hausdorff space X x G endowed with the following structure.
The space of units of X x, G is X x {e} = X, where e denotes the unit of
G. The range and source maps, the inversion and the composition are given
by

r(z,9) =z, s(z,9) = ag(x),
(.%',g)il = (ag(m)hqil)v (Hf,g) : (ag(x)vgl) - mvggl)a
respectively.

Let Ag denote the left Haar system on G. For each x € X one has (X %,
G)* = {x} x G. The family A& = §, x A\g,z € X, is a left Haar system
on X %, G.
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Index

C,m)ez
internal tensor product of a
C*-A-algebra with a C*-pre-
family, 54

C*-module with a represen-
tation, considered as a C*-
bimodule, 151

AeOB
algebraic tensor product, xi
C*-bimodule, 151
Cr(F)
reduced C*-algebra of a Fell
bundle, 118
Cia
category of C*-A-algebras, 54
€(X), €o(X)
x-algebra and C*-algebra of
a locally compact space, 135
Cov(C,m)
family of all homogeneous ele-
ments of (C,7), 54
Cov(E), €ov(A)
family of all homogeneous el-
ements of a C*-bimodule/C*-
algebra, 25
Cov(Q)
family of open covariant sub-
sets of a groupoid, 96
Covy(G)
the ¢-covariant subset of a
groupoid, 96

EFEeF FoF
internal tensor products of C*-
bimodules, 38
67), 167}, |E)
abbreviations for #4 (A, E"),
HA(AET) and K4 (A, E), 45
GO
space of units of a groupoid,
154

G, Gy
fibres of the range and source
map of a groupoid, 154
@, g
families of open G-sets, 120
Gsx, G, Grx, G
fibre product, 154
H(E), X (E,E)
C*-family of compact homo-
geneous operators, 13
HL (B, E)
space of all (3, a)-compact op-
erators, 13
L?(G, \)
the canonical C*-module of a
groupoid, 155
Z(E), Z(E,E)
C*-pre-family of all homoge-
neous operators, 9
LB, F)
space of all (3, a)-homogene-
ous operators, 9
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multiplier C*-pre-family, 12
fibre of a Banach module, 151

structure C*-family of a C*-
bimodule, 30

PAut(A)
inverse semigroup of all par-
tial automorphisms of a C*-
algebra, 148

PHom(X)
inverse semigroup of all par-
tial homeomorphisms of a spa-
ce, 147

PHom (X)
the effective groupoid of a spa-
ce, 156

(. A), (Z,A)
left /right Hopf C*-(pre-)fami-
lies, 38

(7, A), (<, A)
left /right Hopf C*-(pre-)fami-
lies, 24, 39

(y0780)7 (g0750)7 (y0750)7 (80750)
canonical coactions of a pseu-
do-Kac system, 76

(S,4), (8,A)
functor and transformation as-
sociated to a left/right Hopf
C*-family, 56

(S,A), (S,A)
functor and transformation as-
sociated to a left/right Hopf
C*-family, 77

T RS, 72 R:C, ) R4 ¢
internal tensor product of ho-
mogeneous operators, fami-
lies and morphisms, 16
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T®:S, ZR:F, Y Qs
internal tensor product of ho-
mogeneous operators, fami-
lies and morphisms, 22

V
the family of unitaries dual
to V, 72, 74
Z(A)
centre of a (C*-)algebra, 148
(4]
basic open subset of PHom (X),
156
Ad,

inner automorphism of a C*-
algebra given by conjugation
with the unitary element wu,
148

I'(U,E), T.(U,E), To(U,E), T¥(E)
spaces of sections of a Ba-
nach bundle over an open set,

153

a*
inverse of a partial automor-
phism, 148

By p
compatible partial automor-
phisms, 14

XU

support function of an open
G-set, 120

(Aur (A
left and right Haar system on
a groupoid, 154

left regular representation of
a groupoid, 113

PNY
restriction of partial homeo-
morphisms, 147



Qb*, ¢*

partial automorphisms induced

by a partial homeomorphism,
147

p(€ov(A)), A(Gov(A))
C*-pre-families of right/left
multiplication, 30

oc<T
partial order on a semigroup,
147
span(%)
closed linear span of a family,
X
the operators a — £a, a —
a€, 27, 45
the operators a — £a, a —
a&, 26
ind ¢
induced homomorphism, 55
¢, 2]
germ of a map at a point, 156
qu

partial homeomorphism of the
unit space of a groupoid as-
sociated to a G-set, 96

approximate unit, 148

Baaj-Skandalis construction, vi
Banach bundle, 152

C*-pre-family, 11
~ module, 11
morphism, 18
multiplier, 12
non-degenerate, 12
Co(X)-algebra, 151
Co(X)-Banach module, 151
convex, 153

C*-family, 30
coaction
~ unitary, 63
dual, 81
extension, H8
of a Hopf C*-pre-family, 24
of a Hopf C*-algebra, vii
of a Hopf C*-family
on a C*-algebra, 57
of a Hopf C*-pre-family, 39
regular, 59, 77
compactness, 131
conditional expectation, 151
covariant subset, 96

decomposable

C*-bimodule, 25

groupoid, 96

pseudo-Kac system, 72

pseudo-multiplicative unitary, 46
duality theorem

generalisation, 85

of Pontrjagin, v

of Takesaki-Takai, vii

equivariant morphism, 24

Fell bundle, 155
reduced C*-algebra, 118

G-set, 154

groupoid, 153
r-discrete, 154
decomposable, 96

Haar system, 154
Hausdorff compactification, 132
Hilbert bundle, 152
homogeneous element
of a C*-bimodule, 25
of a C'*-algebra, 28
of a C*-algebra, 25
homogeneous operator, 4
compact, 13, 26, 27
Hopf C*-algebra, v
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Hopf C*-family, 38
Hopf C*-pre-family, 23

internal tensor product
of families, 16
of C*-bimodules, 151
of morphisms, 22
of operators, 14
inverse semigroup, 147
natural order, 147

Kac system, vii
multiplicative unitary, vi

partial automorphism, 148
partial homeomorphism, 147
primitve net, 132
proper map, 132
pseudo-Kac system, 71
decomposable, 72
dual, 74
of a groupoid, 111
pseudo-multiplicative unitary
decomposable, 46
regular, 46
pseudo-multiplicative unitary, 41
left leg, 49
of a groupoid, 109
right leg, 53

quasi-compactness, 131

reduced crossed product, 79
representation, 149, 151
Rieffel construction, 151

(S,A)/(S, A)-algebra, 59
regular, 77

(7, N)/(S, A)-(pre-)family, 39
regular, 77
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