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Abstract

The main focus of this thesis is to answer the question of existence and uniqueness
of inductive limit Cartan subalgebras in certain inductive limit C*-algebras. The
classes of inductive limit C*-algebras considered are the unital AF, Al, and AT-

algebras. The results obtained are then generalized to certain A X-algebras.

This thesis shows that all the aforementioned classes (and A X-algebras for planar
finite connected graphs X C C) which arise from unital and injective connecting
maps contain inductive limit Cartan subalgebras. It also shows that for all these
classes except for the AF-algebras, uniqueness of the inductive limit Cartan subal-
gebras fails. We construct two non-isomorphic AI-Cartan subalgebras inside both
a non-simple and simple Al-algebra. We provide a class of simple and unital Al-
algebras for which uniqueness of AI-Cartan subalgebras fails. For the AF-algebras,

we give a K-theoretic proof of the uniqueness of the AF-Cartan subalgebras.

Additionally, this thesis generalizes a theorem by Renault which characterises Car-
tan pairs in separable C*-algebras by twisted étale second countable groupoids. The

generalization captures all Cartan pairs, not just the separable ones.
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Chapter 1
Introduction

As in many rich fields within mathematics, the theory of C*-algebras has its genesis
in the realm of physics. In the first half of the 20" century, quantum mechanics was
rising in popularity as a theory better capable at describing physical phenomena at
the microscopic scale, in comparison to Einstein’s relativity which only described
macroscopic phenomena of the universe. In the 1920s and 30s there was a need to
mathematically formalize the structure of quantum mechanics. In the late 1920s,
John von Neumann pursued this task and was able to define the abstract character-
istics of a Hilbert space and develop the theory of bounded and unbounded normal
operators on such spaces, which was the beginning of a rigorous mathematical for-
mulation of quantum mechanics. His work culminated in the book Mathematische
Grundlagen der Quantenmechanik which forms the mathematical basis of classical

quantum mechanics (see the Introduction of [42], together with [56] and [57]).

Together with Murray, von Neumann developed in the 1930s a theory on rings of
operators (see [53]), which formed what are today known as von Neumann algebras.
This was an abstract formalism in which an algebra of operators acting on a Hilbert
space was systematically studied, generalizing a lot of the findings of classical quan-
tum mechanics. In 1943 Gelfand and Neumark realized that these von Neumann
algebras are just an example of an abstract mathematical framework which is known
today as a C*-algebra (see the Introduction of [42] together with [26]). On the one
hand, this formalisation was so abstract that the notion of a Hilbert space was not
included in the definitions. On the other hand, due to the GNS-construction by
Gelfand, Neumark, and Segal (see additionally |70]), the C*-algebras still had a con-
nection with the bounded operators on Hilbert spaces that they generalized, in the
sense that every C*-algebra can be represented as a certain subalgebra of bounded

operators on a Hilbert space (see, for instance, Theorem 4.5.6 in [35]). Gelfand and
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Neumark were able to show that the situation for commutative C*-algebras was
even more refined. Indeed, every commutative C*-algebra is isomorphic to the C*-
algebra of Cy functions on some locally compact Hausdorff space (see, for instance,
Theorem 4.4.3 in [35]). For this reason the study of C*-algebras has sometimes

been labelled as the study of non-commutative topology.

Since its inception, the theory of C*-algebras has proved to be an extremely impor-
tant field of mathematics, not just because of its generalization and influence on
mathematical physics, but because of its fruitful interplay with many other areas of
mathematics, such as operator theory, group theory, differential topology, algebraic
topology, measure theory, ergodic theory and dynamics, to mention just a few. One
particular class of C*-algebras that has (more recently) proved to be significant in

the theory of C*-algebras is that of a Cartan subalgebra.

The notion of a Cartan subalgebra in the C*-algebra setting is due to Renault (see
[64]) and built on the notion of a C*-diagonal developed by Kumjian (see |40]), with
both attempting to be the C*-analogue for the same notion in the von Neumann
algebra setting. Indeed in the latter case an example of a Cartan subalgebra is
the algebra of essentially bounded functions on a measure space inside the von
Neumann algebra constructed for a group acting by non-singular transformations
on the measure space (see Section 1 in [86]). This inclusion was abstracted by
Versik in [84] and studied by Feldman and Moore when they were considering the
von Neumann algebra of a measured countable equivalence relation (see |23]). The
Cartan subalgebras were maximally Abelian regular subalgebras admitting a normal
conditional expectation onto them, and contained exactly the same information as
the equivalence relation (see Section 1 in [64]). Building on this work, Cartan
subalgebras of C*-algebras were eventually defined to be maximally Abelian C*-
subalgebras that contain an approximate unit for the algebra in which they sit, are
regular, and admit a faithful conditional expectation onto them (see Definition 5.1
in [64]). Renault’s remarkable results in |64] characterised all Cartan subalgebras
of separable C*-algebras: these were exactly the Cy functions on the unit space of
a twisted étale locally compact second countable topologically principal Hausdorft
groupoid, sitting inside the reduced twisted groupoid C*-algebra (see Theorems 5.2
and 5.9 in [64]).

This characterisation brought the world of topological groupoids close to the world
of Cartan subalgebras, and led to many interesting findings. Barlak and Li in [8]
used Renault’s characterisation to find canonical types of Cartan subalgebras in
certain inductive limit C*-algebras. Indeed the assumption is that every building

block has a Cartan subalgebra, and hence such a Cartan pair has a characterisation
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by étale twisted groupoids, and so if the connecting maps of the inductive limit are
induced by maps on the groupoid level having certain properties, then a twisted
étale groupoid is built from the building block groupoids such that its reduced
twisted groupoid C*-algebra is the inductive limit C*-algebra, and the Cj functions
on its unit space is the inductive limit of the Cartan subalgebras of the building
blocks. Thus in such a situation the inductive limit of the Cartan subalgebras is
a Cartan subalgebra of the inductive limit C*-algebra (see Theorem 3.6 in [§]).
Later, in [47], Li advanced this result to determine exactly which connecting maps
could be induced by such groupoid level maps having the necessary properties to
build a twisted étale groupoid for the inductive limit. In particular he showed that
this is possible when the connecting maps are injective, map a Cartan subalgebra
of a building block into the Cartan subalgebra of the next building block, map
the normalizer set into the normalizer set, and are compatible with the faithful
conditional expectations (see Proposition 5.4 in [47]). This gives rise to a useful

tool in finding Cartan subalgebras in inductive limit C*-algebras.

Cartan subalgebras have also been fundamental in linking several areas of mathe-
matics together, such as topological dynamics and geometric group theory. For in-
stance Li shows in [46] that Cartan subalgebras build a bridge between C*-algebras
and topological dynamics via the notion of continuous orbit equivalence. Indeed in
a specific setting two dynamical systems are continuous orbit equivalent if and only
if their corresponding Cartan pairs (consisting of the crossed product C*-algebra of
the dynamical system and its function subalgebra) are isomorphic. Li also shows
that there is a link between C*-algebras and geometric group theory via the notion
of quasi-isometry. Indeed, in a specific setting two group actions on topological
spaces have quasi-isometric Cayley graphs if and only if there is an isomorphism of
certain Cartan pairs associated to the system. Because of these connections, Cartan

subalgebras have garnered lots of attention outside the purely C*-algebraic realm.

Nonetheless, within this realm, Cartan subalgebras have not faltered to prove their
prominent role. They have, for instance, recently featured in the classification
programme for C*-algebras. This programme, due to many hands (see for example
[21], [30], [31], [38], [59], [80]), aims to classify C*-algebras by an invariant consisting
of K-theoretic and tracial data, and has witnessed major breakthroughs. One of
the assumptions for classifiable C*-algebras is that they satisfy the UCT (Universal
Coefficient Theorem). It is a major open problem whether every separable nuclear
C*-algebra satisfies the UCT. It is shown in [7], [8] and [47] that this open problem
is equivalent to an existence question for Cartan subalgebras: namely whether

every unital separable simple stably finite C*-algebra with finite nuclear dimension
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contains a Cartan subalgebra. The UCT problem is also equivalent to whether every
unital Kirchberg algebra has a Cartan subalgebra (see the Introduction in [10]). All
this highlights the central role the question of existence of Cartan subalgebras plays
in the general theory of C*-algebras.

A lot of work has recently been done in finding Cartan subalgebras in C*-algebras.
Li and Renault initiated the systematic study of existence and uniqueness of Car-
tan subalgebras in C*-algebras in [48|, showing amongst other things that many
connected Lie group C*-algebras contain Cartan subalgebras, as well as finding
distinguished Cartan subalgebras in nuclear Roe algebras. Li shows in [47] that ev-
ery classifiable simple C*-algebra contains a Cartan subalgebra. Barlak and Raum
classify Cartan subalgebras of dimension drop algebras with coprime parameters
in [9]. White and Willett study the question of uniqueness of Cartan subalgebras

in uniform Roe algebras in [86].

The aim of this thesis is to answer certain existence and uniqueness questions for
certain canonical types of Cartan subalgebras in certain inductive limit C*-algebras.
The Cartan subalgebras we will be interested in are those that can be realized
as inductive limits themselves of Cartan subalgebras of the building blocks. The
inductive limit C*-algebras we will consider are AI, AT, and AX-algebras, where

X is a finite connected planar graph imbedded in C.

It was already in the work of Stratila and Voiculescu (see [72]) that this question was
considered (even though they did not refer to it as a Cartan subalgebra). Indeed,
they construct inductive limit Cartan subalgebras in AF-algebras. Their method
is inductive; the subsequent Cartan subalgebra in an AF-building block is the C*-
algebra generated by the Cartan subalgebra of the previous building block and
an arbitrary masa in the commutant of the previous building block. The desired
inductive limit Cartan subalgebra is then just the inductive limit of the Cartans of
the building blocks. This method cannot however be directly generalized to the case
of Al and AT-algebras. Also, they do not discuss whether these Cartan subalgebras
they obtain are unique, in the sense that any such two Cartan pairs are isomorphic
(as Cartan pairs). Even though an affirmative answer to this is a consequence of
the work of Krieger in [39], there is no systematic study of the uniqueness question
for such canonical types of inductive limit Cartan subalgebras. Inspired by all of
this, the questions we had in mind prior to the commencement of our research for
the PhD were the following:

Question 1. Does there exist inductive limit Cartan subalgebras in Al-algebras and

AT-algebras, and if so can the methods used be generalized to prove the existence
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of inductive limit Cartan subalgebras in A X-algebras, for certain topological spaces

X which would be natural generalizations of the interval and the circle?

Question 2. Can the uniqueness of the inductive limit Cartan subalgebras in AF-
algebras be proved differently, in a more structured way that lends itself to gener-
alizations? If Al and AT-algebras do have inductive limit Cartan subalgebras, are
these unique? If not, to what extent does uniqueness fail (is there a subclass of
these algebras where uniqueness is guaranteed)? Do the same results hold for the
A X-algebras?

Question 3. Does Renault’s characterisation of separable Cartan pairs via second
countable topologically principal étale twisted groupoids hold in the non-separable

case (under a weakening of the assumptions on the groupoid)?

This thesis provides complete answers to all the questions above. In Chapter [3| we

prove:

Theorem A. (See Theorem Let (G, %) be a twisted étale locally compact ef-
fective Hausdorff groupoid. Then (C*(G,%), Co(G%)) is a Cartan pair. Conversely,
let (A, C) be a Cartan pair. Then there exists a twisted étale locally compact effec-
tive Hausdorff groupoid (G,Y) and a C*-algebra isomorphism carrying (A, C) onto

(O:(g7 2)7 OO,r(gO)) .

Theorem A affirmatively answers Question 3, and because the Cartan pair is no
longer separable, second countability of the corresponding twisted groupoid is no
longer guaranteed, and so topological principality is reduced to effectiveness. The
way we obtain Theorem A is by highlighting how most of Renault’s proofs in [64]
do not make a direct use of the second countability assumption on the groupoid,
except in a small number of cases. For these cases we show how we may obtain
similar results without such assumptions. A short discussion with Renault informed
us that the assumption of second countability was mainly placed for convenience,
without proper analysis of its requirement. A lot of the proofs in [64] make use of
separation functions on topological spaces; which are standard when the space is
second countable, as then it is paracompact and hence normal, and thus one can
make use of the standard Urysohn lemma for separation. However in the non-second
countable case one must make use of Urysohn type results for just locally compact

spaces, and these are less standard.

An important class of non-separable C*-algebras are the uniform Roe algebras,
which are of interest as they build a link to coarse geometry (see Section 1 in [49)]).
These have Cartan subalgebras (see Section 6 in [48|) which fall outside that which
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Renault’s theorem can capture. In addition, the authors of [48] obtain a distin-
guished Cartan subalgebra by using a slight modification of Renault’s theorem,
where second countability of the groupoid is weakened to o-compactness. Of course

with Theorem A this approach is not necessary.
In Chapter [4] we prove the following theorems:

Theorem B. (See Theorem [4.2.9) Every unital Al-algebra with unital and injective

connecting maps contains an Al-Cartan subalgebra.

Theorem C. (See Theorem (4.3.18) Every unital AT-algebra with unital and injec-

tive connecting maps contains an AT-Cartan subalgebra.

Theorem D. (See Theorem 4.4.12)) Every unital AX -algebra, where X is a finite
planar connected graph imbedded in C, with unital and injective connecting maps

contains an AX-Cartan subalgebra.

For a definition of an AX-Cartan subalgebra, see Definition [2.3.28] Together, these
three theorems answer Question 1. All three theorems make use of a tool by Li (see
Proposition 5.4 in [47]) which allows us to determine whether an inductive limit
of Cartan subalgebras is a Cartan subalgebra of the corresponding inductive limit
C*-algebra, by checking whether connecting maps send a Cartan subalgebra of the
building block into the Cartan subalgebra of the subsequent building block, whether
they send normalizer set into normalizer set, and whether they are compatible
with the associated conditional expectations arising from the definition of a Cartan

subalgebra.

The way Theorem B is obtained is by realizing Al-algebras as inductive limit C*-
algebras with standard connecting maps (for a definition of a standard map, see
Definition [2.3.39). This is due to the findings by Thomsen in [76|. Then checking
that the (diagonal) Cartan subalgebras of the Al-building blocks satisfy the prop-
erties required by Li becomes a straightforward task, because the connecting maps

are simple to understand.

The way we prove Theorem C is slightly different. Elliott’s work in [19] shows
that the maximally homogeneous *-homomorphisms are dense in the set of *-
homomorphisms between circle algebras (for a definition of maximal homogeneity,
see Definition [2.3.38). Thomsen’s work in [75] allows us to write maximally homo-
geneous connecting maps between circle algebras (without a direct sum) as unitary
conjugates of standard maps. These unitaries are functions on the unit interval that
do not necessarily agree at the endpoints. Using this, Thomsen is able to show that

given any maximally homogeneous subalgebra in a circle algebra, and a maximally
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homogeneous connecting map into another circle algebra, we may find a maximally
homogeneous subalgebra of the codomain containing the image of the maximally

homogeneous subalgebra of the domain.

We extend Thomsen’s and Elliott’s aforementioned work to direct sums of circle
algebras, which of course requires that we extend Thomsen’s definition of maximal
homogeneity to direct sums of circle algebras. We also show that the notion of
a Cartan subalgebra coincides with the notion of maximal homogeneity, in AT-
building blocks. By these generalizations we are able to show that any AT-algebra
with injective connecting maps may be realized as an AT-algebra with injective
maximally homogeneous connecting maps, which are also unitary conjugates of
standard maps. We then show how these connecting maps satisfy the requirements

of Li in order to obtain a Cartan subalgebra of the inductive limit.

For Theorem D, we generalize the methods used to prove Theorem C. In partic-
ular, we note that our result of being able to write a maximally homogeneous
*_homomorphism as one which is a unitary conjugate of a standard map is not
particular to the circle, but to any AX-building block which may be imbedded
inside an AY-building block where Y has vanishing first order Cech cohomology
group with coefficients in a topological group (see Definition . Hence our
choice of X being a graph means we may use its universal cover, which is a tree,
which has vanishing Cech cohomology (in analogy with how Thomsen uses R to
cover T). Then using the work in [44] we find that the maximally homogeneous
*_homomorphisms are dense in the set of *-homomorphisms between A X-building
blocks. Thus we are able to realize our A X-algebra as one whose connecting maps
are injective and maximally homogeneous. Using that maximally homogeneous
*_homomorphisms are unitary conjugates of standard maps, we show that given
a maximally homogeneous *-homomorphism between A X-building blocks, and a
maximally homogeneous subalgebra of the the domain, we can find a maximally
homogeneous subalgebra of the codomain containing the image of the maximally
homogeneous subalgebra of the domain. This extends Thomsen’s Proposition 1.8
in |75] to AX-building blocks. We also show that the notion of Cartan subalgebra in
an A X-building block also coincides with the notion of a maximally homogeneous
subalgebra. Finally we prove that the requirements of Li on connecting maps are
satisfied for our Cartan subalgebras and hence we obtain an A X-Cartan subalgebra

in our AX-algebra.

The strengths and uses of our results in Theorems B, C, and D, are many. Firstly, a
lot of the extensively studied C*-algebras of the past are Al, or AT-algebras. This

includes for example the Bunce-Deddens algebra, the irrational rotation algebra,
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and many crossed product C*-algebras (see, for example, [67]). Our results show

that all of these have inductive limit Cartan subalgebras.

Secondly, in the more general setting of AH-algebras (see Definition [6.0.1]), Gong et
al. show in [29] that those AH-algebras with the ideal property and having torsion
free K-theory are in fact AT-algebras. Hence these have inductive limit Cartan

subalgebras.

Thirdly, the philosophy of our methods, which comprises mainly of realizing induc-
tive limit C*-algebras via connecting maps that are easier to understand, lends its
way to generalization. Indeed, we start off with an inductive limit C*-algebra with
arbitrary injective and unital connecting maps, and we are able to realize the same
algebra using different connecting maps. This is in stark contrast to a lot of the
current methods in which inductive limit Cartan subalgebras are found, where usu-
ally there is a set of connecting maps declared a-priori (for example Li’s exhibition
of an inductive limit Cartan subalgebra in the Jiang-Su algebra in [47]). Hence our
methods open the door to the question of which inductive limits can be realized by
connecting maps that are more amenable for the study of inductive limit Cartan

subalgebras.

Fourthly, we do not assume simplicity for our inductive limit C*-algebras, in stark

contrast to the classification programme, where simplicity is almost always assumed.

Finally, since our methods are constructive, we produce explicit methods for ob-
taining the Cartan subalgebras of the building blocks, and hence the corresponding
étale twisted groupoids for these are easy to understand. By the methods in [§],
the groupoid corresponding to the inductive limit Cartan subalgebra can thus be
computed explicitly, and so we may obtain groupoid models for these Cartan sub-

algebras.

In Chapter [5| we explore the uniqueness of the inductive limit Cartan subalgebras

we manifest. We prove the following:

Theorem E. (See Theorem [5.1.3) Let A and B be unital AF-algebras with AF-

Cartan subalgebras C and D, respectively. Assume there exists a group isomorphism
a: (Ko(A), Ko(A)", [La]o) = (Ko(B), Ko(B)™, [15o).

Then there exists a *-isomorphism ¢ : A — B such that Ko(¢) = o and ¢(C') = D.

Theorem E, which is similar to Elliott’s classification theorem for AF-algebras but

where in the proof we keep track of the Cartan subalgebras, implies uniqueness
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of AF-inductive limit Cartan subalgebras. The case for the Al (and hence AT)-
algebras is different. We obtain:

Theorem F. (See Theorems |5.2.4[and [5.2.8) AI-Cartan subalgebras (and hence

AT-Cartan subalgebras) are not unique. More generally, uniqueness fails in a very

large class of simple Al-algebras.

We obtain Theorem F by studying the spectrum of the diagonal AI-Cartan sub-
algebra in an Al-algebra (where the Cartan subalgebra of every building block is
just the diagonal subalgebra). Indeed, we show that such Cartan subalgebras have
spectrum that looks like a bundle over a Cantor set (obtained from taking infinite
paths in a Brattelli type diagram which corresponds to the connecting maps of the
Al-algebra), with fibres that are inverse limits of the unit interval corresponding to
the sequence of eigenvalue functions associated with a specific path (see Chapter
for more details). We show that these fibres are the connected components of the
spectrum. Once we have understood the spectrum, we construct Al-algebras which
arise from two different sets of connecting maps but which admit an approximate
intertwining (see Definition . This implies that the Al-algebras are isomor-
phic, but in our selection of connecting maps we make choices for the eigenvalue
functions (see Definition that ensure that we get a fibre in one spectrum
that is not homeomorphic to any fibre in the other spectrum. In this way we obtain
two diagonal Al-Cartan subalgebras with spectra that are not homeomorphic, and
hence the Cartan subalgebras are not isomorphic. We make use of the plethora of
constructions of inverse limits of the unit interval that appear in [34] in order to

achieve this result.

The layout of the thesis is as follows. In Chapter [2] we discuss the preliminaries
needed for the rest of the thesis. Our choice of what to include as preliminaries
is based on our judgment of what material will be required but which could also
be helpful independently for a researcher in the topic. Hence there will be some
preliminaries that are not included in this chapter but rather placed in the main
body of the thesis, whenever we deem them very specific and not widely useful for
a general mathematician working in C*-algebras. Any preliminaries needed will be
those that we did not possess at the start of our postgraduate research. Anything
that we did possess will be assumed knowledge. It is worth noting that, in Section
2.1 we provide a self-contained complete account of the twisted étale groupoid

construction and its reduced C*-algebra.

In Chapter [3] we prove Theorem A. Chapter [4] proves Theorems B, C, and D.
Chapter [f] proves Theorems E and F. Chapter [f] gives an outlook on the type of open
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questions that arise directly from our work, and which we will continue researching
in the future. It is worth noting that this thesis is specifically written in a style
that attempts to reflect our own journey through the research. Indeed, the choice
of order for the chapters and their sections tries to adhere as close as possible to
our personal timeline during our research. In particular, Chapter [4| proves Theorem
B, then Theorem C, then Theorem D. Of course one may have decided to present
just the proof for Theorem D as it generalizes Theorems B and C, but we chose a
different presentation. Besides reflecting the true order of how the theorems came
to be, this was done to highlight how the mathematical ideas for Theorem D are
just natural generalizations of the ideas for Theorems B and C, and thus a lot of
the proofs in Section [.4] will refer back to proofs in Section and add any extra
detail required, rather than being standalone proofs. Hence we intend for this thesis
to be read linearly. We would also like to emphasize that whenever there is a large
section of the thesis that follows the material of a few specific references, we will
point this out in the beginning of the relevant section rather than citing the same

references repeatedly.

Finally, it is our hope that this thesis, with its very humble addition of knowledge
to the field of operator algebras, serves to both inform and inspire any current or
upcoming researchers within the field. Mathematics is a beautiful subject, and we

are grateful to have had the opportunity to pursue it and engage with its philosophy.



Chapter 2
Preliminaries

This chapter introduces the notation and results required to understand the mate-
rial of the subsequent chapters. We assume that the reader has a general foundation
in pure mathematics (up to graduate level), and is specifically familiar with basic
functional analysis, topology, and C*-algebra theory up to and including the ma-
terial covered in [35] and all chapters except IV and IX in [16]. These exceptions
relate to K-theory for C*-algebras, and Brown-Douglas-Fillmore theory; the former

will be introduced at greater depth in this thesis, and the latter we do not require.

Section [2.1]in this chapter covers the preliminaries on twisted étale groupoids, their
reduced C*-algebras, and their correspondence with Cartan pairs. This will be
fully necessary for Chapter [3] where we generalize Renault’s theorem for Cartan
subalgebras, and partly for sections of the other chapters, such as Section and
Section [5.2] It is worth noting that, to the best of our knowledge, there is no

self-contained reference that covers this material in its entirety, as we do.

Section in this chapter will discuss the K functor for unital C*-algebras. We
will only focus on the aspects of K that we will require for the remaining chapters.
The material here will be prominent in Sections and [£.4] as the K, functor will
be important in passing from summands to direct sums, and also in Section [5.1]
where we will prove the uniqueness of the AF-Cartan subalgebras via the ordered
Ky group. Section will also use some K-theory when discussing an invariant for
Al-algebras.

Section will discuss the inductive limit construction, which will then be used
to discuss continuity of Ky with respect to inductive limits and the K, group of
UHF-algebras. We will also be able to define the central theme of this thesis which

are the inductive limit Cartan subalgebras, and the various A X-algebras that we

11
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will consider. We will also briefly include some well known results for approximate
intertwinings of certain inductive limits that will be useful later when needing to
show that two inductive limit C*-algebras are isomorphic. The material of this

section will be used critically throughout the thesis.

Section [2.4] will briefly introduce inverse limits of the unit interval, and will high-
light some results and examples that will be of particular use for us in Chapter [5]
Specifically, certain inverse limits of the unit interval will be constructed in Section

to prove non-uniqueness of the AI-Cartan subalgebras.

2.1 Cartan Subalgebras and Twisted Etale Groupoids

A groupoid is a set together with a partially defined binary operation (multipli-
cation) that generalizes the structure seen in a group. Indeed, the operation is
associative whenever it is defined, and there exists units and inverses. In the lan-

guage of category theory, a groupoid is just a small category with inverses.

Algebraically, we will see that groupoids are nothing more than disjoint unions of
Cartesian products of groups and certain equivalence relations. Hence the richness
of groupoid theory comes from adding a topology. The étale topology on groupoids
is the analogue to discrete groups in group theory. With a topology groupoids are
able to capture a plethora of mathematical structures, including group actions on

topological spaces and pseudogroups of partial homeomorphisms on a space.

In this section we will explore groupoids algebraically and then with a topology.
Then we will consider the more general twisted groupoid and how to get twisted
groupoid C*-algebras for certain topological twisted groupoids. We will then discuss
Renault’s remarkable result which gives a correspondence between Cartan pairs and
twisted étale groupoids. This result will be generalized in Chapter [3] To the best
of our knowledge, there is no self-contained reference that covers this material in

its entirety, as we do.

A standing assumption on all topological groupoids in this thesis is that they are

Hausdorff, even if not explicitly mentioned.

2.1.1 Groupoids

This subsection will discuss the algebraic properties of groupoids, and give some ex-
amples. We will show that, algebraically, groupoids are nothing more than disjoint
unions of Cartesian products of groups with equivalence relations. We will broadly
follow the contents of Section 3.1 in [60] and Section 2.1 in [71].
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Definition 2.1.1. A groupoid is a non-empty set G, with a subset G2 C G x G of

composable pairs, equipped with a binary operation (called multiplication)
m:G?>— g

(with m(g, h) denoted by gh for all g, h € G) and an involution map (called inverse)
inv:g =g

(with inv(g) denoted by g~! for all g € G) satisfying the following properties:

1. Whenever g, h,k € G with (g,h) € G* and (h, k) € G?, then both (gh, k) and
(g, hk) belong to G2, and (gh)k = g(hk) (written as ghk).

2. For all g € G, both (g,¢97 ') and (¢, g) belong to G*. Furthermore, if (g, h) €
G?, then g~tgh = h, and if (h,g) € G?, then hgg™* = h.

One way to think about the algebraic operations of a groupoid is to recall the
definition of a group, and realize that the difference for groupoids lies in the fact
that multiplication is not defined everywhere but rather on a specific subset of the
Cartesian product of the groupoid with itself. Then property [I] of Definition [2.1.1]
is an associativity property for multiplication, and property [2] is the existence of

identities and inverses. This leads us to the following definition:

Definition 2.1.2. Given a groupoid G, we define the unit space of the groupoid,
denoted G°, as the set

{97'9:9€ Gt ={99" g€ G}
The source map is the map s : G — G° defined by
s(9) =979 Vg€,

and the range map is the map r : G — G° defined by

r(g) =99 " Vgeg.

We have the following property:

Lemma 2.1.3. Let G be a groupoid, and s and r the source and range maps,
respectively. Then (g, h) € G* if and only if s(g) = r(h).
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Proof. Assume (g, h) € G%. From Definition [2.1.1) we know that (g7, g) and (h, h™!)
belong to G2. Then

s(9) =97 g =g '(ghh™") = (g7 gh)h™" = hh™" = r(h).

Assume s(g) = r(h), then it follows that (g,hh™") = (g9,97'g) € G?, and since
(hh=1, h) € G2, it follows that (g, (hh~1)h) = (g,h) € G*. O

Definition and Lemma allows us thus to think of our groupoids graphi-
cally. Indeed, we may declare the vertices as the elements of the unit space G°, and
the directed edges between them are elements of g € G, with initial vertex s(g) and
terminal vertex r(g). Multiplication of g and h is then concatenation of edges, with
the new edge labelled gh, with initial vertex s(h) and terminal vertex r(g). This is

represented in Figure [2.1]

Figure 2.1: A graphical representation of a groupoid

We can deduce more algebraic properties about our groupoid that are useful for

calculations:

Lemma 2.1.4. Let G be a groupoid, and s and r the source and range maps re-

spectively.

1. If (g,h) € G? then (h™',g7") € G2, and (gh)™* = h~'g~'. Furthermore,
s(gh) = s(h) and r(gh) = r(g).

2. If g€ G° then g7' =g and s(g) =1r(g9) = g.

Proof. 1. Note that

where we have made use of Lemma [2.1.3, Hence by the same lemma, we
obtain that (h™1, ¢ !) € G*.

We have that ((gh)~',gh) € G* and (gh,h™') € G% This implies that
((gh)~',ghh™') € G% But since ghh™' = g, we have that ((gh)™',g) € G?
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and hence ((gh)™', gg~') € G?. Thus
(gh)™" = (gh)""gg™" = (gh)""(ghh™")g™" = (gh) " (gh)h~'g™ = hlg™",
(where the first equality is due to [2in Definition and
s(gh) = (gh)~"(gh) = h™'g""gh = h™'h = s(h),
r(gh) = (gh)(gh)™" = ghh™g™" = gg~" =r(g).

2. Let g = h™th € G° then go' = L} (A1)t = hlh = ¢g. Tt is clear that
s(g) = g* =r(g) and g° = g.

Let us now see some examples of groupoids.

Example 2.1.5 (Groups). Let G be a group with identity element e. Then it is
a groupoid with G? = G x G and G° = {e}. The multiplication map is group

multiplication, and the inverse map is the group inverse map.
Example 2.1.6 (Equivalence Relations). Let X be a set and R € X x X an

equivalence relation. Then it is a groupoid with

R* ={((z,), (y,2) : (x,y), (y,2) € R},

R ={(z,2):xv € X}.

Multiplication is given by (z,y)(y, z) = (z, 2) for all (z,v), (y,2) € R. The inverse
map is given by (x,y)"' = (y,z) for all (z,y) € R.

Example 2.1.7 (Transformation Groupoids). Let X be a set and G a group acting
on X. Let G = G x X. Then this is a groupoid with

G>={((g,y),(h,2)): g,h€G, z€X, y=ha},

G'={e} x X = X.

Multiplication is given by (g, hz)(h,z) = (gh,z) and the inverse by (g,z)"! =
(g7, gz). Note that s((g,7)) = x and r((g,z)) = gz (where we have used the iden-
tification {e} x X with X'), and hence the groupoid elements represented graphically

nicely capture the orbits via the group action.
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There are of course ways to create new groupoids from a collection of groupoids.
The following highlights this:

Lemma 2.1.8. Let G and H be groupoids. Then the set G x H can be made into a
groupoid. Let I be an indexing set and {G;}icr a collection of groupoids. Then the

disjoint union | | G; can be made into a groupoid.
i€l

Proof. Let

(G x H)? = {((g1, M), (92, h2)) : (91,92) € G, (ha, ha) € H?}.

Define multiplication by (g1, h1)(g2, h2) = (9192, hihe) for all ((g1,h1), (g2, h2)) €
(G x H)? (it is to be understood that g;g» refers to multiplication in G and hihs
that in H). Define the inverse by (g, h)™* = (¢~*, h™1) (where it is understood that

the inverses are taken in the respective groupoids).

Define )
(|_| gz-) = |gz.
iel iel
and multiplication and inverse just inherited in the canonical way from each groupoid.

]

Algebraically, there is not much more to say about groupoids. It turns out that
every groupoid is isomorphic (in a sense that will be made precise soon) to a disjoint

union of Cartesian products of groups with equivalence relations.

Definition 2.1.9. A map f : G — H between groupoids G and H is called a

groupoid homomorphism (or just homomorphism if the context is clear) if

(f(91), f(g2)) € H* whenever (g1,92) € G% and if f(g192) = f(91)f(g2) for all
(91,92) € G

A groupoid homomorphism f is called called a groupoid isomorphism (or just iso-

morphism if the context is clear) if it is bijective.

Theorem 2.1.10. Every groupoid G s isomorphic to a groupoid of the form

| |(Gix Ry) (2.1)

el

where I is a set, G; is a group and R; is an equivalence relation, for all i € I.

Proof. Lemma already tells us that (2.1]) can be made into a groupoid in the



CHAPTER 2. PRELIMINARIES 17

natural way. It is obtained as follows. Let s and r be the source and range maps

for G. Define an equivalence relation on G° by
R={(r(9),5(9)) : 9 € G} € G° x G,

(transitivity follows from Lemmal[2.1.4). Let I be a set which indexes the equivalence
classes, and let these be {X;}icr, which form a partition of G°. For each i € I, fix
x; € X;. For each x € X, let g, € G be chosen such that r(g,) = x and s(g,) = ;.
Define

Gi={9€G:s(g9) =7r(9) = x:}.

G; with the multiplication from G is a group with identity element z;. For each
1 €1 let
Ri = Xz X XZ',

which is the trivial equivalence relation on X;, and thus a groupoid in the sense of
Example [2.1.6]

Now define a map a : | |(G; X R;) — G by

iel
a(g, (z,9)) = gagg, ', for g€ Gy, (z,y) € R,

It is easy to see that « is a well-defined groupoid homomorphism. Now define a
map 8:G — | |[(G; x R;) by

B(9) = (97199959, (1(9), 5(9)))-

Again it is clear that 8 is a well-defined groupoid homomorphism, and in fact is an

inverse for «. The result follows. O

2.1.2 Etale Groupoids

This section will introduce topological groupoids and specifically étale groupoids.
These are analogous to discrete groups in group theory. We will see some examples.
As we witnessed in Theorem [2.1.10] there is not much to say about groupoids from
just an algebraic perspective. However the theory becomes very rich when we allow
topologies on our groupoids. The content of this subsection is based broadly on
Section 3.2 in [60] and Sections 2.3 and 2.4 in |71]. However we adapt Definition
2.1 from [63| for the definition of a topological groupoid.

Definition 2.1.11. A topological groupoid is a groupoid G endowed with a topology
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that is compatible with the multiplication and inverse maps. Specifically,
m:G>—=gG

is continuous (where G? is endowed with the subspace topology of the product
topology of G x G) and
inv:g—g¢g

1S continuous.

Remark 2.1.12. We have no interest for non-Hausdorff topological groupoids in this
thesis. Therefore, whenever discussing topological groupoids anywhere in the thesis,

we will assume they are Hausdorft even if not stated.

Lemma 2.1.13. Let G be a topological groupoid. Then the range and source maps

are continuous.

Proof. These maps are formed by composition of the inverse and multiplication

maps, which are continuous by definition. O

Remark 2.1.14. When discussing the unit space G° of a groupoid topologically, we

are implicitly assuming it is endowed with the subspace topology.

Lemma 2.1.15. Let G be a topological groupoid. Then G° is closed if and only if
G is Hausdorff.

Proof. Assume G is Hausdorff and take a net {g,}aca in G° converging to g € G.

Then by Lemma we have that g, = s(g,) for all @ € A, and by Lemma [2.1.13
we obtain that g = s(g) € G°.

Conversely, suppose that G° is closed. We show that G is Hausdorff by showing
that convergent nets have unique limit points. So assume {g,}aca is a net in G
converging to g; and g, in G. Then g 'g, € G° converges to g; g2, and since G° is

closed, we have that g;'g. € G° which implies that g; = go. O
Let us revisit our previous examples but add topologies that makes them into
topological groupoids.

Example 2.1.16 (Topological Groups). Recall Example If G is a topological

group then it is a topological groupoid.
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Example 2.1.17 (Topological Equivalence Relations). Recall Example If X
is a Hausdorff topological space and we endow R with the subspace topology of the
product topology of X x X, then it becomes a topological groupoid.

Example 2.1.18 (Topological Transformation Groupoids). Recall Example [2.1.7]
Let G be a Hausdorff topological group and X endowed with a Hausdorff topology
making the group action continuous. Then the transformation groupoid with the

product topology of G and X is a topological groupoid.

We wish now to define the type of topology that we will be interested in, which
is the étale topology. This makes the "group-like" parts of a topological groupoid
become discrete (in a sense that will be made precise soon). In order to define this

topology we start by defining the notion of a local homeomorphism.

Definition 2.1.19. Let f : X — Y be a map between topological spaces X and
Y. Then f is a local homeomorphism if for every x € X there exists an open set U

containing x such that f(U) is open in Y and such that the restriction map
flo U — f(U)

is a homeomorphism.

Definition 2.1.20. A topological groupoid G is étale if the associated source and
range maps
s,7:G— G°

are local homeomorphisms.
The following useful definition is from [64]:

Definition 2.1.21. Let G be a groupoid with source and range maps s and r
respectively. Then a subset U is called an s-section (respectively an r-section) if
the restriction of s (respectively r) to U is injective. It is called a bisection if it is

both an s and r-section.

Lemma 2.1.22. If G is an étale groupoid then the source and range maps are open

maps.

Proof. Let U be an open subset of G. For every g € U, there exists an open
bisection U, such that the restriction of s to U, is a homeomorphism onto s(U,).

Then U = |J (UNU,) and so s(U) = |J s(U NU,) which is a union of open sets
gel geu
because s is a homeomorphism on Uy for all g € U. The same can be shown for the

range map r. [l
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Lemma 2.1.23. If G is an étale groupoid it has an open cover consisting of bisec-

tions.

Proof. Around every point in G there is a neighbourhood that is an open bisection

by the definition of being étale. The union of all such bisections covers G. O]

The following lemma makes precise how the étale topology is the analogue of the

discrete topology in group theory:

Lemma 2.1.24. Let G be an étale groupoid. Then G° is open, and for every g € G°,
s71({g}) and r='({g}) are discrete (in the subspace topology of G ).

Proof. The first claim is an immediate consequence of Lemma [2.1.22] Let us now
show that for ¢ € G° s '({g}) is discrete. We do this by showing that every
convergent net in this fibre is eventually constant. Indeed, let A be a set such
that {ha}aca is a net in s71({g}) converging to h € s7'({g}). Then by Lemma
we have that (h,, h™1) € G? for all & € A. This implies that h,h~! converges
to hh™' € G°, which is open, and hence there exists ag € A such that for all
a > ag we have hoh™' € G° Now by Lemma we have that for all o > ),
hoh™ = r(hoh™) = r(hy) = hoh,! which implies that h, = h for all @ > ag. The

same argument can be performed on r~'({g}). O

Let us go back to our previous examples and discuss when these are étale.

Example 2.1.25 (Etale Groups). A topological group G with identity element e
is étale if and only if it is discrete. Indeed, if it is étale then Lemma tells
us that G = s7!({e}) is discrete. If G is discrete, then for every g € G the map
{9} — {e} is a homeomorphism.

Example 2.1.26 (Etale Equivalence Relations). Recall Example [2.1.17] If R =
{(z,z) : € X} then it is étale as for any (z,z) € R and any open set U containing
x, the restriction of the source (or range) map to (U x U) NR is a homeomorphism
onto U.

Example 2.1.27 (Etale Transformation Groupoids). Recall Example If we
assume that the group G is discrete then G x X is étale. Indeed for any (g,z) €
G x X the source map maps {g} x X onto X and the range map maps {g} x X
onto {g}X :={gx : x € X}, and these are homeomorphisms.

We end this section by defining types of principality a groupoid can have.
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Definition 2.1.28. Let G be a groupoid and h € G°. Then we define
Grn={9€G:s(g) =h},

G"={g€G:r(g) =h},

and the usotropy bundle

G ={9€G:s(g)=r(g)}

We say the isotropy at his G" N G,.
The following is based on Definitions 3.4 and 3.5 in [64]:

Definition 2.1.29. A groupoid G will be called principal if G = G°. If it is a
topological groupoid it will be called

e topologically principal if the elements in G° with trivial isotropy are dense in
G°, and

e cffective if int(G') = G°.

Example 2.1.30 (Groups). The étale group from Example 2.1.25| satisfies none of
the properties of Definition [2.1.29)if it is non-trivial, as G’ = G.

Example 2.1.31 (Equivalence Relations). Any equivalence relation groupoid R C
X x X is principal, as R’ = {(z,z) € R} = R°. Hence any topological equivalence

relation is both topologically principal and effective.

Example 2.1.32 (Transformation Groupoids). Recall Example 2.1.7 Given a
point x € X, its isotropy consists of all the elements (g, x) such that gr = z, in
other words the stabilizer subgroup of G with respect to . Hence the action needs
to be free if the groupoid is to be principal. In a similar way, for a topological
transformation groupoid the action needs to be topologically free (which means
that the set of points in X with trivial stabilizer subgroups are dense in X, see
Definition 2.1 in [45]) in order for the groupoid to be topologically principal. For an

étale groupoid this will suffice to also guarantee effectiveness, as we will see below.
The following lemma is based on Proposition 3.6 in [64]:

Lemma 2.1.33. Let G be an étale groupoid. Then we have the following implica-

tions:

G is principal = G s topologically principal = G 1is effective.



CHAPTER 2. PRELIMINARIES 22

Proof. The first implication is trivial. As for the second, assume G is topologically
principal, and let U be an open set in G’. We aim to show that U C G°. Since
the topology is Hausdorff we have by Lemma that G° is closed and so U \ G°
is open. Hence (U \ G°) is open by Lemma [2.1.22] However this set belongs to
those elements in G whose isotropy is not trivial, and this has empty interior as
G is assumed topologically principal. Hence this set is empty and so U C G° as
desired. O

Remark 2.1.34. The implications of Lemma[2.1.33|are not reversible. Indeed, similar
to what was discussed in Example 2.1.32] there are examples of étale topologically
principal groupoids that are not principal, and by Remark there are effective

étale groupoids which are not topologically principal.

2.1.3 Twisted Etale Groupoids

In this section we outline the structure of a twisted groupoid. These will be crucial
in order to understand the correspondence with Cartan subalgebras in Chapter 3]
The material presented here has its origins in Renault’s work in [63|, where the
notion of twist on a groupoid was that of a T-valued continuous 2-cocycle. Later,
in [40], Kumjian generalized this to a general notion of twist on a groupoid, which
we explain in this section. There are plenty of good summaries of the construction,
for example [3], [8], [13] and [64]. Whilst we might use elements of all of these, the
treatment will broadly follow Section 5 in [71].

We now define the notion of a twisted étale groupoid. A good figure to have in

mind whilst reading the definition is Figure

Definition 2.1.35. Let G be an étale groupoid. Then a twist 3 over G is a locally

compact Hausdorff groupoid admitting a sequence

GOxT—»sy Lyg

where

e G x T is a trivial group bundle with fibres T. This becomes a groupoid when
declaring the set of composable pairs to be {((g,t1), (g,t2)) : g € G°, 1,12 € T}
and multiplication given by (g,%1)(g,t2) = (g, t1t2), and inverse by (g,t)~! =
(g,t71). The unit space is then clearly identified with G°. The topology is
then the product topology of the topologies on G° and T,

e ¢ and II are continuous groupoid homomorphisms with ¢ injective and II sur-
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jective, both restricting to homeomorphisms on the respective unit spaces (the
unit space of ¥ is identified with G°),

o II71(G% =4(G° x T),

e The image of 7 is central in X. Specifically, if we define a multiplication of ¥
by T via to = i(r(o),t)o and ot = oi(s(o),t) for all t € T and o € X, then

to = ot,

e Y is a locally trivial G-bundle, in the sense that around every g € G there
is a corresponding bisection U and a continuous section S : U — ¥ with
I[To S =idy and such that the map

UxT—TYU), (g,t) = i(r(g),t)S(g)

is a homeomorphism.

One may denote a groupoid and its twist by (G, ) and we call this a twisted (étale)
groupoid.
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Figure 2.2: Twisted Groupoid

The following lemma will allow us to view a twist over a groupoid via continuous

circle actions, which makes the groupoid look like the orbit space of the action.

Lemma 2.1.36. Let ¥ be a twist over G. Then for 01,09 € X, if II(01) = II(09)

then there exists a unique t € T such that tog = 0.

Proof. First we show that (01,05 ") € $2. Indeed, let g = I1(0;) = I1(03) and choose
an open set U as in Definition [2.1.35 that witnesses the local triviality. Let S be the
continuous section from that definition. Then it follows that o1 = i(r(g1),t1)S(g1)
for some (g1,t1) € U x T, and o9 = i(r(g2),t2)S(g2) for some (g2,t2) € U x T.
Since S is a section and IT71(GY) = i(G° x T), acting by Il on o; and o5 yields that
g1 = g2 = g. Then it is clear that o0, is defined.

By direct computation we have that o105 = i(r(g),t) for some ¢ € T. This t is

unique as i is injective. We then have o (toy)™! = o105 'i(r(03),t) = i(r(09),1).
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Multiply on the right by tos and we get oy = tos. [

In Section 2.1 of [§], another way to define a twisted étale groupoid is presented

summatively. We present it here:

Definition 2.1.37. A twist ¥ is a locally compact groupoid admitting a con-
tinuous free action T ~ X, such that the quotient ¥/T (which is denoted G) is
étale and Hausdorff. Furthermore, the canonical projection I : ¥ — G, 0 — &
should be a locally trivial principal T-bundle. For ¢y, € T and 0,09 € ¥ we
have (ty01,t0,) € X2 if and only if (0q,0,) € X2, in which case the product is
(t1t9)(0102). The groupoid structure on G is the one induced canonically by the

canonical projection. We write (G, ) for the twisted étale groupoid.

Remark 2.1.38. It is clear that Definition [2.1.35| together with Lemma [2.1.36] yields
Definition [2.1.37} Indeed the action is declared the multiplication of ¥ by T (which
is free and continuous). Lemma [2.1.36| allows us to identify G with ¥/T. Since the

image of 7 is central in ¥ it becomes clear that the algebraic structures required in
Definition are met.

Conversely, if we start out with Definition we first note that (3/T)° can be
identified with X°. Indeed the map r(o) — 7(¢) is injective since if r(d1) = r(d2)
then there exists ¢ € T such that tr(oy) = r(og). Since squaring and taking inverse
does not change the right hand side, we have that tr(oy) = t?*r(o1) = tr(oy). Since
the action is free it follows that ¢ = t* =t and so ¢t = 1. Hence the map r(c) — (&)

defines a homeomorphism ° — (X/T)°. Thus we obtain a central extension

(Z/T° x T —— » —y 2T,

where i(r(d),t) = tr(o), satisfying the requirements of Definition [2.1.35] It is easy

to see that ¢ is an injective groupoid homomorphism.

Remark 2.1.39. We will use both of the equivalent Definitions [2.1.35] and [2.1.37]
when discussing twisted groupoids, and it should be clear from context which one

we are using.

The statement of the following lemma is discussed in Section 2 of [8]. Here, we

provide a proof.

Lemma 2.1.40. Let (G,Y) be a twisted étale groupoid, and let IT be the correspond-

ing projection map. Then 11 is open and closed, perfect and proper.
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Proof. For a set A C X, we have

' (1(A)) = | {t}A. (2.2)
teT

This shows that if A is open, so is the right hand side of equation (asfort € T
the map a — ta is continuous with continuous inverse defined by multiplication
by ¢, and hence we have a homeomorphism A — {t}A), and hence so is II(A) (by
definition of the quotient topology). If A is closed, take a net t,a, in the right hand
side of equation , and assume this converges to ¢ € ¥. Since T is compact,
{to} has a convergent subnet, say {t,,}, converging to ¢t € T. Then by continuity of
multiplication and inverse, we have that t_!(t4,a4,) converges to t"'o € A. Thus ¢
belongs to the right hand side of , and II is closed. It is clear that IT is perfect
as the fibre is T.

To see that II is proper, we use the proof of Theorem K.3 in [51]. Indeed, let K
be a compact subset of G, and g € G. Let II"'(K) be covered by the open family
U. T ({g}) can be covered by finitely many open sets from U. Exercise 6 in [52]
shows how there is a neighbourhood of g whose inverse image under II is covered
by the same finitely many open sets. Since K can then be covered by finitely many
such neighbourhoods, IT7!(K') has a finite subcover. O

Definition 2.1.41. When an étale groupoid G has a property P, and X is a twist
over G, we shall say that (G,X) is a twisted étale P groupoid.

Remark 2.1.42. It is clear that in under both Definition 2.1.35] and Definition 2.1.37]
the base space G becomes locally compact. Indeed, as the twist is locally compact
by definition, this follows by Lemma [2.1.40

Now let us look at some examples of twisted étale groupoids.

Example 2.1.43 (Trivial Twist). Let G be an étale locally compact groupoid and
define the product groupoid ¥ = G x T as in Lemma [2.1.8, Definei: G° x T — ¥
by i(g,t) = (g,t), and 11 : ¥ — G by II(g,t) = g. It is easy to check that (G,3) is

a twisted étale locally compact groupoid.

Our next class of examples stem from Renault’s original considerations in [63|, where
we consider the étale groupoid G x T, but where we change the multiplication and
inversion to take into account a continuous T-valued 2-cocycle ¢ on G. The following

definition is from |17]:
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Definition 2.1.44. A T-valued 2-cocycle on an étale groupoid G is a function
c:G* =T

such that

c(g,5(9)) = c(r(9),9) =1 Vg € G,

c(g, hk)c(h, k) = c(gh, k)c(g, h) whenever (g,h), (h,k) € G°.

The following is Lemma 2.1 in [17]:

Lemma 2.1.45. Given a T-valued 2-cocycle ¢ on an étale groupoid G and g € G,

we have that

1

(g7 9) =clg,97").

Proof. We have that

1 1

(g, Nelgtg9) = (clgg™ ", 9)elg. g ))elg™, 9) = (c(g,97 ' g)clg™ ", 9))elg T, g) = 1.

]

Example 2.1.46 (Twisted Groupoids from 2-cocycles). Let G be an étale groupoid
and ¢ a continuous T-valued 2-cocycle on G. Define . = G x T with topology
the product topology, and %2 is the set of composable pairs induced canonically
from a product of two groupoids, as in Lemma [2.1.8, Endow it with the following

multiplication:

(91,t1) (g2, t2) = (9192, c(g1, g2)t1ta) V(g1,92) € G* t1,t5 € T.

The inverse is defined by

(g.0)" = (97" (g™ 9)t).

Lemma [2.1.45) can be used to show that the inverse map is indeed an involution,
and that s((g,t)) = (s(g),1) and r((g,t)) = (r(g), 1) (here we are abusing notation
by using the same notation for the source and range maps in 3. as those in G).

Define

GOxT—sy, —1yg

by i(g,t) = (g,t) and II(g,t) = g. It is then straightforward to see that this defines
an étale twisted groupoid (G, X.) for every continuous T-valued 2-cocycle ¢ on G.
When ¢ = 1 we retrieve the trivial twist of Example
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We conclude this section by outlining how a twist over an étale groupoid gives rise

to a certain complex line bundle that will become relevant in Section [2.1.4]

Lemma 2.1.47. Let (G,Y) be a twisted étale groupoid. Define a relation on ¥ x C
by (01,21) ~ (09,22) if and only if II(oy) = Il(o9) and either z; = z5 = 0 or

|21| = |z2| and 201 = Z2.09. Then ~ is an equivalence relation. Define a map
|21 |22]

p:(XxC)/ ~>G, |o,z — (o).
This turns (X x C)/ ~ into a complez line bundle over G.

Proof. Reflexivity and symmetry of ~ is clear. Now assume (o7,21) ~ (09, 23) ~
(03, 23). Then II(0q) = I1I(0y) = II(03), and if z; = 25 is 0 then it forces z3 = 0 also,

and if not then we have 2.0, = 20, = .03, and transitivity follows.
1] | 2] 23]~ 37

It is clear that the map p is well-defined. Note that there exists t € T, ¢ € ¥ and
21,29 € C\ {0} such that 7 = iz if and only if (0,21) ~ (to, z3). Hence given

g € G, we have by Lemma [2.1.36 that p~!({g}) can be identified with a line in the

complex plane passing through the origin. ]
Definition 2.1.48. Let (G, X) be a twisted étale groupoid. Define
Lg = (2 X (C)/ ~

where the equivalence relation ~ is the one from Lemma [2.1.47] Ly is then called
the complex line bundle associated to . The topology on it is the canonical one
induced by the quotient topology of the product topology on ¥ x C. we denote the
quotient map by q.

Remark 2.1.49. In Section 4 in [64] Renault introduces the complex line bundle
associated to X as the orbit space of the circle action T ~ (¥ x C) given by
t(o,2) = (to,tz). It is straightforward to see that this defines the same equivalence
classes as the ones defined in Lemma [2.1.47]

Remark 2.1.50. Renault notes in Section 4 of |64] that the complex line bundle
associated to X has the structure of a Fell bundle over G, with fibre C. We will

only use this fact sparsely and hence we will not discuss the theory of Fell bundles.

2.1.4 Twisted Groupoid C*-algebras

This section involves the construction of the reduced twisted groupoid C*-algebra.

This generalizes the reduced groupoid C*-algebra construction, which we will not
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need for this thesis. The material presented here will be broadly based on the
material in Section 4 of [64], and hence it is more convenient to have Definition
2.1.37| as the base definition for twisted groupoids. In what follows we assume
(unless stated otherwise) that the twisted groupoids are étale, locally compact and
Hausdorff. Local compactness is a consequence of the twisted groupoid definitions.
Some specific statements might not need one or more of these assumptions, but for

the purpose of this thesis we are not interested in such exceptions.

Definition 2.1.51. Let (G, X)) be a twisted étale locally compact Hausdorff groupoid.
Let f: 3> — C be a continuous function. We define the open support of f as as

supp'(f) ={o6 € G: f(o) # 0}

The support of f is defined by

supp(f) = supp'(f).

Definition 2.1.52. Let (G, Y) be a twisted étale locally compact Hausdorff groupoid.
Define

C(G,X)={f:X—C: f is continuous, f(to)=1tf(0) Vt € T,oc € X}.
We call the property f(to) = tf(o) T-equivariance. Define

Ce(G,Y)={f€C(G,Y), supp(f) is compact},

and

Cc(G”) ={f € Cc(G.%) : supp(f) € G"}.

The following lemma highlights why T-equivariance is used, namely to be able to
identify such continuous functions with continuous sections of the complex line
bundle associated to ¥. The following is stated as Remark 5.1.10 in |71]:

Lemma 2.1.53. Let (G,X) be a twisted étale locally compact Hausdorff groupoid.
There is an isomorphism that identifies Co (G, 2) with the compactly supported con-

tinuous sections of the complex line bundle associated to .

Proof. Let us give the explicit identifications. For f in C(G, Y), define Sy : G — Ly,
by
Sy(6) = [o, fo)]:
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By Remark [2.1.49 S} is well-defined precisely because of the T-equivariance of f.
For a compactly supported supported section S : G — Ly, we let

where z(0) is the unique element in C which satisfies that (o, 2(¢)) is in the class

of S(¢). It is easy to see that z is T-equivariant and that S,y = S and that
fisp =1 O

In order to obtain a twisted groupoid C*-algebra, we will start by constructing a
x-algebra structure on Cx(G, ), and then introducing an appropriate norm. The

(C*-algebra will then be the completion of C (G, 3) with respect to this norm.

Definition 2.1.54. Let (G, X) be a twisted étale locally compact Hausdorff groupoid.
Define (C¢ (G, Y), *) to be the vector space C(G, ) (as a subspace of Cy(X)) en-
dowed with a multiplication map defined by

fxglo)= Z flor™Hg(7), forall f,g€ Co(G,%),0€ X, (2.3)

T€Gs(0)

and an involution defined by

fHo) = flo7h). (2.4)

Lemma 2.1.55. Let (G, X)) be a twisted étale locally compact Hausdorff groupoid.
Then (Cc(G, %), %) defines a *-algebra structure on Co(G, ).

Proof. The sum in is well-defined as f and ¢ are T-equivariant and the sum
is over a discrete space (by Lemma , and since the supports of f and g are
compact, only finitely many summands are non-zero. Clearly f * g is continuous
and T-equivariant since f is. To see that f *x ¢ is compactly supported, notice
that f * g(o) is non-zero if there is at least one 7 € Gy, such that f(o771)g(7)
is non-zero, which implies that o is in the image, under the multiplication map,
of (IT"*(supp(f)) x U~ (supp(g))) N X2, which is the image, under a continuous
function, of a compact set (32 is closed as the topology is Hausdorff, see for example
the consequences of Definition 2.1 in [63]|, and we use the properness of II from
Lemma , hence compact. So supp(f) is a closed subset of the image, under
I, of a compact set, hence compact. Hence f x g € Co(G, X).

Likewise one can check that f* € Cx(G, ), and it is a tedious but simple task to

check that the remaining algebraic axioms defining a *-algebra are satisfied. O]
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The strategy is to now introduce a representation of our *-algebra Cc(G, %) on
a Hilbert space for every element g € G°. The norm we will want to define on
(Cc(G, %), *) will be the universal one with respect to these representations. In
order to achieve all this, we will first show that the norm of any *-representation
of (Ce(G, %), *) is bounded by a certain norm known as the I-norm. This norm

behaves like a fibrewise 1-norm.

Definition 2.1.56. Let (G, X) be a twisted étale locally compact Hausdorff groupoid.
The I-norm on (Cc(G,X), ) is the norm defined by

| fllr = max supZ\f sup Z\f

9€9 5€Gy O’Egg

Lemma 2.1.57. Let (G, X)) be a twisted étale locally compact Hausdorff groupoid.
The I-norm on (Co(G,X),*) is a norm satisfying ||f*||r = ||f|l; and ||f = h|l; <
I\ elIllr for all f.h € Cc(G,5).

Proof. That ||||; is homogeneous and satisfies the triangle inequality is clear. To see
that it is real-valued, note that we can first cover G by open bisections by Lemma
Then for f € Cc(G,Y), a finite subcollection of our open bisections cover
supp(f). Let the number of elements in this subcollection be N. It is then clear
that ||l < Nl < o0,

It is clear that ||f*||; = ||f|lz, and note that for any g € G° we have, for f,h €
C(j(g, E) that

DI n) =1 Y flor D)

5€Gg 5€Gg T€G ()

< S 1o )]

5€Gg \7€G0s(0)

= > 1 I Ia)

7€Gy \0€Gs(r)

< S 1) 1h(n)

7€Gg \PEGr(r)

< I£l1 > |n(r)

T€Gy

< £l
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The same can be done for a sum over the range fibre, and as g € G° was arbitrary,
it follows that || f = hll; < ||fll:|I7|:- O

We now show that any *-algebra representation on (C¢ (G, X)), *) is bounded by the
I-norm. In order to obtain this, we need to introduce the inductive limit topology

on Cx(G, X).

Definition 2.1.58. Let (G, X)) be a twisted étale locally compact Hausdorff groupoid.
Let K be the set of all compact subsets of G. For K € K, define Cx(G,X) to be
those elements in C¢(G, X) with compact support in K. Endow Cx (G, ) with the

topology induced by the supremum norm.

Lemma 2.1.59. Let (G, X)) be a twisted étale locally compact Hausdorff groupoid.
Then (Co(G,%),{Ck(G,%) : K € K}), with the order on K defined by inclusion, is
an inductive system (in the sense of Definition 5.1 in Chapter IV of [15]).

Proof. 1t is trivial to check that the properties of Definition 5.1 in Chapter IV of |15]
hold. O

The following lemma is similar to Lemma 3.2.3 in |71], but we do it for the twisted

groupoid case.

Lemma 2.1.60. Let (G,X) be a twisted étale locally compact Hausdorff groupoid.
Then any *-representation m of (Co(G,X),*) is continuous in the inductive limit

topology when treating Cc(G,Y) as an inductive system, and satisfies

I (I < [1f]]z
forall f € Ca(G,Y).

Proof. To check that 7 is continuous in the inductive limit topology, by Proposition
5.7 in Chapter IV in [15] it suffices to check that its restriction to Ck(G,¥) is
continuous, for arbitrary K € K. By Lemma [2.1.23| and compactness we obtain a
finite open cover of K by bisections. Let {x; : i = 1,...,n} be a partition of unity
subordinate to this cover, and for f € Cx(G,X) let f; = X; - f be the map defined
by pointwise multiplication, where y; = x; o I. It is clear that f; € Ck (G, ¥) with

f= éfl Then
I ()1 = ||7T(Z fll < ZHW(I})H- (2.5)
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Now note that

fixfio) =3 Flro i),

T€Gs(0)

which is only non-zero if there exists a 7 € ¥ such that both 76~ and 7 belong to
the same bisection covering K. But since the image under the range map of these
two elements is the same, it follows that the elements are the same and hence that

o € G°. Hence it is clear that
i x filo) = f7 % fi(s(1)) = | fi(7)]?
for some 7 € supp(f;), and so
£ filloo = [ fill -

Hence using that the restriction of 7 to the commutative C*-algebra (C(G), *, ||| )

becomes a *-homomorphism, we get that

lw(I* =l (f = fll < FF fillso = I1Fill5-

Returning to (2.5)) we get

17N < nll flloo-
Thus 7 is continuous in the inductive limit topology, and hence in the I-norm
topology since for f € Ce(G, %), || flleo < || f]lz- The completion of (Co(G, X), %) in
the I-norm gives us a Banach *-algebra, to which 7 extends to become a *-algebra
homomorphism (using for example Theorem 1.5.7 in [35]). Write pp : B — [0, 00)
for the spectral radius function on a Banach *-algebra B. Then, for f € Co(G,Y),

we get

Im(NIP = ("% £l = poao(r(f* =+ ) < Pociasy ST+ ) <l = fllr < 117,
and the desired result follows. O

Definition 2.1.61. Let (G, X)) be a twisted étale locally compact Hausdorff groupoid.
For every g € GY, define

My ={6: 8, = C:¢(to) =t4(o) forall teT, Y |¢(0)]” < oo}

6€Gy
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Define

Ty (Col(G, %), %) = B(Hy), mo(f)(€)(0) =Y flor"é(r). (2.6)

7€Gy

Definition 2.1.62. Let (G, X) be a twisted étale locally compact Hausdorff groupoid.
For o € 3, define & € H,(,) as the element which evaluates to ¢ at 7 = to, and 0

otherwise. We call such elements basis elements for Hg(y).

Lemma 2.1.63. Let (G,X) be a twisted étale locally compact Hausdorff groupoid.
Then for g € G°, the binary operation H, x H, — C defined by

(€6, = Y &(r)8(r)
7€Gq
is an inner product making Hy a Hilbert space.

Every § € H,y can be written as

E=) &k

7€Gy

Furthermore, for 61,09 € Gy, [(&5,800)1,| = 0 if 01 # d2 and 1 otherwise.

Proof. That the binary operation defined is an inner product making #H, a Hilbert

space is clear from Definition [2.1.61} By direct computation using Definition [2.1.62

it is clear that £ = > &(7)&,. The last claim is also easy to check. O
7€Gy

Lemma 2.1.64. Let (G, X)) be a twisted étale locally compact Hausdorff groupoid.

For every g € G°, m, defines a *-representation of (Cc(G,%),*) on H,.

Proof. For f € Cx(G,%), and £ € H,, it is clear that m,(f)(§) is T-equivariant
(as f is). The sum in (2.6 is well-defined as f and £ are T-equivariant and f is
compactly supported, meaning only finitely many summands are non-zero. Note

that if f is supported on an open bisection, and p € G,, we have, for o € 3 , that

g(f) (&) (o) = flop™),

and hence

> I (NE) @)

6€Gy
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collapses to a single summand bounded by || f||%,. Hence 7,(f)(¢) belongs to H,
when f is supported in an open bisection, and £ is a basis element. Now for arbitrary
¢ € H, we have by Lemma [2.1.63| that

=) MmN

T€Gy

By using the fact that f is supported on a bisection one can check directly that

{my(f) (&) : 7 € G,} forms a set of orthogonal elements in H,. Hence

DI (NE@)F = (my()(€),m = Y E@Pllm (NENS < N7 IZNIEN:

6EGy T€Gy

(2.7)
From this one can see that m,(f)(§) belongs to H, for arbitrary £ € H, and f
supported on a bisection. A partition of unity argument then shows that this
holds for any f € Co(G, X), and from one can conclude that m,(f) belongs to
B(H,). It is then a tedious but straightforward task to verify that 7, is a morphism
of *-algebras, and hence 7, is a *-representation of (Cc(G,X), *) on H,. O

Definition 2.1.65. Let (G, X)) be a twisted étale locally compact Hausdorff groupoid.
Then its reduced twisted groupoid C*-algebra C¥(G,3) is the completion of the *-
algebra (C¢(G, %), *) in the norm

£l = supflmg (f)]]-

gego

Remark 2.1.66. It is precisely Lemma [2.1.60| that allows us to conclude that |||,
is real-valued. The triangle inequality and homogeneity properties follow because
they are upheld for the operator norm. This norm satisfies the C*-condition because

the operator norm does. Hence C*(G, ) is indeed a C*-algebra.

Example 2.1.67. Using the constructions in Section 1 of Chapter II in [63], we may
consider a continuous T-valued 2-cocycle ¢ defining a multiplication and involution
on Co(G), where G is an étale locally compact Hausdorff groupoid. Specifically,

multiplication is given by

fxglx Z flzy™) c(ey~ty) forall f,ge Co(G), z€G, (2.8)

yEQz

and the involution by

f(x) = flx=Y)e(x,z~1) forall feCx(G), z€g. (2.9)
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In a similar way as what we have done in this section, Renault constructs a C*-
algebra C(G, c). Recalling Example[2.1.46, we may get a twisted groupoid (2., G).
It can be verified, as is stated in [17], that C*(X.,G) = C*(G,¢). When ¢ = 1, 3, is
the trivial twist, then and show that C*(G x T, G) = C*(G), where the
latter is the well-known reduced groupoid C*-algebra (as constructed in Chapter 3
of [60]).

We will conclude this section by showing that the elements of C¥(G, ) can be iden-
tified with T-equivariant Cy maps > — C. Under this identification, the elements
of C¥(G,Y) satisfy the same multiplication and involution formulas as (2.3) and

E9.

Definition 2.1.68. Let (G, X) be a twisted étale locally compact Hausdorff groupoid.
Define Cy(G, X) as the set of T-equivariant Cy maps ¥ — T. Define Cy(G°) as the
elements of Cy(G, ) with open support in G°.

Definition 2.1.69. Let (G, Y) be a twisted étale locally compact Hausdorff groupoid.
Define a map
j : C:<g7 E) - CO(g’ E)
by
j(f)(g) = <7Ts(a)(f) (gs(a))a §0>'

Here we are abusing notation by writing 7, as the extension of 74y to C;(G,X)
The following lemma is based on the ideas in Proposition 3.3.3 in |71].

Lemma 2.1.70. The map j in Definition 1s a well-defined injective linear
map and norm decreasing when Cy(G,X) is equipped with the supremum norm. On

the dense subalgebra Co(G, %) j reduces to the identity map.

Proof. For f € Cx(G, %), myo)(f) € B(Hs()) and so the inner product is taken on
two elements of H(). So indeed j(f) is a map from ¥ to C. It is linear as my()
is. Note that &, = t&, so indeed j(f) is T-equivariant. Using the Cauchy-Schwarz
inequality and Lemma we can see that

17()loe < itelgllﬂs(w(f)ll < £l

For f € Co(G,Y) it is clear that j(f)(c) = f(o) (as here we can use Definition
2.1.61)). Hence j is continuous as a map from the dense subalgebra C(G,Y) into
the C*-algebra (Cy(X), ||||s). Hence j maps C*(G,Y) into Cy(G,Y). Finally, if
f € C#(G,X) is non-zero, then there exists g € G° such that ||7,(f)| # 0. By
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Lemma [2.1.63| there must exist «, § € ¥, such that

(mg(f)(€a), E8) # 0.

The operator U, : Hya) — Hp(a) defined by &, — §,4-1 is unitary and hence we get

](f)(ﬁail) = <7rr(a)(f)(€r(a))7gﬂoﬁl> = <U;7rr(a)<f)Ua(£a)7§B> = <7rs(a)(f)(£a)7fﬁ> # 0.

Hence j(f) # 0 and so j is injective. O

Definition 2.1.71. Let (G, X) be a twisted étale locally compact Hausdorff groupoid.
Let j be the map from Definition 2.1.69] Define a multiplication and involution on
J(C(G, %)) C Co(G, %) by

i) *i)e) = Y i) i), (2.10)

Lemma 2.1.72. The multiplication and involution operations in j(C'(G,%)) as

given in Definition |2.1.71| are well-defined, and in particular we have that

J(fxg) =3(f) = i(g)
and
I =il

If we equip j(C¥(G, X)) with this multiplication and involution, and with norm

13O = £l

the map
j: (G, %) = (GG, X))

becomes a C*-algebra isomorphism. There is an Abelian C*-subalgebra Cy,(G") C
C*(G, %) such that j maps Cy..(G°) isometrically and *-isomorphically onto the C*-

algebra Cy(G°) (equipped with pointwise multiplication and the supremum norm,).

Proof. Let f,g € C*(G,%) and o € X. The summation index in (2.10) is well-
defined as j(f) and j(g) are T-equivariant. Assume f, — f and g, — g in |||,
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with f,, g, € Cc(G, %) for all n € N. Note that

1 (f*9)(0) =i (fux gn) (@) < NG(f* g = faxgn)llo < |f %9 = fuxgnllr =0,

where the last inequality is due to Lemma|2.1.70, Hence j(f,*gn)(0) = j(f*g)(0).

Now

](fn * gn)(O') = fn * gn(g) = Z fn(UT_l)gn(T) (2'11)

T€Gs(0)

by Lemma [2.1.70, For any h € Cx(G,3) we may use Lemma [2.1.63| together with
the definition of j in Definition [2.1.69| and that j(h) = h to see that, by Parseval’s

identity, we obtain

Y @E < 1Al (2.12)

T€Gs(0)

Hence by considering the functions f,(oinv(-)) and g, the sum in (2.11)) is an
l5(Gs(s)) inner product of these two functions and since (2.12)) shows that 7-norm

convergence is stronger than [y convergence the sum in (2.11)) converges to

Y i ig)(r).

7€05(0)

Hence

i xg)o)= > J(Ner i) r) = j(f) *i(9)(0)-

7€G5(0)

This shows that multiplication is well defined and that j is a multiplicative map.

In similar ways, although it is even easier, one can show that

Hence, together with the properties seen in Lemma [2.1.70, 7 is a C*-algebra iso-

morphism onto its image (equipped with the induced norm ||||,.).

Finally, let h € Cc(G%). We show that ||j(h)]|, = ||(h)]|e. Indeed, for g € G°, we

have by calculation that

Iy (h) ()12 = [h(g)I?

(as h is supported in G°) and so it follows that

1Pllee < supllmg(R)[| < [|All» < [|Pllr = [[2]lo,

gego

where we have used Lemma [2.1.60/and the fact that on Cz(G°) the I-norm coincides

with the supremum norm. Notice that the multiplication in C}(G, %) reduces to
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pointwise multiplication on C(G°), and involution reduces to conjugation. Hence
the map j is an isometric *-algebra isomorphism from C¢(G°) as a normed *-
subalgebra of C*(G) onto C.(G°) as a normed *-subalgebra of Cy(G°) with pointwise
multiplication and the supremum norm. Let Cj,.(G°) be the ||||,~closure of C(G°)
in C#(G,Y), then by extension j maps the Abelian C*-algebra Cj,.(G") onto Cy(GP).

O

Remark 2.1.73. Lemma is telling us that C*(G,X) is isomorphic to a C*-
algebra that is a subset of Cy(G,>), and under the same isomorphism the C*-
subalgebra Cp,.(G°) is identified with the C*-algebra Cy(G°). On this subalgebra
the twist is trivial and this allows us retrieve the usual pointwise multiplication and
supremum norm. Hence the multiplication on the identified C*-algebra in Cy(G, X))
is of the form given in Definition because of the existence of the twist. Hence
the "untwisted" version of this multiplication is just the pointwise multiplication.
This suggests that a non-trivial topological twist is algebraically captured by a twist

in the multiplication.

2.1.5 Cartan Subalgebras and Renault’s Theorem

In this section we define Cartan subalgebras of C*-algebras and provide some ex-
amples. Then we state, without proof, Renault’s main result in [64]. The proofs

will be discussed in further detail when we generalize this result in Chapter

We begin with the definition of a conditional expectation, based on Definition 1.3
in [65):

Definition 2.1.74. Let A be a C*-algebra, and B a C*-subalgebra. Then a condi-
tional expectation P : A — B is an onto positive projection satisfying P(bjaby) =
b1 P(a)b, for all a € A and by, by € B.

The following is Definition 5.1 in [64]:

Definition 2.1.75. Let A be a C*-algebra. A C*-subalgebra C' C A is called a

Cartan subalgebra if
e (' contains an approximate unit for A,
e (' is a maximally Abelian C*-subalgebra of A (a masa),

e (' is regular in A, meaning that the set of normalizers

Na(C)={ne A:n"Cn CC, nCn* C C}
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generate A as a C*-algebra, and,

e there exists a faithful conditional expectation

P:A—C.

In such a situation, we say that (A, C) is a Cartan pair.

Remark 2.1.76. The definition of a Cartan subalgebra is slightly weaker than its
counterpart defined by Kumjian in [40]. There it is assumed that the subalgebra
also satisfies the unique extension property for pure states. In such a case the

Cartan subalgebra is called a C*-diagonal.

Example 2.1.77. Let A be a commutative C*-algebra. Then it has a unique

Cartan subalgebra, namely A.

Example 2.1.78. Let A = M,,(C), the C*-algebra of n by n matrices with entries
in C. Then C' = D, (C), the C*-subalgebra consisting of all the diagonal matrices, is
a Cartan subalgebra. Indeed, D,,(C) contains the unit, and is a masa as any Abelian
subalgebra of M, (C) is at most n-dimensional (as a vector space) and D,,(C) is n-
dimensional. The standard matrix units are normalizers, and they generate M,,(C)

as a C*-algebra. The conditional expectation is the projection onto the diagonal.

Any other Cartan subalgebra of A is isomorphic to C' via an automorphism of A
(indeed map the mutually orthogonal basis elements to those of C', which extends

to an automorphism of A).

Example 2.1.79. Let A be a finite dimensional C*-algebra, then it is a direct sum
of matrix algebras. The diagonal subalgebra (as in Example [2.1.78| but for direct

sums) is a Cartan subalgebra.

Example 2.1.80. Let A = O,,, the Cuntz algebra generated by n isometries. Let C'
be the C*-subalgebra generated by the range projections of these isometries. Then

C' is a Cartan subalgebra. The discussion of this is given in Section 6.3 in [64].

Example 2.1.81. The following example can be found in Section 2 in [45]. For a
discrete countable group G acting on a second countable locally compact Hausdorff
space X by homeomorphisms, we may form the étale transformation groupoid G x X
as in Example We may also form the reduced crossed product C*-algebra
Co(X) X4, G where a denotes the group action (see Chapter 8 in [16]). There is an
isomorphism C(G x X) = Cy(X) X, G. Corollary 2.3 in [45], or Example [2.1.32]
in this thesis, shows that the group action is topologically free if and only if G x X
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is a topologically principal groupoid. In this situation, Theorem [2.1.82] below tells
us that Cy(X) is a Cartan subalgebra of Cy(X) %, G.

Renault’s result in [64] characterises Cartan subalgebras of separable C*-algebras as
being the C, functions on the unit space of a certain twisted groupoid. Specifically,

Renault proves:

Theorem 2.1.82. Let (G,X) be a twisted étale locally compact second countable
topologically principal Hausdorff groupoid. Then (C#(G,%), Co,(G%)) is a Cartan

pair.

Conversely, let (A,C) be a Cartan pair where A is a separable C*-algebra. Then
there exists a twisted étale locally compact second countable topologically principal
Hausdorff groupoid (G, %) and a C*-algebra isomorphism carrying A onto C¥(G, )
and C' onto Cy,.(G°).

We will generalize Theorem [2.1.82in Chapter |3 to non-second countable groupoids
and non-separable C*-algebras. This will have the effect of weakening the topolog-

ical principality of the groupoid to effectiveness.

2.2 Elementary K-Theory for Unital C*-algebras

In this section we will explore some of the fundamentals of K-theory for C*-algebras.
K-theory is a functor which attaches to a C*-algebra an Abelian group. It has
appeared as a main tool in the classification programme for C*-algebras; indeed
many classes of C*-algebras can be classified by K-theory and tracial data (see for
example [21], [30], [31], [38], [59] and [80]).

Our discussion here will only introduce the aspects of K-theory that we will need
later and hence be far from a complete account. We will mainly focus on the basics
of the Ky functor on unital C*-algebras. The contents of this material will be based
on Chapters 1 to 5 in [43]. For a more complete account, as well as a discussion for
non-unital C*-algebras as well as that of the K; functor, the reader may consult
the rest of the chapters in [43], as well as |11] or [85].

We start with a definition of the Grothendieck group induced from an Abelian
semigroup. This is a generalization of the construction that obtains the integers
from the natural numbers. Indeed, the integers can be viewed as the equivalence
classes of the formal differences of natural numbers, with two differences a — b and
¢ — d being identified if a + d = ¢ + b.

Definition 2.2.1. Let (S,+) be an Abelian semigroup. Define an equivalence
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relation ~ on § x S by (s1, $2) ~ (71, 72) if and only if there exists z € S such that
S1+rotz=17+ S+ 2.

Denote the equivalence class of (s,7) € S x § by < s,7 > . Let
GS)=(SxS8)/ ~.
Define an operation + on G(S) by
< 81,71 >+ < 89,19 >=< 81 + S9,71 + 79 >

(where we are abusing notation by using the same + for S as for G(S)).

Lemma 2.2.2. The operation + on G(S) is well-defined and turns G(S) into an
Abelian group.

Proof. 1f (s1,71) ~ (a1,b1) and (sg,79) ~ (a9, by) then there is 21, 20 € S such that
S1+bi+zr=a1+1r1+ 21, So+by+ 29 =09+ 19+ 2.
Adding the equations yields
(51 4+ 82) + (b1 + b2) + (21 + 22) = (a1 + ag) + (r1 +72) + (21 + 22),
which implies that
(51 + s2,71 +72) ~ (a1 + ag, by + by).

Hence + is well-defined. It is clear that G(S) is Abelian because S is, that the
identity element is < s, s > for s € §, and that — < s, >=<r, s >. Hence G(S)
is an Abelian group. m

Definition 2.2.3. For an Abelian semigroup S, G(S) is called the Grothendieck
group of §. For an arbitrary r € S, the map

Vs :S = G(S), s—=><s+rr>

is called the Grothendieck map. We say that S has the cancellation property if

whenever s, 7,z € § such that s + 2z = r + 2z then s = 7.

Lemma 2.2.4. The Grothendieck map is well-defined and additive. It is injective
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if and only if S has the cancellation property,

Proof. For any s,7m1,79 € S we have that (s + r1,71) ~ (s + 7r9,72) hence ~vs is

well-defined. It is additive because for ant sq, so,7 € S we have that
Vs(s14+82) =< S1+So+r+r,r+r >=< $1+7,1 > + < So+71,17 >= vs(51) +7s(52)-

Note that if vs is injective and s + z = r + z for 5,7,z € S, then vs(s) = vs(r)
by additivity of vs and so s = r. If § satisfies the cancellation property then if
vs(s) = vs(r) it follows that there is some z € S such that s+ z = r + z and so by

cancellation s = 7. O
Lemma 2.2.5. Let S be an Abelian semigroup. Then
G(S) = {vs(s) —s(r) : 5,7 € S}
Proof. Note that
<s,r>=<s+(r+s),r+(r+s)>=<s+nrr>+<s,s+r>=7ys(s) —ys(r).
O

Lemma 2.2.6. The Grothendieck construction is functorial. In other words, if f :
S — T is a semigroup homomorphism then there is a unique group homomorphism

G(f) such that the following diagram commutes:

s—L T
s T (2.13)
G(S) T G(T)

Proof. By Lemma [2.2.5 we may define

G(f)(vs(s) =s(r) =7 (f(s)) =47 (f(r))-

It is easy to see that this is well-defined, and Lemma shows that G(f) is a
group homomorphism, and by construction (2.13)) commutes. Uniqueness follows
by commutativity of (2.13) and Lemma [2.2.5 O

Lemma 2.2.7. The Grothendieck construction is universal. In other words, if S is

an Abelian semigroup, H an Abelian group and v : S — H is an additive map, then
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there exists a unique group homomorphism f : G(S) — H making the following

S i » H
Y V (2.14)
G(S)

Proof. By Lemma [2.2.5] define

diagram commute:

f(ys(s) =7s(r)) = v(s) = ~(r). (2.15)

It is easy to check that f is well-defined, and additivity of v yields that f is a group
homomorphism. Commutativity of (2.14]) follows by construction. Uniqueness

follows by Lemma and commutativity of ([2.14)). O

Proposition 2.2.8. Let (G, +) be a group and S C G a semigroup under the same
operation +. Then G(S) is isomorphic to the group H =< S >={s—r:s,r € S}
generated by S.

Proof. We may take ~ in Lemma to be inclusion into G, obtaining a group
homomorphism f : G(S) — G. By (2.15) we see that the image of f is H. Note
that if f(ys(s) —ys(r)) = s —r = 0 then s = r and ys(s) — vs(r) = 0, so f is

injective. [

Example 2.2.9. The Grothendieck group of (N, +) is isomorphic to (Z,+) by
Proposition [2.2.8

Example 2.2.10. The Grothendieck group of (NU{oo}, +) is {0}. Indeed we have
that for every a,b € NU {00}, (a,b) ~ (00, 00).

The idea now is to construct from a unital C*-algebra A a certain semigroup, and

the Ky group of A will then be the Grothendieck group of this semigroup.

Definition 2.2.11. Let A be a unital C*-algebra. For n € N, define M,,(A) as the
set of n by n matrices with entries in A. Give M,,(A) a vector space structure by the
usual pointwise addition and scalar multiplication. Define the multiplication and

the involution in the usual way as done for M, (C). For a faithful representation 7
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of A on H, define a representation 7, of M, (A) on H" by

ai; Gz - Qi &1 m(a11)&1 + m(a2)ée + - -+ m(am)én
- Q21 Qg2 -+ oy $ _ m(agn )& + m(aw)le + ... + m(awm)én
Ap1 Ap2 - Ann fn 7T(anl)gl + ﬂ(an2)€2 +...+ 71-(a’rm)gn

The C*-norm on M, (A) is defined via its representation, making M, (A) into a
C*-algebra. We write M,,,(A) for the set of m by n matrices with entries in A.
The involution here acts by transposition and entry-wise involution, with image in

Mym(A).

Remark 2.2.12. Any faithful representation induces the same norm, and we have

ml.?X{Hain} < (@)l < lagll.
i

Definition 2.2.13. For A a unital C*-algebra and n € N, define
Pu(A) ={pe M,(A): pisa projection}.

Define
Poc(A) = | Pul(A).

neN

Definition 2.2.14. For A a unital C*-algebra, we say that p and ¢ in P, (A) are
Murray-von Neumann equivalent, written p ~ ¢, if there is a v € M, (A) such
that p = v*v and ¢ = vv*. We extend this to P (A) as follows: for p € P,(A)
and q € P,,,(A), we say that p and q are Murray-von Neumann equivalent, written

p ~o q, if there is a v € M,, ,(A) such that p = v*v and ¢ = vv*.

Example 2.2.15. Let A = C and consider p,q € P,(C). Note that p and ¢
are Murray-von Neumann equivalent if and only if they are the range and source
projections of some partial isometry in M,,(C), which is equivalent to dim(p(C")) =
dim(q(C™)), which is equivalent to tr(p) = tr(¢). Hence the Murray-von Neumann

equivalent projections are exactly those which have the same trace.

Example 2.2.16. Let A = B(H) for some infinite-dimensional Hilbert space H.
Then M, (A) = B(H") which is again the bounded operators on some infinite
dimensional Hilbert space, so we may just assume without loss of generality that p

and ¢ are projections in A. Then they are again Murray-von Neumann equivalent
if and only if dim(p(H)) = dim(q(H)).
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Example 2.2.17. Let A = C(X) for a compact Hausdorff space X. Then a
necessary condition for p and ¢ in P,(C(X)) to be Murray-von Neumann equivalent
is that they have the same trace at every evaluation. However this condition may
not be sufficient as it may not be possible to obtain a global isometry witnessing

the equivalence from pointwise ones.

For instance, the map

pIT—>M2(C), t— (%

Nl N [
N |—
W= my

belongs to Po(C(T)) and evaluates to a one-dimensional projection at every ¢ € T.

10
T — My(C), t— .
1 2(C) (0 0)

So does the map

However p and ¢ are not Murray-von Neumann equivalent.
The following lemma highlights the properties of ~j:
Lemma 2.2.18. Let A be a unital C*-algebra. Let p,p1,q,q1 € Ps(A). Then:
1. ~yq is an equivalence relation on Ps(A).
2. pr~op®0, for alln € N.
3. If p ~o p1 and q ~o qu then p® q ~o p1 & q1.
4-PDq~0qDP.

5. If p,q € Pn(A) with pg = 0 then p + q is a projection and p @ q ~o p + q.

Proof.

1. Reflexivity and symmetry are clear. For transitivity, assume v is a partial
isometry inducing the equivalence between p and ¢ and w is a partial isometry
inducing the equivalence between ¢ and r, then wv induces the equivalence

between p and 7.

2. Assume p € P,,(A). Then the partial isometry (g) € M inm(A) induces

the required equivalence.

3. If v induces the first equivalence, and w the second, then diag(v,w) is the

desired partial isometry.
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4. Assume p € P,(A) and q € P,,(A), then the desired partial isometry is

Omn
v:< n 4 ) € Myim(A).

P Opm

5. If pg = 0 then (¢gp)* = pg = 0 so gp = 0 and so p + ¢ is clearly a projection.

The desired partial isometry is

v = <p> € MQnm(A)
q

Lemma [2.2.18| allows us to define the following:

Definition 2.2.19. Let A be a unital C*-algebra. Define
D(A) = Po(A)/ ~0 -
Denote the equivalence classes by [-]p. Define an addition operation + on D(A) by

[plp + [alp = [p @ dlp.

Lemma 2.2.20. For a unital C*-algebra A we have that (D(A),+) is an Abelian

Semigroup.
Proof. This follows from Lemma [2.2.18] ]

We are now in a position to define the K, group of a unital C*-algebra A. It is the
Grothendieck group of D(A).

Definition 2.2.21. Let A be a unital C*-algebra. Define

and denote, for p € Py (A),
[Plo = Yoy ([plp)-

Remark 2.2.22. Tt is clear that if p and ¢ in P, (A) are Murray-von Neumann equiv-
alent, then [p|p = [¢]p and so [plo = [¢lo. However, the converse might not hold,

so two elements that agree in Ky might not be Murray-von Neumann equivalent,
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as the Grothendieck map might not be injective (equivalently, by Lemma [2.2.4]
D(A) might not have the cancellation property). However, p and ¢ will be stably

equivalent, defined below.

Definition 2.2.23. Let A be a unital C*-algebra. We say p and ¢ in Py (A) are
stably equivalent, written p ~ ¢, if there is an r € Py (A) such that p@®r ~q g r.

Lemma 2.2.24. Let A be a unital C*-algebra. The for p,q € P (A) we have that

plo=1ldlo <= p~sq

Proof. If [plo = [¢]o then by the definition of the Grothendieck map there is some
r € Pso(A) such that [p]p+[r]p = [q]p+ [r]p which implies by definition of addition
in D(A) that p @ r ~y ¢ @ r and hence p ~y gq.

If p~gqthen p®r ~gq®r for some r € Py(A) and hence [p @ r|y = [¢ B r]o.

However note that

[p®7]o = yp(a) ([PDT]D(4)) = YD(4) ([PlD+(r]D) = YD(4) ([P]D) + VD) ([r]D) = [Plo+[r]o-

Hence
[plo + [r]o = [glo + [7]o

and as these elements belong to a group we have [plo = [¢lo. ]

Remark 2.2.25. Tt is clear from Lemma that we may have defined the K
group of a unital C*-algebra A as follows. We could have started with the notion
of stable equivalence of projections, which is weaker than Murray-von Neumann
equivalence, and defined a sum on the equivalence classes as the equivalence class
of the direct sum. The group generated by such elements is then the K, group. So
Ky identifies projections which are Murray-von Neumann equivalent up to taking

a direct sum with a projection.

Definition 2.2.26. Let A be a unital C*-algebra. The we say that A has the
cancellation property if we have, for p, q € P, (A), that

[plo = ldlo <= p~04q.

We now describe the standard picture for Kj.
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Proposition 2.2.27. Let A be a unital C*-algebra. Then

Ko(A) ={lplo — [qlo : p,q € Ps(A)} = {[plo — [qlo : p,q € Pu(A4), n € N}. (2.16)
FPurther we have that

1. [plo + [glo = [p ® dlo-
2. The identity element is [04]o.

3. If p,q € Pn(A) are mutually orthogonal then [p + qlo = [plo + [¢lo-

Proof. The first equality in holds by Lemma . For the second equality,
let [plo — [qlo € Ko(A) for some p € P,(A) and ¢ € P,,(A). Let [ € N bigger than n
and m, and put p; = p® 0,_, and ¢ = ¢ & 0;_,,. Then by Lemma [2.2.18 we have
that p ~¢ p1 and g ~¢ ¢; and hence [plo = [p1]o and [glo = [¢1]o, and this yields the

second equality.
1. This was shown in the proof of Lemma [2.2.24]

2. We have that [plo + [04]o = [p ® 04]o = [p]o where the last equality is due to
Lemma 2.2.18

3. By Lemma [2.2.18, p + ¢ ~o p @ ¢ and hence the result follows by [I}

]

We now discuss the notion of homotopy between projections and homotopy equiva-
lence between C*-algebras. As we will not use this often later on we will not devote

time to develop the theory or provide proofs.

Definition 2.2.28. Let A be a unital C*-algebra and p,q € P,(A). We say p and
q are homotopic, written p ~j ¢, if there exists a continuous path between them
inside P, (A). We say p and q are unitarily equivalent, written p ~, g, if there exists

a unitary u € M,(A) such that p = u*qu.

Let B be a unital C*-algebra. We say that two x-homomorphisms ¢,¢ : A — B
are homotopic, written ¢ ~j 1, if there is a path of *-homomorphisms A — B,
[0,1] >t — ¢, starting at ¢ and ending at ¢ (so g9 = ¢, ¢1 = 1) and such that the
map t — ¢.(a) is continuous for each a € A. We say that A and B are homotopy
equivalent if there exists *-homomorphisms ¢ : A — B and ¢ : B — A such that

Yod~pida and ¢ oh ~y idp.
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Remark 2.2.29. We have the implications
~p T Ay, = (2.17)

For the proof, see Proposition 2.2.7 in [43]. It follows from this that if p,q € P,(A)
and p ~j ¢ then [plo = [¢lo. The reverse implications to (2.17) are true but in

matrix amplifications, see Proposition 2.2.8 in [43].

It turns out that the properties [I] and [2| in Proposition [2.2.27, as well as being
invariant under homotopies as in Remark [2.2.29| characterise [-]o universally. What

this means is the following:

Lemma 2.2.30. Let A be a unital C*-algebra, G an Abelian group and v : Py (A) —
G a map satisfying

1. vip®q) =v(p)+v(q) for all p,q € Puo(A),
2. v(04) = 0g, and,
3. if p,q € Pn(A) are homotopic, then v(p) = v(q).

Then v factors uniquely through Ko(A), meaning there is a unique group homomor-

phism f: Ko(A) — G such that the following diagram commutes

s G

(A) :
w ! (2.18)
Ko(A)

Proof. 1f we show there is an additive map « : D(A) — G, then by Lemma 0%
would factor uniquely through Ky(A). Define

Pos

To see that this is well-defined, note that if p ~¢ ¢ and p € P,(A), ¢ € P,(A) say,
then let [ € N be bigger than m and n, and put py = p ® 0,_, and ¢; = ¢ D 0;_,.
We have p; ~ ¢; by Lemma . Now by Proposition 2.2.8 in [43| we have that
p1 D 03 ~;, q1 @ 03y Hence

v(p) = v(p) + (4 = n)r(04) = v(p1 © Oz1) = (g1 © Oz1) = v/(q).

Additivity of 7 is clear, and hence we obtain a unique group homomorphism f :
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Ky(A) — G such that the following diagram commutes:

D(A) ! > G
TD(A) f
N /
Ko(A)

The addition of the map Py (A) — D(A), p — [p|p yields (2.18). O

Lemma [2.2.30] allows us to define how Kj acts on arrows:
Definition 2.2.31. Let ¢ : A — B be a *~homomorphism between two unital

C*-algebras A and B. Define:

Ko(¢) : Ko(A) = Ko(B), [plo — [¢(p)]o, (2.19)
where we are abusing notation by letting ¢ also denote the canonical *~-homomorphism
M, (A) — M,(B) induced by ¢, for p € P,(A).

Remark 2.2.32. Definition [2.2.31]is well-defined by Lemma[2.2.30] Indeed, ¢ induces
amap Po(A) = Pu(B) in the canonical way, and hence the composition v = [-]po¢
is a map P (A) — Ko(B) satisfying the conditions of Lemma [2.2.30} and so factors
uniquely through Ky(A) as in (2.18)). This unique group homomorphism we call

Ko(9)-

Let us now prove functoriality of K:

Proposition 2.2.33. Let A, B and C be unital C*-algebras and 04 p denote the
*-homomorphism A — B sending every element to Og. Let id denote the identity

homomorphism. We have that
1. Ko(ida) = idg,(a)-

2.If  : A — B and ¢ : B — C are *homomorphisms then Ky(¢ o ¢) =
Ko(9) 0 Ko(9)-

3. Ko({0}) = {0}.
4- Ko(04,8) = Oxio(4),k0(B) -
Proof.

1. By ([2.19), we have that for p € P,,(A), Ko(ida)([plo) = [p]o and this also holds
for differences of elements in Ky(A). Hence by (12.16)) the result follows.
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2. For p € Pn(A) we have that Ko(¢ 0 ¢)([plo) = [¢ © ¢(p)]o = Ko(4)([6(p)]o) =
Ko(v) o Ko(¢)([plo). This also holds for differences of such elements in Ky(A)

and so the result follows by ([2.16)).

3. We have P, ({0}) = {0} and so D({0}) = {0}, hence Ky({0}) = G({0}) =
{0}.

4. The map 04 p is the composition A — {0} — B and the result follows from
3

Let us now show that the Ky functor is homotopy invariant:

Proposition 2.2.34. Let A and B be unital C*-algebras. If ¢, : A — B are
*-homomorphisms which are homotopic, then Ko(¢p) = Ko(¢). If A and B are
homotopy equivalent, then Ko(A) is isomorphic to Ko(B).

Proof. Fort € [0,1],let ¢; : A — B be the path of *-homomorphisms from ¢y = ¢ to
¢1 = 1. For p € P,(A), the continuity of t — ¢:(p) implies ¢(p) ~, ¥(p) implying
Ko(9)([plo) = Ko(¥)([plo). This also applies for differences of such elements so by
(2.16) we have Ko(¢) = Ko().

Now if ¢ : A — B and ¢, : B — A are *~homomorphisms witnessing the homotopy
equivalence of A and B, then by the first part of this proof we have that Ky (1;0¢1) =
Ky(ida) and Ky(¢1 01)1) = Ko(idg). By functoriality of K this implies that Ky(A)
and Ky(B) are isomorphic and the isomorphism is Ky(¢;) with inverse Ky(¢1). O

We will not focus on K-theory for non-unital C*-algebras in this thesis, as we will
not work with non-unital C*-algebras. For the interested reader, the definition of
Ky for non-unital C*-algebras can be found, for instance, in Chapter 4 of [43|. The
definition gives the same K-theory as the unital definition when the C*-algebra is
unital. Functoriality of Ky works in the same way as the unital case. The analysis
of the Ky functor in the non-unital case allows us to obtain that the K functor is

half-exact and split-exact, which works whether the C*-algebras are unital or not.

Proposition 2.2.35. Let
0—=>I—-A—-DB—0

be a short exact sequence of C*-algebras. Then the Ky functor induces an exact

sequence

Ko(I) = Ko(A) — Ko(B).
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Let
0—=1—-A=2B—=0

be a split-exact sequence of C*-algebras, then the Ky functor induces a split-exact
sequence

Corollary 2.2.36. Let A and B be unital C*-algebras. Then
Ko(A® B) = Ko(A) @ Ko(B).
Proof. We have a commutative diagram

0 —— Ky(A) — Ky(A) @ Ko(B) —2 Ko(B) —— 0

id lKo(LA)@Ko(LB) lid (220)
0 —— Ko(4) 2"y koA e B) 222 Kko(B) —— 0

where f(ha) = (ha,0) and g(ha,hg) = hp for hy € Ko(A), hg € Ko(B), where
ta(a) = (a,0), tg(b) = (0,b), and mwg(a,b) = b, for a € A;b € B. The map
Ko(ta) ® Ko(tp) is defined by sending (ha, hg) to Ko(ta)(ha) + Ko(tg)(hp).

The upper sequence of (2.20)) is exact by direct computation, and the lower one by
split-exactness (and Proposition [2.2.35|) of

0 v A A®B —= B —— 0.

LB

This implies that the middle vertical arrow Ko(t4) @ Ko(ep) in (2.20]) is an isomor-
phism. ]

Another useful result is the stability of Kj:

Proposition 2.2.37. Let A be a unital C*-algebra. Let n € N. Then the injective
map

A A= My(A), a—a®0, 1,

induces an 1somorphism in K-theory
Ko(A\n) : Ko(A) = Ko(M,(A)).

Proof. For p € Pr(M,(A)) consider the canonical map py, : M(M,,(A)) = My, (A).
Let p be the extension of this map to Po (M, (A)). Then v = [Jgou : P (M, (A)) —
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Ko(A) satisfies the properties of Proposition [2.2.30, and hence factors uniquely
through Ko(M,(A)). So we obtain a group homomorphism f, : Ko(M,(A)) —
Ky(A), which one can check is the inverse of Ky(A,) by noting that

An © p(p) ~o p for p € Pp(M,(A))

and

1o An(p) ~o p for p € Pp(A).

Note that we are writing A, for the *-homomorphism induced by A, on matrix

amplifications. O

Now we wish to describe an order on Ky(A) that will become useful when we

consider the Ky group of a UHF-algebra.

Definition 2.2.38. For an Abelian group G, we will call a non-empty subset G* C

G an order on G if it satisfies:
. GT+GH C G,
2. G=G"—-G", and
3. Gtn(—-GT) ={0}.
In this situation, we say that the pair (G, G") is an ordered Abelian group.

Definition 2.2.39. Let A be a unital C*-algebra. Define

Ko(A)" = {[plo : p € Pw(A)}.

We now define the notion of stable finiteness for unital C*-algebras, which will help
yield that Ky(A)" is an order on Ky(A).

Definition 2.2.40. A projection p in a unital C*-algebra A is called infinite if it is
Murray-von Neumann equivalent to a proper subprojection. Otherwise, it is called
finite.

A unital C*-algebra A is called infinite if 14 is infinite, otherwise it is called finite.
A is called stably finite if M,(A) is finite for all n € N.

Proposition 2.2.41. Let A be a stably finite unital C*-algebra, then
(Ko(A), Ko(A)T) is an ordered Abelian group.

Proof. We have from (2.16) that Ky(A)T — Ko(A)T = Ko(A). It is clear that
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Ko(A)t + Ko(A)" C Ko(A)™. Now assume [plo = —[¢lo € Ko(A)T N (=Ko(A)T).
Then [p @ q]o = 0 implying that there exists a projection r € P, (A) such that
pDgD®T ~y 1, by Lemma[2.2.24] Assuming p®qg@r € Py(A), it is easy to see that
there exists mutually orthogonal projections py, q1,m1 € Pr(A) with p ~¢ p1,q ~o
q1,7 ~o 1. We then have, by Lemma [2.2.18] that p; + ¢; + 1 ~ r1, and so by
stable finiteness, it must be that p; + ¢; + 1 = r1, and hence that p; = ¢; = 0.
This implies that p = ¢ = 0 and thus Ky(A)* N (=Ko(A)") = {0}. O

Definition 2.2.42. Let (G,G™) be an ordered Abelian group. For g,h € G, we
write g < h if and only if h — g € G™.

Definition 2.2.43. For an Abelian group G we say u € G is an order unit if for
every g € (G there exists n € N such that

—nu < g < nu.

Lemma 2.2.44. Let A be a unital C*-algebra. Then [l4]o is an order unit in
Ko(A).

Proof. Every g € Ky(A) is of the form [p]y — [¢]o for some p, ¢ € P,(A), by (2.16].

Hence we have 1y,(4) — p and 1,4y — ¢ belong to P,(A). Thus we can write

—n[lalo = —[1ar,))o = —[qlo — [Tasa) — @lo < —[qlo < g

and

g < [plo < [plo + [1as,(a) — Plo = n[1alo.

]

Definition 2.2.45. Let (G,G") and (H, H") be ordered Abelian groups. A group
homomorphism f : G — H is called positive if f(GT) C HT, and an order isomor-
phism if f is a group isomorphism with f(GT) = H*. If G has a unique order unit
u and H has a unique order unit v then we say that f is order unit preserving if
f(u) = v. We say that the triple (G, G", ) is isomorphic to (H, H*,v) if there is

an order unit preserving order isomorphism f: G — H.
Proposition 2.2.46. Let A be a unital C*-algebra. Then (Ko(A), Ko(A)™, [La]o)

is an isomorphism invariant for A.

Proof. Assume there exists a unital C*-algebra B and an isomorphism ¢ : A — B
(necessarily unital). By functoriality, we have that Ky(¢) : Ko(A) — Ko(B) is a
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group isomorphism. For p € P, (A), it is clear that Ko(¢)([plo) = [¢(p)]o € Ko(B)*
and hence Ky(¢)(Ko(A)") C Ko(B)". Likewise Ko(¢) ™' (Ko(B)T) C Ko(A)". Thus
Ko(¢) maps Ko(A)T onto Ko(B)T. Tt is clear that it maps [14]o to [15]o. O

We conclude this section with some examples.

Example 2.2.47 (C). We consider the C*-algebra C. As we saw in Example|2.2.15|
if p,q € Px(A), then p ~¢ ¢ if and only if p and ¢ have the same trace. So the map

[p]p — tr(p)

is a well-defined semigroup isomorphism D(C) — NU{0}. Hence the Grothendieck

groups are isomorphic and so we obtain a group isomorphism

Ko(C) 5 7.
It is clear that C has the cancellation property. It is also clear that C is stably

finite and

(K0<C)7 K0<C)+7 [1(C]0> = <Z7 NU {0}7 1)‘

Example 2.2.48 (M, (C)). We consider the C*-algebra M, (C) for n € N. Note
that by stability of Ky as in Proposition [2.2.37, we already know that Ky(M,,(C)) =
Ko(C) = Z. However the isomorphism given in Proposition is not order
unit preserving. It is clear that M, (C) is stably finite and satisfies cancellation,

essentially for the same reasons as for C. Hence by considering traces as in Example

2.2.47], we obtain that

(Ko(Mn(C)), Ko(Mn(C))", [ar(0)o) = (Z,NU {0}, n).

Example 2.2.49 (Finite Dimensional C*-algebra). We consider a finite dimen-

N
sional C*-algebra A = @ M,,,(C). By Corollary [2.2.36{ we obtain that Ky(A) =
i=1

N
P Ko(M,,(C)) = ZN. As in Example [2.2.48 we have that A satisfies the cancella-
i=1

tion property, is stably finite, and

(Ko(A), Ko(A)*, [Lalo) = (27, (NU{ODY, (n1, ..., ).

Example 2.2.50 (B(#)). Let H be an infinite dimensional Hilbert space, and
consider the C*-algebra A = B(H). As in Example|2.2.16, we have that projections
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in P (A) are equivalent in ~y if and only if the dimension of their ranges agree. It is
easy to see thus that the map sending [p|p to dim(p(#H)) is a well-defined semigroup
isomorphism D(A) — S where S is a semigroup consisting of all cardinal numbers
less than or equal to dim(#H). The Grothendieck group of any such semigroup is
{0} and so Ky(A) = {0}.

Example 2.2.51. Let us study the K-theory of C'(X) for certain compact Haus-
dorff spaces X. Assume X is connected, then for fixed x € X, the map sending [p]p
to tr(p(z)) is a well-defined surjective semigroup morphism D(C(X)) — N U {0}.
The map is independent of the choice of element x as the map X — Z given by
x — tr(p(x)) is continuous and hence constant as X is connected. This implies that

we get a surjective group homomorphism Ky(C/(X)) <= Z.

If X is contractible then there is a point 2y € X and a continuous map h : [0, 1] X
X — X such that h(0,z) = x and h(1,z) = z¢ for all z € X. Then we may
define a *-homomorphism ¢ : C(X) — C by ¢(f) = f(x¢) and a *-homomorphism
¢ : C — C(X) by 2z = z-1 where 1 is the element of C(X) defined by 1(z) =1
for all x € X. Note that ¢ o ¢ ~, idg(x). Indeed, define ¢¢(f)(x) = f(h(t,z)) for
t € [0,1], and note that ¢y = ide(x) and ¢ = f(zo)- 1, and t — ¢.(f) is continuous
for every f € C'(X). Clearly ¢ o ¢ = idc.

Hence by homotopy invariance of Ky, as in Proposition [2.2.34] we have that
Ko(C(X)) = Ko(C) = Z. In particular we have a commutative diagram

Ko(C(X))
KO(‘Z’)l tra (2.21)

Ko(C) —25 7Z

As the vertical and horizontal arrows are isomorphisms, the former by Proposition
and the latter by Example 2.2.47] then tr, is a group isomorphism.

2.3 Inductive Limit C*-algebras

In this section we introduce inductive limit C*-algebras and focus on certain topics
that will be useful for us later in the thesis. We begin by a general introduction to
inductive limit C*-algebras. The material relevant to this can be found in sections
6.1 and 6.2 of [43].
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Definition 2.3.1. Assume A, is a C*-algebra for each n € N. Define

H A,, = {functions a : N — U,enA, : a(n) € A, sup|la(n)|a, < oo}.
neN

neN

Elements of [ A, will also be written as (a,). Define
neN

J={ac H A, a(n) # 0 for only finitely many n € N}.

neN

Lemma 2.3.2. We have that [] A, with norm ||a| = supl||a(n)|4, and product,
neN neN
addition, scalar product and involution defined pointwise, is a C*-algebra. J is a

two-sided ideal of [ An.

neN
Proof. That ||-|| is a norm is clear, and so is the fact that [[ A, is a *-algebra and
neN
that the norm satisfies the C*-equation. What is left to check is that [] A4, is a

neN
Banach *-algebra.

To this end, let {a"},,en be a Cauchy sequence in [[ A,. Then for fixed n € N,
neN
we have that {a™(n)}mnmen is Cauchy in A, and hence converges to some element

a, € A,. Define a = (a,) and it is straightforward to check that a™ — a in | ||
with a € [ A,. That J is a two-sided ideal is clear. O

neN

Definition 2.3.3. Assume A, is a C*-algebra for each n € N. Define

S 4, =7

neN

Denote the quotient map [[ A, — ([] 4.)/(>. A,) by 7.

neN neN neN

Lemma 2.3.4. In the situation of Definition we have that

I ((an)Il = Tim supl|an||,,
n—oo

and (a,) belongs to > A, if and only if lim ||a,| = 0.

Proof. By density of J in > A, we have that 7((a,)) = inf{||(a,) — 0| : b€ T}.
neN

Now for fixed b = (b,) € J we have that

[(an) = (bn)|| = limsupllan, — by |4, = limsupllan|a,-
n—00 n—00
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Hence ||7((a,))|| > limsup||a,||4,. For k € N, let by = (b%),en be the element in J

n—o0

where b’fL =a, for 1 <n <k, and 0 for n > k. Then

Im((an)ll < infli(an) = bell = fnf supfan|a, = Hmsupfan |4,

The last claim of the lemma follows easily. n

We will now describe the structure of an inductive limit C*-algebra.

Definition 2.3.5. An inductive system of C*-algebras is a sequence of C*-algebras
{A, }nen (called building blocks) and *-homomorphisms {¢, },en (called connecting

maps) where ¢,, : A, — Ap,41. This is also written as

Define, for n > m, ¢nm = ¢n 0 P10 Pp_20 -0 p,.

Definition 2.3.6. Given an inductive system of building blocks {A,, },en and con-
necting maps {én }nen, its corresponding inductive limit C*-algebra is a system
(A, {ftn}nen) where A is a C*-algebra and each p, : A, — A is a *-homomorphism,
satisfying:

1. For each n € N we have a commutative diagram

¢7L
An > An+1
DN
A

2. If (B,{A\.}nen) is another system where B is a C*-algebra and A, : A, — B
are *-homomorphisms satisfying, for each n € N, \,,11 0 ¢, = \,,, then there
exists a unique *-homomorphism ¢ : A — B such that the following diagram

commutes for every n € N:

A,
2N
A ¢ s B

In this situation, we may write the inductive limit as lig(An, On)-

Remark 2.3.7. The definitions of an inductive system and corresponding inductive



CHAPTER 2. PRELIMINARIES 60

limit are more generally done for arbitrary categories. Rather than C*-algebras we
have the objects of that category, and rather than x-homomorphisms, we have the
arrows of that category. The definitions are the same. We will use these definitions

for the category of Abelian groups and ordered Abelian groups in Subsection [2.3.1]

Lemma 2.3.8. If an inductive system of C*-algebra building blocks and connecting

maps has an inductive limit, then it is unique (up to isomorphism).

Proof. This follows directly from [2| in Definition [2.3.6 by switching the roles of u,
and \,. O

Remark 2.3.9. In view of Lemma we may speak of the inductive limit, when

1t exists.

The next proposition shows that every inductive system of C*-algebras and con-

necting maps has an inductive limit.

Proposition 2.3.10. Every inductive system of building blocks { A, }nen and con-
necting maps {¢n tnen has an inductive limit (A, {pn tnen). We also have that:

1. A= fj ,un<An)7

n=1

2. ||pn(a)|| = Um [|¢mn(a)]a,, for everyn € N and a € A,,

m—o0

3. ker(p,) ={a € A, : n%ig(lw“ﬁbm,n(a)HAm =0},

4. if (B,{\n}n) and ¢ are as in |9 of Definition then ker(p,) C ker(\,)
for alln € N. ¢ is injective if and only if ker(\,) C ker(u,) for alln € N. ¢

is surjective if and only if B = |J A\(Ay).

n=1

Proof. For a € A,, define

vn(a) = (Sma(a@))ies € [T A

€N

where ¢, ,(a) is defined to be 0 if m < n and a if m = n. It is clear that v, is a

*_homomorphism. Define

pn =movy : Ay = (T 40/ A,

1€EN 1€EN

Notice that for a € A,

(@) = png1 0 ¢n(a) = 7(vn(a) — vuy1 0 du(a)) = 7((0mna)pm=y) =0
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where 9,, ,, is 0 if m # n and 1 when m = n. Hence p,, = 41 © ¢,. Thus we have
an increasing sequence of C*-algebras {i,(A,) tnen and so we may declare A to be
the C*-algebra

A= pa(An).

We have seen that {A, {i,}nen} is a system satisfying (1| in Definition [2.3.6f We
have constructed A in such a way as to satisfy [1|in the statement of this proposition.
Claim [2]is easy to check using Lemma as

(@] = 17 @ 4(2)]| = i 5pl| (@)1, = T ),

where the last equality holds as the sequence {||¢m.n(@)||men} is eventually decreas-
ing. Claim [3] follows directly from claim

By the first isomorphism theorem the *-homomorphism A, factors uniquely through
tn(Ay) (as ker(u,) C ker()\,)), so there exists a unique *-homomorphism X, :
tn(A,) — B such that X, o u, = A\, As {in(An) bnen is increasing, uniqueness

gives that the extension of A}, to A, is unique. Hence we can extend this to a

o0
*-homomorphism X\ : |J p.(A4,) — B. X is contractive as each X, is, and hence
n=1

continuity allows us to extend to a *-homomorphism ¢ : A — B. ¢ satisfies that
¢ oy, = N, opu, = A, and is unique by the uniqueness of the restrictions. This
gives [2] in Definition [2.3.6]

For the claims in [4] in this proposition, note that ¢ is injective if and only if it is an

isometry, if and only if each X, is an isometry, if and only if ker(u,,) = ker(A,,). The
image of ¢ is |J \.(A,) and hence ¢ is surjective if and only if B = |J A\, (A4,). O

n=1 n=1

Corollary 2.3.11. Let {A,}nen and {¢n}nen be an inductive system where the
building blocks are unital and the connecting maps are injective and unital. Then
the inductive limit C*-algebra (A, {iin }nen) s unital, with unital and injective maps

[y, for every n € N.

Proof. Define 14 = pi(14,). Note that for any n € N we have that u,(14,) =

pn(Pn1(1a,)) = p1(la,) = 1a. Now for a € A we have by [1] in Proposition [2.3.10
that there is a sequence {a, }nen with a,, € A, such that a = lim p,(a,). Then
n—oo

laa = lim p,(1a,)pn(a,) = im p,(a,) = a.
n—oo n—oo

Likewise al, = a. Hence A is unital. By using [2|in Proposition [2.3.10] we see that
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[, 18 isometric, hence injective, for each n € N. O]

Corollary 2.3.12. Let {A, }nen and {¢, }nen be an inductive system of C*-algebra
building blocks and connecting maps. Then any subsystem { Ay, }ien and {¢p, | n, tien

gives rise to the same inductive limit C*-algebra as the original system.

Proof. This is easily seen by [I] in Proposition O

We will see a large class of examples of inductive limit C*-algebras when we look

at AX-algebras for compact Hausdorff spaces X in Chapter [4]

2.3.1 Continuity of K

In this subsection we wish to prove the continuity of the K, functor on inductive
limit C*-algebras. What this means is that the Ky group of an inductive limit C*-
algebra is the inductive limit (in the category of Abelian groups) of the Ky groups
of the building blocks. The material of this subsection is based on Sections 6.2 and
6.3 of [43].

The following proposition is of the same spirit as Proposition [2.3.10, but we do it
in the category of Abelian groups (with arrows group homomorphisms). The proof

is easier than its counterpart in Proposition [2.3.10

Proposition 2.3.13. Every inductive system of Abelian groups {G, }nen and group
homomorphisms { fu }nen has an inductive limit (G, {ay, }nen). We also have:

1. G= ] an(Gy),

n=1

2. ker(an) = U ker(fimn) for every n € N,

m=n-+1
3. if (H,{n}nen) and f : G — H are as in @ in Definition (but in the
category of Abelian groups) then we have that f is injective if and only if
ker(av,) = ker(y,,) and f is surjective if and only if H = |J v (G,).
n=1

Corollary 2.3.14. Let {G,}nen and { fu }nen be an inductive system in the category
of ordered Abelian groups (so the connecting maps are positive), and let the inductive

limit be (G, {an}nen) in the category of Abelian groups. Set

o0

Gt = U an(G).

n=1
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Then ((G,GT), {an}nen) is the inductive limit of our inductive system in the cate-

gory of ordered Abelian groups.

Proof. This is a straightforward task of checking definitions, aided by the claims of
Proposition [2.3.13] O

Remark 2.3.15. In the same vein as Corollaries 2.3.11] and 2.3.72] we have that if
the connecting maps are injective group homomorphisms then the maps «,, are also
for each n € N, and also any inductive subsystem gives rise to the same inductive

limit as the original system.

In order to prove the continuity of Ky, we need the following lemma:

Lemma 2.3.16. Let A be a unital C*-algebra. If a € A is self-adjoint with ||la —
a?|| =8 < 1 then there exists a projection p € A with |la — p|| < 20.

Proof. Using the spectral mapping theorem we may deduce that

sp(a) C [—26,20] U [1 — 24,1+ 26].

Hence we may define a continuous function f that is 0 on [—24,26] and 1 on [1 —
26,14 20]. Let p = f(a) which is a projection by the continuous function calculus.
Note that |t — f(t)] < 26 for all ¢ € sp(a), hence ||a — p|| < 26. O

We now state and prove continuity of K. Note however that claim [3[in Proposition
needs the tools of K-theory for non-unital C*-algebras, so we will omit the
proof. It can be found in Theorem 6.3.2 of [43].

Proposition 2.3.17. Let { A, }nen and {¢n fnen be an inductive system consisting of

unital C*-algebras and connecting maps. Denote its inductive limit by (A, {ftn fnen)-

Let (G, {an }nen) be the inductive limit (in the category of Abelian groups) of the in-
ductive system consisting of groups { Ko(Ay) bnen and connecting maps { Ko(én) }nen-
Then there is a unique group isomorphism f : G — Ky(A) making the following

diagram commute for every n € N:

% Ko(pn) (2.22)
f

Furthermore we have that
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1. Ko(A) = U Koln)(Ko(An)),

n=1

2. Ko(A)r = U Ko(n)(Ko(A)"), and

n=1

3. ker(Ko(pn)) = U ker(Ko(¢mn)) for every n € N.
m=n+1
Proof. That claim [3| holds is shown in (iii) of Theorem 6.3.2 in |43]; it requires the
definition of K for non-unital C*-algebras which we will not generally need. It is

clear that claim 2] implies claim [I} so we will prove claim [2]

Let p € Pp(A). It is clear that (My(A),{tn}nen) is the inductive limit of the
system with building blocks {My(A,)}neny and connecting maps {¢, }nen (where
we abuse notation by using the same notation for the induced maps on the matrix
amplifications). From this, and [1| in Proposition , it follows that there exists
N € N and an element azy € My(Ay) such that || (arn) — p| < 5. Define the
self-adjoint element b, y = w 1—10.
that sp(pn (bev)) C [—15, 15)U[5, 18] (see, for example, Lemma 2.2.3 in [43]). From
this it follows that

and note that ||y (bxn) —p|| < 5. This means

9

1080 (br, )2 =g (b, ) || = [lpen (07 —biw) | = max{ [t—¢] : £ € sp(pn (b))} < 100°

From claim [2| in Proposition [2.3.10]it follows that there is M > N with

1

ldar,n (B v — biew) || < 1

By Lemma [2.3.16] it follows that there exists a projection ¢ € My(Ay,) such that

1
lg — o n(bien)| < 7

Now use the triangle inequality to write

1 1
[pear(q) = pll < (@) — par(@ar v (e, w))I + [ 1ear (@ar,n (br,v)) — b < s tig <t

Hence ppr(q) is homotopic to p (see for example Proposition 2.2.4 in [43]), and
hence Murray-von Neumann equivalent to it also. Thus [plo = Ko(uar)([¢]o) and

follows.

Now use [2|in Definition to obtain that there exists a unique group homomor-
phism f : G — Ky(A) making (2.22) commute. Claim |1| forces f to be surjective,

and by [1] in Proposition [2.3.13] if f(g) = 0 for some g € G, then g = «,(y) for
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some n € N and v € Ky(A,,), and hence by commutativity of (2.22)), we have that
Ko(pn) () = 0, which implies by claim [3|that there is m > n with Ko(¢m.)(v) = 0,
and hence

g = an(y) = am o Ko(dpmn)(y) = 0.

Hence f is injective and thus an isomorphism. O]

Corollary 2.3.18. In the situation of Proposition if we additionally as-
sume that (Ko(A,), Ko(A,)"1) is an ordered Abelian group for each n € N, and
((G,GT),{an}nen) is its inductive limit in the category of ordered Abelian groups,

then the isomorphism f is an order isomorphism.

o

Proof. We have by Proposition [2.3.13| that G = |J a,,(Ko(A,)"), and hence by
n=1
(2.22) and [2{in Proposition [2.3.17| we have that

F(GT) = Ko(A)™.

2.3.2 The Ky Group of a UHF-algebra

In this subsection we discuss the Ky group of a UHF-algebra. This can be calcu-
lated using the supernatural number associated to the algebra. We will use this
information when we explore the question of uniqueness of inductive limit Cartan
subalgebras in Al-algebras in Chapter ] The material presented here is based on
Section 7.4 in [43].

Definition 2.3.19. A UHF-algebra (uniformly hyperfinite) is an inductive limit
C*-algebra of an inductive system with building blocks of the form {M,, (C)}ien

and unital connecting maps {¢;} where for each i € N, n;|n; ;.

Definition 2.3.20. A supernatural number is a sequence n = {n; };en where each
n; € {0,1,...,00}. Let p1,ps,... be the sequence of prime numbers listed in in-
creasing order. We may represent the supernatural number n symbolically as the
formal product lo_o[ p;*. Every natural number n can be treated as a supernatural
number using tht 1prime factorisation of n. The product of two supernatural num-

bers m = {m; }ien and n = {n; };en is the supernatural number mn = {m; + n; };en.

Definition 2.3.21. To a supernatural number n = {n;};cn We associate a subset

of Q, @(n), defined as consisting of all rational numbers % where x € Z and y is of
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[e.e]
the form [] p!™* where each m; < n; and all but finitely many m,’s are 0.

i=1

Lemma 2.3.22. Let n = {n;}ien be a supernatural number. Then we have the

following.

1.

2.

(Q(n),+) is a subgroup of the additive group (Q,+), containing 1.

Every subgroup of (Q,+) which contains 1 is of the form Q(m) for some

supernatural number m.

>~

For supernatural numbers m and n we have an isomorphism (Q(m),1)

(Q(n),1) if and only if n =m

For supernatural numbers m and n we have an isomorphism Q(m) = Q(n) if

and only if there are natural numbers ki, ky such that kym = kon.

Proof.

1.

That Q(n) contains one is clear as the allowable denominators of the fractions
in @Q(n) include 1. The allowable numerators include 0 so 0 € Q(n). If
2 € Q(n), then =% € Q(n) is the inverse of ¥, and if additionally 2 € Q(n),

then the addltlon of % and i is a fraction whose denominator is of the form

H pi* where each p;* either appears as a factor of y or w. This implies

—+—6Q(>

. Let G be a subgroup of (Q,+) that contains 1. Define, for each i € N,

m; = sup{k € NU {0} : - eG}E{O,l,..., . (2.23)

Let m = {m;};eny be a supernatural number. We claim that Q(m) = G.
Assume t = ¥ € Q(m) with = and y relatively prime. Write y = p‘ilpgz DR
It follows that s; < mq,...,sx < mg. This implies that gl b pgK € G.
Let y; = # for j =1,2,..., K. Then the y;’s are mutually relatlvely prime,

J
and so by Bezout’s identlty there exists integers dy, ..., dx such that

1= dlyl + -"deK-

Hence

€q.

—fzx(dlyl—i_'”deK):xdli—l— :L‘dKl
o K

Y Y b1 Pk
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Now assume t = i € G, with y written as above. Then as x and y are

relatively prime, there are integers a and b such that 1 = ax + by. Then

1 : .
1w _mlwr) _iea

p; Y )
Thus s; <mj forall j=1,..., K and so t € Q(m).

3. If n = m the isomorphism is just the identity map. Now assume we have an
isomorphism f : Q(m) — Q(n) mapping 1 to 1. This condition forces f to be
the identity map, and hence Q(m) = Q(n). From the proof of 2} using (2.23)),

we may retrieve n from @Q(n) uniquely and so n = m.

4. If f: Q(m) — Q(n) is an isomorphism then (modulo replacing f with —f
if necessary) we have that f(1) is a positive fraction. Hence there exists
positive integers ki, ks such that f(k;) = ko. So we have a composition of

isomorphisms

QUkm) 2 Q(m) L Q(n) L2 Q(kyn)

mapping 1 to 1, and hence by [8| k1m = kon.

Conversely, if kym = kon for some natural numbers kq, ko, then we have the

following composition of isomorphisms:

(k1) ! (ko)

Q(m) Q(kym) 5 Q(kan) =25 Q(n).

]

We now state the final result of this subsection, which tells us what the K, group
of a UHF-algebra is.

Proposition 2.3.23. Let (A, {i;}ien) be a UHF-algebra whose building blocks are

{M,,(C)}ien, and whose unital connecting maps are {¢;}ien. For each i, we have

[e.e]

n; =[] p;-”"j for elements n; ; € NU{0}. We define the supernatural number asso-
j=1
ciated to A by m = {m;};en where

m; = sup{n"’}.
ieN
Then
Q(m) =|Jn;'zZ (2.24)

1€EN
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and

(Ko(A), [1alo) = (Q(m), 1).

The supernatural number associated to A is unique.

Proof. Let t = % € Q(m), with x and y relatively prime and y = pi* ... p}¥. Then
s; < mj for j =1,2,...,K. Then as {n*/}°, is increasing because n;|n;;1, we
can find an 7 € N such that s; < n,; for j = 1,2,..., K. So y divides n; and so
t € n;'Z. Conversely, because n; ' € Q(m) for all i € N by the fact that n®/ < m;
for all i € N, it follows that |J n;'Z C Q(m).
i€N

Let 7; be the normalized trace on M, (C), in other words 7, = niitr. By Exam-
ple we have that Ko(7;) : Ko(M,,(C)) — n;'Z is an isomorphism. Let
(G,{ai}ien) be the inductive limit of the inductive sequence with building blocks
{Ko(M,,(C)) }ien and connecting maps {Ko(¢;)}ien. Then we have a commutative

diagram for each 7 € N:

Ko(My,(C))
K(V la" xo(n) (2.25)
KO(A) 1 » G g ’ Q(m

)

The left hand commutative triangle in is the commutative diagram in
Proposition [2.3.17] The existence of a group homomorphism ¢ making the right
hand triangle commute in is due to the universal property for inductive limits
(as in[2]in Definition[2.3.6)) seeing that we have that Ko(7;41)0Ko(¢;) = Ko(r;) for all
i € N. The fact that Ko(7;) is an isomorphism, together with([l]in Proposition 2.3.13]
allows us to conclude that ¢ is an isomorphism. Hence we have an isomorphism
Ko(A) — Q(m). The commutativity of can be used to show that this

isomorphism maps [14]o to 1.

For the final claim of the proposition, if A’ is another UHF-algebra isomorphic to A
with associated supernatural number m/, then the K, groups agree by Proposition
and thus we have an isomorphism (Q(m), 1) = (Q(m/), 1), and so[3|in Lemma
2.3.22| gives that m = m/. O

2.3.3 Inductive Limit Cartan Subalgebras and A X-algebras

In this subsection we define the main mathematical structure that is of interest
to us in this thesis, namely that of an inductive limit Cartan subalgebra in an

inductive limit C*-algebra. We also define what existence and uniqueness means
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for such a structure. These definitions are, to the best of our knowledge, original.
We will also define a class of inductive limit C*-algebras, namely the A X-algebras,
which will be class of C*-algebras we wish to discover the existence and uniqueness
of inductive limit Cartan subalgebras for. We will highlight some properties that
these A X-algebras have that will be useful for us later. Unless otherwise stated,
the definitions and results written in this subsection were written down without
consultation from a reference, although it is highly probable they are to be found

in many references.

Definition 2.3.24. Let ¢ be a class consisting of C*-algebras. Then a c-inductive
limit C*-algebra is a C*-algebra A arising as an inductive limit C*-algebra formed
by building blocks {4, },en belonging to ¢, and connecting maps {d, }nen. A c-
inductive limit Cartan subalgebra C' of a c-inductive limit C*-algebra A is a Cartan
subalgebra C' C A where A arises as a c-inductive limit C*-algebra of building
blocks {A, }nen and connecting maps {¢, nen, and C arises as an inductive limit
C*-algebra of building blocks {C,},en and the same connecting maps {¢, }nen,
where each (4,,C,) is a Cartan pair. In such a situation, we may call (4,C) a
c-inductive limit Cartan pair. If c is the class consisting of any C*-algebra we drop

the c prefix.

Definition 2.3.25. We say that a c-inductive limit C*-algebra A has a unique c-
inductive limit Cartan subalgebra C' if for every other c-inductive limit Cartan pair
(B, D) with B = A there is an isomorphism of Cartan pairs (4, C) = (B, D).

Remark 2.3.26. The reasons we want to restrict our attention to inductive limit
C*-algebras and Cartan subalgebras whose building blocks belong to a specified
class, rather than arbitrary building blocks, are many. Firstly, if one does not
restrict to a certain class of allowable building blocks, then every C*-algebra A
with a Cartan subalgebra C is an inductive limit C*-algebra with an inductive
limit Cartan subalgebra, since we may just take the constant sequence {A},cn for
building blocks and the identity map sequence {id}, ey as connecting maps, and for
the inductive limit Cartan subalgebra the constant sequences {C'},en and {id},en.
This would not be useful in the pursuit of building Cartan subalgebras out of specific
building blocks.

Secondly, for the purpose of studying the uniqueness of a method which constructs
Cartan subalgebras in specific inductive limit C*-algebras, one would need to con-
sider only those Cartan subalgebras which arise from similar building blocks as the
C*-algebra in question. For example, the CAR-algebra (see Chapter III in [16])

has a Cartan subalgebra built as an inductive limit of the diagonals of the building
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blocks (see Example below), but it also has a Cartan subalgebra that is not
an inductive limit of Cartan subalgebras of finite dimensional C*-algebras (this is
seen by Blackadar’s constructions in [12]). Hence it is fruitless to talk about unique-
ness of Cartan subalgebras when allowing arbitrary building blocks, as then Cartan
subalgebras of AF-algebras would not be unique (up to Cartan pair isomorphism).
However, as we shall see in Chapter [5, the Cartan subalgebras of AF-algebras which
are inductive limits of subalgebras in finite dimensional building blocks are unique.

Thus, specifying the building blocks allowable is the right approach.

Definition 2.3.27. Let cg be the class of finite dimensional C*-algebras, in other

words finite direct sums of full matrix algebras, which we will also call A F-building

N
blocks. Let c; be the class of C*-algebras of the form € C([0,1]) ® M, for some
j=1

N,n; € N, which we Will also call Al-building blocks. Let cr be the class of C*-
algebras of the form @ C(T) ® M, for some N,n; € N, which we will also call

AT-building blocks. More generally, for a compact Hausdorff space X, let cx be the

class of C*-algebras of the form @ C(X)® M, for some N,n; € N, which we will
j=1
also call AX-building blocks. Note that when only a single summand is present, we

will sometimes refer to it as an X-algebra (and interval-algebra for the Al case,

circle-algebra for the AT case).

Now we define AF, AI, AT and more generally A X-algebras. A thorough discussion
of the AF, AI, and AT-algebras can be found in [67].

Definition 2.3.28. An AF-algebra is a cp-inductive limit C*-algebra. An Al-
algebra is a cj-inductive limit C*-algebra. An AT-algebra is a cr-inductive limit
C*-algebra. More generally, for a compact Hausdorff space X, an AX-algebra is
a cx-inductive limit C*-algebra. By an AX-Cartan subalgebra we shall mean a

cx-inductive limit Cartan subalgebra of an A X-algebra (with analogous definitions
for AF, Al, and AT-Cartan subalgebras).

Example 2.3.29. Every unital AF-algebra has an AF-Cartan subalgebra. The
construction is due to Voiculescu and Stratild in Chapter 1 of [72]. Indeed, if the AF-
algebra is the inductive limit hgn(Am ¢n) where each A, is a finite dimensional C*-
algebra, and each ¢, a unital injective connecting map, then let C; be any Cartan
subalgebra of A; (for example, take the diagonal subalgebra), and inductively define
the Cartan subalgebra

Cn+1 (¢n( n) n+1)

where D, is an arbitrary masa in ¢(A,) N A, 1. The details showing that this
indeed defines a Cartan subalgebra for every n € N are in Chapter 1 of [72]. The
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desired AF-inductive limit Cartan subalgebra is then lim(Cy, ¢n). Whether AF-

Cartan subalgebras are unique in AF-algebras will be answered in Chapter 5]

Definition 2.3.30. For X a compact Hausdorff space, we shall refer to an AX-
Cartan subalgebra of an A X-algebra that arises as an inductive limit of the diagonal

subalgebras of the A X-building blocks as a diagonal Cartan subalgebra.

Definition 2.3.31. Let A € cx for a compact Hausdorff space X. Let i; denote

the canonical inclusion of the j® summand of A into A, and let II; be the canonical

projection onto the i*" summand. Given a *-homomorphism ¢ : A — B where
N M

A=@ A;,B=@ B; € cx, we define

j=1 i=1

¢ij =10¢0i;: Aj = B;, ¢ =1,00: A= B,

Lemma 2. 3 32. Let X be a compact connected Hausdorff space. Let A, B € cx
with A = @C( )@ My, B = @C( ) ® M,,,, and let ¢ : A — B be a unital
i=1

Jj=

N
*-homomorphism. Let {e]} denote the system of standard matriz units for 691 M,,;,
]:

M
and {fi,} the one for @ M,,,.
i=1

For j € {1,2,...,N} and i € {1,2,..., M}, and for arbitrary x € X and q €
{1,2,...,n;} set
=tr(¢;(1® egq)(x)).

Then k;; is independent of the choice of x or q, and we have

N
Z’I’ij‘ij =m;, (226)
j=1

M N M
=1

i=1 j=1

Proof. For any q1,¢2 € {1,2,...,n;} we have that the projection 1®e? _ is Murray-

q191

von Neumann equivalent to the projection 1 ® qu - Hence it follows that the set

{d:(1@el )(z):1<q<n}

is a set of mutually orthogonal Murray von-Neumann equivalent projections in M,,,,
hence each having the same trace k;;(z) (by Example 2.2.15)). As z — tr(¢;(1

el,)(z)) is continuous into Z, and X is connected, this map is constant, and so we
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may talk of k;;, independent of = or q.

59

Now note that by the fact that ¢ is unital we have that

N nj N

me = t2(6,(La)a (zz@ Lo ) S5 k= Yk, 229
j=1 g=1 j=1 ¢=1 j=1

yielding (2.26)). This directly yields (2.27). O

Definition 2.3.33. In the situation of Lemma[2.3.32] we will call the set {k;; : 1 <
Jj < N,1<i< M} an index system with respect to ¢, or just an index system when

the context is clear.

Lemma 2.3.34. In the situation of Lemma|2.53.39, let {k;; : 1 < j < N,1 <i < M}
be the index system. For j € {1,...,N},i € {1,...,M} and p,q € {1,...,n;},
define

j—1
Oij—1 = E n.kis,
z=1

and

ijq - Z f;i,jflJFpJF(P*l)nj’Ui,j71+4+(f’*1)nj' (2'29)
p=1

Then the elements {c”} have the property of matrixz units, meaning that

UL 22— () 4f iy £y, or §1 # o, o 1 F pa, and equals 0211];2 otherwise, (2.30)

p141 "p2q2

and

()" =, (2.31)
Proof. First note that
oijo1+p+(p—1)n; <oija+n;+ (ki — Dng = 0,5 < my,

where the last inequality holds by (2.26). Hence (2.29) is well-defined.

From ([2.29)) it is clear that if ¢; is not is then the product in (2.30)) is 0. Note that if
jl < jg then Oij1—1 —|—q1—|—(,0—1)njl 7é 0i,ja—1 +p2+(w— 1)7’1,]'2 for all P € {1, c. 7kij1}7
we{l,...,kij}and any ¢ € {1,...,n;}, p2 € {1,...,n,,}. Indeed we have

Tiji—1tqa+(p—1)ny < o1 +king =0 < 0ijyo1 < Oigjo1+ P2+ (w—1)n,.

Hence if j; # jo then by (2.29) the product in (2.30]) is 0. So assume i; = ip and
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j1 = Jjo in (2.30). It is then clear that unless ¢; = py the product in (2.30)) is 0, and
otherwise is ¢;/71 . That (2.31]) holds is clear. O

Definition 2.3.35. We will call {¢}} }, as in Lemma|2.3.34} a system of matriz units

M
with respect to the index system. We will let ¢} = > ¢,
i=1

Remark 2.3.36. A good way to think about the index system is to recall the situa-
tion for AF-algebras. Indeed, for such algebras we have connecting maps between
finite dimensional C*-algebras, in other words finite direct sums of full matrix al-
gebras with entries in C. Up to unitary equivalence the connecting map maps the
summands of the domain block-diagonally into the summands of the codomain,
each with a certain multiplicity. The index system element £;; is thus our higher-
dimensional analogue of the multiplicity of imbedding the j® summand of the
domain into the i*" summand of the codomain, and our system of matrix units
with respect to this index system is a natural reordering of how this imbedding
takes place, analogous to the aforementioned imbeddings between finite dimensional
building blocks.

Lemma 2.3.37. In the situation of Lemma [2.3.33 we have that for every x € X
there exists a unitary Vi(z) € My, that conjugates 11;(cj3) to ¢5(1 ® ], )(x) for all
jg e {1,2,....,N}, and p,q € {1,2,...,n,}, where {c;{]} is the system of matrix
M M
units with respect to the index system. The unitary V(z) = @ Vi(z) in @ My,

i=1 i=1
conjugates ¢, to ¢(1®@ el )(x) for all j € {1,2,...,N},p,q € {1,2,...,n;}.

Proof. Fix x € X. Let i € {1,2,..., M} and j € {1,2,...,N}. Let v be the par-
tial isometry in M,,, that witnesses the Murray-von Neumann equivalence between
I1;(c¥)) and ¢;(1®¢),)(z) (both these elements have the same trace k;; and hence are
indeed Murray-von Neumann equivalent by Example . Forpe {1,2,...,n;}
set

"U;j =¢i(1® eil)(a:)vijl_[i(cﬁ) € M,,,.
Using Lemma [2.3.34] one obtains that

(v =10,(c2), and v (v7)" = ¢(l@ el ) ().

Set [
Vi) = Y3 oy
j=1 p=1

One can use the fact that ¢ is unital together with (2.26) to see that V;(z) is a
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unitary in M,,,. Then it is straightforward to compute that

Vi(@)Ti(cy) Vi(2)" = ¢i(1 @ €),) (@)

rq

The last statement of the lemma follows easily. O

The following definitions for maximal homogeneity are inspired by Definitions 1.1

and 1.4 in |75], however we extend them to direct sums:

N
Definition 2.3.38. Let A = @ C(X) ® M,, € cx, for a compact Hausdorff space
j=1
X. A C*-subalgebra C' C A will be called maximally homogeneous if it is Abelian,

contains the center of A, and satisfies
N
dim(C(z)) =Y ny,
j=1

(vector space dimension) for all x € X.

M
Given B = @ C(X) ® M,,, € cx, a unital *-homomorphism ¢ : A — B will be
i=1

called mazim_CLlly homogeneous if

dim(@(A)(w)) = D niky,

i=1 j=1

vector space dimension) for all x € X. Here {k;;} is the index system with respect
J Y

to ¢.

There is a particular class of *-homomorphisms between A X-algebra building blocks

that we are interested in. The definition is inspired by [76].

N M

Definition 2.3.39. Let A = @ C(X)®M,, € cx, B =@ C(Y)®M,,, € cy, where
j=1 i=1

X and Y are compact Hausdorff spaces. A unital *-homomorphism ¢ : A — B will

be called a standard map (or sometimes a standard connecting map, or a standard

*-homomorphism) if there exists continuous functions
g7:Y — X where i€ {1,....M},je{l,....,N},se{l,... Kk},

(here the {k;;} is the index system with respect to ¢) such that if f = (f1,..., fnv) €



CHAPTER 2. PRELIMINARIES 75

A, ¢; takes the form

¢z(f) = diag(fl(gil)v fl(g;1)7 SRR fl(glgl)v fQ(g?)v Tt 7f2(9122)’ Tt 7fN(glich\17V))7
(2.32)
up to permutation of these diagonal entries. The continuous functions {g%} will be

called eigenvalue functions.

Example 2.3.40 (AF-building blocks). Unital *-homomorphisms between finite
dimensional C*-algebras are unitary conjugates of standard maps, with eigenvalue

functions having domain and codomain a singleton.

Lemma 2.3.41. In the situation of Definition if for eachy € Y and j €
{1,..., N}, we have that the elements of the set

{g9(y) 1 1<i < M, 1< s <y}
are distinct, then ¢ is maximally homogeneous.

Proof. Evaluating (2.32]) at y we see that by varying f we generate a C*-subalgebra
N

of M,,, of dimension ) n?k:w This holds if we take direct sums as the eigenvalue
j=1
functions for a fixed j are distinct across the index i as well. Hence the dimension

M N
of the image of ¢ at the point y is > > n?kij, as desired. ]
i=1j=1

2.3.4 Approximate Intertwining

It will be useful for us in Chapter (4| to express A X-algebras, for certain connected
compact Hausdorff spaces X, as an inductive limit with connecting maps taking a
specific form. In this section we study a tool that allows us to view two inductive
limit C*-algebras as the same (up to isomorphism). This turns out to hold when
there is an approximate intertwining of the building blocks. These should, for the
sake of our purposes, be finitely generated. This tool will then allow us to treat
A X-algebras as having connecting maps that are more useful for us. The methods
we present here can be found summatively in [78|, but the original work was done
by Elliott in [19].

Throughout this subsection, fix the following setup. Assume (A, {1, }nen) arises as

the inductive limit of the sequence

A2 4, 2 (2.33)
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and assume (B, {pn }nen) is the inductive limit of the sequence

B Y B, (2.34)
where the building block A, is generated as a C*-algebra by F,, C A,, and the
building block B, is generated as a C*-algebra by G,, C B,,, for all n € N.

Lemma 2.3.42. Assume {N(n)}nen and {M(n)}nen are strictly increasing sub-
sequences in N. Let {0, }nen be a sequence in [0,00) that is summable. For every

n € N let a1 Anmy = Bum) be a *-homomorphism satisfying

‘|¢M(n+1),M(n) O (i © PN (n),N(k) (z) — ON(nt1) © ¢N(n+1),N(k)(x)H < O, (2.35)

forallk <n and x € Fn@). Then the sequence

{PN@) © an 0 DN k(@) bnen (2.36)

converges in B for allk € N and a € Ay. Furthermore there exists a *-homomorphism

o : A — B satisfying

a(p(a)) = lm pym) © on © dyw) k(a) (2.37)
for allk € N and a € Ayg.

Proof. Condition ([2.35)) implies that the sequence (2.36) is Cauchy for elements
a € Fj. Indeed, consider the diagram

DN (k+2),N(k+1) DN (k+3),N(k+2)

PN (k41),N (k)
ANGg) —— AN(y2) ——— "+~

AN

g Ap+1 Ap+2

VN (k+2),N(k+1)

YN (k+1),N(k)
—— Byt

YN (k+3),N(k+2)

B BN (k+2)

Then starting with ¢y r(a) € An) for a € Fy, if we go a certain large number of
steps R to the right, then down, and across; it will be norm close to going R—1 steps
to the right, down, one step to the right, then across; and how close the difference
is is determined by . Similarly, the latter path is close to going R — 2 steps
to the right, down, one step to the right, then across. By the triangle inequality
we may then bound the difference of going some large R; to the right, down and
then across with going some large Rs to the right, down and then across. As long
as Ry, Ry are greater than a fixed R, (2.35) ensures we may get a difference smaller
than a predefined €. Hence is a Cauchy sequence for a € Fj, and so converges
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in B. As F}, generates A;, this holds for a € A as well.

Define o : A — B by aj.(a) = hm 0PN (n) 0 0y 0 N (nyk(@), and since o 0 Py, =
it follows bylln Deﬁmtlon“that there is a unique *~homomorphism o : A — B

satisfying ([2 . O

Definition 2.3.43. By an approzimate intertwining of the sequences (2.33)) and
(2.34]), we mean that there exists increasing subsequences { N (n) },en and {M (1) },en

of N and *-homomorphisms
U P ANy = Bum), Ba i Bum) — ANm+)

satisfying
18 © (@) = nmrn v (@)l <277

-1

for all z € U ¢N (FN(k)) or xr € U 5n 1 OwM (n—1), (k)(GM(k)), and,

k=1

lan 1 © B() = Ynsrny,maemy (@)l <277

for all = € U ¥arimyarcsy (Garey) o = € U i 0 by sy (Fvgy):
k=1 k=1

One may represent an approximate intertwining using the following diagram:

PN(2),N(1) PN(3),N(2) PN(4),N(3)

An(1) > An(2) > An(3)

~

(231

B S B S B
M(1) Y12y 0(1) 7 EM©2) Y (3),M(2) T EME) Y (a),M(3)

(2.38)

Proposition 2.3.44. If the sequences (2.33) and (2.34) are approximately inter-
twined then the C*-algebras A and B are *~isomorphic.

Proof. Consider . Starting at some element x € Fyy(x), consider the difference
between going R steps to the right, down, then one step to the right versus going
R+ 1 steps to the right then down. This is equivalent to starting at ¢yt r), N (2)
and considering the difference between going to the right and down versus down
and to the right. Using the triangle inequality it is easy to see that the norm of

this difference will be bounded by some appropriate negative power of 2. Hence
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the conditions of Lemma [2.3.42| are met and we get *-homomorphisms A — B and
B — A. Using ([2.37) it is easy to see that these *-homomorphisms are inverse to
each other. O]

Definition 2.3.45. Let A and B be C*-algebras with B unital. Let u € B be a
unitary. The map Ad(u) : B — B is defined by Ad(u)(b) = ubu* for all b € B. We
say that the *-homomorphisms ¢,v¢ : A — B are unitarily equivalent, written as
¢ ~y 1, if there is a unitary v € B such that ¢ = Ad(u) o ¢. We say that ¢ and
Y are approximately unitarily equivalent, written ¢ ~g, v if there is a sequence of

unitaries {u, }nen in B such that ¢ = lim Ad(u,) o ¢ pointwise in norm.
n—oo

Proposition 2.3.46. Assume that the building blocks of (2.34) are the same as
those of (12.33)), and that all the building blocks are unital, with unital connecting

maps. Assume further that all of them are finitely generated (so the sets F,, = Gy,
defined are all finite.) If ¢ ~ay Vn for alln € N then A= B.

Proof. 1t suffices, by Proposition to check that the sequences are approxi-
mately intertwined. Define oy : Ay — A; as the identity map id. Since F} is finite
there is a unitary v; € Ay such that ||¢1(z) — viey (x)vf|| < 27! for all z € Fy (for
every x € F} there is a u,,, giving the desired norm difference in the sequence of uni-
taries which witness the approximate unitary equivalence of the maps, and since F}
is finite we can just take the maximum such n,). Define 5; = Ad(vy)ot); : A — As.
Define oy = Ad(v}) : Ay — Ay. We get an approximately intertwined square

We may continue this process inductively. Indeed, assume we have approximately
intertwined squares up to the n'® stage, with some map «,, = Ad(W) : 4, — A,
defined. We may let v, € A, 1 be a unitary satisfying ||¢,(z) — Ad(v,)¥n(2)|| <
2-(=1) for all = in the appropriate finite set as in Definition (we may do
this precisely because these sets are finite). Define 3, = Ad(v,) o ¥, o Ad(W™*)
and o, = Ad(Y,(W)vE) @ Ap1 — Angr, and we get the next approximately

intertwined square. O
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2.4 Inverse Limits of the Unit Interval

In this section we explore the basics of inverse limits of the unit interval, which we
will need in Chapter [l Unless otherwise stated, the material here will be based on
elements of Chapter 1 in [34].

Definition 2.4.1. Let I = [0,1], the unit interval. Equip I*° with the product
topology. Let {f.}nen be a sequence of continuous functions I — I. Then the

inverse limit of I with respect to the maps { f,}nen is the set

lsn((0, 1) /1) = {{@) € I : fu(zan) = ). (239

For each m € N there is a map m,, : @([O, 1], fn) — [0, 1] given by sending (z,) to
ZTm. The topology on @([O, 1], fn) is the coarsest topology making 7, continuous
for every n € N (in other words, the initial topology with respect to the m,’s). For

n > m we define f,,,, = fn o fmy10...0 f,, and for every n € N we define f,,, = id.

Remark 2.4.2. In general, one can define inverse limits for topological spaces (see
pages 134-135 in [50]). One has a sequence of spaces { X, }nen (or more generally
a family indexed by an ordered relation) and continuous maps f, : X,11 — X,.
Then one considers the product 10_01 X,, with the product topology. The inverse
limit @n(Xn, fn) is then defined sinnzlillarly to (2.39), but consists rather of elements

in ] X,. Similarly it is topologized via the initial topology with respect to all the
n=1
projection maps. If the spaces have algebraic structure (group, groupoid, vector

space et cetera) then one requires the arrows to be the ones appropriate for that

category (group homomorphism, groupoid homomorphism, linear map et cetera).

Remark 2.4.3. Note that the topology we give the inverse limit in Definition is
exactly the subspace topology of the product topology on I°°. Indeed, the subspace
topology is the initial topology with respect to the inclusion I'&H([O, 1, fn) < I,
and the product topology on I*° is the initial topology with respect to the canonical
projections 1> — I. The composition of the inclusion followed by the canonical

projections yield the projections m,.

Then, using the universal property for initial topologies (see [25]) we can conclude
that we have a homeomorphism (1&([0, 1], fn), 1) EN (1&([0, 1], fn), T2) where 7y is
the initial topology with respect to the projections 7, and 75 is the initial topology

with respect to inclusion into I*° (the subspace topology).

Definition 2.4.4. A topological space is called a continuum if it is a non-empty

compact connected space.
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We now state an important proposition regarding inverse limits of the unit interval,

namely that they are Hausdorff continua:

Proposition 2.4.5. Let {f,}nen be a sequence of continuous functions I — 1.

Then I'&H([O, 1], fn) is a Hausdorff continuum.

Proof. Form € N, let Z,,, C I*° consist of those elements (z,,) such that for alli < m
we have f;(x;41) = z;. Then Z,,.1 C Z,, for all m € N and @([O, 0, fn) = Zm.
m=1

Fix m € N, then note that Z,, is non-empty, compact and connected.

Indeed, it is non-empty as for any x € I we have

(frm(@), fom(x), ..o, f(x), 2,2, ...) € Zpp.

By Tychonoft’s theorem, I°° is compact and so to check that Z,, is compact it
suffices to check that it is closed, or that I*°\ Z,, is open. Pick a point (z,,) € I\ Z,,
and note that there exists ¢ < m such that f;(z;+1) # x;. Let U; and Us be disjoint
open sets in [0, 1] separating f;(x;41) and z; respectively. Let Us be an open set
in [0,1] containing x;,; such that f;(Us) C U;. The set of all elements (y,,) of I*°
which satisfy that y;;1 € Us and y; € Us is an open set (in the product topology)

containing (x,) and disjoint from Z,,. Hence I\ Z,, is open.

To see that Z,, is connected note that it is the image of the continuous map I —
I given by sending (x,) to (y,) where y, = ,, for n > m and y; = fi m(Tm1) for
i < m. The image under a continuous map of a connected space is connected (see
4.22 in |68]), and since I*° is connected (see Theorem 253 in [34]) so is Z,,.

That @1([0, 1], f») is Hausdorff is trivial to check. Since @([O, 1, f2) = N Zm,
m=1
Remark implies that the subspace topology induced by this intersection (as

a subspace of I*°) is the topology for our inverse limit, and so since each Z,, is a

continuum we have that T&n([(), 1], f») is a continuum by Theorem 269 in [34]. O

Definition 2.4.6. A separating point of a connected space X is a point p € X
such that X \ {p} is not connected. A continuum X will be called an arc if it
has only two points which are not separating points. A continuum X will be
called decomposable if it is the union of two proper subcontinua. Otherwise it is
indecomposable. A continuum X is called degenerate if it is a singleton, in which

case it is indecomposable.

Remark 2.4.7. 1t is stated on page 5 in [34] that the definition of an arc is equivalent
to that of being homeomorphic to [0, 1]. The proof is referred to |5] or [6].
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We will now give some examples of inverse limits of the unit interval, some of which
will be useful for us in Chapter [f

Example 2.4.8 (Degenerate continuum). Consider the constant sequence { f, }nen

where each f, = 1, where 1 represents the constant map I — [ sending x — 1.

v

Figure 2.3: Map giving rise to a degenerate inverse limit.

Clearly @([0, 1, fn) ={(1,1,1,..)}.

Example 2.4.9 (Arc). Let f : I — I be the identity function, f(z) = x for all
z € [0,1]. Set f, = f for all n € N.

Y

Figure 2.4: Map giving rise to an arc.

Then it is easy to see that @([O, 1, fn) = {(z,z,z,...): 2 € [0,1]} = [0, 1].

Example 2.4.10 (Indecomposable Continuum). Let f : I — I be the function
defined by

=
8
~—
Il

DO

8

=]

]

IA

8

IA

— N

D=
VAN
&
VAN

Set f, = f for all n € N.
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Figure 2.5: Map giving rise to an indecomposable continuum.

Then l'&n([O, 1], fn) is indecomposable. Indeed, assume for a contradiction that
1&1([07 1], f») = Y U Z with Y and Z proper subcontinua. If m,,(Y) = I for all
m € N then it follows that Lim([0,1], f,) = Y (see Theorem 10 in [34]). The
same argument holds for Z. Hence there are natural numbers my, ms such that
Tm, (Y) # I and m,,,(Z) # 1. Hence, as f is surjective, it follows that there is
n € N such that 7, (Y) # I # 7,(2).

If 0 € m,41(Y) then it cannot be that 3 € 7,41(Y) also as then m,(Y) = I. Hence 1

cannot belong to m,,1(Y") as this space is connected which would force % € M1 (Y).

1
2

again is a contradiction as this would force 7,(Z) = I. Hence it must be that

Hence if neither 5 nor 1 belong to 7,.1(Y), they must belong to 7,.1(Z) which

0 € mp41(Z), which by the same line of argument, leads to a contradiction.

The argument presented in Example[2.4.10]can be easily generalized to the following

proposition:

Proposition 2.4.11. Let f : I — I such that there exists v < y < z in I with

either f(x) = f(z) =0 and f(y) =1 or f(z) = f(2) =1 and f(y) =0. Set f, = f
for alln € N. Then @1([0, 1], fn) is an indecomposable continuum.



Chapter 3

Generalizing Renault’s Theorem for

Cartan Subalgebras

The aim of this chapter is to generalize Renault’s main result in [64], which is
stated as Theorem in this thesis. This generalization will remove the second
countability and separability conditions seen in Theorem [2.1.82] and will thus just
look at effective groupoids rather than topologically principal ones. A short discus-
sion with Jean Renault informed us that the assumption of second countability was
mainly placed for convenience, without proper analysis of its requirement. A lot
of the proofs in [64] make use of separation functions on topological spaces; which
are standard when the space is second countable, as then it is paracompact and
hence normal, and thus one can make use of the standard Urysohn lemma for sep-
aration. However in the non-second countable case one must make use of Urysohn

type results for just locally compact spaces, and these are less standard.

The structure of this chapter will be to go through Renault’s proofs in [64] and
discuss them whilst highlighting how we may remove the second countability and
separability assumptions. In Section we show how a twisted étale effective
(weaker than topologically principal) groupoid gives rise to a Cartan pair. This
is a matter of going through Renault’s proofs in |64] but without the topological
principality and second countablity assumptions. The results can be obtained by
separation results that work just as well for locally compact Hausdorff spaces (which
are not necessarily second countable). In Section we give the reverse procedure,
namely how to obtain a twisted étale effective groupoid from a Cartan pair (which is
not necessarily separable). In such a setting it follows that second countability and
hence topological principality of the groupoid is no longer guaranteed as the C*-

algebra is not necessarily separable. In Section [3.3| we show that the two procedures,

83
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namely going from a twisted étale effective groupoid to a Cartan pair and vice
versa, are, up to isomorphism, inverse to each other. This shows that the twisted
groupoid which corresponds to a Cartan pair is unique and given by the Weyl
twisted groupoid. Although the proofs of this section are based on the proofs
in |64], our proofs have significantly more detail, and we try to spell out many
of the claims in Renault’s proofs that are at times not given justification. The

preliminaries required for this chapter can all be found in Section of this thesis.

The content of this chapter exists in a denser version in a preprint by this author,
see [61]. Throughout this section, we are using the identification of C}(G,X) and
Co.-(G°) with C*-algebras living inside the set Cy(G, ), as in Remark [2.1.73]

We obtained the main result of this chapter in 2018, however it has been obtained
recently, and independently, by the authors of [41] (see Subsection 7.2 in their
paper). Their result is a consequence of a more general theory of non-commutative

Cartan subalgebras.

3.1 From Twisted Etale Groupoids to Cartan Pairs

We begin with some useful lemmas. Lemma [3.1.2] will be particularly useful as
it provides the necessary separation results used by Renault in [64] but without

having to allude to second countability.

Lemma 3.1.1. Let (G,X) be a twisted étale locally compact Hausdorff groupoid.
Let f € C*(G, %), h € Cy,.(G°). Then, for o € X, we have that

fxho) = flo)h(s(0)), h*f(o)=h(r(0))f(0).
Proof. This follows easily from Definition [2.1.71] O

Lemma 3.1.2. Let X be a locally compact Hausdorff space. Then

1. Given a compact subset K of X and an open U such that K C U C X, there
exists b € Cy(X) with b= 1 on K, and 0 outside U.

2. Gwen a closed subset C' C X and a point x € X disjoint from C', there exists
b€ Co(X) where b(x) =1 and blc = 0.

3. Given an open set U C X containing a point x there exists an open set V

containing x such that V is a compact subset of U.
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Proof. Claim (1] is Urysohn’s lemma for locally compact Hausdorff spaces (see [69],

2.12). Since locally compact Hausdorff spaces are regular, we may use (1| to directly
get 2}

Let us prove By local compactness, there is an open set O containing z and
a compact set K containing O. Let D = K N U, which is a closed subset of a
compact set, hence compact. By regularity, we may find disjoint open sets Op
containing D and O, containing z. Let V = O, N O which is open and contains
z, and note that V. C V € O C K, hence V is compact. Now note also that
VcO,cOfcD’=KCUU. Since V C K it follows V C U. O

Renault considers in Section 4 in |64] a twisted étale locally compact second count-
able Hausdorff groupoid (G, ) and states that Cp,(G%) contains an approximate
unit for C*(G, X)), without proof. This is clear as second countable locally compact

spaces are o-compact and hence we can exhaust G° by an increasing sequence of

oo
compact sets |J K,. Then Lemma [3.1.2| allows us to define an approximate unit

n=1
{Nn }nen where 1, is identically 1 on K.
We now wish to obtain an approximate unit without assuming second countability.

Lemma 3.1.3. Let (G,X) be a twisted étale locally compact Hausdorff groupoid.
Then Cy,.(G°) contains an approzimate unit for C¥(G,%).

Proof. By Lemma (Co-(G°), lllo) is a C*-algebra. Hence it has an ap-
proximate unit (1,)aca for some indexing set A. Let f € Ce(G,%). Then K =
r(supp(f)) is compact. From Lemma we have that there exists h € Cj,.(G%)
with h =1 on K. Then

0 <= lInah = hllsc = [[(nah = h) x| co-

Hence 7, — 1 uniformly on K.

For y € G°, define
Sul®) = S lnef = f1(7). (3.1)
TEGy
Note that by Lemma Inaf — fl(7) is 0 if 7 ¢ supp(f) and converges to 0
otherwise. Hence, as for fixed y € G° the sum is finite, we have that S, — 0
pointwise. Note also that for each o € A, S, is continuous (see the discussion about
the family of Haar measures on locally compact Hausdorff groupoids in Section 4

in [64]), with support in the compact set s(supp(f)). Now because (74)aca is an
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approximate unit in a C*-algebra, we have, for a < # and o € ¥, that

Nt = fl(0) = [na(r(e)) f(o) = f(o)| = |na(r(o)) = 1| f(o)] =

(3.2)
na(r(o)) = 1|[f (o) = [ns(r(0)) f(o) = f(o)| = [nsf — fl(o).

Hence S,(y) > Ss(y). Hence the S,’s form a net of pointwise monotonically de-
creasing continuous maps with compact support, converging pointwise to 0. By the

generalized Dini’s Theorem (see [81], Corollary 7) we have that S, — 0 uniformly.

The same argument holds if we consider fn, rather than n,f (we just switch the
range map 7 to the source map s), and if we consider (7, f — f)* in the summands
(as the n,’s are positive). Hence we get that the net (1, )aca is an approximate unit
for Co(G, X)) with respect to the I-norm, and hence with respect to the r-norm, by
Lemma By density of Co(G,Y) inside C*(G, ), we obtain the result. [

In Theorem 4.2 in [64], Renault proves that if (G,3) is a twisted étale locally
compact Hausdorff groupoid, then an element f of C*(G,%) commutes with all
elements in Cp,(G") if and only if supp/(f) is contained in G’. One concludes
from this that Cp,(G°) is a masa if and only if G is effective. With the additional
assumption that G is second countable, Renault obtains via Proposition 3.6 in [64],
that Cp,(G°) is a masa if and only if G is topologically principal. For completeness,

we present Renault’s proof but without the second countability assumption:

Lemma 3.1.4. Let (G,X) be a twisted étale locally compact effective Hausdorff
groupoid. Then Cy,.(G°) is a masa in C}(G, ).

Proof. Assume that f € C’(G,) commutes with all elements h € Cp,.(G"). This
implies, by Lemma [3.1.1], that for 0 €

for all h € Cy,(G°). Since Lemma implies that Cp,(G") separates points, it
follows that supp’(f) C G'. Since G is effective, it follows that supp/(f) C GY and
so f € Cy..(GY). O

Proposition 4.3 in [64] asserts the existence of a unique faithful conditional expec-
tation P : C*(G,%) — Co,(G°) defined by restriction, when (G, X)) is a twisted étale
locally compact second countable Hausdorff groupoid. That this is a faithful condi-
tional expectation can be checked directly by definitions, but uniqueness is justified
by Renault by the fact that the groupoid is second countable and topologically prin-

cipal. Renault makes use of the fact that elements in Co(G") separate closed subsets
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from disjoint points. Of course with the space assumed second countable and locally
compact, it is regular hence paracompact hence normal, and so Urysohn’s lemma
for normal spaces applies. Of course, we have now justified such separations with-
out second countability in Lemma [3.1.2] and so for completeness repeat Renault’s
proof in [64] but without second countability:

Lemma 3.1.5. Let (G,X) be a twisted étale locally compact (effective) Hausdorff
groupoid. Then

P:CHG, %) = Cor(G), f— flgo

is a (unique) faithful conditional expectation.

Proof. By Lemmas [2.1.15| and [2.1.24] we have that GY is clopen and so P is well-
defined. That it is a projection is clear, and Lemma shows that P(fh) = P(f)h
and P(hf) = hP(f) for all f € C*(G,%) and h € Cy,(G"). Note that

P(f*x f)(o)= Y_ |f[*(7)

T€Gs (o)

which shows that P is positive and faithful. Hence it is a faithful conditional

expectation.

To show uniqueness when G is effective, assume there exists another conditional
expectation

Q:CHG, %) — Cor(G°).

It suffices to show that @ agrees with P on C¢(G,Y). Take f € Co(G,X) with
compact support K C G. By Lemma [2.1.23| we can cover K by finitely many open
bisections (say n of them) and assume one of them is G° whilst the others do not
meet G° (possible as G° is closed). Let f = i fi via a partition of unity with
respect to this open cover, with f; supported ifflgo. Then P(f) = f1 = Q(f1), We
show that Q(f;) =0 for all 1 < i <n, which yields Q(f) = f1 = P(f).

So let g € C(G, %) with compact support K C G, inside an open bisection S not
meeting G°. Note that if z € G° z ¢ s(K), then there exists by Lemma an
h € Cy,(G°) with h(z) = 1 and vanishing on s(K). Then

Qg)(z) = Q(g)(z)h(z) = Q(gh)(z) =0

as gh = 0. Hence if z € G° such that Q(g)(z) # 0, it must be that z € s(K),

and so by continuity there must exist U C s(5) such that Q(g) is non-zero on U.

Since S is a bisection, the map ag : s(S) — r(S) defined by sending s 's to ss™!
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is a homeomorphism, and since G is effective and S does not meet G°, the map ag
cannot be the identity on U. So there exists 1 € U, x5 € r(S) with 27 # x2 and
such that ag(z1) = z2. Use Lemmato choose an h € C,.(G%) with h(z;) =1,
h(x2) = 0. Then

Q(g)(x1) = h(z1)Q(g)(21) = Q(hg)(21) = Qg(h o as))(x1) = Q(g)(x1)h(x2) = 0,
a contradiction as Q(g) is non-zero on U. Hence Q(g) = 0 as desired. O

Finally, it remains to check that Cp,.(G%) is regular in C#(G, X). Proposition 4.8 and
Corollary 4.9 in [64] contain a proof of this, which we present below for completeness.
Indeed, Renault shows that if an element of C(G,>) has open support a bisection,
then it a normalizer element. The proof of this does not allude to second countability

or effectivity.

Lemma 3.1.6. Let (G,X) be a twisted étale locally compact Hausdorff groupoid.
Then if an element of C(G,X) has open support a bisection, it is a normalizer

element. Consequently, Cy,.(G°) is reqular in C¥(G, ).

Proof. Let f € C*(G,%) with S = supp/(f) a bisection. Let h € Cy,(G°) and note
that for o € X

[rehsflo) =3 [raDh(r(n)f(7),
T€Gs(0)
which is non-zero if there is some 7 € G4,y NS with To-1 € S. Since r(ro1) = r(7)
it follows ¢ € G°. Hence f*+hx f € Cy,.(G°). The same can be shown for fx*hx f*.

Elements in Cx(G, ) have compact support that can be covered by finitely many
open bisections by Lemma [2.1.23] and hence by using a partition of unity it follows
that elements in C(G, X)) are finite sums of elements in the normalizer set. Hence

the normalizer set generates C(G,X) as a C*-algebra. O

Theorem 3.1.7. Let (G,X) be a twisted étale locally compact effective Hausdor(f
groupoid. Then (C}(G,%), Co.(G°)) is a Cartan pair.

Proof. The definition of being a Cartan subalgebra (see Definition[2.1.75]) is satisfied
due to Lemmas [3.1.3], [3.1.4] [3.1.5] and [3.1.6] O

With this we have obtained the first half of Renault’s theorem (see Theorem [2.1.82)

but without the second countability assumption. We now show that the second half
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of Renault’s theorem can be obtained without the separability assumption on the
C*-algebra.

3.2 From Cartan Pairs to Twisted Etale Groupoids

We start with a discussion of the pseudogroup of partial homeomorphisms on a
topological space X, how it gives rise to an étale groupoid of germs, and how such
a procedure is reversible, as in Section 3 in [64]. We adapt the definition of a

pseudogroup given in Section 3 in [64]:

Definition 3.2.1. Let X be a topological space. A partial homeomorphism ¢ on X
is a homeomorphism ¢ : dom(¢) — ran(¢) for some open sets dom(¢) and ran(¢) in
X. A pseudogroup on X is a non-empty family g of partial homeomorphisms on X
stable under composition and inverse and containing the identity homeomorphism.
The ample pseudogroup of g, denoted [g], is the set of all partial homeomorphisms
on X which belong locally to g.

Definition 3.2.2. Let g be a pseudogroup on a topological space X. Its corre-

sponding groupotid of germs is the set

G={(z.0,y) € X xgx X:9(y) =x}/ ~

where the equivalence relation ~ is given by (x1,®,y1) ~ (22,1, y2) if and only if
Y1 = Yy and x; = x9 and there is an open neighbourhood U around y; such that
élv = ¥|y. We denote an element of G by [z, ¢, y]. Define

G* ={(lz, v, y],ly, 6, 2]) € G x G},

and

G° = {[r,id, z] € G}.

We define a multiplication map G — G by ([z,%, ], [y, ¢, x]) — [2,% o ¢, ] and
an involution map G — G by [y, ¢, x| — [z,¢71,y]. We define a topology on G by

declaring the basic open sets as
UV, 0,U) ={ly,¢,2l €G:y eV, z €U}

for open sets U and V' in X. With this topology it is clear that
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Lemma 3.2.3. Let g be a pseudogroup on a (locally compact) Hausdorff space X .

Then the corresponding groupoid of germs G is a (locally compact) étale groupoid.

Proof. That G is a groupoid is clear. To see that it is étale, let [y, ¢,z] € G. Then
U(ran(¢), ¢,dom(¢)) is an open neighbourhood of [y, ¢, x]. The source map maps
this open set to the open set U (dom(¢), id|qom(e), dom(¢)) C G°. Tt is clear that the
source map is a continuous bijection with continuous inverse between these open
sets, hence s is a local homeomorphism. The same can be shown for the range map

r.

Now assuming X is locally compact, let g € G. Let V' be any open set around g.
Choose an open bisection U around g on which s restricts to a local homeomorphism
and let W = U NV. Consider s(WW) as a locally compact subspace of X (with the
subspace topology, see Corollary 29.3 in [52]). Then let K C s(WW) be a compact
neighbourhood around s(g), and using that s : W — s(W) is a homeomorphism we
obtain a compact neighbourhood around ¢ contained in W, and hence in V. Hence
we have shown that for any open set around g there is a compact neighbourhood
around g contained in the open set, which is equivalent to local compactness for

Hausdorff spaces. [
What we have just described is the procedure
g a pseudogroup on X = G an étale groupoid with unit space X.  (3.3)

Now we wish to describe the reverse procedure.

Definition 3.2.4. Let G be an étale groupoid. Let S denote its open bisections
(Lemma [2.1.23| tells us that G can be covered by elements of §). Equip S with

multiplication and inverse given by
ST ={st:(s,t) €G*N(SxT)}, S'={s':5¢€8} forall S,T€S.

Define a map
a:S = alS), alS) =as

where
1

ag:s(S) = 1r(9), sls—ssh
Lemma 3.2.5. Let G be an étale groupoid. Then S is an inverse semigroup, and

for each S € S, ag is a partial homeomorphism s(S) — r(S). The set «(S) (with

the addition of the empty homeomorphism) is a pseudogroup on G°.
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Proof. The inverse semigroup conditions are trivially checked. For S € § it is clear
that ag is surjective. Since S is a bisection, injectivity follows. Continuity of the
map and its inverse is clear as the map factors through S via the continuous maps
s|g' and r|s as S is an open bisection. Lemma tells us that the domain
and range are open sets. Hence ag is a partial homeomorphism on GY. Note that
ago = id|go, ag' = ag-1, and if T € S with TT~1 N S7LS # (), then agoar = agy.
Hence «(S8) is a pseudogroup on G°. O

Lemma [3.2.5] yields the procedure

G an étale groupoid with unit space X = g a pseudogroup on X. (3.4)

Propositions 3.1 and 3.2 in [64] tell us what happens if one does procedure fol-
lowed by procedure , and vice-versa, if one starts with procedure followed
by procedure . In the former case, one retrieves the ample pseudogroup of the
original pseudogroup. In the latter case, one retrieves the original étale groupoid

modulo the interior of its isotropy. The following lemma makes this precise:

Lemma 3.2.6. Let X be a Hausdorff space and g a pseudogroup on X. Apply
procedure to obtain an étale groupoid G, and let S be the inverse semigroup of
open bisections of G. Then the corresponding map o : S — «(S) is an isomorphism
where a(S) = [g].

Let G be an étale groupoid and apply procedure (3.4)) to get a pseudogroup g. Then
apply procedure (3.3)) and let H be the étale groupoid of germs obtained through this

procedure. Then we have a short exact sequence
0— int(G') -G —H — 0. (3.5)

Proof. Consider the first claim of the lemma. For S € S then we may write S =
JU(U;, ¢;, V;) for partial homeomorphisms ¢; € g. Then note that ¢ = ag must

be in [g]. If ¢ € [g] then set S = U(X, ¢, X), which can be treated as an open
subset of G because both g and [g] define the same groupoid of germs due to the
equivalence relation that defines the groupoid of germs. Clearly S belongs to S.

These two procedures are inverses of each other.

Now consider the second claim of the lemma. Define a map f : G — H by sending
o € Gtolr(o),as, s(o)] for some open bisection S containing o. This is well-defined
as any other bisection containing o gives the same output by the definition of the

equivalence relation on the groupoid of germs. It is clear that f is a surjective
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continuous groupoid homomorphism. If f(o) € H°, then it follows that ag restricts
to the identity on an open neighbourhood around s(o), which means S C G’. Hence
o € int(g’). O

Corollary 3.2.7. Every étale groupoid of germs is effective.

Proof. If G is an étale groupoid of germs, then procedure (3.4) followed by (i3.3))
yields that G = H in (3.5, and hence int(G’) = G°. O

Remark 3.2.8. If g is the pseudogroup of all partial homeomorphisms on R, then
the corresponding groupoid of germs in not topologically principal, as there always
exists homeomorphisms of open intervals onto themselves that only fix one prespec-
ified point (and hence are not the identity on any open neighbourhood of the fixed
point), and so no point of the unit space has trivial isotropy. However, by Corollary
the groupoid of germs is effective.

We aim now to show how a Cartan pair gives rise to a twisted étale groupoid which
will be the candidate for the second half of Theorem 2.1.821 The construction can
be found in [64]. Renault assumes that the ambient C*-algebra is separable, but
the effect of this, as we show below, is only to end up with a second countable

topologically principal groupoid. We will not assume separability.

Let (A,C) be a Cartan pair. Then C' = Cy(X) for a locally compact Hausdorff
space X. For n € N4(C) we have that n*n and nn* belong to C, and hence we
define:

Definition 3.2.9. For n € N4(C), define

dom(n) ={z € X :n"n(z) > 0}, ran(n) = {z € X : nn"(z) > 0}.

Renault states in Proposition 4.7 in [64] the following useful lemma, whose proof

can also be found in 1.6 in [40]:

Lemma 3.2.10. Let (A,C) be a Cartan pair, then for every n € Nu(C') there
exists a unique homeomorphism a,, : dom(n) — ran(n) such that for all c € C and

z € dom(n) we have
n*en(z) = c(ay,(x))n*n(z). (3.6)

Proof. Consider the unique polar decomposition of n as u|n| where u is a partial

isometry and |n| = (n*n)2, in the enveloping von Neumann algebra A™* (see 1.8.1
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in |16]). The partial isomorphism of C' which maps ¢ — u*cu gives rise to the

partial homeomorphism «,,. O]

We note down some more useful properties of this construction. The following is
Lemma 4.10 in [64]:

Lemma 3.2.11. Let (A,C) be a Cartan pair. Then o, = idgom() for all ¢ € C,

and ;b = e, Q0 A = Qi for all myn € Ny(C).

Proof. For ¢ € C the identity a. = idgom() follows directly from (3.6)). Let m,n €
N4(C). Then mn € Na(C) and (3.6) gives, for any ¢ € C and = € dom(mn)

(mn)*c(mn)(z) = c(amn(x))(mn)*(mn)(z) = c(amn(@)) (M m(an(z))n"n(z)),
whilst also

(mn)*c(mn)(z) = n*((m*cm))n(z) = (m*cm)(an(z))n"n(z) =

c(am o ap(x))m*m(a, (z))n*n(x).

Hence we have the equality
c(mn () (M m(ap(x))n*n(z)) = c(am o an(x))m* m(a, (z))n*n(x). (3.7)

Note that the above is well-defined since if x € dom(mn) then n*(m*m)n(z) > 0
and so writing n = u|n| as in the proof of Lemma 3.2.10|one obtains that n*n(z) > 0
and so z € dom(n). Note that if m*m(a,(z)) = 0 then (mn)*(mn)(z) = 0 by (3.6),
which is impossible as € dom(mn). Hence a,,(x) € dom(m). Dividing both sides

in by m*m(a,(z))n*n(z) yields
c(mn () = el o ay(T)).

Since C' separates X by Lemma [3.1.2] we obtain a,,,, = «a,, o «,. Using this with
the property that o, = idgom(e) for ¢ € C one can analyse a,+, and a,,~ to obtain

-1 _
Q" = Q= [l

Definition 3.2.12. Let (A, C) be a Cartan pair. Define
g(C) = {an : n € Na(O)},

and let
a: N4(C) = g(C)
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be the map that sends n — «,.

Remark 3.2.13. One should compare Definition [3.2.12] with Definition [3.2.4, Up
to possibly needing to add the identity homeomorphism, Lemma [3.2.11| shows that
g(C) is a pseudogroup in the sense of Definition . The addition of the identity
homeomorphism does not affect the groupoid of germs formed from g(C') as in

Definition [3.2.2] Hence the following definition has justifiable terminology:

Definition 3.2.14. We shall call g(C') from Definition |3.2.12|the Weyl pseudogroup
of (A, C). We call the groupoid of germs it gives rise to the Weyl groupoid of (A, C),
denoted by G(C).

Before defining the twist, we need the following useful lemma, which is Proposition
4.12 in [64]:

Lemma 3.2.15. Let (A, C) be a Cartan pair. Then ker(a) = C.

Proof. 1t is clear that C' C ker(a). Now assume we have an n € Ny(C) such
that «, restricts to the identity on dom(n). From (3.6) we get that for all ¢ € C,
n*cn = en*n on dom(n). This formula also holds outside dom(n) as for ¢ positive
we have n*cn < ||c|[n*n and n*n is 0 outside dom(n). Hence n*cn = en*n for all
¢ € C. Note that this implies (nc — en)*(nc — cn) = 0 for all ¢ € C and so n

commutes with C', hence n € C. O

We can now define a twist, 3(C') over G(C'), and the twisted étale groupoid
(G(C),%(C)) will be the candidate which gives rise to the second statement of
Theorem [2.1.82| (where we do not assume separability of A).

Definition 3.2.16. Let (A, C) be a Cartan pair. Define
%(C) = {lz,n,y] - y € dom(n), an(y) = z}

where the [] denotes equivalence classes of the relation that identifies (z,n,y) with
(«',n',y') if and only if y = ¢/ and there exists ¢, € C with ¢(y),d(y) > 0 and
ne = n'd (of course, by Lemma [3.2.11] this also implies z = z’). We equip X(C)
with a groupoid of germs structure as in Definition [3.2.2], where we have products

[z, n,y]ly,m, 2] = [x,nm, 2] and inverses [z,n,y]™! = [y, n*, z]. Define a map
II:3(C) = ¢(C), I([z,n,y]) = [z,om, ],

and define
B={[z,c,x] : c€ C,c(x) # 0} C £(C),
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and identify it with X x T via the map

[z, ¢, z] — (:r;, %) .

The topology on 3(C) is defined as follows: for n € N4(C), let S be the bisection
in G(C) defined by
S = U(ran(n), o, dom(n)).

We call S the open support of n. Then define the bijection
fnidom(n) x T — X(C)|s, (z,t) = [an(z),tn, x].

The topology on ¥(C)|s is then the topology induced via f,,. Hence we can cover
Y(C) by a collection of open sets which we declare a base for the topology.

We now show that the statements of Definition [3.2.16 are well-defined and that
¥(C) in fact defines a twist over G(C'). The following is based on Proposition 4.14
and Lemma 4.16 in |64]. Renault’s proofs can be adapted without the need to refer

to separability of A.

Lemma 3.2.17. Let (A,C) be a Cartan pair. Then ¥(C) is a twist over G(C).

Proof. Recall the definition of a twist from Definition [2.1.35 We need to check that
all the statements of this definition are satisfied. Lemma tells us that G(C') is
a (locally compact) étale groupoid. That 3(C) is a groupoid is trivial to check, and
that it is locally compact and Hausdorff is clear as its topology is locally induced
by the topology of dom(n) x T, which is locally compact and Hausdorff as X (and
T) are.

The identification of X x T (which is given the groupoid structure as in the first bul-
let point of Deﬁnition with B is clearly a surjective groupoid homomorphism.
To prove injectivity note that if ¢1,c; € C' and x € X with ¢;(x) # 0 # ca(x), and
such that Egg‘ = EEg', then there exists ¢t € T such that tc;(z), tea(x) > 0. Since
c1(tey) = eo(ter) we get that [z, ¢q, ] = [z, ¢, ]. This yields injectivity. We thus ob-

tain via this identification an injective groupoid homomorphism i : X x T < 3(C').
It is clear that the map II is a surjective map, and that it is a homomorphism
follows from Lemma B.2.11]

Now we check that i(X x T) = II7}(G(C)?). Indeed, It is clear from Lemma [3.2.11
that i(X x T) c I7Y(G(C)°). Now assume o = [z,n,y] € 3(C) satisfies that

there is an open set U around y such that «,, is the identity when restricted to U.
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Hence z = y, and note that by Lemma [3.1.2] we can find a compact set K with
y € K C U and a ¢ € C' with ¢ identically 1 on K and vanishing outside U. Define
m = nc. Then «,, is trivial and so by Lemma [3.2.15 we obtain that m € C' with

[y, m,y] = [y,n,y], hence o € i(X x T).

Now let us check that the image of ¢ is central in ¥(C). Let t € T and [z,n,y] €

¥(C). Then i((r([z,n,y]),t))[z,n,y] = [z, cn,y] for some ¢ € C' with |ZE§§\ =t, and
d(y)

[z, n,yli(s([z,n,y]),t) = [z,nd,y] for some d € C' with idtyy = U~ Choose an open

set U around y, contained in dom(n) such that d is non-zero on U and ¢ is non-zero
on a,(U). Use Lemma to find a compactly supported function x with support
in U, with x(y) = 1. Define ¢ € C' by declaring it C(O‘d?—lg‘))x(u) for w € U and 0
outside U. Then ¢(y) > 0. We claim that cny = ndg. For this it suffices to show
that (cnx —ndg)*(cnx —ndg) = 0. This can be checked directly using and the

definition of g. Hence it follows that [z, cn,y| = [z, nd, y] as desired.

Now we verify all the required topological properties. First note that the trivial-
izations obtained via the maps f,, are compatible. Indeed, if m gives rise to the
same open support as n, then Lemma [3.2.15 implies that mn* € C' which implies
that (nm*)(mn*) = (mn*)(nm*). Multiplying on the right by n and noticing that
m*n is non-zero on dom(n) we obtain n(m*mn*n) = m(n*nm*n) so there exists

¢1, c2 € C which are non-vanishing on dom(n) such that
nep = mes. (3.8)

To check compatibility, we need to show that if ¢, € T then the transition
function t,,, : dom(n) — T satisfying f.(z,t1) = fu(z,t2) = fi(x, tym(x)t1)
is a homeomorphism. The first equality yields the existence of dy,d, € C' with
di(x),ds(x) > 0 satisfying t;nd; = tomdy. Hence tyncidy = tomeyds. Using
we get that tymcod; = tomeidy. Thus m(ticed; — tecidy) = mD = 0 (where
D = ticody — tycrdy € C). Hence (mD)*(mD)(x) = |D(x)*m*m(x) = 0 which
implies D(z) = 0. Hence

tlcg(l')dl (LU) = t2C1(l’)d2(l’)

which implies that

ca(x)di ()
) = @)
Noting that
di(z) |di(z)| _ ea(w)]
do(z)  |do(z)|  |ea(z)|
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we obtain

o) = 2]
c1(z)]ea ()]
Since ¢; and ¢y are continuous functions that are non-vanishing on dom(n) it is

clear that t,,, is a homeomorphism. Hence the trivializations are compatible.

We now proceed to verify that for n € N4(C'), f, is indeed a bijection. For injec-
tivity, note that if [a,(z), t1n, x] = [, (), tan, x], then there must be ¢, ¢y € C,
positive at x, such that t;nc; = tancy. Multiplying on the right by n* and evalu-
ating at a,(z) via (B.6]), one obtains that % is positive, implying that ¢; = t5. For
surjectivity, assume there is an m € N4(C) such that on an open set U contain-
ing x € dom(n), a,, and «, agree. We aim to show there exists a ¢ € T such that

[y (), tn, 2] = [an(x), m, x]. Let V = a,,(U) = a,,,(U), and use Lemma(3.1.2[to find
a positive compactly supported function y with support in U C dom(n) Ndom(m),

and x(z) = 1. Define ¢;(u) = % for all w € U, and 0 outside of U. Define
co(u) = % for all u € U, and 0 outside of U. Note that ¢;,cy € C' with

¢1(x), ca(x) > 0. One can check that this implies
neyn® = meam®, (3.9)

as (3.6 shows that (3.9) holds on V', and outside ran(n) we have that 0 < neyjn* <
|lc1[[nn* = 0 (and a similar conclusion for meom®) and so (3.9)) holds everywhere.
Multiplying (3.9) by n on the right yields

nein'n = meaymn.

Note that there is a ¢ € T such that tm*n(z) > 0 (that g(x) = m*n(z) # 0
can be checked using on g*(z)g(z)). Let g1 = cyn*n, go = tcam™n, we have
that ¢;(z),g2(x) > 0 and tng; = mgs. Hence [a,(x),tn,z] = [a,(x),m,z]| as
desired. Hence f,, is bijective. The definition of the topology on ¥(C')|s makes f,

a homeomorphism.

The topology defined on X(C') makes ¥(C') a locally trivial G(C)-bundle. Indeed
around [z, a,,y] € G(C) we choose the bisection U = U(ran(n), a,,dom(n)) and
the continuous section defined by S([w, ay, 2]) = fu(z,1) where z € dom(n). This

clearly witnesses the local triviality condition.

Finally it is a tedious but straightforward task to show that ¢ and II are continuous
and restrict to homeomorphisms on the respective unit spaces. Hence X(C) is a
twist over G(C). O
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Remark 3.2.18. We can also view the twist in light of Definition 2.1.37 The T-
action is then obtained by the definition of multiplication by T given in Definition

2.1.35| which in our case specifically becomes

tlz,n,y] = [z, tn,y].

Definition 3.2.19. Let (A,C) be a Cartan pair. We will call (G(C),%(C)) the
Weyl twisted groupoid associated to (A, C').

The next step is obtain an isomorphism between the Cartan pair (A, C) and the
pair (C*(G(C),X(C)), Co.(G(C)?)). The steps towards this are presented in Section
5 in [64]. We will repeat these steps summatively for completeness. The standing
assumption in [64] is that A is separable. However the proofs can be obtained
without this assumption, and any function separation properties will be obtained
via Lemma B.1.2

Lemma 3.2.20. Let (A,C) be a Cartan pair and P the associated faithful condi-
tional expectation. If n € N4(C) satisfies that oy, is non-trivial on a neighbourhood
of y € dom(n), then P(n)(y) = 0.

Proof. There is a net y, converging to y such that a,(y,) # yo. For a fixed «,
one can obtain ¢, co € C' with the properties that con = ney and ¢ (y,) = 1 whilst
c2(Yo) = 0. Indeed, use Lemma to find a ¢ € C with compact support in
ran(n) satisfying c(au,(ya))n*n(y.) = 1 and ¢(y,) = 0. Then set ¢; = (c o a,)n*n
and ¢, = nn*c and use to verify the aforementioned claims.

Then we may write

Pn)(ya) = P(n)(ya)er(ya) = P(nc1)(ya) = Plcan)(ya) = 0.
By continuity of P(n) we have P(n)(y) = 0. O

We now show how to think of elements in A as T-equivariant continuous maps on

2(C).

Definition 3.2.21. Let (A,C) be a Cartan pair and P the associated faithful
conditional expectation. For every a € A define ¥(a) = a to be the map on ¥(C)
defined by

a([z,n,y]) = (3.10)
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Lemma 3.2.22. The map ¢ in Definition|3.2.21| is a well-defined, injective, linear

map which sends a € A to a T-equivariant continuous function on %(C).

Furthermore, for ¢ € C, ¥(c) is zero off G(C)°, and on x € G(C)° it takes value
c(x). Forn € Ny(C), the open support of (n) is exactly U(ran(n), o, dom(n)).

Proof. Linearity and T-equivariance is clear as P is linear. Replacing n in (3.10)) by
ne for any ¢ € C' with ¢(y) > 0 does not change the output, hence 1) is well-defined.

Continuity of @ can be checked on the trivialization ¥(C)|s where S is the open

support of n. This then follows from continuity of the ma _y Pra))
pp Yy Py \/m

For injectivity, assume a = 0, then it follows that P(n*a) is 0 on dom(n), hence

on dom(n).

on its closure as well by continuity. For z € X outside this closure, Lemma [3.1.2]
allows us to find a ¢ € C' which is 1 on z and 0 on the closure of dom(n), and hence
nc = 0. Then P(n*a)(z) = ¢*(2)P(n*a)(z) = P((nc)*a)(z) = 0, hence P(n*a) = 0.
Regularity of the normalizer set implies P(a*a) = 0 and faithfulness of P implies

a=0.

Note that if [z, a,,y] is not a unit, then the germ at y of a,, is non-trivial and
hence by Lemma ¢[z,n,y] = 0 (the remark after Definition 1.3 in [65] tells
us that P(n*) = P(n)*). The unit space G(C)° can be identified with the unit
space (C)? whose elements are of the form [z,d, z] for x € X and |ZE§§| =1 (see
Definition [3.2.16). Hence it is easy to see that for ¢ € C we have ¢[z, d, x] = c(z). If
n[z,m,y] # 0 then P(m*n)(y) # 0 and so by Lemma o, and a,,, must agree

on an open neighbourhood around y and so [z, a,,, y] € U(ran(n), a,,,dom(n)). On

the other hand n[z,n,y| > 0 for y € dom(n) and so the open support of i is exactly
U(ran(n), a,, dom(n)). O

Lemma 3.2.23. The Weyl groupoid G(C) of a Cartan pair (A, C) is Hausdorff.

Proof. Consider o1 = [x1,n1,Y1],02 = [T2,n2,y2] € X(C) such that oy # gy If
Y1 # y2 let a = nic where ¢ € C satisfies ¢(y;) # 0 and ¢(y2) = 0. Then a(o;) # 0
and a(o9) = 0. If y; = y then by Lemmait follows that P(n3nq)(y1) = 0 and
so ny(02) = 0. However ny(01) # 0. The result follows by continuity of elements in

U(A). 0

Definition 3.2.24. Let (A, C) be a Cartan pair. Define N4 .(C') as the subset of
N4(C) consisting of those elements n such that 7 has compact support. Let A, be
the linear span of Ny .(C). Let C. = CnN A..
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Lemma 3.2.25. Let (A, C) be a Cartan pair. Then Na.(C) is dense in N(C')
and A, is dense in A. The map 1 is a *-algebra isomorphism which maps A.
onto C.(G(C),%(C)) (where the codomain is endowed with the multiplication and
involution structure given in Definition and C. onto C.(G(C)?).

Proof. Let {cs}aca be a net in C' which is an approximate unit for A. Assume
n € Nu(C) and that n = limnc,. We can find compactly supported b, € C
such that n = limnb, as C’c(;( ) is dense in Cy(X) (this follows from the Stone-
Weierstrass theoroém7 see Theorem A.1.3 in [36]). We now show that nb, € N4 .(C).
Let K = supp(b,) be compact, and note that by Lemma we have that the
open support of nb, is the open bisection S = U (anp, (V), np,, V) where V C K is
open (here we have used the fact that a,,, = oy, 0 ap,). We need to show that S is

a compact set. First note that

S is compact <= II"'(S) is compact <= TII-1(S) is compact.

The first equivalence follows from Lemma [2.1.40] The second equivalence follows
by equality of the gives sets. Indeed it is clear that that HT(S) C II7Y(S). The
reverse inclusion is slightly more technical. Let o € II7}(S). Then there is a net
{sg} is S with sg3 — II(0). Using the local triviality condition in the definition
of a twisted groupoid we find an open bisection U around II(c) and a continuous
section v : U — X(C). We may assume that the net {sg} lives in U. Then declaring
75 = v(s5) € [T7'(S) we obtain that 75 — ¥(II(c)) and so by Lemma there

exists ¢ € T such that t75 — 0. Hence o € II-1(S). Thus to check S is compact it
suffices to check that HT(S) is compact and hence, by the definition of the topology
on X(C') which has a trivialization ¥(C)|g (see Definition it suffices to check
that V' x T is relatively compact, and this is clear as the closure lies in the compact
set K x T. Hence nb, € N4 .(C). This gives density of Na.(C) in N4(C), and by

regularity the density of A. in A.

We already saw in Lemma that v is linear and injective. Let us see that it
maps A. onto C,(G(C),X(C)). It suffices to pick an f € C.(G(C), X(C)) supported
in an open bisection U(ran(n), a,,dom(n)) for some n € N4(C), as for general
compact supports we can use a partition of unity argument which reduces to this
case. Lemma tells us that 7n is non-zero on this open bisection, and hence
we can find an h € C.(G(C)°) such that f = 7 * h (to see this use Lemma [3.1.1]).
Lemma shows that 1) maps C. onto C.(G(C)°) and so there exists a ¢ € C.
such that f = n * ¢ = ¢(nc) (the last equality can be checked directly using the
definition of multiplication and Lemma [3.1.1). The element nc € N4 .(C).
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By linearity of v it suffices to check the *-algebra homomorphism properties on
elements in N4(C). And it suffices, by Lemma [3.2.22] to check that the relevant
evaluations hold true on the open supports induced by such elements in N4(C).
This is a straightforward but tedious task, and the explicit calculations can be
found in Lemma 5.8 in [64]. O

We are now in a position to replace the second statement of Theorem but
without the separability assumption. The proof is given in Theorem 5.9 in [64], but
there separability of A gives rise to second countability of the groupoid and hence
its topological principality by Proposition 3.6 in [64] (locally compact Hausdorff
spaces have the Baire property required by the proposition).

Theorem 3.2.26. Let (A,C) be a Cartan pair. Then there exists a twisted étale
locally compact effective Hausdorff groupoid (G,%) and a C*-algebra isomorphism
carrying (A, C) onto (C}(G,%), Co.(G?)).

Proof. Let (G,%) = (G(C),%(C)). That this is a twisted groupoid is by Lemma
That it is étale and locally compact is by Lemma [3.2.3l That it is ef-
fective is by Corollary 3.2.7. That it is Hausdorff is by Lemma [3.2.23] Hence
(Cx(G,%),Cy(G%) is a Cartan pair by Theorem with associated conditional

expectation P.

Note that the restriction of ¢ to C' is isometric by Lemma (the norms on C
and Cj,(G(C)°) are the supremum norms). We will now show that the restriction
of ¥ to A. is also isometric by using the fact that the conditional expectation P
associated to (A, C) is faithful and completely positive (see the first section of |58|
for the latter claim), and thus Stinespring’s theorem may be used to write, for
a€ A,

la]| = sup{[| P(b5*a*ab)||2 : b € A,, P(b*b) < 1}.

For such an a, a belongs to C(G(C), X(C')) by Remark [2.1.73] and so in an analo-

gous way we also have that

lall, = sup{ | P(f*a*af)||% : f € C(G(C),5(C)), P(ff) <1}
= sup{|| P(b"a"ab)| (G(C),2(C)), P(b'b) <1} (3.11)

:I;G >
| b)

—

Cc
= sup{||P(b*a*ab)||% : b € C.(G(C),%(C)), P(b*b) < 1}.

1
2
oo
1
2
o0

~—

Note that a simple calculation using Lemma [3.2.22] shows that

Poy=1oP
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and hence ||P€(ZEL*\ab)||C>O = ||P(b*/cﬁlb)||Oo = ||P(b*a*ab)||« where the last equality
is due to the fact that the restriction of ¥ to C'is isometric. Thus

lall- = llal;

and hence ¢ : A, — C.(G(C),%(C)) is isometric and hence continuous, and so

by extension via continuity we obtain that ¢ extends to a C*-algebra isomorphism
carrying (A, C) onto (C#(G, %), Cy(G)). O

For convenience, we state Theorems and [3.2.26| as one theorem, which is

Theorem A from the Introduction:

Theorem 3.2.27. Let (G,Y) be a twisted étale locally compact effective Hausdorff
groupoid. Then (C}(G,%), Co.(G°)) is a Cartan pair.

Conversely, let (A,C) be a Cartan pair. Then there ezists a twisted étale locally
compact effective Hausdorff groupoid (G, %) and a C*-algebra isomorphism carrying

(A, C) onto (C:(G,%),Co.(G?)).

For a complete account, we will state what is Proposition 5.11 in [64]. The proof is

identical as that in [64] without needing to assume separability of the C*-algebra:

Proposition 3.2.28. Let (A, C) be a Cartan pair. Then C has the unique extension
property for pure states if and only if the Weyl groupoid G(C') is principal.

3.3 Uniqueness of the Twisted Groupoid Associ-

ated to a Cartan Pair

In this section we prove that the procedure of going from a twisted groupoid to
a Cartan pair and vice-versa as in Sections and are, up to isomorphism,
inverses of each other. The proofs can be found in Section 4 in |64]. They do not

require any second countability assumptions on the groupoid.

The second statement of Theorem already shows that the procedure of going
from a Cartan pair to the Weyl twisted groupoid and from that to a Cartan pair
(using the first statement of Theorem gives an isomorphic Cartan pair. We
now show that if we start with a twisted étale locally compact effective Hausdorff
groupoid (G,3) and obtain the Cartan pair (A,C) as in the first statement of
Theorem then there is an isomorphism of (G, 3J) to the Weyl twisted groupoid
associated to (A, C).



CHAPTER 3. GENERALIZING RENAULT’S THEOREM 103

We start with what is Proposition 4.8 and 4.13 in [64] but we do not argue using
topological principality nor second countability. Note that a crucial use of second
countability is made by Renault in the proof of Proposition 4.13 in [64]. Indeed it
claims the existence of a function in Cy(X') whose support is exactly a pregiven open
set. Locally compact Hausdorff spaces are regular, and regular second countable
spaces are metrizable, and hence one can take the function which measures the

distance from a point in the open set to the complement of the set.
However, for our purposes, the following statement suffices:

Lemma 3.3.1. Let (G, X)) be a twisted étale locally compact effective Hausdorff
groupoid. Let (A,C) = (C*(G,%),Co,.(G°)). Let Ly be the complex line bundle

associated to . Then
NA(C)={ne€ A: supp'(n) is a bisection} (3.12)

and
O, = Olsupp’(n) V née NA(O) (313)

Furthermore we have that the groupoid of germs induced by a(Na(C')) (recall Def-

inition and the groupoid of germs induced by a(S) (recall Definition [3.2.4)
are isomorphic to G.

Proof. Lemma [3.1.6| already shows us that the elements of A whose open support
is a bisection are normalizer elements. Furthermore, in the proof of that lemma,

we had that if n € A with S = supp’(n) a bisection and ¢ € C' then

n* xcxn(o) =n(ro=t)c(r(r))n(r),

for some 7 € Gy NS with ro-1 € 5. Since r(ro~1) = r(7) it follows that ¢ € G°,

and 7 € So. Hence

n* % n(o) = n*n(o)e o r(${o}) = n*n(o)c o as(o),
where ag is the map from Definition Comparing this with (3.6|) yields o, =
ag.

Now let us show that the open support of a normalizer is a bisection. Let n €
N4(C). Let S = supp’(n). Fix x € dom(n). Using (3.6) we may write, for all
ceC,

(o)) = 3 '”(T)'jcw».

TEGL
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—

The spectrum of C' is the pure state space on C' and so the pure state a,(z) is a

—_—

convex linear combination of the pure states r(7) where 7 ranges over the source
fibre of x. Hence if (1) # «,(z) then n(r) = 0.

Set T'={g € G : s(g) € dom(n), r(9) = an(s(g))}. We have S C T. Hence
SS~t C TT! and it can easily be checked that 77! C G’. Since SS~! is open,
effectivity implies SS™! C G°. Likewise one can show S5 C GY. Hence S is a
bisection. This yields (3.12)) and (3.13)).

Let us prove the final claim. If n € N4(C) then S = supp’(n) is an open bisection
with «,, = ag. In order to prove the claim we need to show that if S is an open
bisection then there is an n € N4 (C') with supp’(n) = S. In fact it suffices to show
this for an open set contained in S as the groupoid of germs induced by «(S) where
S is the set of all open bisections is the same as that induced by a(S’) where S’ is
a refinement of S. Theorem 12 in the Appendix of [24] ensures that we have a non-
vanishing continuous section for Ly, on a neighbourhood T of g € S, contained in
S (Ly, has the structure of a Banach bundle over the locally compact space G, with
fibre C; see Remark [2.1.50)). Proposition 1.1 in [54] characterises trivializable line
bundles as those that admit a non-vanishing section. Hence Ly|7 is trivializable.
We may use Lemma [3.1.2] to say that there exists a ¢ € C' with compact support
inside s(7"). Hence U = supp’(c) is an open set inside s(7"), and by the fact that
s: T — s(T) is a homeomorphism we can pull U back to an open bisection V' C T.

Restricting attention to V' we have that Ly|y is trivializable.

Let u : V — Ly be a non-vanishing section, and without loss of generality assume
|lu(g)|]] = 1 for all g € V. Define n : G — Ly by n(g) = u(g)c(s(g)) if g € V,
and 0 otherwise. There exists a net {ha}aca in Co(U) converging uniformly to
c. Now using the identifications of Lemma we have that uh, € Co(G,X)
converges uniformly to n. Hence it converges in the I-norm as this coincides with
the supremum norm on Cy(G), and hence in the C*-algebra norm ||||.. Hence n € A
with supp’(n) = V, and hence by n € Na(C).

Thus we have that the groupoid of germs induced by a(N4(C)) and the groupoid
of germs induced by a(S) are the same, and by Lemma isomorphic to G as
this groupoid is effective. m

We are now in a position to state the main result of this section:

Theorem 3.3.2. Let (G, X)) be a twisted étale locally compact effective Hausdorff
groupoid. Let (A,C) = (C*(G,%),Co,-(G°)). Then we have a homeomorphism of

extensions
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B —— X(C) —— G(O)

l l l (3.14)
s ) s g

G x T

Proof. The left vertical arrow was defined in Definition [3.2.16 and shown to be a
homeomorphism in the proof of Lemma [3.2.17] The right vertical arrow is defined
using the map in the proof of Lemma m (the map specified in the proof is the
inverse of the right vertical arrow). Indeed, by definition G(C') is the groupoid of
germs induced by the pseudogroup a(N4(C)), and so by Lemma is the same
as the groupoid of germs induced by «(S), and so is the groupoid #H that appears
in (3.5). Since G is effective the arrow is an isomorphism. Specifically it maps
[z, o, y] to & where & is chosen in supp’(n) with s(o) =y, r(0) = x (the existence
and well-definedness of ¢ is due to Lemma . It can be checked easily that the

map is a homeomorphism.

We define a map (C) — ¥ by [z,n,y] — ﬁg—g;'a, where o € ¥ chosen so that

6 € supp’(n) with s(¢6) = y and r(6) = x. The inverse ¥ — 3(C) is defined
by sending o — [m,%n,y] where n € N4(C') chosen so that n(c) # 0, and
y = s(6), x = r(d). It is a tedious but straightforward task to check that these
maps are well-defined groupoid homomorphisms, and are inverses to one another.
That these maps are continuous can be checked by restricting to the topology on
3(C)|s and using the map f, as in Definition [3.2.16] That is commutative is

clear using the definitions of all the arrows. The upper extension has been defined

in Definition [3.2.16] and the lower extension is defined in Definition [2.1.35] O

Corollary 3.3.3. Let (A, C) be a Cartan pair. Then the twisted groupoid that exists
by Theorem 18 unique up to isomorphism.

Proof. This follows from Theorem [3.3.2} the twisted groupoid is isomorphic to the
Weyl twisted groupoid. O



Chapter 4

Existence of Inductive Limit Cartan
Subalgebras in Inductive Limit

C'*-algebras

In this chapter we prove that Al and AT-algebras have Al and AT-Cartan subal-
gebras, respectively. Using the tools that we will develop in this chapter we will
generalize these findings to prove that A X-algebras have A X-Cartan subalgebras,
whenever X is a finite connected planar graph imbedded in C (which generalizes

the point, interval, and circle).

We have already seen in Example that AF-algebras have AF-Cartan sub-
algebras. However, as we shall see, it is significantly more difficult to prove the
existence of AI and AT-Cartan subalgebras as compared to their AF counterpart.
The main reason for this is that the connecting maps for AI and AT-algebras are
not as straightforward as their AF counterpart, as they are not simply unitary

conjugates of block diagonal imbeddings.

The main strategy in this chapter is the following. We wish to realize Al, AT,
or more generally A X-algebras with X as described above, as inductive limit C*-
algebras with connecting maps that are unitarily equivalent to standard maps (recall
Definition [2.3.39). The way we shall achieve this is due to techniques developed
by Thomsen, particularly in [75] and |76]. Once we have this, our aim is then to
use a practical tool developed by Li in [47] which reduces the question of whether
an inductive limit Cartan subalgebra exists to the level of building blocks and
connecting maps. We will describe this tool in Section below.

For Al-algebras we will be able to realize the connecting maps as unitary conjugates

106
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of standard maps. Because the unitaries will be shown to belong to Al-building
blocks we may ignore them as far as the inductive limit is concerned (effectively due
to Proposition , making the situation rather straightforward. This however
will not be possible for AT-building blocks as the unitaries conjugating the standard
maps will still belong to Al-building blocks.

To surpass this issue, we will use the notion of maximal homogeneity, following
Thomsen’s work in [76], which is effectively based on Elliott’s investigations in [19],
and we will show that this notion coincides with the notion of Cartan subalgebra.
Thomsen manages to show that connecting maps between full matrix algebras with
entries in C'(T) are able to carry a maximally homogeneous subalgebra into a unique
one which he constructs in the codomain. We will generalize this result and Elliott’s

techniques to direct sums of full matrix algebras with entries in C(T).

Finally, we will pinpoint the main topological properties that the interval or circle
enjoy that allow us to construct the inductive limit Cartan subalgebras. With
this understanding we will be able to generalize our results to finding AX-Cartan

subalgebras, with X as above satisfying the topological properties required.

As we discussed in the Introduction, the layout of this chapter is purposely set to
reflect the true timeline in which the results were conceived. Rather than presenting
the proof for existence of AX-Cartan subalgebras directly, which would automati-
cally encapsulate the result for ATl and AT-Cartan subalgebras, we will rather prove
the latter results first in order to highlight how the ideas generalize. We believe
that this is more useful from a research perspective, as well as being faithful to the

true timeline of our research. The preliminaries for this chapter are Sections [2.1],

and Subsections [2.3.3] and [2.3.4] from Section as well as Chapter [3]

4.1 A Practical Criterion for Existence of Inductive

Limit Cartan Subalgebras

We will describe in this section a practical tool due to Li in [47], which is based on
work with Barlak in [8], that allows us to determine whether inductive limit Cartan
subalgebras exist in certain inductive limit C*-algebras. The criterion is simply to
check whether the (injective) connecting maps carry a Cartan subalgebra of the
building block into a Cartan subalgebra of the next building block, whether they
carry normalizer set into normalizer set and whether they are compatible with the
conditional expectation. If these conditions are satisfied for every connecting map

then there will exist an inductive limit Cartan subalgebra.
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The setup is as follows. Let (A, {i,}nen) be the inductive limit C*-algebra corre-
sponding to the sequence of building blocks { A,, } ey and injective connecting maps
{®n}nen. Assume that for every n € N we have a Cartan subalgebra C,, C A,,. Then
by Theorem [3.2.27 the Cartan pair (4, C,,) corresponds to a Weyl twisted groupoid
(Gn, ). Assume further that there exists twisted étale locally compact effective

Hausdorft groupoids (H,,7T,) and twisted groupoid homomorphisms

(ina Ln) . (HnaTn) — (gn+17 2n+1>7 (pnypn) : (anTn> — (gna En)a

such that 7, is an imbedding with open image, p,, is surjective, proper and fibrewise
bijective (this means that p, restricted as a map from the source fibre of a point
y € H? to the source fibre of p,(y) € G° is a bijection). We will write X, for G%
and Y,, for H?. These assumptions on the groupoid homomorphisms allow us to

conclude, by Lemmas 3.2 and 3.4 in 8], that the map
Co(Hn, Tn) = Co(Gny1, Xng1), f— Ly - f
extends to an isometric *-homomorphism
(tn)s : CF(Hp, Tn) = C7(Gnt1, Bt

and that the map
Cc(grm zn) — Cc(anTn)v f — f O Pn

extends to an isometric *-homomorphism
(pn)* : CH(Gny X0) — CH(Hyp, Th).
Assume further that

On = (Zn>* o (pn)*

Under all these assumptions, define, for every n € N,
Y00 =20, Znmi1 = p;im(zmm) for m=0,1,2,...,

gn,O = gna gn,m—H - p;}_m(gmm) for m = 0, ]., 2, R

Zn = l'&n(zmm,pnﬂn), g_n - l.gl(gn,m’pn:‘rm)'

Note that these inverse limits are being defined in the category of topological
groupoids, see Remark In this situation, we get the following result (which
is Theorem 3.6 in [8]):
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Proposition 4.1.1.
1. (Gn, 3,) is a twisted groupoid for every n € N,

2. the maps (in, L) induce twisted groupoid homomorphisms

(me) : (g_nv E_n) — (Kﬂ-la En—i—l)

where i, is an imbedding with open image, and we have that

gives rise to a twisted étale groupoid (G,%), such that,

3. (A, C) = (@(An, bn), @(Cn, ®n)) is a Cartan pair whose Weyl twisted groupoid
is given by (G,X).

If G, is principal for all n € N, then G is principal.

This setup together with Proposition [I.1.T]can be captured visually by the following
diagram:

(Gn,2n) € (Gn,1,8n,1) € (Gn,2,2n,2) € (Gn,3,%n,3) (Gn, )

{ { { !

(Gnt+1,Bn41) € (Gn41,1, Zn11,1) € (Gnt1,2,8n41,2) (Gnt1,En+1)
[ [ !

(Gnt2,Eny2) € (Gni2,1,5n42,1) (m}m)
L

(Gn+3, Ent3) e (Gn+3, Zn+3)

@.%)
(4.1)

What we require now is to figure out what properties an arbitrary prespecified
collection of injective connecting maps {¢;, }nen should have in order to be able to
write them as ¢, = (i,)« © (pn)* as in the above setup, and hence conclude that
we get an inductive limit Cartan subalgebra. Proposition 5.4 in [47] answers this

question:

Proposition 4.1.2. Let (A,C) and (A, C) be Cartan pairs with corresponding faith-

ful conditional expectations P and P, respectively. Let their corresponding Weyl
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twisted groupoids be (G,¥) and (G, %) respectively. Assume we have an injective

*_homomorphism ¢ : A — A. Then the following are equivalent:
1. §(C) € C, 6(Na(C)) € N4(C), and Po = o P.

2. There exists a twisted groupoid (H,T) and twisted groupoid homomorphisms
(i,0) : (H,T) = (G,%), (p,p) : (H,T) = (G,%) such that i is an imbedding
with open image, p is surjective, proper and fibrewise bijective, and such that
¢ =i, 0p*.

Remark 4.1.3. The proof of Proposition 4.1.2]is rather technical, however we will
require some parts of the constructions in it for Chapter 5] The following list
highlights these essential items, but for a full account, one can refer to the proof

given in [47).

e In the proof of the implication[]] = [2Jone needs to construct an intermediate
Cartan pair (ﬁ, é) whose corresponding Weyl twisted groupoid will be the
one declared (H,T). C is declared as the ideal of C' generated by ¢(C). Note
that in the case that ¢ is unital we have C' = C. A is declared as C*(¢(A), C).
It is shown that (A, C') is a Cartan pair.

e By noting that NA(C’) C NA(O) the proof defines the pair of maps (i,¢) by
i([2, o, y]) = [, o, y], o[z, m,9]) = [,n,y] forall x,y € H' n¢c NA(C'),
and shows they satisfy the required properties. Then by showing that

T= |J Alosw(),é(n),2]: 2 € dom(e(n))}

p(n)€d(Na(C))

the pair of maps (p, p) is defined by

P([z, agmy, yl) = [07(2), om, 9" (y)], p([z, d(n), y]) = [¢" (), n, ¢"(y)]

for z,y € H°,n € N4(C), and where ¢* is dual to the map C' — C,c— o(c).
The standing assumption on ¢ being injective is to ensure that the dual map

is surjective hence so is p. The other properties required are then verified.

e [t is shown that there exists a commutative diagram

N

A ¢ s A A
A
¢

Cr(G,%) —— Cy(H.T) ——= C}(G.%)

T

IR
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where the isomorphisms are the ones given by Theorem [3.2.27]

Remark 4.1.4. Tt is easy to see from (4.1]) that if for every n € N we have that
in(HY) =G24, it will follow that all the injection arrows in (4.1)) become identities
when the diagram is restricted to just unit spaces, and hence 30 is homeomorphic

to lim(Gy, p,). This is also noted in Remark 5.6 in [47].
Putting (4.1)), Proposition4.1.2} Remark and Remark together, we obtain

the following summative result, which is also Theorem 1.10 in [47]:

Proposition 4.1.5. Let (A, {itn}nen) be the inductive limit C*-algebra correspond-
ing to the sequence of building blocks { A, }nen and injective connecting maps {pn fnen-
Assume for every n € N that (A, Cy,) is a Cartan pair whose corresponding condi-
tional expectation is P,, and whose corresponding Weyl twist is (G,,%,). Assume
that

¢n(Cn) g On+17 d)(NAn(On)) g NAn+1 (On—l—l); Pn+1 qun - ¢n OPn; fOT all n e N.

Then (A,C) = (lig(An,qﬁn),lig(Cn,qbn)) is a Cartan pair, whose corresponding
Weyl groupoid is obtained as (G, %) in (E1)). If we further assume that the corre-
sponding maps i, : H, — G,11, as discussed above, map unit space to unit space,

then the spectrum of the inductive limit Cartan subalgebra C' is l'&n(@?,p}ﬁ.

4.2 Existence of AI-Cartan Subalgebras

In this section we prove the existence of AI-Cartan subalgebras in unital Al-algebras.
The idea will be to realize every Al-algebra as one whose connecting maps are of
a standard form (see Definition [2.3.39). This can be achieved due to the results
in [76]. Then we wish to use Proposition to obtain the existence of inductive
limit Cartan subalgebras. In what follows we consider a unital Al-algebra A =

1i_n>q(An,¢n), with unital and injective connecting maps ¢,, and building blocks

A,, € c; (recall Definition [2.3.27)).

N

Lemma 4.2.1. Let F' = @ M, be a finite dimensional C*-algebra. Let B C F
j=1

be a Cartan subalgebra. Then there exists a system of matriz units {eg)q 1 J €

{1,....,N},p,q € {1,...,n}} for F such that B = span{e], : j € {1,...,N},p €

Proof. The maximal dimension of the span of a set of minimal orthogonal projec-
N

tions in B must be ) n;, for if it was less we may find a new projection that is
j=1
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orthogonal to all of them, but by B being a masa it means this one belongs to B,

which would be a contradiction. It cannot be more than g: n; as then we would
N !

have that F' contains more than ) m; non-zero orthogonal projections, which is

false. -

Hence we may label a maximal set of minimal orthogonal projections of B as qu

for j =1,...,N and ¢ = 1,...,n;. These span B. They each have trace one

N
(otherwise their sum will be a projection in F' of trace greater than ) n; which
j=1
is impossible), and hence for every j € {1,..., N} we have that qul is Murray-von

Neumann equivalent to PgQ for all ¢1,¢2 € {1,...,n,} (see Example [2.2.47). Write
e{q for the partial isometry which witnesses the equivalence between Pg and Plj , for
q=1,...,n;. The define e/ = (e{p)*e{q and this yields the desired result. O

Definition 4.2.2. In the situation of Lemma [£.2.1] we will write the matrix units
more concisely as {e/,}, and they will be called matriz units with respect to the

Cartan subalgebra.

N
Remark 4.2.3. We will sometimes express elements in @ C[0,1]@ M, as Y f, ®e),
j=1
N
without specifying the index of summation. We will also identify € C[0, 1]® M,,, in
j=1

N
the canonical way with C'([0, 1], @ M,,,). Sometimes we will use this identification
j=1
without comment.

Lemma 4.2.4. Suppose F is a finite dimensional C*-algebra and A = C[0,1]QF €
cr. Let B be a Cartan subalgebra of F. Then C := C[0,1]® B is a Cartan subalgebra
of A.

Proof. That C'is unital and commutative is obvious. In fact it is a masa. Indeed,
let {€J,} be a basis for F' with respect to B. Assume a =) f) ®e) € A commutes
with all of C. Write a = a4 + a, where a4 is diagonal (with respect to the matrix
units {e/ }) and a, is off-diagonal. It is clear that a, = a — aq also commutes with
all of C. If a, is non-zero then there exists jo and pg such that p = 1 ® eioopo satisfies

a,p # 0. But p = p? belongs to C and so 0 # a,p = pa, = pa,p = 0, a contradiction.

Hence a, = 0 and a belongs to C.

Next we check that C' is regular. Since {f @ n: f € C[0,1],n € Np(B)} generates
A as a C*-algebra, and is a subset of N4(C'), the condition follows.
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Finally, we need the existence of a faithful conditional expectation from A onto C'.
Let P : FF — B be the unique faithful conditional expectation given by projection
onto the diagonal (with respect to {e] }) (see also page 6 of [72]). By [82], a
projection A — C' of norm 1 is a conditional expectation. Note that id®@P : A — C

is a projection. Note that if z = > f; ® ys € A has norm at most one, we obtain,

||1d®P ||_||Zfs®Pys ||_ Sllp ||Zfs ys ||_ Sup ||PZfs ys -
]} < 1.

Here we have used the canonical identification of C[0, 1|®@ F with C([0, 1], F'). Hence
lid® P|| = 1.

Let us check that id ® P is faithful. Let 2 = Y fi ® e/, € A. Then z*z =
S flafi, ®el . Henceid® P(a*z) = S| fi P @ el,. If thls is 0 then f, =0 for
all j e{1,....,N},p,qe{l,...,n;}. Hence x = 0. O

Lemma 4.2.5. Let A = C[0,1] ® F and C = C[0,1] ® B be as in Lemma
with matriz units {el } with respect to B. Then Na(C) consists of those elements
n in A satisfying that n(t) has at most one non-zero entry in any row or column
(with respect to the matriz units {e,}), for all t € [0, 1].

Proof. Let n =) fgq ® e{)q have the stated property. Let = f ® e7; and assume
n*xn is non-zero. This means that there are ¢, ..., qr and fISq1 ®efq1, e ,gqu ®e§qR

appearing as summands of n. Hence

R
_ S S S
n'rn = Z fqufflqz ® Carar

k=1

The property assumed about n means that Fqk f[sql = 0 if k£ # [ (as this holds
pointwise). Hence we see that n*zn is diagonal with respect to the system {eJ }.

Hence n*Cn C C'. Similarly we can show nCn* C C.

Conversely, let n = 7 f) ® e/ € Na(C). Whenever there exists a j and a p
and q; # g2 such that fJ, ®el and f] ® €]

pa1 Pq2

* J 3 R J
n*(1® e}, )n contains the summand fpq, 7, ® €l ..

diagonal, we have fi,, fqu = 0. A similar argument holds when the column index is

appear as summands of n, then

But since it is supposed to be

fixed rather than the row index. This implies that n has the required property. [J

The contents of the following lemma can be found in |76].
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N M
Lemma 4.2.6. Let A= @ C0,1]® M,,,B=C[0,1]® M,,,, and ¢ : A — B
=1 i=1

a unital *~homomorphism. Then there exists a standard map ¢ : A — B such that

¢ ~au 1/}

N

Proof. Let {e] } be a system of standard matrix units for @ M,,. Let {k;} be
j=1

the index system with respect to ¢. Let w;; = ¢:;(t ® e};) € II;(B), where ¢ €

C|0,1] is the map defined by «(t) = t. Consider the spectrum of w;;(t) (in ¢;(1 ®
&) () My, 0i(1 @ €),)(t)) to be written as {g¥ (1), ... ,g,gj (t)} for t € [0, 1], where
we have ordered g < ... < gzj. Example 3.1.6 in Chapter 1 of [67] tells us that
the eigenvalue functions ¢ : [0,1] — [0,1] are continuous for s = 1,2,... k.
Denote the set {g”(t),..., g,i{j (t)} obtained as above from the map ¢ and the given
procedure by ggij (t). Now define ¢» : A — B to be a standard map defined as
in (2.32), with eigenvalue functions {¢% : i € {1,...,M},7 € {1,...,N},s €

{1,... kij}}.

Theorem 3.1(a) in |76] tells us that two unital *-homomorphisms ¢1,¢s : A — B
are approximately unitarily equivalent if and only if when performing the above
procedure we end up with (¢1)i;(t) = (¢o)s;(t) for all i and j and ¢ € [0,1]. Hence
it follows by construction that ¢;(t) = ¥;;(t) and 50 ¢ ~gy . O

Remark 4.2.7. We will see in the later sections, when we consider AX-building
blocks (particularly in Lemma , that the conclusion of Lemma above
can be strengthened to unitary equivalence rather than approximate unitary equiv-
alence. However, for our current purposes, the statement of Lemma [£.2.6] suffices

as it 1s.

Lemma 4.2.8. Let A = lig(An, ¢n) be a unital Al-algebra with unital and injective
connecting maps. Then there exists unital and injective standard maps 1, : A, —
Ay such that A = liﬂ(An7 ).

Proof. By Lemma [£.2.6] we construct the 1,,’s satisfying ¢, ~u, ¥,. Because each
¢, is injective, the approximate unitary equivalence implies the same for v,,. Not-
ing that Al-building blocks are finitely generated as C*-algebras, the isomorphism
follows from Proposition [2.3.46] [

We are now in a position to prove the main theorem of this section, which is Theorem

B in the Introduction:
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Theorem 4.2.9. Every unital Al-algebra A = liﬂ(Am On) with unital and injective

connecting maps contains an Al-Cartan subalgebra.

Proof. By Lemma we may assume our connecting maps are injective standard
maps of the form (2.32)). We have that 4, = C([0,1]) ® F,, for a finite dimensional
C*-algebra F,. Let D, C F,, be the canonical diagonal subalgebra, which is a
Cartan subalgebra. By Lemma [1.2.4, C, := C([0,1]) ® D,, is a Cartan subalgebra
of A,. It is clear that ¢, (C,,) C C,11, as ¢ is a standard map. Lemma allows
us to see that ¢,(Na,(Cy)) C Na,,,(Cny1). If P, : A, — C, is the conditional
expectation given by projection onto the diagonal as in the proof of Lemma [4.2.4]
it is clear that ¢, o P, = P,.1 o ¢,. Then by Proposition we have that
C:= liﬂ(Cn, ¢n) is an Al-Cartan subalgebra of A. O

Remark 4.2.10. The AI-Cartan subalgebras constructed above are in fact
C*-diagonals (they satisfy the unique extension property for pure states). See Re-
mark for the details.

4.3 Existence of AT-Cartan Subalgebras

In this section we prove the existence of AT-Cartan subalgebras in unital AT-
algebras. The idea will be as follows. Building on Elliott’s work in [19] (which was
done only for full matrix algebras over C(T)) we show that arbitrary unital connect-
ing maps between AT-building blocks are sufficiently close (on finite sets) to max-
imally homogeneous *-homomorphisms. We also show that if the connecting map
is additionally assumed injective we can get a sufficiently close injective maximally
homogeneous connecting map. Using an intertwining argument we may thus real-
ize our AT-algebras as those arising through maximally homogeneous connecting
maps. Then, extending Thomsen’s work in 75| (which was done only for full matrix
algebras over C'(T)) we will realize maximally homogeneous *-homomorphisms be-
tween AT-building blocks as those that are unitarily equivalent to standard maps.
However, this type of diagonalization only works when we treat an AT-building
block as a subalgebra of an Al-building block in the natural way, where functions
agree at the endpoints. Hence the unitary witnessing the diagonalization will be
over the unit interval. Then building further on Thomsen’s work in [75] we will
obtain that any maximally homogeneous subalgebra of an AT-building block has
image (under the maximally homogeneous connecting map) contained in a unique
maximally homogeneous subalgebra of the codomain AT-building block. In order

for such results to become useful, we will prove that the notion of being a Cartan
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subalgebra coincides exactly with the notion of being a maximally homogeneous

subalgebra in the class cr.

N
Definition 4.3.1. If A = EB C(T) ® M,, is an AT-building block, it can be iden-
=

tified with the C*-subalgebra of @ C([0,1]) ® M,, where functions agree at the

endpoints. For f € A we write f[() 1] for this identification. Of course, [0, 1] may be
replaced by any closed interval. A may also be identified with the bounded one-

N
periodic functions of @@ Cy(R) ® M,,,. For f € A we write fg for this identification.
j=1

We start with the following lemma, which is an easy generalization of Lemma 1.2

in |75|, with essentially the same proof:

N
Lemma 4.3.2. Given A= @ C(T) ® M,,; an AT-building block, and a mazimally
=1

homogeneous subalgebra C' C A, there exists a system of matriz units

N

{Ref,q € Cy(R, @ M)}

J=1

and permutations o; € 3y, j=1,2,..., N such that
re) (1) = Ref}j(p)oj(p)(t +1) VteR, pe{l,...,n;},
and
N
¢ :{f S C(T7 @Mnj) : fR(t) € Span{Rei)pU:)?j - ]-a s 7N)
j=1

p=p(j)=1,...,n;},Vt € R}.

Furthermore, there exists a system of matriz units

N

{0.€, € C([0,1], P M.,))}

such that
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Jor some permutations o; € ¥, and

N

¢ :{f S C’(Tv @Mm) : f[O,l](t) S Span{[o,l]ez)p(t)vj = 17 s 7Na

J=1

p=pQy)=1,...,n;},Vt € [0,1]}.

Proof. We have that I1;(C) C C(T) ® M,, is maximally homogeneous. Hence for
I1;(C) the result follows directly by the proof of Lemma 1.2 in |75]. Once it is true
for 1I;(C) it is true for C. O

Definition 4.3.3. We call a system of matrix units as in Lemma [4.3.2| a system of

matrix units with respect to the mazximally homogeneous subalgebra.

Lemma 4.3.4. Given A as in Lemma C C A is maximally homogeneous if
and only if it is a Cartan subalgebra of A.

Proof. Assume C' C A is maximally homogeneous. As C' contains the center of
A it contains the unit. Since II;(C') is maximally homogeneous in C(T) ® M,,, it
is maximally Abelian there (see Section 1 in [75]). Hence C' must be maximally

Abelian in A.

For regularity, take f € A, and an open subset U of T that is not all of T, and let
Xu be any element in A supported inside U. Let p € T \ U. We may identify A

N
with the subalgebra of C([0,1], @ M,,), where g on the circle is mapped to gjo 1
j=1
on the unit interval with g 1j(0) = gp1(1) = g(p). Note that for every t € [0, 1]

there are scalars X, (t) such that

foa(t) =D N (D)paeh,(t), (4.2)

where the matrix units {o1je},} are chosen as in Lemma (4.3.2) Note that the
choice of functions M : [0,1] — C,t — N (t) satisfying (4.2) is unique. Note
that the function )\g,q[g,l]eg)q is continuous, seen by considering the continuous func-
tion (jo,17¢,) fio.1(j0,y¢2,) and using ([£.2). Hence the function (xv),1M,(j0,11€2,)
is continuous on [0, 1], and vanishes at the endpoints, hence it corresponds to an
element n of A. Using Lemma we can see that for all ¢ € C, (n*cn)p,1) and
(nen*)jo,1), when evaluated at a point ¢ € [0, 1], belong to the span of {o1)€,(t)}.
Hence n € N4(C). Thus it follows that yy f is a sum of normalizer elements. Since
T can be covered by proper open subsets, we may find a partition of unity with

respect to such a cover, and hence f can be written as a sum of things of the form
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considered above, namely xy f. Thus f is a sum of normalizer elements. Thus C' is

regular in A.

Finally, we define P : A — C' by

N nj

P(foy = Z Z [0,1]€£pf[0,1] [o,l}ef;p- (4.3)

=1 p=1

That this is well defined (in other words that the image belongs to C') follows from
Lemma [4.3.2] It is easy to see that P is linear, and that it is a projection follows
from the description of C' given in Lemma [£.3.2] Note that

sup [|P(f)p,u(0)ll = sup [|P(fio () < |l fio.ullso,
te[0,1] te(0,1]

where we have used the existence of the faithful conditional expectation P;, which
maps a matrix to its diagonal with respect to the system of matrix units {eéq(t)}.
Hence P has norm 1. It follows by [82] that P is a conditional expectation. If
P(f*f)[(),l] = 0 then P(f*f)[(),l] (t) = .Rg(f[z,l]f[()?l] (t)) = 0 for all ¢ € [0, 1], and by
faithfulness of P, we have that fj1(t) = 0 for all ¢ € [0, 1] and hence f = 0. So P
is faithful. Hence C' is a Cartan subalgebra of A.

For the converse statement, assume C' C A is a Cartan subalgebra. It is easy to see
that C; = IL;(C) € C(T) ® M,, is also a Cartan subalgebra. Since circle-algebras
are continuous trace C*-algebras (see for example Example 5.18 in [62]) it follows
from Proposition 6.1 in [64] that C; has the unique extension property for pure
states. It then follows from Section 1 in |75 that C; is maximally homogeneous,

which implies this is true for C. O]

The construction of the conditional expectation in the proof of Lemma [£.3.4] is

unique, in the following sense:

N

Lemma 4.3.5. Assume A = @ C(T) ® M, is an AT-building block, and C' C A
j=1

a mazimally homogeneous subalgebra, having the description

C={fe€A: fi(t) espan{p.(t) : 1 <r < M} Vtel} (4.4)

where

N

e in the case I = [0,1], and A is identified with the subalgebra Ay 1 of @ C[0, 1]®
j=1

M, consisting of those elements agreeing at the endpoints, we assume that

the p,’s belong to Ay and that there is a permutation o € Xy such that
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pr(o) = po(r)<1)7 and;

N

e in the case I = R, and A is identified with the subalgebra Ar of @ Cp(R)Q M,
j=1

consisting of one-periodic elements, we assume that the p,’s belong to Ag and

that there is a permutation o € Xy such that p,(t) = pey(t + 1).

Then the faithful conditional expectation P : A — C' corresponding to the Cartan
pair (A, C) is unique and given by

M
P(f)r(t) = pe(t) f1(1)pr(8)- (4.5)
r=1
In particular P is a linear projection of norm one.

Proof. By Theorem [3.2.27| the Cartan pair (A, ') corresponds to a twisted étale
effective groupoid, and Lemma [3.1.5] tells us that the conditional expectation is
unique. Hence by uniqueness, it suffices to show that (4.5]) defines a faithful condi-

tional expectation.

Assume that I = [0,1] (the case I = R is similar). Then P is well-defined because
Pr(0) = po(ry(1) meaning P(f);(0) = P(f);(1). That P is linear is clear. The
description of C' in (4.4) shows that if f € C then P(f) = f, and so P is a

projection onto C'. Note that since C' is maximally homogeneous, it must be that

N
M = > n; and so for t € [0, 1] the set {p,(t)} forms a basis for a Cartan subalgebra
j=1

N
D of @ M,,;. Hence P(f);(t) = P,(fr(t)) where P, is the unique faithful conditional
j=1

N
expectation @ M,, — D given by projection onto the basis. As in the proof of
=1

ji
Lemma it follows that P has norm one and is faithful, since this is satisfied
by P, for every t € [0, 1]. Hence by [82| P is a faithful conditional expectation. [J

The following proposition highlights why the term maximally appears in the defi-
nition of a maximally homogeneous *-homomorphism (recall Definition [2.3.38)).

Proposition 4.3.6. Suppose we have a unital *-homomorphism ¢ : A — B, with
N M
A=PC(T)® M,,, B=@C(T)® My,. Then for anyt € T fived, we have that
=1 i=1
N
dim(g(A)(t) <> > niky,

i=1 j=1
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where {k;;} is the index system.

Proof. Let {e], } be the system of standard matrix units for @ M,,. Fixt € T and
]7

define
Fl,={o(f®¢e,)(t): [ € C(T)},

M
which is a vector subspace of @ M,,,. Note that
i=1

Z Z pq’

Jj=1p,q=1

where the right hand side is viewed as a sum of vector subspaces. Hence

dim(o(4)(1) < 7 S dim(F},)

Jj=1 p,g=1

Fix j € {1,..., N} and note that since ¢(f ® ¢}, )(t) = o(f @ 1;)(t)p(1®e),)(t), we
have that dim(F},) < dim({¢(f ® 1;)(¢) : f € C(T)}). Let {cj}} be the system of
matrix units with respect to the mdex system and V' the unitary in Lemma [2.3.37]

Let p=9(1® 1;)(t), g=V"pV = Z c),, and compute

M

{o(fo1,)t): feC(M} S C({s(1®ep)(t) : 1< p.g < n;}) NDED M, )P

=1

C*({Ad(V)e, - 1 < p.g < ny}) mp@M

=1

C AAW)[C*({cly 1 < p.q < m3}) NA(ED Mo, )d]

=1

(4.6)

Since {¢(f @ 1,)(t) : f € C(T)} is Abelian we have by (4.6)) that its dimension is
M

at most ) k;;. Hence
i=1

N n;

dim(p(A)(£) <> > dim(Fj,) <)

j=1 p,g=1 7j=1 p,g=1 i=1 j=1 i=1 =1 j=1
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as desired. [

Lemma 4.3.7. A unital *~homomorphism ¢ : C(T) @ M,, — C(T) ® M, that
satisfies that it sends the canonical unitary generator u ® 1, € C(T) ® M, to
a unitary in C(T) @ M,, with ™ distinct eigenvalues at each evaluation (each of

multiplicity n) will be mazimally homogeneous.

Proof. Let t € T be fixed, and as in the proof of Proposition [£.3.6], we have that

dim($(C(T)  M,)(1) = dim( 3 Fyy).
P,q=1
Let {z1,...,xg} be a basis for {¢(f @ 1)(t) : f € C(T)} (as a vector space).
We claim that {z,¢(1 ® ep)(t) : p € {1,...,R},p,q € {1,...,n}} is a basis for

> F,,. That the set is spanning is clear, and to show linear independence assume
pq=1

> A 1,01 ® epg)(t) = 0. Let s,p,q € {1,...,n} be arbitrary, and multiply
w,p,q

the sum on the left by ¢(1 ® ey,)(t) and on the right by ¢(1 ® e45)(t) to get that

E M2, 0(1 @ egs)(t) = 0. Since ¢ is assumed unital, by taking a sum over s one
gets that Z A, = 0. This implies that As = 0 for all 4 € {1,..., R}, and, since
p and q were arbitrary, for all p,q € {1,...,n}. Thus dim(¢(C(T)® M,)(t)) = Rn?.

We now show that R = . Note that since normal elements are unitarily diag-

onalizable, there is a unitary V' € M, such that ¢(u ® 1,,)(t) = Ad(V)(i WaPd)
d=1

where the wy’s are the distinct circle valued eigenvalues ensured by the z;ssurnp—
tion, and the py’s are the corresponding mutually orthogonal diagonal projec-

tions. Let ¢4 = Ad(V)pg and note that for any Laurent polynomial P we have
O(P(u) ®1,)(t) = zn: P(wq)qq. Since u® 1, is a generator for C(T), it follows that
Tec

dim({o(f ® 1)(¢) : C(T)}) = 2, and this completes the proof. O

Remark 4.3.8. The same result applies in Lemma [4.3.7] with T replaced with a
compact Hausdorff space X imbedded in C, where the unitary u replaced by the

generator tx,r — .

Lemma 4.3.9. Let A = C(T) ® M,, and p € A a projection with trace k at any
(hence all) evaluations t € T, then pAp is isomorphic to C(T)® My, via conjugation

by a partial isometry whose initial projection is p and range projection is 1 € A.

Proof. First we note that if p ~ ¢ via a partial isometry v in A, then pAp — ¢Agq,
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pap — vpapv* = vav* is a *-isomorphism. Now we show that p ~ 1;, where
1 € A can be chosen to be any standard diagonal projection with k non-zero
entries. By considering K-theory, we have by Exercise 11.2 in [43| that the map
tr, in Example is injective, and so we have [plo = [1x)o. Since C(T) has
stable rank one (meaning that the invertible elements of C'(T) are dense in C(T)),
and having stable rank one is closed under matrix amplifications (see page 2 in [2])
it follows that A has stable rank one. This implies that A has the cancellation
property (see [83]) and so p ~ 1;. Since 1Al = C(T) ® My, the result follows. [

The following lemma is a generalization, to direct sums, of Theorem 4.4 in [19]:

N M
Lemma 4.3.10. Let ¢ : A — B, with A = P C(T)® M,,;, B= P C(T) ® M,,,
=1 i=1
be a unital *-homomorphism with index system {k;;}. Let F C A be a finite set

and € > 0. Then there exists a unital maximally homogeneous *-homomorphism

¢+ A— B such that ||¢p(a) — ¢'(a)|| < € for alla € F.

Proof. Let j € {1,...,N}and i € {1,...,M}. Let G; C C(T) ® M,, be a finite
set to be determined, and §; > 0 to be determined. Consider p;; : C(T) ® M,, —
C(T) ® My, given as the composition

bij Ad(vij)
C(T) ® Mn; —= ¢i(1® 1;)(C(T) ® Mim,)$i(1® 1) —— Lk, (C(T) © M) n i,

ij

9ij
_]> C(T) ® Mnjk

ijo

where ¢;; acts as ¢;; but has the corner ¢;(1® 1;)(C(T) ® M,,,)¢:i(1 ® 1;) as its
codomain, Ad(v;;) is the isomorphism from Lemma induced via conjugation by
v;;, and g;; canonically identifies the corner with a full matrix algebra by removing

some zeroes. Clearly p;; is a unital *-homomorphism.

Now Theorem 4.4 in [19] tells us that there exists a unital *~homomorphism
Xij - C(T) & Mn]- — C(T) & Mnjk'ij

such that
[xi(a) — pij(a)]| < d; (4.7)

for all a € G;. Furthermore, y;; sends the canonical unitary generator to a unitary
with k;; distinct eigenvalues at every evaluation. By Lemma , Xij is maximally

homogeneous, and so

dim(x; (C(T) ® My, )(t)) = n2ky;
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for all t € T. It is clear that
dim(g;;' (x5 (C(T) ® My,)) () = dim(x;; (C(T) @ My, )(t)) = njky;
as well. Now note that conjugation by v; (t) induces a vector space isomorphism
957 (i (C(T) @ My,))(t) — v95" (xij(C(T) © My, )iy (t)

and hence it follows that Ad(v;)~"(g;;' (xi;(C(T) ® M,,))) has dimension n?k;; at
every t € T. Then we have

IAd(vij) " g, x5 (@) — Ad(vig) " g5 pij (@)l = [[Ad(vig) " g5 x5 (@) — dij(a) || < 6;
for all a € G, where we consider the image as being inside C(T) ® M,,,. We let

hij = Ad(Uij)_lgiglxij.

Define
Hi A — C(T) X Mmi, ((1,1, R ,aN) — hil(afl) + ...+ hfiN(aN)-

This is a unital *-homomorphism as the summands are mutually orthogonal. Let
G =Gy x ... x Gy. Then, for a = (ay,...,ay) € G we have

|Hila) = 3~ 6i(ay)ll = 1 Hila) = su(a)ll < D0 = 6.

N
We have dim(H;(A)(t)) = >_ njki;. Define
i=1

M
¢ =EPH:A— B, (4.8)
i=1
M N
a unital *-homomorphism. It is clear that dim(¢'(A)(t)) = > > niky;, hence ¢/
i=1j=1
is maximally homogeneous, and by choosing 6 = € and G containing F', we obtain
that ||¢'(a) — ¢(a)|| < e for all a € F. O

For the next result, we need to consider the Cech cohomology group with coefficients

in a topological group. The following definition is from 3.5 in [37].
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Definition 4.3.11. Let G be a topological group, and X a topological space. A
G-cocycle consists of an open cover {U;} of X together with continuous maps gj; :
U, NU; — G such that gx;(x)g;i(x) = gri(z) for all x € U, NU; NU;. In such a
situation we write that (U;, gj;) is a G-cocycle. Denote by (X, G) the set of all

such G-cocycles.

Two G-cocycles (U;, gj;) and (V;, hs,) are equivalent, written (U;, gj;) ~ (V;, hsy), if
and only if there exists continuous mas f; : V;, N U; — G such that
f(@)gji(x) [l (2) " = hg () for all z € V, NV, N U; N U;. We define

HY(X,G) = U(X,G)/ ~ .

Remark 4.3.12. It is shown in 3.5 in [37] that ~ is an equivalence relation so that the
definition of H'(X, Q) is well-defined. H'(X,G) is in one-to-one correspondence

with the set of isomorphism classes of principal G-bundles over X (see [4]).

Lemma 4.3.13. If G is a topological group, and X is a contractible paracompact
space, then H'(X,G) = 0.

Proof. By the remark on page 222 in |55|, any principal G-bundle over a contractible
paracompact space is trivial. And so the result follows by Remark O

The following lemma is a generalization, to direct sums, of Theorem 3 in |79|, but

the proof is essentially the same:

N M

Lemma 4.3.14. Let ¢ : A — B, with A= @ C(T)® M,,, B= @ C(T) ® M,
j=1 i=1

be a unital mazimally homogeneous *~homomorphism. Then there exists a unitary

M
U= (U,Us,....Un) € @C(0,1]) ® My, and a set of eigenvalue functions
i=1
{g7:00,1] > T:1<i<M;1<j<N;1<s=s(i,j) <k},

where {k;;} is the index system, such that

¢i((a1,...,an))o(t) =
U(t)diag(ai o g a1 063, ...,a1 06} ,as o g?,...,as0gp,, ..., an o gih ) (Ui ()",

(4.9)

forallie {1,...,M}, (a1,...,ay) € A andt € [0,1]. In other words, ¢ is unitarily

equivalent to a standard map with eigenvalue functions {g}.
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M
Proof. Fix ty € [0,1] and use Lemma [2.3.37| to find a unitary V' € @ M,,, such
i=1

that V(1 ® el )(to)V* = ¢}, where the ¢/’s are the matrix units with respect

to the index system (here, and in the rest of the proof, we will skip writing out

the identification of ¢(a) with ¢(a)p ), for the sake of brevity). We will consider
M

Ve @(C([0,1]) ® M,,,) by declaring it constant with value V. Hence by continuity
=1

it folzlgws that there exists a neighbourhood Tjy around ¢y such that we have
. . , 1
sup{[[V()o(1 @ e )(OV ()" =l : 1<j<N1<pg<n}<g  (410)

for all t € Ty. Let g € C([0,1],[0,2]) defined by being non-negative, vanishing on a
neighbourhood close to 0, and being % for % <z <1

Now define, for 1 < 7 < N, and t € [0, 1],
i(t) = C{1V(t)¢<1 ® e{l)(t)V(t)*cil.

It is clear that X,(¢) is a positive element of norm less than one. Hence we may

define
W(t) = Z > (a(X; 1))V e(L @ el ) OV (1), te0,1].

It is clear that W is continuous. On Tj it is in fact a unitary. Indeed, for t € Ty,

we have

W)W (1) =

SN A 0))FV (1 @ el (OV () (9(X;(1)) e, =

Jj=1p=1
N

> Z enX;(t)g(X;(t))ei,,

j=1 p=1
where we have used (2.30) and (2.31)) and where we obtain the last equality by
noting that cg,l = cglcil and c{p = ¢),¢} , and that ¢}, commutes with X, (¢). Now

we aim to show that

p’

X;()g(X;(t) = ¢}, for t €Ty, (4.11)

from which it will follow that W (¢)W (¢)* = 1 (and hence also that W (t)*W(t) = 1)
for all t € Tj.

To this end, we make use of the proof of Lemma 1.8 in [27]|. Indeed, let Y;(t) =
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V(t)p(1®el,)(t)V (t)* and consider the commutative C*-algebra generated by 1, ¢/,
and X;(t). Let p be any pure state on this C*-algebra (hence multiplicative), and so
p( 11) € {0,1}. If p( 11) =0 thenas 0 < 6{1 5(t )C{l < C{p we have P(Cily( )Cj ) =
p(X,(8)) = 0. Thus p(X;(A)g(X;(1))) = 0 = p(ch). 1f plcly) = 1 then as 0 < f, —
,Y;(t)c}; has norm smaller than 1 by (.10, we get p(c],Y;(t)cl,) = p(X;(t)) €
5.1). Henee p(X;(19(X,(1)) = p(X,(1)g(p(X,(8) = 1 = plch). Since p was
arbitrary, it follows that X;(¢)g(X;(t)) = c|;, as desired.

Note also that for all ¢ € Tj, one can use (4.11)) to see that

WV ()l @ el )V () W(t) =d,.
Repeating this argument around other points, we manage to find a finite open cover
M
{T}} of [0, 1] and continuous maps Wy, : T, — U(ED M,,,) such that
i=1

Wi(t)p(1 @ el ) () Wi(t)" = ¢

pq’

vVt € Tj,.

Note that W, WZ(t) commutes with every o, forall t € T, NT,. Let W denote the
M
unitary group of {c%q}’ﬂ@ M,,, = @ @ My,;, where {k;;} is the index system with

1=17j=

respect to ¢. Hence (Tk, WkW ) deﬁnes an element in H'([0, 1], W). Since [0,1] is
contractible and paracompact it follows from Lemma[4.3.13|that H*([0, 1], W) = 0.
Hence (T}, WpW) is equivalent to (7, 1) and so as in Definition we find
continuous maps Vj, : T, — W such that W Wi = VZ*VJ on T; N'Tj.

M —
Define S = (S1,...,Su) € C([0,1],U(ED M,,,) by S(t) = ViWi(t) for t € Ty. Note
i=1
that
So(18 6,)57(0) = d,

for all t € [0, 1], from which it follows that for all ¢ € {1,..., M},

Sipi(1® €l S (t) = Ti(c3).

rq

M

It is easy to see that S¢(C(T) ® 1)S*(t) € {c),}' N My, for all t € [0,1]. Fix i
i=1

and 7 and let

= S (1®1;)S; (¢ ZH
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and note that we get

Sigi(C(T) ® 1;)57(t) = (Sigs(1 ® 1;).57)8i:(C(T) ® 1;) 57 (Sii(1 @ 15)57)(t) €
PUIL(c) 1 1< j' < N, 1 <p,q<ny} N My ]p = My,

(4.12)

Since S;¢;(C(T) ® 1;)S7(t) is an Abelian subalgebra, yields that its vector

space dimension is at most k;;. Note that as vector spaces,

dim(S;(¢)(¢:(C(T) ® 1)(1))S; (1)) = dim(¢:(C(T) @ 1)(1))
= >~ dim(6(C(T) ® L)1) = Y- dy(t) < 3k,

1

(4.13)
j=1

where we have let
dij(t) = dim(¢;(C(T) ® 1;)(t)) < kij-

The first equality is because vector space dimension is invariant under isomorphisms,
the second equality is because the summands are mutually orthogonal, and the last
inequality is due to the arguments we made above. We show that d;; is independent

of t exactly because ¢ is maximally homogeneous.

To this end note that ¢;(A)(t) = > ¢:;(C(T) @ 1;)(t)¢s(1 @ €l )(t), as a sum of
Jp:q
vector spaces. Exactly as in the proof of Lemma one can show that

N

dim(g,(A)(1) = > dyy(t)n2.

Since ¢(A)(t) C é ®i(A)(t), we have that

=1
N M N
j =1 j=1

i=1 j=1 i=1 j=1

This implies that d;;(¢) = k;;, independent of ¢. Hence (4.13)) implies that
dim (.5;(%) (¢:(C(T) ® 1)(¢)) 57 (1))

is constant across ¢t € [0, 1]. Now consider the following commutative diagram:
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S¢(C(T) @ 1)§* ———— D C([0,1]) ® ({Ili(c,y) = j,p, ¢} N M)

I, I,

~ v

5:6:(C(T) ® 1)S! —— C((0.1) ® ({IL(cH,) : . p.q)' 0 M)

0 6
H(Siqﬁi(C(:iF) ® 1)SF) « 5 @ (o, 1]) ® My,
IL(6(5:6:(C(T) @ 1)) * - C(0.1]) @ My,

(4.14)

where 6 is the canonical identification of the two algebras. It is clear that all the
maps commute with evaluation at t. It is also clear that 6 preserves vector space

dimension of the evaluation. Let b;;(¢) be the dimension of
I1;(0(Si0:(C(T) @ 1)57))(1).

Since the algebra is Abelian we have from the inclusion in the last row of (4.14])
that bw(t) S kij and that

dim(0(Sigs(C(T) ® 1)S7)(#) = D ki < D biy(t) <Y k. (4.15)

The first equality in follows from (4.13). Hence b;; is independent of ¢ and
so Lemma 2 in [79] applies and we may diagonalize the Abelian subalgebra in the
last row of via a unitary. By pulling this up to the first row it follows that
we may diagonalize S¢(C(T) ® 1)S* via a unitary T in @ C([0, 1]) ® ({ILi(c},) :
JspyqY N M,y,). Let Z

R=TS

so that Rp(C(T) ® 1)R*(t) is a diagonal algebra that commutes with {c], : j, p, ¢},
and hence by an identification is a subalgebra of the diagonal of @z ; My,;. Hence
we may find diagonal mutually orthogonal subprojections of the identity projection,
{p9 :1<j < N;1<i<M;1<s <k}, such that R¢(C(T) ® 1)R*(t) C
span{p”}. Therefore we may find continuous functions g% : [0,1] — T such that
Ro(f @ 1)R*(t)p¥ = f(g¥(t))p¥. Let U = R* and the proof is complete. O

Remark 4.3.15. We may replace C(T) with C'(X) in A, C(Y) in B for X, Y compact
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Hausdorff spaces and the same proof will work assuming that the *-homomorphism
is maximally homogeneous and that H(Y,U(r)) = H'(Y,S,) =0 for all r € N (in
order to use Lemma 2 in |79]). In particular the latter requirement holds when Y

is contractible and paracompact by Lemma [4.3.13

M
D C(T) @ My,
i=1
be a unital injective *~homomorphism. Let F C A be a finite set containing u ® 1;

forallj € {1,..., N}, where u is the canonical generator of C(T). Let e > 0. Then

N
Lemma 4.3.16. Let ¢ : A — B, with A= @ C(T)® M,,, B =
j=1

there exists a unital injective maximally homogeneous *-homomorphism x : A — B
such that ||¢p(a) — x(a)|| < € for all a € F.

Proof. The situation of this lemma is similar to that of Lemma [4.3.10] except we
consider an injective *-homomorphism and the finite set containing the generator
of the center. Recall the maps H;, h;; = Ad(v;;)™* ogi;1 oxi; and p;; from the proof
of Lemma [£.3.10 and use that lemma to obtain a unital maximally homogeneous
*-homomorphism ¢’ (which by Lemma takes the form of ) that is within

a tolerance § > 0 to ¢ on elements of F. We will without comment identify elements

M
¢'(a) for a € A with ¢'(a)jo,1) as elements of @ C[0, 1] ® M,,,.

=1

Fix j € {1,...,N}. By (4.9) it is easy to see that

Sp (¢ (u®1;)(t) = {g7(t):1<i<M;1<s5< ki;} U{0}.

A ™
i=1

Hence it follows that

spp(¢'(u® 1;)) \ {0} = Ugi’j([(h 1]). (4.16)
Denote
Z=¢(u®ly) (4.17)

and u; = Ilj(u ® 1;) € C(T) ® M,,;, and recall from the construction of ¢’ as in

(4.8) in the proof Lemma [4.3.10| that

M M
Z = @P hij(u;) = @ Ad(viy) g x5 ().
=1 =1

Let
M

L =D eéi(1®1)(C(T) ® My )éi(1® 1),

=1
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and note that Z € L. It is not hard to see that

spp(Z) \ {0} = sp.(2). (4.18)

Indeed, that the right hand side is included in the left is trivial. That the left hand

side is included in the right can be seen by noting that

1= P Ady) e 1) = d1 @)

and then showing that for any 7,5 and ¢, we have that Z — giﬁj (o)1, fails to be
invertible in L, by using (4.9). The claim then follows by ({4.16]).

We have a *-isomorphism

L — @C(T) @ Mgy (b ybar) = (g1 0 Ad(viy)(Br), - -, garj © Ad(var;) (bar))-

(4.19)
We may think of @ C(T) ® M,,,; as sitting inside a full matrix algebra C(T) ®

7

My~ k- Letting
W =P xis(w)

inside this full matrix algebra, we obtain from the isomorphism (4.19)

SpC(’H‘)@Mankij (W) =sp.(Z). (4.20)

Let
Y = @B pij(uy)

inside the full matrix algebra. From (4.7) in Lemma [4.3.10| we have that

W — Y] <. (4.21)

As ¢ is injective it follows that so is € p;; and hence

SpC(T)@Mankij (Y) =T. (4-22)
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Using (4.20)) followed by (4.18]) followed by (4.17)) and (4.16)) we obtain that

M ki

spemens.,,.,, (W) =U U ¢/(0,1). (4.23)

i=1s(1)=1

If this is not all of T then T\ spo(yous-, . (W) is an open non-empty subset of T
—~ "))

and so may be decomposed into disjoint open arcs on the circle. Consider such an
open arc and let A be its midpoint, A\;, its left endpoint and \g its right endpoint
(where left is the counter-clockwise direction). By there must exist ¢, € [0, 1]
such that A € SDMy 1, (Y(ty)). Since by |W(tx) =Y (tx)]| <9, for any ¢; > 0

we can choose ¢ sufficiently small such that there exists p € spy.  (W(ty)) with
—~ ]

|t — A| < €. This implies that this open arc has arclength that can be arbitrarily
small by predefining a sufficiently small .

Now since \p € SpC(T)@)Mznjkij(W) there exists a Ty € [0,1], an iy € {1,..., M}

and sy € {1,...,k; ;} such that g2/(T)) = Ag. By using the fact that the g¥/’s are
continuous, this together with (4.23) tells us that there is at most > k;; disjoint

open arcs that make up T \ sp W). Order these arcs counter-clockwise
C(MOMs p .k
T R

as I, ..., Ik, the arclengths of which are arbitrarily small using a sufficiently small

predefined 6 > 0. Let A\’ be the midpoint of I, and A] and M}, denote the left

and right endpoints, respectively, for p =1,..., K. Assume gi’;j (T,) = A%, for some

T, €[0,1], some i, € {1,..., M} and s, € {1,... ,k; ;}.

Now either ¢g2[0,1] = {A&} or there exists 77 # T, such that g&’(T*) is the
ipJ

Sp

In the first case define f&/(t) = g’ (t) exp(ip(ip, j, s,)(t)) for t € [0,1], where

Sp

rightmost point achieved by the image of gs;” between the arcs I, and (1) mod x-
p(ip, j,8p) : [0,1] — [0,27] is a continuous function that is 0 at the endpoints and
reaches a maximal value the arclength of I,, at a unique point in [0, 1]. If we are in
the second case with T}, # 0, 1 then choose an open interval U, of T}, that does not
meet TP, 0, or 1 and let p(ip, J,s,) : [0,1] = [0, 27] a continuous function that is 0
outside U, and reaches a maximal value the arclength of I, only at 7},, and then
define f;ﬁj analogously. If in this case 7}, is 0 or 1, then again choose a small open
interval U, that does not meet 7?. We may choose this interval small enough such
that on it our continuous function gi’;j takes circle values arbitrarily close to A%.
In terms of a real valued argument we may assume our continuous function takes
values between arg(\y) and arg(My) — p for p small. Without loss of generality
assume T, = 0 and U, = [0, ;). Let V), = [ta, 3] C U, be a closed interval that does

not meet the endpoints of U, and such that the argument of the image of gﬁf,j v,
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is strictly contained in [arg(\;) — p, arg(Ag)]. Let V) = [ts,t5] C V,, that does not
meet the endpoints of V,. By the extreme value theorem there is a point in P € V]

where the maximal argument of our continuous function over V is achieved, call

this 6.

Let I, be the straight line connecting (f5,0) and (P,arg(\?) — ), and I, be the

straight line connecting (P, arg(X? ) —6) and (¢3,0). Define & : [0,1] — [0, arg(\2) —
0] to be 0 outside [y, t5], min(l(t), arg(A}) — géf,j (t)) for t € [to, P], and

min(ly(t),arg(A7) — gi’;j(t)) for t € [P, t3]. It is clear that h is continuous. Define
w : [0,1] — [0,1] to be 0 outside [ts, t3], and ﬁ’i)*é otherwise. Let p(ip, j, sp) be
defined by being 0 outside [to, 3], and hw otherwise. Note that by construction
p(ip, J, Sp) is 0 at the endpoints, is non-negative and bounded above by arg(\}) — 0,
achieving this maximal value only at P. This implies that the corresponding per-
turbation fgf,’j = gi’;j exp(ip(ip, J, 5p)) never crosses the left of A}, and only achieves

this value at a unique point P.

For (i, s) not covered by these two cases just let f¥ = ¢g”. What we have achieved
so far is to construct a new set of eigenvalue functions {f¥}, ; with the following
properties:

kij

LU U =T

i=1s(i)=1

2. the fY’s are counter-clockwise perturbations of our original eigenvalue func-

tions which never cross beyond the left endpoint of the open arc they cover,
3. the f¥’s have the same endpoint data as our original eigenvalue functions,

4. the f#’s which arise from a perturbation and which take value the left end-

point of an open arc do so at a unique point in (0, 1), and,

5. each f¥ can be made as close as we like to g” by choosing § and p sufficiently

small in the construction.

We now repeat the construction for all j € {1,..., N} to obtain the eigenvalue
functions {f¥};;s. Define x : A — B exactly as in but with these new
eigenvalue functions f# replacing our old ones. This map is well-defined by property
Bl It is injective by property [l We have that ||¢'(a) — x(a)|| is as small as we like
for all @ € F by property [5| (this is achievable only because F' is finite). Using
the triangle inequality we can get the desired closeness in norm of the difference
¢(a) — x(a) for a € F.

It remains to show that y is maximally homogeneous. For this suffices to ensure
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that for every fixed j the f¥’s are pointwise distinct. Note that because ¢’ is
maximally homogeneous, the g%’s would have to be pointwise distinct (over i and

ipJ

s). Given g¢’ with gi’;j (T,) = A% as in the above constructions, there can be no

point in time ¢, € [0,1] where some other g¥ satisfies that g% (t,) is left of g2/ (t,)

Sp
&7 as by continuity this would mean they must

and within the same range as g
agree at some other point in time, which is not the case. Hence by properties |2l and
f;ﬁj will never pointwise agree with another f%, except perhaps at a unique time
T € (0,1), where the value is \}. We may further assume that near T, f¥ is one
of our original unperturbed continuous maps. This can be assumed because our
perturbations only happen close to the right endpoint of an arc and not close to
the left endpoint of another arc. Hence on a small neighbourhood near 7" we may
assume f“ does not meet any other continuous map pointwise. It is now an easy
task to ensure that f% achieves the left endpoint of an arc at a slightly different

time than 7. O

Lemma 4.3.17. Every unital AT-algebra A = lig(An, ¢n) with unital and injective
connecting maps ¢, s isomorphic to lig(An, @) with unital and injective mazimally

homogeneous connecting maps ¢, of the form (4.9).

Proof. By Lemma [4.3.16| each ¢, is close (on a predefined finite set) to an injec-
tive and unital maximally homogeneous map ¢!, which takes the form (4.9) by
Lemma [£.3.174] Because of this, we can get an approximate intertwining between

the sequences
A 284, 2

and
A DA, B

The result follows by Proposition [2.3.44] m
We now have the necessary ingredients to prove the main theorem of this section,

which is the existence of AT-Cartan subalgebras in AT-algebras. This is Theorem

C in the Introduction.
Theorem 4.3.18. Every unital AT-algebra A = lig(An, ¢n) with unital and injec-

tive connecting maps contains an AT-Cartan subalgebra.

Proof. By Lemma [4.3.17] we may assume that the injective and unital connecting

maps are maximally homogeneous and of the form (4.9). Fixn € Nand let C C A,
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be a Cartan subalgebra. Assume

N M
A, =P C(T) @ M,,, Appr =P C(T) @ M,
=1

=1

and denote the connecting map between them by ¢. Let {k;;} be the index system

with respect to ¢. Consider the composition

C(T) © My, 22 6,(1® 1,)(C(T) © My, )¢:(1 @ 1;) £ C(T) ® M1,
where ¢_z] is as in the proof of Lemma , and g is the *~isomorphism given by
the composition of g;; and Ad(v;;) as in that lemma. As in that lemma, let this
composition be p;;. As we have seen, p preserves dimension at evaluations and so
it follows that dim(p;;(C(T) ® M,,)(t)) = dim(¢;;(C(T) @ M,,)(t)) for all t € T.
Since the eigenvalue functions {¢%} appearing in are pointwise distinct (over
i and s), it is easy to check that this dimension is n?kij, and so p;; is maximally

homogeneous.

Let C; be the restriction of C onto the j* summand, which is also a Cartan sub-

algebra and so maximally homogeneous in C(T) ® M,, by Lemma [4.3.4, Since C
N
contains the center it follows that C' = € C;. By Proposition 1.8 in |75] it follows

7=1
that we may find a maximally homogeneous Abelian subalgebra £;; C C(T)® M, 1,

such that
Eij = C*(pi;(C;), C(T) @ Lok, )-

Let
Dij = = (Ey;) = C*(6i;(C)), Z(¢i(1 ® 1;)(C(T) ® My, )i(1® 1)), (4.24)
which is maximally homogeneous, with
dim(D;;(t)) = dim(E;;(t)) = njki;

for all t € T. Define

viewed as a subalgebra inside C(T) ® M,,,. It is clear that D; is Abelian, with

N
dim(D;(t)) = Y njki; = my,
j=1
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using (2:28).

Note that D; contains the center of C(T) ® M,,,. Indeed, it is clear that if j; # jo
then ¢;(1® 1;)(f®1)¢i(1® 1,,) =0, as f @1 is central. From this it follows that
N

fel=> 0(11L)(f®1)p;(1®1;). It is clear that ¢;(1 ® 1;)(f ® 1)¢;(1 @ 1;)
j=1
belongs to the center of ¢;(1 ® 1;)(C(T) ® M,,,)¢:(1 ® 1;). Hence D; is maximally

homogeneous.

N

It is clear that ¢;(f1,...,fn) = > ¢(f;) and so by (4.24) ¢; maps C into D;.
j=1

Finally let

which is an Abelian maximally homogeneous C*-subalgebra of A,,,1 containing the
center, and hence is a Cartan subalgebra by Lemma [4.3.4] It is clear that ¢ maps
C into D.

Now we check that if n = (n1,...,ny) € Na,(C) then ¢(n) € Ny, (D). It is
clear from (4.24) that ¢;;(n;) is a normalizer in D;;, and from the definition of D,

it follows that ¢;(n) = > ¢;;(n;) is a normalizer for D;. Hence ¢(n) is a normalizer
J

of D.

Now we check that if P, is the faithful conditional expectation A, — C', and P,

is the one A,,.; — D, then we have
¢oP, =Pt o 6. (4.25)
Define, for j € {1,..., N},
P! =10 P,0i;: A; — Cj,
and similarly, for i € {1,..., M},
Pflﬂ =1Il;oP, 101 : B; — D;.

It is easy to see that P? is a linear projection of norm one, since P, is by Lemma
4.3.5, and similarly for P!, ;. Hence by [82] these define the unique faithful condi-
tional expectations A; — C; and B; — D;, respectively. Note that since

I, (Pa(i5(ay))) = 1L, (Pu((1®15)i;(a;) (1®15))) = 11;, (1®1;) Pa(ij(a;)) (1&1;)) = 0
(4.26)
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if 71 # 7, it follows that

N
@Pg(al,..., ZP ij(a;)) = Pu(ay, ..., an)
j=1

for all (a ...,ay) € A. The same argument holds for P, 1, so we get

N
Po =Pl P = EB (4.27)
j=1

Note that in order to get (| it suffices to check that for all i € {1,..., M }
;o P, = moP,y100¢ = PZ n+1 © @i, where the last equality is due to
To show this, it suffices to show that for all j € {1,..., N} we have that for
fi € C(T) ® M,,, ¢ o P,(1;(f;)) = P.yy o ¢i(f;). Due to we may write
this equality as ¢;;(PI(f;)) = Pi1(¢;(f;)). Composition with the isomorphism u
yields

M(¢U(P7g<fj))) = Pij(PrZ(fj)) = ( n+1(¢l](f]))) ( n—i—l( ( (¢U(f])))))
P(pi(f))

where P = p10 P!, o pu~!. Note that P is a norm one linear map because P is,
and it is a prOJectlon (onto Ej;) because of (4.24)). Hence by [82] it is the (unique)
conditional expectation C(T) ® M, ;k,; — FEi;. Thus we have reduced the problem
of showing that holds to showing

pis(PY(f3)) = P(pi;(f;) (4.28)
for all 7 and j.

Note that if we choose, by Lemma , a system of matrix units {ge,, } with respect
to the maximally homogeneous subalgebra C;, then we know by in Lemma
that the conditional expectation P? is given by projection onto the diagonal
with respect to this system of matrix units. Also, the existence of E;; was obtained
by Proposition 1.8 in [75], and there the projections which describe E;; (as in (4.5]))
are given by mutually orthogonal projections labelled F; ;). Hence by Lemma
4.3.5| P must be given by projection onto the space spanned by the Pijr's. Tt is
now a tedious but straightforward task to use these descriptions of the conditional
expectations, together with the form for the maximally homogeneous map
pij, as well as the definition of P ;) given in the proof of Proposition 1.8 in [75],
to verify that holds. Alternatively, a full proof is included for more general



CHAPTER 4. ON EXISTENCE 137

spaces in Lemma [4.4.11| where (4.38)) is shown.

Hence what we have shown is that for n € N and C,, C A, a Cartan subal-
gebra, there is a Cartan subalgebra C,.3 C A,y such that ¢,(C,) C C,.q,
¢n(Na,(C)) € Na,.,(Cpyq), and ¢, 0 P, = P41 © ¢y, where the connecting maps
¢n, are injective, unital, and maximally homogeneous of the form (4.9). Hence by
Proposition we have that lig(Cn, ¢n) is a Cartan subalgebra of A. ]

Many important C*-algebras are Al or AT-algebras, and hence we have found

inductive limit Cartan subalgebras for them:

Corollary 4.3.19. The irrational rotation algebra and the Bunce-Deddens algebra

have an inductive limit Cartan subalgebra.

Proof. These can all be realized as unital AT-algebras with unital and injective
connecting maps (for the irrational rotation algebra see Theorem 4 in [22]| and
Theorem 4.3 in [19], for the Bunce-Deddens algebra see Example 3.2.11 in [67]),
and so the result follows by Theorem [4.3.18] O

An AH-algebra is an inductive limit C*-algebra A = li&(An, ¢n) where each building
block A, is a direct sum of corners of matrix algebras (so each building block is
direct sum of summands which have the form p(C(X) ® M,,)p for some projection
p € C(X)® M,, and where X is some compact metric space). Hence AH-algebras
generalize A X-algebras. A is said to have bounded dimension if the supremum of
the topological dimensions across all the compact Hausdorff spaces X appearing in
all the summands is finite. A is said to have the ideal property if every closed two-
sided ideal of A is generated by the projections in the ideal, as a closed two-sided
ideal (see Definition and |29] for more details.) We have the following:

Corollary 4.3.20. FEvery unital AH-algebra with unital and injective connecting
maps, and with bounded dimension, the ideal property, and torsion-free K-theory,

has an inductive limit Cartan subalgebra.
Proof. Such AH-algebras are AT-algebras by [29]. Hence the result follows by
Theorem [£.3.18] [

4.4 Existence of AX-Cartan Subalgebras

In this section, we generalize the results of the previous sections, and consider A X-

algebras where X will denote a planar connected finite graph imbedded in C. We
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may without loss of generality assume each edge has length 1, every edge is not a
loop, and that there is at most one edge between any two vertices. This generalizes
the previous cases as the unit interval [0, 1] corresponds to the graph with two
vertices and a single edge, and the circle T corresponds to the triangle with three

vertices and three edges.

Associated to X is its universal covering graph, which is a tree denoted by 7. It
is obtained by starting at a vertex v in X and taking a non-backtracking walk
(v,v1,v9,...,vk) on X. Such walks are the vertices of the universal covering graph,
and two such vertices are connected by an edge if one is a one-step extension of the

other (for details, see Section 6 in [1]). We have a canonical projection p: T — X.

N
We will also associate with X an onto path [ : [0,1] - X. If A = @ C(X)®M,, is
j=1

N
an A X-building block, it can be identified with the C*-subalgebra of @ C([0, 1]) ®

7j=1
M,,; where functions agree on the fibres of the path map I. For f € A we write fj

for its identification, defined by fjo,1)(t) = f(I(t)). A may also be identified with the
N

C*-subalgebra of @ Cy(T) ® M,,, consisting of those functions that agree on the
j=1

fibres of p. For f € A we write f7 for its identification, defined by fr(t) = f(p(t)).

We will usually mention which identification we are using, but if context is clear,

this may be omitted.

The reason such identifications are useful, is because [0, 1] and 7 are contractible
and paracompact, and so by Lemma have vanishing Cech cohomology. This
will allow us to directly generalize a lot of the results of the previous section, for
example Lemma [£.3.14] where we patch up unitaries locally to get a global unitary

that conjugates the standard map.

A lot of the results in this section are direct generalizations of the results of Section
4.3 with an identical proof that works by just replacing T with X. When this is
the case we will not provide a proof for the result. This section should be read
after having a good understanding of the proofs in Section [£.3 We begin with a
generalization to Lemma [1.3.2] which allows us to find specific systems of matrix

units with respect to maximally homogeneous subalgebras.

N
Lemma 4.4.1. Let C' be a mazimally homogeneous subalgebra of A = @ C(X) ®
j=1
N
M,,. There exists a system of matriz units {rel } with rel, € @ Cy(T) @ M,,
j=1
such that
C={feA: fr(t) € span{Teip(t)} Vit e T}. (4.29)
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Given x € X, and t1,ty € p~'({z}) then there exists permutations o; € %,,,
j=1,...,N, such that Teg;p(tl) = r¢ ,(p)gj(p)(tg) forallp e {1,2,...,n,}.

0j

Proof. 1f the result holds true on the summands it holds true for the direct sum.
So we assume C' is maximally homogeneous in C(X) ® M,. Treating this as a
C*-subalgebra of Cy(T) ® M,,, we can use Lemma 2 in [79] to diagonalize C' via a
unitary v. Letting f,, be constants with value the standard matrix units in M, we

let repq = v* fpqv. The first statement of the lemma becomes clear.

For second statement, maximal homogeneity of C' implies

span{reyy(t1) : 1 <p <n}p = Cr(t1) = Cr(t2) = span{rey(t2) : 1 < p < n}.

Hence for any p, the projection 7e,,(t1) is a linear combination of elements of the
form 7e4,(t2). The coefficients in the combination must all be 1. Since the {e,,(t1)}
are orthogonal, it follows by the pigeonhole principle that the linear combination
only has one element, and so there exists a permutation o such that re,,(t1) =

TCo(p)o(p)(t2). The result follows. O

Remark 4.4.2. The same result holds when using the space [0, 1] for identification
rather than 7, where we use the fibres of [ instead of those of p. Whenever we want

to use this space instead, we will write o yjeJ, rather than re/, .

Now we obtain a generalization to Lemma where a lot of the ideas in the

proof have a similar flavour.

N
Lemma 4.4.3. C is mazimally homogeneous in A = @ C(X) ® M, if and only
j=1
if it is a Cartan subalgebra of A.

Proof. Assume C' is maximally homogeneous. Then C; = 7;(C) is maximally ho-
mogeneous in C(X) ® M,,;. Lemma 1.4 and the remarks after Definition 1.3 in [74]
imply that C; is has the unique extension property for pure states, and admits a
unique conditional expectation onto it from C'(X) ® M,,. Because C; is Abelian
and has the unique extension property, Section 1 in [14] implies that C; is an ideal
of a masa in C(X)® M,,;. Since C} is unital it must be a masa itself. Using Lemma
we may find matrix units {7}, } for Cy(T) ® M, such that Cj is of the form
(4.29). Then the map

j

P(f)r(t) =Y 7eb,(t) fr(t)rep, (1)

p=1



CHAPTER 4. ON EXISTENCE 140

defines a norm one faithful linear projection (exactly as in the proof of Lemma(4.3.5]
where one considers the map pointwise), and hence by [82] is the desired faithful
conditional expectation. (Of course, one may analogously consider the identification

over the space [0, 1] using the path [ rather than T).

To show Cj is regular, let U be a small open subset of X (either a small interval of
an edge in X or a small contractible neighbourhood around a vertex of X) which

is not all of X. Let xyy € C(X) supported in U. We may write
plU) =] |vicT

where p : V; — U is a homeomorphism.

Let f € C(X)® M,,. Note that there are functions A, : 7 — C such that

ZA )rel (t) VteT.

Because {re/ (t)} is a system of matrix units in M, the functions A/ are unique.
Since (r€,) fr(rel,) is continuous, so is X el . Define functions

0T — My,
for p,q € {1,...,n,} by taking value

)‘] o (p1(t ))Tefgq(p1( )) for t e |_|Vi, 0 otherwise,

where for ¢t € V;, pi(¢) is its unique image in V; factoring through the homeomor-
phism V; — U. Then

(XU)'ngq : T — Mnj

is a continuous map, satisfying that if p(t;) = p(t) € X then (xv)7fi,(t1) =
(xv)7f},(t2). Hence (xv)7fi, corresponds to an element g/, in C(X) ® M,,.

Note that if ¢ € C; then ¢ (t) € span{re],(t)} by Lemma (4.4.1, and note thus that
(95g)7 (1) er (1) (gp,)7(t) € span{rep,(t)}
by Lemma {4.4.1, Likewise

(99) T (t)er (t)(ghy)7(t)" € span{re;, (1)}
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Hence ggq € NC(X)@)MHJ_ (C;). It can be checked that
xuf=> gl
p.q

and hence xyf is a sum of normalizer elements. By using a partition of unity
argument, we can therefore conclude that f is a sum of normalizer elements. Hence
Cj is regular in C(X) ® M,,. So Cj is a Cartan subalgebra. Thus C' is a Cartan
subalgebra of A.

For the converse, assume C' is a Cartan subalgebra of A, meaning C; is a Cartan
subalgebra of C(X) ® M,,. By Example 5.18 in [62] this is a continuous trace C*-
algebra and so we obtain by Proposition 6.1 in [64] that C; has the unique extension
property, and so by Lemma 1.4 in [74], C; is maximally homogeneous. Hence C' is

maximally homogeneous. O]

The following lemma is a generalization of Lemma [£.3.9] It highlights the need of
some of the assumptions we have put on our graph, namely that it is finite and

connected.

Lemma 4.4.4. Let A = C(X) ® M,, and p € A a projection with trace k at any
(hence all) x € X, then pAp is isomorphic to C(X) @ My, via conjugation by a

partial isometry whose initial projection is p and range projection is 1 € A.

Proof. As in the proof of Lemma [4.3.9, we need to show that p ~ 1. Since
M, (C(X)) has stable rank one (see [73]), it follows that it has the cancellation
property (see [83]). So it suffices to show that [plo = [1x]o in the K group. Our
graph X is homotopy equivalent to a topological rose Y (see Example 0.7 in [33]).
Hence C(X) is homotopy equivalent to C'(Y) and hence we may by Proposition
assume, for the purposes of understanding Ko(C'(X)), that X is a rose.

Thus X can be decomposed as a disjoint union of a single point {pt} and some

open intervals I1,...,Is. Note that we have a split exact sequence
s
0 — Co(U L) — C(X) —— C({pt}) — 0O
s=1 ,\_/

Hence by Proposition [2.2.35[ we get a split exact sequence
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s
where Ko(Co(J Is)) = 0 can be computed using K, for non-unital C*-algebras
1

(see Chapter 4in [43]), and where Ko(C'({pt})) = Ko(C) = Z was seen in Example
2.2.47, Thus Ky(C(X)) = Z. We obtain a commutative diagram

where tr, appeared in Example 2.2.51] Since tr, is surjective, so is g and hence
g must be a group isomorphism. Hence tr, is a group isomorphism (in particular

injective), and so [plo = [1x]o as desired. O

Now we aim to get a result similar to that in Lemma[£.3.10] showing that the maxi-
mally homogeneous *-homomorphisms are dense in the set of *~homomorphisms be-
tween A X-building blocks. In that lemma, we made use of an important fact, which
was presented as Lemma [4.3.7, where it was enough to find a *-homomorphism that
maps the canonical generator of the center of C(T) to a unitary with enough dis-
tinct eigenvalues at every point. The existence of such a map was established by
Elliott in Theorem 4.4 in [19]. Since the space we consider now is not T, we make
use Theorem 2.1.6 and Corollary 2.1.8 in [44] instead.

N M

Lemma 4.4.5. Let ¢ : A — B, with A= @ C(X) ® M,,, B=@ C(X)® My,
j=1 i=1

be a unital *-homomorphism with corresponding index system {k;;}. Let FF C A

be a finite set containing the canonical generator of C(X), and ¢ > 0. Then there

exists a unital maximally homogeneous *-homomorphism ¢ : A — B such that

|lé(a) — ¢'(a)|] <€ foralla € F.

Proof. The proof follows in the same way as in the proof of Lemma [1.3.10 Indeed,
use Lemma to obtain a unital *-homomorphism

ijng
The existence of a *-homomorphism

which is close to p;; on finite sets (which contain the the canonical generator of the

center) and sends this generator to an element with k;; distinct eigenvalues at every

point is justified by Theorem 2.1.6 and Corollary 2.1.8 in [44]. Remark then
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implies that x;; is maximally homogeneous. The rest of the proof follows identically
as the proof of Lemma with T replaced by X. m

We now obtain the generalization to Lemma [4.3.14] which gives the form of maxi-
mally homogeneous *-homomorphisms as those that are unitary conjugates to stan-
dard maps. The main tool in that lemma was to treat the codomain as being
identified with a subalgebra of an Al-building block, because of the property that
H'([0,1],G) = 0 for every topological group G. We can do the same here, by
treating the codomain as either a subalgebra of an Al-building block (via the path
[:]0,1] — X) or those building blocks with underlying space the tree 7 (via the
projection p : T — X). Of course these have vanishing Cech cohomology as well.

See Remark [4.3.17] for the details.

N M
Lemma 4.4.6. Let ¢ : A — B, with A= P C(X)® M,,, B=HC(X)® M,
i=1

Jj=1
be a unital mazimally homogeneous *-homomorphism. Then there exists a unitary

M
U= (U,....,Uy) € PC(0,1]) ® M,,, and a set of continuous functions {g¥ :
=1

0,1] > X:1<:< M{1<j<Njl1<s= s(i,j) < ki;} (where {k;;} is the index
system with respect to ¢) such that

¢i((a1,-..,an))p(t) =
Ul(t)dla’g(a’l o 9517 ai o 9317 ...,Q10 g]i{;;?aQ o 9327 ...,020 92327 ..., QN O g]z;{b\]fv)(t)Ul(t)*7
(4.30)

for all t € [0,1].
We now obtain the generalization to Lemma [4.3.16]

Lemma 4.4.7. If in the situation of Lemma [{.4.5 we additionally assume that ¢
15 injective, then there exists an injective unital mazximally homogeneous
*-homomorphism x : A — B which is of the same general form as , and such
that ||p(x) — x(2)|| < € for all x € F, which is a finite set containing the canonical
generator of C(X).

Proof. The first bit of the proof follows that of Lemma [£.3.16] but except for T we

have X, and rather than the unitary u we consider tx. As in the proof, we obtain

that X'\ spc(x)s My i, (W) can be decomposed into open disjoint sets (rather than
Mo ki

arcs), where spex)g My b, W)y=U U ¢%([0,1]). Again we conclude, by similar

i=1 5(i)=1
arguments as those used in the proof of Lemma [4.3.16| that these disjoint open sets

in X have diameter that can be made arbitrarily small if we choose  sufficiently
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small in the beginning. Also, we may argue that the number of these disjoint open
sets must be finite. Indeed, if they were infinite, there must be an edge in X which
contains infinitely many such disjoint open sets in its interior (as X is finite). But
then the contradiction is similar to that in the proof of Lemma [4.3.16] namely that
there are only finitely many eigenvalue functions and hence these are not enough

to take all the values at the endpoints of these open sets.

We will now, as in Lemma [4.3.16 perturb the ¢/’s in the correct way to achieve
M kg

that |J U ¢7([0,1]) = X. Consider a fixed edge E in X. We may without loss of
i=1s(i)=1

generality assume that E = [0,1]. Consider that Uy, ..., U, are disjoint open sets

of our collection appearing in the interior of F, from left to right. Hence they are
open intervals. Let g be some g%/ and t, some point in [0, 1] such that g(to) is the
right endpoint of U;. We localise on a sufficiently small neighbourhood around t,
and on this neighbourhood stretch g leftwards continuously so that it covers Uy, as
we did in the proof of Lemma [4.3.16] By that proof this can be done in a way for
all the open sets such that the perturbed maps do not affect their range near the
left endpoint of an open set to their right (if such a range exists), and that all the

endpoint data is preserved, and that the perturbed maps do not coincide pointwise.

What remains is to show we can cover an open set around a vertex in X, with
connecting edges Fj, ..., F; say. Consider E, and assume this is [0, 1] with 1 being
the vertex. We can assume U is an open set around 1 not covered by the ¢%/’s. We
find some h = ¢’/ and a point ¢; such that h(t;) takes the value the left endpoint of
U. Again we localize on a neighbourhood around t;, and perturb h to the right to
cover U. We do this for all the edges connecting to the vertex, and there is sufficient
choice of the points at which the perturbed functions take value the vertex as to

not coincide, as the graph is finite. O]

Theorem 4.4.8. Every unital AX -algebra A = lig(An, ¢n) with unital and injec-
tive connecting maps ¢, is isomorphic to lig(An, @) with unital injective maximally

homogeneous connecting maps ¢, of the form (4.30)).

Proof. By Lemma each ¢, is close (on a predefined finite set) to an injec-
tive and unital maximally homogeneous map ¢/, which takes the form (4.30)) by
Lemma [1.4.6] Because of this, we can get an approximate intertwining between the

sequences
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and
A4, By
The result follows by Proposition [2.3.44] m

The following Lemma is an important generalization of Proposition 1.8 (i) in [75],

which will be the main ingredient in obtaining existence of A X-Cartan subalgebras.

Lemma 4.4.9. Let A= C(X)® M,, and B=C(X)® M,,. Assume ¢ : A — B
is a unital mazimally homogeneous *~homomorphism. Let C be a maximally homo-

geneous subalgebra of A. Then there exists a maximally homogeneous subalgebra D
of B such that ¢(C') C D.

Proof. We may assume ¢ takes the form (4.30). Relabel the eigenvalue functions

as g1, ...,g=. By maximal homogeneity, these must be pointwise distinct. Using

the form (4.30) we can write

m

¢(Noay =V fog.®q)U" (4.31)
s=1

where ¢, : [0,1] — M=m is a constant projection with value the canonical minimal
projection whose s diagonal entry is 1, in Mmn. Note that using the universal
covering graph T over X, we get by Proposition 1.30 in [33] and the remarks
following it (this is what is known as the path lifting property for covering spaces)
that the g,’s lift to G’s:

By Lemma we find a system of matrix units {re,, : p,q € {1,2,...,n}} with
respect to C'. Define
Pp,s - U(Tepp o Gs X QS)U*7

p=1,...,n; s =1,..., 2, which are mutually orthogonal projections in C[0, 1] ®

M,, which sum to one. Let
D ={g € B:gpa(t) € span{PF,(t)} Vvt e [0,1]}. (4.32)

Note that D is well-defined. Indeed, if t,,, € [0, 1] satisty {(t,) = © = [(), then
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we have that

o(foy(ta) = d(f)oa(ts) Vf € A (4.33)

Hence taking f = tx in (4.33]), where ¢y is the canonical generator of the center,
and considering the spectrum (which is invariant under an inner automorphism),

we get that
{o1(ta), - 9z (ta)} = {g1(te), ..., gz (t)},

and since the elements of these sets are all distinct (by maximal homogeneity of ¢),

we have that there exists a permutation p € ¥m such that

Js (ta) = Gu(s) (tb) (434)

for all s = 1,..., ™. Hence p(Gy(ta)) = p(Gus(ty)) for all s. By Lemma [4.4.1]
there exists a permutation o, € ¥, for s = 1,..., ™ such that for all p € {1,...,n}

we have
Tep(Gs(ta)) = TCo.m)oav) (Guis) (th))-

We may deduce two things from (4.33)) and (4.34). Firstly, by choosing f € A such
that f is 1 at gs,(f,) and 0 at all the other (distinct) eigenvalues, we obtain from

[E31) that

Ut (> F(0:(00)) © @a(t))U(t)* = U(ta)(1© gao(ta))U(t)*

33

= U(tb)( f(gs(tb)) & QS(tb))U(tb)*

=1

= U(ty)(1 ® quuse) (1)) U (t)".

Hence
U(ta)(1 ® s (ta))U(ta)" = U(ts)(1 ® uuise) () U ()"

Secondly, by choosing f € A with constant value C' € M,, then again using (4.31)

we have that

— U Flas(t) @ a,(t)U )"

=U(t)(C®1)U(ty)".
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Hence
Uta)(C®1)U(te)" = U(ty)(C @ 1)U (L))"

Note that if Py, () u(s)(t) = Po, (p)u(s1)(t) then s = sy and so p = p;. Hence
(p,s) = (os(p), p(s)) is bijective and so

m

span{ P, s(t.) :p € {1,...,n},s € {1,..., E}} =
m
span{P,s(tp) :p € {1,...,n},s e {1,..., E}}
and so D is well-defined.

Let us show that ¢(C') C D. For f € C, use Lemma [4.4.1] and to write
S(Non(t) = UM fr(Gu(1) @ ,(8))U (1)*

i Z s rem(Galt)) ® g (DU (1)"

€ span{ p,s( )}

where the A\J’s are some scalars (Lemma 4.4.1). By definition of D we indeed have
¢(C) C D.

Finally let us show that D is maximally homogeneous. Fix p € {1,...,n}, s €
{1,...,2}, and t € [0,1]. Note that there exists a central element h € C such
that h(gs(t)) = 1, whilst h(gs(t)) = 0if 5 # s. Since C(gs(t)) = span{re;;(Gs(t)) :
j € {1,...,n}} by maximal homogeneity of C', we can find an h; € C such that
hi(gs(t)) = 7epp(Gs(t)). Note then that from it follows that

¢(hhi1)p1(t) = Pps(t), (4.35)

which implies that dim(D(z)) is m for every € X. Since, for f € C(X), we have
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that D 3 > fio11FPps = flo.], it follows that D contains the center. Hence D is
P,Ss

maximally flomogeneous. O]
Lemma 4.4.10. In the situation of Lemmal[{.4.9 (and its proof), we have that
¢(Na(C)) € Np(D).

Proof. Let n € N4(C). For d € D, and t € [0,1], we have that dy(t) =
Z)\ps s(t) = Z)\p s@(hsp)p)(t) for some scalars A;,’s and elements h,, € C

(thls is by the descrlptlon of D in (4.32) and the calculation (4.35))). From this it
follows that

(P(n)do(n))p,(t) = d(n)p(t Z)\spéb sp)0.1)(1)d(n)p,1(t)”
—Zwﬁ nhspn o (1)
—ZAps sp)o)(t

€ Span{ P, s(t )+

where we have used that ¢(C) C D. Hence ¢(n)dp(n)* € D, and by a similar
argument ¢(n)*dg(n) € D. O

Lemma 4.4.11. In the situation of Lemma 9 (and its proof), let P : A — C
be the faithful conditional expectation correspondmg to the Cartan pair (A,C), and
P : B — D be the faithful conditional expectation corresponding to the Cartan pair
(B, D). Then these are given by

P(f)r(t) =Y rem(t) fr(t)rey,(t) Ve T (4.36)

and
n

P(g)jo( :Z P,.(t) Vt €[0,1], (4.37)

s=1 p

313

respectively, and satisfy

poP=Dog. (4.38)

Proof. That (4.36)) and (4.37) define unique faithful conditional expectations is an

easy generalization of Lemma where one can check that these maps are norm

one faithful linear projections.
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Let us show ([4.38). We have, for f € A, and ¢ € [0, 1],
P(o(f))o(t) = Z Pys()d(f) 0.1 () Ppys ()
= Z ) (Tep(Gs(t)) ® gs(t)) Zf g5(t) © gs())U (1))

(U(t) (e (Gs(t)) ® qs())U (1))
=U)(D_ 1eu(Go(t) f(g:(6)) e (Gs(t) @ g5 () U (£)°

= U rem(Frirem(Galt) ® a())U (D)
= U (PU)r(Ga(0) © au(D)U (1)’

= o(P(f)py(t),

and the result follows. O

We may now state the main result of this section, which gives the existence of
A X-Cartan subalgebras. This is Theorem D in the Introduction.
Theorem 4.4.12. Every unital AX -algebra A = lig(An, ¢n) with unital and injec-

tive connecting maps, and where X is a finite planar connected graph imbedded in

C, contains an AX-Cartan subalgebra.

Proof. This is is many ways similar to the proof of Theorem [4.3.18] but instead of
T we have X. Hence we will only state the main steps, and the details and notation
used can be found in the proof of Theorem [4.3.1§]

First, by Theorem [£.4.§ we may assume that the connecting maps are unital, max-

N
imally homogeneous and injective, of the form (4.30). For A, = @ C(X) ® M,,,
j=1

M
and A, = @ C(X) ® M,,, with Cartan subalgebra C' C A,,, we consider the

maximally hoZI;ogeneous map

where {k;;} is the index system with respect to ¢, and C; = I1;(C) C C(X) ® M,,
is a Cartan subalgebra (hence maximally homogeneous). By Lemma we find
a maximally homogeneous subalgebra E;; in C(X) ® M, x,; containing p;;(C;). We
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pull this back, via p!, to a maximally homogeneous subalgebra D;; in ¢;(1 ®
L) (C(X) ® Mp,)¢:i(1 ® 1;), which contains ¢;;(C;) and the center of the algebra,
and we let D; be the sum of D;; over j. Then we let D be the direct sum of the
D;’s. As in the proof of Theorem [4.3.18] D is a maximally homogeneous subalgebra
(hence a Cartan subalgebra) of A, with ¢(C) C D.

Lemmas|4.4.10,and |4.4.11| can then be applied in order to conclude, as we do in the
proof of Theorem [£.3.18 that ¢ maps the normalizer set into the normalizer set,
and that it is compatible with the conditional expectations. By Proposition
we then get that ligl(Cn, ¢n) is a Cartan subalgebra in A. O

Remark 4.4.13. The AX-Cartan subalgebras that we have shown the existence of
for Theorem are in fact C*-diagonals. Indeed, the A X-building blocks are
continuous trace C*-algebras by Example 5.18 in [62], and hence by Proposition 6.1
in |64] their Cartan subalgebras have the unique extension property and hence are
C*-diagonals by definition. The result follows by Theorem 1.10 in [47].



Chapter 5

Uniqueness of Inductive Limit
Cartan Subalgebras in Inductive

Limit C'*-algebras

In Chapter 4] we explored the existence of inductive limit Cartan subalgebras in
inductive limit C*-algebras. Specifically, we showed that all unital A X-algebras
with unital and injective connecting maps, where X is any finite connected planar
graph imbeddable in C, contains an AX-Cartan subalgebra. It is interesting to

now explore whether such Cartan subalgebras are unique (in the sense of Definition

2329,

We will show that AF-Cartan subalgebras are indeed unique, whilst uniqueness
fails for Al-algebras, and since all Al-algebras are AT-algebras (see Corollary 3.2.17
in [67]), uniqueness fails for AT-algebras. For the AF case, we will prove a result
similar to Elliott’s classification theorem for AF-algebras (see [20]) but which incor-
porates Cartan subalgebras into the picture. Indeed we will show that two unital
AF-algebras with AF-Cartan subalgebras have isomorphic ordered K, groups if
and only if the AF-algebras are isomorphic, and that isomorphism can be chosen to
map one of the Cartan subalgebras to another, whilst still inducing the isomorphism
on the level of Ky. Note that a consequence of Krieger’s dimension range concept
developed in [39] is the uniqueness of AF-Cartan subalgebras (see 6.2 in [64]). How-
ever, our proof is an independent original proof that uses only the dimension group
developed by Elliott (see Chapter 7 in [43)]).

The situation for Al-algebras is different. We will prove non-uniqueness by con-

structing two diagonal Cartan subalgebras with non-homeomorphic spectra in a

151
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specific (non-simple) Al-algebra. The way we shall do this is through Proposition
4.1.5] where in Section we highlighted how the spectrum of the inductive limit
Cartan subalgebra is the inverse limit of the unit spaces of the groupoids corre-

sponding to the Cartan subalgebras of every building block.

Since the Al-algebra constructed is not simple, we will explore uniqueness in the
class of simple Al-algebras. We will show that uniqueness fails here also, by con-
structing diagonal Cartan subalgebras with non-homeomorphic spectra inside a
simple Al-algebra. Finally, we prove a general result which shows that uniqueness
of Al-Cartan subalgebras fails for a large (possibly total) class of simple Al-algebras.
Here we will involve Elliott’s invariant for unital Al-algebras which includes Ky and
its pairing with the simplex of tracial states (see [18]). The preliminaries required

for this chapter involve more or less all the previous chapters in this thesis.

5.1 Uniqueness of AF-Cartan Subalgebras

In Example [2.3.29 we saw that AF-algebras have AF-Cartan subalgebras, due to
the constructions by Stratild and Voiculescu in [72]. We now show that these are
unique. The proofs in this section build on the proofs in Section 7.3 in [43], by

including Cartan subalgebras in the picture.

Lemma 5.1.1. Let A = @ M,; and B = @ M,,, be finite dimensional C*-algebras

j=
with Cartan subalgebras C and D respectwely Assume there exists an order unit

preserving positive group homomorphism « : Ko(A) — Ko(B). Then there ex-
ists a unital *-homomorphism ¢ : A — B such that Ko(¢) = o, ¢(C) C D and
¢(Na(C)) € Ng(D).

Proof. By Lemma 7.3.2 (i) in [43] there exists a unital *-homomorphism ¢ : A — B
with Ko(¢) = . Let {el,} and {hi,} be systems of matrix units for A and B with
respect to the Cartan subalgebras C' and D, respectively (recall Lemma. Let
{ki;} be the index system with respect to ¢. Consider EU : My, — M,y,,, which
is a *-homomorphism (that is not necessarily unital). Since {qb (ILi(el,) - 1 <

p < n;} is a set of mutually orthogonal projections in M,,,, each with trace k;j,
N

and > njk;; = m;, we may decompose {II;(h%,) : 1 < u < m;} into disjoint sets
j=1
HY H?2 ..., HY where each HY has size njk;;. Each HY can then be decomposed

into n; disjoint sets Hy,. .. ,H}J of size kij each. Let f7 € II;(D) be the sum of
the elements of H; . with trace k;;. Hence 51'(@%;)) has the same trace as f and so

PP
by Example [2.2.47 [¢ (e pp)]O = | ;%]0-
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Since

i i . i
117~ J2 ™ ~ Jnyo

we may apply Lemma 7.1.2 in [43] to obtain a system of matrix units

{ ;g:p,qe{l,...,nj}}

in M,,,. This can be extended to a set of matrix units

{fi:je{l,... Nhpge{l,.. . ,n}}

in M,,,. In fact we can be a bit more specific. If

H;j = ({hu1u17 . uk g 1)y ur <up <<y, (5.1)
the sum of whose elements is f;;, and
Héj = ({hvm, e Uk o, B, 1< <. < Vkyj (5.2)

the sum of whose elements is f7, we define

= Z (R ) (5.3)

Because we have fixed an order in (5.1) and (5.2)), we indeed get a well-defined

system of matrix units {7}, with

UL fi2 =0 unless ji = j2,q1 = p2 in which case we get fi!

P1q917 p2q2 p1g2”
Define
M
¢:A— B by ¢(e),) =P fi,
i=1

and extend it linearly to A. It is clear that ¢ is a unital *~homomorphism with
¢(C) C D. In the same vein as Lemma [1.2.5 the elements of N4(C) are those
that have at most one non-zero entry in any row or column with respect to {e;{,q},
and the elements of Ng(D) are those that have at most one non-zero entry in
any row or column with respect to {h’,}. Hence it follows by using that
®(Na(C)) € Ng(D). Now note that

M M

KO(@(HJO) = Z[Q_bij(ejil)]o = [5(6{1)]0 = KO(Q_Z))([G{JO) = O‘([ejﬁ]o)

Il
7
— S
=
H—
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and since the set {[e],]o : 1 < j < N} generates Ko(A), it follows that Ky(¢) = o
as desired. ]

Lemma 5.1.2. Let A and B be finite dimensional C*-algebras with Cartan subal-
gebras C and D respectively. Assume ¢,1 : A — B are unital *-homomorphisms
which map C into D, Nao(C) into Na(D), and such that Ko(¢) = Ko(v)). Then
there exists U € U(B) N Np(D) such that 1» = Ad(U) o ¢.

Proof. Let {e] } and {h},} be systems of matrix units for A and B with respect
to the Cartan subalgebras C' and D, respectively. It is easy to see that the as-
sumption Ko(¢) = Ko(¢) implies that Ko(¢;;) = Ko(v;) for i € {1,..., M} and
j €{1,...,N}. Hence the traces of ¢;(II;(e},)) and v;;(IL;(e),)) are the same for
all p € {1,...,n;}. Now we may use Lemma to obtain that there exists a
unitary U in B such that

from which it follows that

¥ = Ad(U) o ¢.

In fact we can be a bit more specific. The way U is constructed in the proof of
Lemma [2.3.37|is by first finding a partial isometry, vij which witnesses the Murray-
von Neumann equivalence between 1;(e,) and ¢;(el,). Since by assumption these

initial and range projections belong to D, they are each a sum of elements of the

form
k’i]' kij
Yilel) =D (kL) éilely) = (ki)
s=1 s=1

Hence we can be particular with our choice of vij by declaring it
Uij = Z Hl(hfusus)

Similarly to Lemma it follows that vy belongs to Ng,(D;). Then v¥ is con-
structed as wi(eil)vij qﬁi(e{p) and so also belongs to Np,(D;) by the assumption of

the lemma. From this U; is then constructed as » v and U as @ U;.
Jip 1=1

To see that U is in the normalizer, let h!, € D. Note that because ¢ is unital
and maps C into D there must exists some j € {1,...,N} and p € {1,...,n;}
such that hl,, appears as a summand of ¢(e/ ). One can check that IL;(Uh;,U*) =

viTL(hi,,)(v5)* and hence belongs to D;. Hence UDU* € D. A similar argument
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done by replacing ¢ with 1 shows that U*DU C D. Hence U € Ng(D). O

We are now in a position to prove what is Theorem E in the Introduction.

Theorem 5.1.3. Let A and B be unital AF-algebras with AF-Cartan subalgebras

C and D, respectively. Assume there exists an isomorphism

a: (Ko(A), Ko(A)", [Lalo) = (Ko(B), Ko(B)", [L5o)-

Then there exists a *-isomorphism ¢ : A — B such that Ko(¢) = o and ¢(C') = D.

Proof. We will assume A, B, C' and D all arise as inductive limits as follows re-

spectively:

BO @0 Al o1 N A2 2

~

:>§ :>§
o >

2\

OO @0 N Cl ¢1 N 02 o2

2\

: >§ :>§
> Q

DO >D1 ¢1>D2£>.

We may assume, using Exercise 6.7 in [43], that all the ¢,’s, 1,’s, p,’s and p,’s are
injective and unital *-homomorphisms, for n = 1,2,.... Here By = Cy = Dy = C,
do(A) = Ala,, ¥o(A) = Alp,, no(A) = Alg and po(A) = Alp. Of course all the
building blocks here are finite dimensional C*-algebras. If ¢, : A, — A, 41 is a con-
necting map, then by Lemma 3.2.1 in [16] ¢,, is unitarily equivalent to the map given
by block diagonal imbeddings, and so by Proposition [2.3.46] we may without loss of
generality assume all our connecting maps are block diagonal imbeddings. Hence in
the same vein as Lemma we may assume that ¢,(Na,(Cp)) € Na,,,(Cpi1)-

The same holds for the connecting maps ,.

We have the following commutative diagram with positive and order unit preserving

group homomorphisms:
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Ko (PO) )

Kom A{O(ﬂl)

Ko(Bo

From Lemma 7.3.3 in [43] we obtain that there exists m; € N and a positive order

unit preserving group homomorphism a4 such that we have a commutative diagram:

Ko(po)

Next, consider the following commutative diagram with positive and order unit

preserving homomorphisms:

Ko(p1
Ko(AL) ) s Ko(A)
N %oKo(pml)
K0<Bm1 )

There exists n; € N and a positive order unit preserving group homomorphism [,

making the following diagram commute:

Ko(p1)

(¢7L11) K (M"l)

Ko(A1) —— Ko(An,) — Ko(4)

\ T /K
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Repeating, we obtain a commutative intertwining:

Ko(Bpn,) > Ko(Bm,) Ky(B)
% % « & [
Ko(An,) o) Ky (Any) Ko(A)

where all homomorphisms are positive and order unit preserving. Since inductive
limits do not change if one takes a subsequence of the original building blocks, we

may relabel to assume

Ko(¢¥1)

\ / M\ .

(Ay) Ko(A)

Ko(By

By applying Lemma and Lemma [5.1.2) we lift (5.4) to a commutative inter-

twining
Ad(V2)¥1 N

where all the diagonal *-homomorphisms in (5.5) are unital, map Cartan subal-

S|

(5.5)

—
S

|

gebra into Cartan subalgebra, normalizer set into normalizer set, and induce the
corresponding K group homomorphisms in ([5.4), and where all the unitaries {U,}
and {V,} for n = 2,3,... satisfy U,, € Ny, (C,) and V,, € Np, (D,). We also have
an induced *-isomorphism ® between the induced inductive limits (see for example,
Exercise 6.8 in [43]).

We extend (5.5)) to a commutative diagram
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P1 P2

By » B, B
id]\ av J Ad@Wa (Vi )A(V; )T 7|
Ad(V3)a E

\ / \ / \ o] (5.6)
Ad(U2) 1 s A, Ad(Us)¢2 s Ay A
idT Ad(U2)T Ad(Us)Ad(¢2(U2))T ¢|
Ay o1 > Ao = > As A

where we have induced *-isomorphisms F' and G. Define
gb =Fodo G .

We need to check Ky(¢) = a and ¢(C) = D. Note that Ky(¢) and « agree
on Ko(pn)(Ko(A,)) by the commutativity of and (5.6). Since Ky(A) =
U Ko(pn)(Ko(Ay)) by Proposition [2.3.17) we obtain Ky(¢) = «. Note that from
trile commutativity of it follows that ¢ maps p,(C,) into pp1(Dny1) C D.
Hence ¢ maps C into D by Proposition 2.3.10) but as it is a *-isomorphism, it
follows that ¢(C) C D is a masa in B, and so it follows that ¢(C') = D. O

Corollary 5.1.4. Unital AF-algebras have unique AF-Cartan subalgebras.

Proof. If (A,C) and (B, D) are cp-inductive limit Cartan pairs with A = B, then
the ordered K group of A is isomorphic to the ordered K, group of B, and so we
may find by Theorem an isomorphism (A, C') = (B, D), which gives uniqueness

by Definition [2.3.25] O

5.2 Non-Uniqueness of AI-Cartan Subalgebras

In this section we show that Al-Cartan subalgebras are not unique. First, we
will construct two non-isomorphic diagonal Cartan subalgebras inside a non-simple
Al-algebra. In order to do this we will describe the spectrum of an AI-Cartan
subalgebra by making use of Proposition following the discussion in Section
4.1} Using our description we will create two diagonal Cartan subalgebras with

non-homeomorphic spectra.

Then, we will construct two non-isomorphic diagonal Cartan subalgebras inside a

simple Al-algebra. Inspired by this, we will state a very general class of simple
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Al-algebras for which uniqueness of AI-Cartan subalgebras fails.

5.2.1 Non-Uniqueness in a Non-Simple AI-Algebra
N N

Let A= @ C[0,1]®@M,, = C([0,1], @ M,,) be an Al-building block. Let C be the
j=1 j=1

N
diagonal Cartan subalgebra of A, of the form C' = @ C[0,1] ® D,,;, where D,,, is

7=1

N
the diagonal of M,,,. Let {e/ } be the system of standard matrix units for ﬁ:}l M.

Let X = Spec(C) = [0,1] x {z} : 1 < j < N,1 < p < n;}, with topology the
product topology of the standard topology on [0, 1] and the discrete topology on a

Nongoo )
finite set. The identification of f = > (>~ f), ® e} ) € C with C(X) is given by

. . j=1 p=1
f(t,wl) = fi(8).

N om
Let n =} (> n),®e),) € Ns(C). Recall that

J=1 p=1
dom(n) = {(t,x)) € X : n*n(t,z]) > 0}.

Note that
*, J o d J — J |2 J
nn= Z Mpg1 Mipg, ® Cogs = Z’npq‘ ® €aq

J,P,q1,92 J,Psq

where the last equality follows because n*n € C' and hence must be diagonal. Hence

nj

n*n(t,x)) =Y |nd, ()] (5.7)

p=1

By Lemma at most one summand appearing in ([5.7)) must be non-zero. Hence
n*n(t,x)) > 0 if and only if there exists (exactly one) non-zero summand in (5.7)

and hence we can describe
dom(n) = {(t,2}) € X : n(t) has a non-zero entry in its j summand, ¢"* column}.
By similar calculations we can describe

ran(n) = {(t,2]) € X : n(t) has a non-zero entry in its 7" summand, p™ row}.

Using Lemma [3.2.10| there is a unique homeomorphism «,, : dom(n) — ran(n),
satisfying (3.6). From (B.6) it can be calculated that if (¢,27) € dom(n), meaning
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there is a unique p € {1,...,n;} such that ngq(t) is non-zero, then

an(t, =) = (t,2)).

The Weyl groupoid is then

G(C) = {[(t. 7)), . (t, )] : m € Na(C), m,(£) # 0}. (5-8)
It is clear that G(C)" = X.

.M

Now consider an Al-building block A = @ C[0,1] ® M,,,, and an injective unital
i=1

standard map ¢ : A — A, with corresponding index system {k;;} and eigenvalue

functions

{7 :ie{l,.... M}, je{l,....N},s€{l,...,ki}},
(recall Definition [2.3.39) m Let {fi } be the system of standard matrix units in
@ M,,,, and let C' = @ C[0,1) ® D,,, (where D,,, is the diagonal subalgebra of

=1
M,,,) be the diagonal Cartan subalgebra of A. Tt is clear that

6(C) € C,6(Na(C)) S N4(C),Pop=¢oP,

where P is the unique faithful conditional expectation associated to the Cartan
pair (A, C), and given by projection onto the diagonal, and P is the unique faithful
conditional expectation associated to the Cartan pair (121, é), and given by projec-
tion onto the diagonal. In order to determine the map ¢ on the groupoid level, in
the sense of Proposition [£.1.2] we follow the steps of the proof outlined in Remark
4. 1.0l

We commence by constructing the intermediate Cartan pair (A,C) with corre-
sponding twisted groupoid (H,T) (for our purposes, we will just need H and not
the twist). We have that C' = C, as ¢ is unital. Now A = C*(¢(A),C) which is

easily seen to be the C*-subalgebra of A which looks like, in the 7" summand,
N kij
) - D@t o )

N ki M
Hence we consider a basis for GB(@(@ M,,)) C @ M, of the form

i=1j 1 =1

{fis 1<i<M,1<j<N1<s<ky1<pqg<ni}C{fi}.
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Note that, similar to how we obtain the Weyl groupoid G(C) in (5.8)), we obtain

G(C) = {[(t, g0)s cvn, (t.y1)] s 1 € N4(C),mi,, (1) # 0,

and
H = {[(t, %), an, (t.2,7°)] : n € Nx(C),mpd* (t) # 0},
where
Spec(C') = Spec(C) 2 [0,1] x {y,} = [0,1] x {7},
1<i<M, 1<j<N,1<s=5(1,7) <kij, L <p=0pJ),q¢=q(j) <nj.
It is then clear that the inclusion map i : H < G(C') maps H° onto G(C)°.

Now consider the map C' — C' given by f — o(f). Explicitly, if f = Z 9 ® ei,p,

then
S(f)=>_ fl,097® [

7;7j787p

Hence, for ¢t € [0, 1],
S(f)(t, 277) = f,(97(8)) = f(g (), 7).
So the dual map ¢* : Spec(é’) — Spec(C') is given by
¢*(t,2,") = (9 (1), 2})-
Hence the surjective map p : H — G(C') satisfies

Pt 2,7%)) = (g7 (), 2}). (5.9)

Now assume that we are given a unital Al-algebra A = ligﬂ(Am ¢n) with unital and
injective connecting maps. By Lemma we may assume that the connecting

maps are standard maps. To A we can associate a diagram B4, analogous to
N

the Brattelli diagrams of AF-algebras, as follows. Let A, = @ Cl0,1] ® M,,,

]7
Ap = @ C10,1] ® M,,,, and {k;;} be the index system with respect to ¢,. Since

On is a standard map we may assume it has corresponding eigenvalue functions
{99 i e{l,...,M},j € {1,...,N},s € {1,...,ki;}}. Let C,, and C,1; be the

diagonal (Cartan) subalgebras of A, and A, respectively. By the constructions
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above we may assume
Spec(Cr) = [0,1] x {a? :je{1,...,N},pe {l,...,n;}}

and

Spec(Cri1) 2[0,1] x {207 cie {1,...,M},je{l,..., N}, s € {1,... ky},
ped{l,...,n;}}.

By what we have shown we may assume the surjective groupoid homomorphism p,

satisfies
Pa((t, 2,7)) = (92 (1), z). (5.10)
N .
The n' level of B4 will have Y~ n; nodes, which we will label by elements of {x7}.
j=1

M N

The (n+1)"™ level of B4 will have 7 >~ n;k;; nodes, labelled by elements of {z57*}
i=1j=1

and the arrows from the n'" level nodes to the (n + 1)™ level nodes will be those

going from ZL‘% to z;;j’s. The set of right-infinite paths on B4 starting from the first
level will be denoted by X4, and for a path x = (1, z,...) € X4, we associate an

inverse limit

1, = lim([0, 1], 3,) (5.11)

where g, = {g1, g2, ...} is determined uniquely via (5.10). Let C' = lig(C’n, ®n) be
the diagonal Cartan subalgebra of A, with spectrum ?0. By Proposition we

have G = lé'r_n(Spec(Cn),pn). In this setup we have:

Theorem 5.2.1. There is a homeomorphism

heG = | L ((t2), (ta22),. ) = (bt ), 2),

zeEX A

where the topology C on the codomain is induced by the inverse limit topology on ?O

via the bijection h.

Proof. We need to check that h is a well-defined bijection. For an element

((t1, 1), (t2,m2),...) € G, it follows from that z = (x1,x9,...) defines an
element of X4, and it follows also from and that (t1,tq,...) € I,. It is
clear that A is is bijective. O

Consider the topology F on || I, given by declaring the open sets to be of the
xeEX A



CHAPTER 5. ON UNIQUENESS 163

foorm || U,, where U, C I, is open (in the usual inverse limit topology, which
yeYCXa -7

is just the subspace topology of the product topology). That F is a topology can
be observed by noting that

( |_| Ug>u( |_| V) = |_| W,

QEYQXA 2€ZCX 47 2€YUZCX 4y

where
W,=U, f zeY\Z V, if zeZ\Y, U,UuV, if zeYNZ

and

( |_| Ug)ﬂ( |_| V) = |_| Up N Vg

YEYCX 4 2€Z2CX 4 2EYNZCX
Lemma 5.2.2. The topology F is finer than C.
Proof. Every open set in C is a union of sets of the form
WG N (U x {x}) x Uz x {x}) x ... x ([0,1] x {x}) x ([0,1] x {}) x ...)),
where each {x} is some singleton edge. By definition of h, this belongs to 7. [

Lemma 5.2.3. The set {I, : x € Xa} is the set of C-connected components of
|| I.. In addition, each I, is C-compact.
zeX 4

Proof. Every I, is compact and connected in the inverse limit topology by Propo-
sition [2.4.5] Hence this is also true in F. Since F is finer than C, this also holds
in C. Now assume, for a contradiction, that there is an x € X4 for which I, is not
a C-connected component. Since for all y € X4 we have that I, is C-connected, it

must be that I, is contained in a connected component || I,. But for u,v € Z,
2€ZCX 4
if u # v then dn € N such that u, # v, and so the C-open sets

(G N (0, 1] % {un}) x ([0, 1] % {ua}) x .. x ([0, 1]  {un}) % ([0,1] X Dpyr) X -...)

and

=0

R(G N (([0,1] x {v1}) x ([0,1] x {we}) x ... x ([0,1] x {v,}) X ([0,1] X Dypyq) X ...))

(where the D,’s are some finite discrete sets) are disjoint, meeting and covering

I,| | I,. This is a contradiction and so I, is a C-connected component. O
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We are now in the position to state our first non-uniqueness result for AI-Cartan

subalgebras.

Theorem 5.2.4. There is a pair of unital non-simple Al-algebras A and B with
unital and injective connecting maps, which are isomorphic, and Al-Cartan subal-
gebras C' C A and D C B, which are not isomorphic. In particular, AI-Cartan

subalgebras are not unique.

Proof. Let A = ligl(An, ¢n) be the unital Al-algebra given by Al-building blocks
A, = C(]0,1]) ® Man, and connecting maps ¢, (a) = diag(a o fi,a o f2), where the
eigenvalue functions fi, fo : [0,1] — [0, 1] (independent of n) are given by

26, if0<t<3
fit) = . fa(t) =
1, if3<t<1 2(1—1t), if

—_
—
=
)

IA
~
IA
— N

IA
~
IA

0 1

Figure 5.1: Eigenvalue functions f; (blue) and fo (red).

Since f; (and f5) is surjective, it follows that ¢, is an injective *-homomorphism

for each n € N. It is clear that ¢, is unital.

Now let B = @(Bn, ¥,) be the unital Al-algebra with B, = A,, and with ,,(b) =
diag(b o g1, b o g2); where the eigenvalue functions g1, go; [0, 1] — [0, 1] are given by

[\
\.PF
—
—
(@]
IA
~
IA

g(t) =1, g2(t) =

[\
—~
—_
|
~
~—
—
—
N | —
IN
~
IN

— N
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Figure 5.2: Eigenvalue functions g; (blue) and gy (red).

Since g, is surjective, it follows that 1), is an injective *~homomorphism for each
n € N. It is clear that v, is unital.

Note that by choosing a non-zero a € A,, with the property a(0) = a(1) = 0, then
property (iii) in Proposition 3.1.2 in |67] fails for the Al-algebra B for the choice

x = 0, and hence B is not simple.

Since the eigenvalue functions satisfy {fi(t), fo(t)} = {g1(t), g2(t)} for every t €
[0,1], Theorem 3.1 in [75] implies that ¢,, ~g, 1, for all n € N. By Proposition
2.3.40) it follows that A = B. Hence A is not simple also.

Now let C'and D be the diagonal Cartan subalgebras of A and B respectively, where
each building block is the diagonal subalgebra. Consider the path in Xg given by
the one whose corresponding sequence of eigenvalue functions is (g1, g1, 91, - -.). Let
this path be Y, € Xb. Clearly Iﬂo is a singleton, and so by Lemma and

Theorem [5.2.1] the spectrum of D contains a singleton as a connected component.

On the other hand, considering any path z, in X4, which will correspond to a
sequence of eigenvalue functions {h,}nen where each h,, € {fi, fo}, note that if
t € {0,1} and n € N, then there exists a unique s € {0,1} such that h,(s) = t.
Hence I, contains more than one point and so by Lemma and Theorem
[5.2.1] the connected components of the spectrum of C' are not singletons. Thus the
spectrum of C' is not homeomorphic to the spectrum of D, and thus C' 2 D. O

5.2.2 Non-Uniqueness in a Simple Al-Algebra

We saw in Subsection that uniqueness of AI-Cartan subalgebras fails, and the
example we considered was a non-simple Al-algebra. In this subsection we give an
example of a simple Al-algebra, which is a Goodearl algebra (see [32]) in which we

can exhibit two non-isomorphic AI-Cartan subalgebras. Specifically, we have:
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Theorem 5.2.5. There is a pair of unital simple Al-algebras A and B with unital
and injective connecting maps, which are isomorphic, and Al-Cartan subalgebras
C C A and D C B, which are not isomorphic.

Proof. Let {e,}nen be a sequence of decreasing reals between 0 and i 1 €n — 0.
Choose a sequence of positive integers {k,}nen such that k, divides k,,; for all
n € N, and such that ¢, = knzl e—i + 1. Let us consider A as the unital Al-algebra

(which is a Goodearl algebra) constructed as
C0,1] ® My, 25 C[0,1] ® My, 2
where ¢,, is defined by

a — diag(a o 5xn,17 +e.,@0 dfn,qnfl’ a)

n

where the points {z,;}"]" are chosen as follows. Divide [0, 1] into g, — 1 equally
spaced subintervals (note that each subinterval will have width at most €,), and let

Zp,; be the leftmost point of the " subinterval.

Set F,, ={z,;:1<i<gq,—1} C0,1]. It is clear that |J F) is dense in [0, 1] for

k=n
all n € N, and so we have that A is simple by Example 3.1.7 in |67]. The connecting
maps are injective because the eigenvalue functions together see all of [0,1] (due to

the last term in the diagonal with the identity eigenvalue function).

Now consider another Al-algebra B’ written in same way as A but where we perturb

4]

Tn,i

to the map g, ; which is defined as follows, for 1 <7 < g, — 1:

.
i—1
i) for 0= < o, 1= g SUST,
gmi(t) = 2t for 2q” 2gn—1) sts 2(gn—1) *1) i—1
2 — 2t for 1_m§t—1_Ma
\5$n,i+1<t)f0r m <t<l1- m‘

It is clear that ||d,,
map between C[0,1] ® My, and C[0, 1] ® M

— Gniillo < €, for all 1 <i < g, — 1. Let ¢, be the connecting
in B’, defined by

n+1

a — diag(ao gn1,...,00 gng—1,0).

By a choice in the beginning of €,’s sufficiently small, we get an approximate inter-
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twining of the sequences
C0,1] ® My, 25 C[0,1] ® My, 2 -

and
00,1 ® My, 25 €[0,1] @ My, 2 -

Hence by Proposition [2.3.44] we have that B’ = A, and hence B’ is also simple.

Now consider the unital Al-algebra B with inductive system given by
1/11 ¢2
C[0,1] ® My, 2 C[0,1] @ My, <2 - -

where

Vn(a) = diag(a o d;, ,,...,a00 aog,a)

Tn,qn—1"7

where ¢ is the tent map defined in Example [2.4.10] It is easy to see that for every
t € [0, 1] we have

{gn,l(t)v gn,2 (t)v R gn,qnfl(t% t} = {5:1:”2 (t)v 590”,3 (t)v R 53:”,‘,”71 (t)v g(t)7 t}'

Hence the set of eigenvalues defining v/, and 1), agree pointwise and so by Theorem
3.1 in [75] we have that v/, ~, 1¥,. Hence by Proposition [2.3.46| it follows that
B = B’ and so B is a simple unital Al-algebra with unital and injective connecting

maps satisfying B & A.

Let C' and D be the diagonal Cartan subalgebras of A and B respectively. Let X4
and X p be the corresponding set of infinite paths constructed in Subsection[5.2.1] A
path in X4 will correspond to a sequence of eigenvalue functions that either contains
finitely many delta functions or infinitely many. In the first case the inverse limit
corresponds to the sequence of eigenvalue functions (¢, ¢,¢,...) where ((t) =t (as
this will be the tail of the sequence with finitely many delta functions), which gives
an inverse limit homeomorphic to an arc, by Example 2.4.9 In the second case
the inverse limit will be a singleton. Hence by Lemma [5.2.3| and Theorem [5.2.1
we obtain that the spectrum of C' contains either arcs or singletons as connected

components.

However, for D, if we take the path in Xpg corresponding to the sequence of eigen-
value functions (g, g, g,...) then by Example the corresponding inverse limit
is a non-degenerate indecomposable continuum. Hence by Lemma and Theo-
rem we obtain that the spectrum of D contains an indecomposable continuum

as a connected component. Hence the spectrum of D is not homeomorphic to the
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spectrum of C' and thus C 2 D. n

5.2.3 Non-Uniqueness in a General Class of Simple Al-algebras

In this subsection we show that uniqueness of AI-Cartan subalgebras fails in a very

general class of simple Al-algebras.

Definition 5.2.6. Let A denote the class of simple and unital Al-algebras A =
1i_n>q(C [0,1] ® M,,, ;) with unital and injective (standard) connecting maps, such
that the connected components of the spectrum of the diagonal Cartan subalgebra

of A do not exhaust all inverse limits of the unit interval up to homeomorphism.

Lemma 5.2.7. [f A = hﬂ(C’[O, 1@ M,,, ¢;) € A then the sequence {n;}ien contains

(2
a strictly increasing subsequence.

Proof. Assume for a contradiction that the sequence stabilizes. We may assume
then that A = lig(C[O, 1]® My, ¢,,) for a fixed N € N. Let p,, denote the injection

C[0,1] ® My — A. Since ¢, is in standard form, we can write ¢,(a) = a o g,
for some surjective eigenvalue function g, : [0,1] — [0, 1] (surjectivity follows by

injectivity of the connecting map).

Let I, = {f € C[0,1] ® My : f(0) = 0}, which is a proper ideal of C[0,1] ® My.
There exists t; such that gi(t1) = 0. Let I, = {f € C[0,1] ® My : f(t1) = 0}.
Repeat this process choosing ty such that go(ty) =t and I3 = {f € C[0,1] @ My :
f(t2) = 0} and so on. All the I,,’s are proper ideals and ¢,(1,,) C I,,11. Define

I=Jpn(ln).

Then I is an ideal in A. It is non-zero because each i, is injective, and it is not all
1
29
close to any element in (,(/,) for all n € N. Hence I is a proper ideal which is a

of A, because puy(h), where h is the constant matrix with each entry value 3, is not

contradiction to simplicity. O]

We are now in a position to prove Theorem F from the Introduction.

Theorem 5.2.8. Uniqueness of AI-Cartan subalgebras fails for all Al-algebras in
the class A.

Proof. Let A = @(C[O, 1] ® M,,,,¢;) € A. By Lemma [5.2.7 and an induction

argument on the strictly increasing subsequence, we may assume that n; > 2¢, and
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that k; := % > 2!, We have that there is an inverse limit of unit intervals

7 = ln((0. 1], )

which is not C-homeomorphic to any I, for all z € X4, where || I, is the
z€X 4
spectrum of the diagonal Cartan subalgebra of A, as in Theorem [5.2.1] Let the
set of eigenvalue functions corresponding to the standard homomorphism ¢; be
Fi={dgi,..., g}g} Replace any one of the functions by h;. Replace two more func-
tions by the functions g(¢) = £ and h(t) = 51, and keep whatever functions have

not been replaced the same. Call this new set of functions G; = {w}, ..., w}_}.

Let B = lén( [0, 1)® M, 1;) where the 1);’s are the standard homomorphisms with

assomated eigenvalue functions the elements of G;. The existence of the eigenvalue
functions g and h ensure injectivity of the connecting maps (as the union of these
functions’ images is [0, 1]), and Lemma 1.2 in |77] ensures (by using the functions

g and h) that we get simplicity of B.

We have the following commutative diagram:

Ko(Cl0,1] @ My,) “22 Ko(C[0,1] @ My,) =2 ..

Ko(x1) Ko(x2) Ko(m( Z; 3 Ko(A)

Ko(M,,) — =20 Ro(M,,) —2e2) .

5 o

Ko(My) — 000 g gy —f00) “i'/ )

o) Kolx) K“i’i;?"j\i\ 3 Ko(B)
Ko(C[0, 1] @ M,,) ™ Ko(C[0,1] @ M,,) =2

In the diagram, u; : C[0,1]® M,, — A and p; : C[0,1]® M,,, — B are the canonical
injections of the building blocks into the respective inductive limits, y; is the map
given by evaluation at 0, x; : M,, — CI0,1] ® M,, is the map sending a to the
continuous function with constant value a, and up to Ky, these are isomorphisms

and inverses of each other.
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Indeed, for s € [0, 1] the *-homomorphism ¢, : C[0, 1] ® M,,, — C[0,1] ® M, given
by ¢s(f)(t) = f(st) defines a homotopy between X; o x; and idcp 1o, It is clear
that x;oX; = idp,, . Hence by Proposition it follows that up to K these are

inverses of each other.

The «;’s and 3;’s are the induced maps that make the diagram commutative. Q(m)
is the subgroup of QQ associated to the supernatural number m corresponding to
the inductive limit of the matrix algebras M,,’s, as in Proposition [2.3.23] and the

Tn, S are the normalized matrix traces. The isomorphisms v; and v, are the ones

induced in (2.25) in the proof of Proposition [2.3.23| (where they are what is go f~*
in (2.25))). Hence we get an isomorphism

do =" om : Ko(A) = Ko(B).
The diagram shows that

Go(Ko(:)([Plo = [glo)) = [pi(p)]o = [pi(@)]o,

and by Proposition this is enough to determine the isomorphism.

Now we determine an affine isomorphism ¢r : Tp — Ta, where Ty (1) is the
simplex of tracial states on A (B). Note that the conditions of Lemma 4.1 in [77]
are satisfied. Indeed, if P, is the center-valued trace appearing in that lemma, then

P, o ¢; — P, 0 1); has a factor ﬁ < 270+ appearing (as P, is normalized), and so

the sum ) || P; 0 ¢; — P;0;|| is finite. Hence by Lemma 4.1 in [77] there is an affine
i=1

isomorphism ¢p : Tp — T4 satisfying, for all i € N, 7 € T, and a € C[0,1] ® M,,,

¢r(7)(pi@)) = norm — lim; 07 (p;(¢;.:(a)))-

Now note that for g = Ko(u;)([plo — [q]o) € Ko(A) and 7 € T we have that

(Po(g), ) = 7(pi(p)) — T(pi(q))

(where the definition of (-,-) is given in Definition 1.1.10 in [43]). On the other
hand, we have that

{9, ¢ (7)) = norm —lim; o7 (p;(¢;:(p))) — norm — lim;o07(p;(05:(9)))- (5.12)

Now note that we may choose the p and ¢ in the definition of g to be diagonals

with entries either constant map 0 or constant map 1, as the trace of the projection
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determines the element in Ky(A;)*. Since ¢;; and 1);,; are standard maps, they

would agree on such projections and so we may replace ¢, in (5.12) by ;. Hence
(5.12) simplifies to 7(p;)(p) — 7(p;)(q) and so we have

(00(9),7) = (g, 1 (7))-

By Theorem 2 in [18|, we have that
A= B.

By Lemma [5.2.3| and Theorem [5.2.1] we have that the diagonal Cartan subalgebra
of B has in its spectrum a connected component homeomorphic to 7', whereas T
is not homeomorphic to any connected component of the spectrum of the diagonal
Cartan subalgebra of A. Hence these Cartan subalgebras have non-homeomorphic

spectra and thus are not isomorphic. Therefore uniqueness fails. O

Remark 5.2.9. There are endless examples of Al-algebras belonging to A of Def-
inition [5.2.6] In fact it is not immediately clear whether any simple and unital
Al-algebra does not belong to the class A. Such an algebra would have a diagonal
Cartan subalgebra whose spectrum contains connected components covering every

possible inverse limit of the unit interval, up to homeomorphism.



Chapter 6

Outlook

The research we have conducted and the statements we have proved open up further
questions which arise naturally. The first question is with regards to existence of
A X-Cartan subalgebras, but for more general topological spaces X. Indeed the
motivation comes from the remarkable reduction theorem, due to Gong, Jiang, Li
and Pasnicu in [28|, regarding AH-algebras with the ideal property and bounded

dimension growth.

Definition 6.0.1. An AH-algebra is an inductive limit C*-algebra A = lim (A, ¢,)
where each building block is of the form

N(n)
Ap = EB Py (O(Xn,j) ® MNJ)P”J
j=1

where the X, ;’s are compact metric spaces and the P, ;’s are projections in C'(X,, ;)®
M,,;. A is said to have the ideal property if every closed two-sided ideal of A is gen-
erated as a closed two-sided ideal by its projections. A is said to have bounded
dimension if the supremum of the dimension across all topological spaces X,, ; ap-

pearing in all summands is finite.
The authors of [28| prove:

Theorem 6.0.2. Let A be an AH-algebra with the ideal property and bounded di-
mension. Then A is isomorphic to the AH-algebra B = lig(Bm,@bm) where each
building block is of the form

N(m)
=1

172
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where each Y, ; is one of: {pt}, [0,1], T, S?, Trr s or Trirx (where Trpy. is a finite
connected simplicial complexr with H (Tyrx) = 0, H*(Tr1r) = Z/kZ, and where
Tk is a finite connected simplicial complex with H (Tyirx) = 0, H*(Trirx) =
0, H¥(Ti110) = Z/KZ).

A natural first question that follows from this reduction theorem is the following:

Question. What can be said about *-homomorphisms C(X) ® M, — C(X) ®@ M,,
where X is one of the spaces Trr, Trirr or S? (as we have already covered the
cases when X is {pt}, [0,1] and T). Specifically, are mazimally homogeneous maps
dense in such connecting maps? Can we obtain a similar result as that in Lemma
[4.4.97 If this is the case, can this also be generalized to direct sums and if so can
we get existence of AX-Cartan subalgebras when X is one of Trr, Trrrg or 529
If so, can this be extended to corners of the building blocks, and thus by Theorem
can we get existence of AH-Cartan subalgebras in AH-algebras?

There are a lot of hindrances in our current methods when it comes to the above
question. For example, when one wants to pass from one summand to direct sums
one relied on Lemma which needed that C'(X) had stable rank one. This will
not hold for the higher dimensional simplicial complexes. Another hindrance is how
to approximate an injective connecting map by an injective maximally homogeneous
one. We made use of the fact that X was imbedded in C which will not be the
case for the higher dimensional simplicial complexes. From this it seems that novel

methods must be created in order to answer the question above.

There are many questions that relate directly to the uniqueness results we obtained

in Chapter [5] One particular question is:

Question. Does the class A that appears in Theorem contain all stmple and
unital Al-algebras with unital and injective connecting maps? In other words, does
there exist such an Al-algebra whose diagonal Cartan subalgebra has spectrum with
connected components exhausting all inverse limits of the unit interval, up to home-

omorphism?

An affirmative answer to the first question (equivalently a negative answer to the
second question) would lead to the result that in any unital simple Al-algebra one
may find a pair of non-isomorphic Al-Cartan subalgebras. Note that when studying
uniqueness we focused on the diagonal Cartan subalgebra obtained by choosing the
diagonal subalgebra as our Cartan subalgebra in every Al-building block. Of course,

a natural question arising out of this is the following:

Question. Is there a good description of the spectrum for an arbitrary AI-Cartan
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subalgebra? Using Barlak and Li’s work in [§], and which was described in Section
is there a good description of the étale twisted groupoids corresponding to Al-
Cartan subalgebras (with injective and unital connecting maps) in general? What

about AT-Cartan subalgebras?

Our assessment is that it should be rather straightforward to analyse the twisted
groupoids that correspond to arbitrary Cartan subalgebras of Al-building blocks.
This is because we can make use of a result similar to Lemma 4.3.2] but for Al-
building blocks (which will mean there will be no permutations needed to glue the
endpoints as was necessary for the circle case). These can then be used to analyse
the connecting maps at the groupoid level. Thus by following the constructions
presented in Section one would expect to be able to obtain groupoid models for
the Al-Cartan subalgebras. Of course, the circle case is expected to be trickier as
the matrix units of Lemma have to be glued in the right way at the endpoints

which will make the groupoid analysis much more technical.

Another question that arises from our research, and which was brought to our
attention by Xin Li, relates to Proposition [4.1.5}

Question. Does the condition on the connecting maps mapping normalizer set into
normalizer set, and being compatible with the conditional expectations, as in Propo-
sition [4. 1.3, follow directly from the condition that the connecting map should map
a Cartan subalgebra into a Cartan subalgebra, for the class of AI and AT-algebras?

In which classes of inductive limit C*-algebras does this hold?

In fact it is not too difficult to check that if the connecting maps for AF-algebras map
a Cartan subalgebra into a Cartan subalgebra, then the other conditions about the
normalizer sets and conditional expectations follow automatically. If the answer to
the above question is affirmative then our proofs in Chapter [, which show that the
relevant connecting maps take normalizer set into normalizer set and are compatible
with the conditional expectations, would not be necessary and so greatly simplify
the work. We assess that the answer to the question is most likely affirmative, as

the analysis can be performed pointwise, and for AF-building blocks this is true.

Departing slightly from the scope of our research, an interesting question, which
was brought to our attention by Hannes Thiel, relates to finding inductive limit
Cartan subalgebras in inductive limits of Robert’s building blocks. Indeed, in [66],
Robert classifies C*-algebras that are stably isomorphic to inductive limits of one-
dimensional noncommutative CW complexes that have vanishing K; group. The
invariant is the Cuntz semigroup which generalizes K-theory. A relevant question

is the following:
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Question. Can one, using Cartan subalgebras of Robert’s building blocks, find an

inductive limit Cartan subalgebra of the inductive limit of Robert’s building blocks?

An affirmative answer to this would generalize the Al results, as these are examples
of this setup, but would also give new examples not covered in our methods, such

as the Jiang-Su algebra. We aim to work on the questions above in the near future.
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