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Abstract

This thesis collates, extends and applies the abstract theory of W*-bundles. Highlights
include the standard form for W*-bundles, a bicommutant theorem for W*-bundles, and
an investigation of completions, ideals, and quotients of W*-bundles.

The Triviality Problem, whether all W*-bundles with fibres isomorphic to the hyper-
finite II; factor R are trivial, is central to this thesis. Ozawa’s Triviality Theorem is
presented, and property I' and the McDuff property for W*-bundles are investigated thor-
oughly. Ozawa’s Triviality Theorem is applied to some new examples such as the strict
closures of Villadsen algebras and non-trivial C'(X)-algebras. The solution to the Triviality
Problem in the locally trivial case, obtained by myself and Pennig, is included.

A theory of sub-W*-bundles is developed along the lines of Jones’ subfactor theory. A
sub-W*-bundle N' C M encapsulates a tracially continuous family of subfactors in a single
object. The basic construction and the Jones tower are generalised to this new setting and

the first examples of sub-W*-bundles are constructed.



Acknowledgements

I would like to thank:
e Stuart for his guidance, support and friendship throughout the PhD.
e My family and friends back home for keeping me going when times were hard.

e Aaron Tikuisis, Joan Bosa, Jorge Castillejos, Dave McConnell and Ulrich Pennig
for sharing my excitement about W*-bundles and for the many helpful discussions

during the PhD.

e All the members of the Analysis Group in Glasgow for their encouragement and

advice week in, week out.

e The Non-Commutative Geometry Group at the University of Miinster for making

me feel welcome during my stay.

e Xin Li and Mike Whittaker for taking time out of their busy schedules to read this

thesis.

e The Glasgow University Mountaineering Club for giving me a life outside mathe-

matics.
e Andy and Luke for organising most of YFAW, while I wrote this thesis.
e Jorge for his friendship and proof-reading skills.

e Sarah, Jamie, Sgren and all the other amazing people I've met on this adventure.



Declaration

I declare that, except where explicit reference is made to the contribution of others, this
thesis is the result of my own work and has not been submitted for any other degree at

the University of Glasgow or any other institution.



Contents

1 Introduction 9
2 Preliminaries 15
2.1 Completeness in Topological Vector Spaces . . .. .. ... ... ...... 15
2.2 The Strong Operator Topology . . . . . . . . . . . ... ... ... ..... 16
2.3 Topologieson B(H) . . . . . .. it 18
2.4 C*-Algebras . . . . . . . 19
2.5 Completely Positive Maps . . . . . . . . . . . .. 20
2.6 Representations of C*-Algebras and the GNS construction . . . . . .. ... 24
2.6.1 States and the GNS construction . . . . .. .. ... ... ... ... 24
2.6.2 The GNS Construction for Traces . . . . ... .. ... ... .... 27

2.7 Von Neumann Algebras . . . . . .. ... ... ... . 29
2.8 Finite von Neumann Algebras . . . . . . . . . .. ... ... ... .. 31
2.8.1 Projections in von Neumann Algebras . . . .. ... ... ... ... 32
2.8.2 Finite von Neumann Algebras and Traces . . . . .. ... ... ... 33
2.8.3 Tracial von Neumann Algebras . . . . . ... ... ... ... .. ... 35

2.9 The Bidual of a C*-Algebra and its Finite Part . . . . . . .. ... ... .. 38
2.10 Choquet Theory and Trace Simplices . . . . . . . . . . .. ... ... .... 42
2.10.1 General Theory . . . . . . . . . . 42
2.10.2 The Trace Simplex . . . . . . . . . . . 44

2.11 Hilbert-C'(X)-Modules and Adjointable Operators . . . .. ... ... ... 46
2.11.1 Hilbert-C(X)-Modules . . . . . ... ... ... ... ... 46
2.11.2 Adjointable Operators . . . . . . . . . . .. .. .. ... ... ... 51
2.11.3 The Strict Topology . . . . . . . . .. . . 55

2.12 General Topological Bundles . . . . .. .. .. ... ... ... ....... 61



6 CONTENTS
2.12.1 Bundles and Sections . . . . . .. ... oL L 62
2.12.2 Bundles of Normed Spaces . . . . . . ... ... ... ... ..... 63
2.12.3 Constructing Continuous Sections . . . . . . . . .. ... ... ... 66

3 An Introduction to W*-Bundles 73

3.1 Definitions and Examples . . . . .. .. ... 0 oL 73
3.2 The Basic Theory of W*-Bundles . . . . . .. ... ... ... ........ 78
3.2.1 The Fibresof a W*-Bundle . . . .. ... ... ... ... .. .... 79
3.2.2 The Standard Form of a W*-Bundle . . . . . ... ... ... .... 85
3.2.3 The Strict Topology on a W*-Bundle . . . . . . .. ... ... .. .. 89

3.3 W*-Bundles from C*-Algebras. . . . . .. . ... ... .. ... ..., 93
3.4 Further Theory of W*-Bundles . . . . ... ... ... ... ... ...... 97
3.4.1 Morphisms . . . . ... 97
3.4.2 Ideals and Quotients . . . . . . . . . . .. ... ... .. 104
3.4.3 Completions . . . . . . .. 109

3.5 Standard Form Revisited . . . . .. .. .. ... ... ... ... ... .. 113
3.5.1 Functoriality . . . .. .. . .. . 114
3.5.2 Commutant Theorems . . . . . . .. ... ... .. ... ....... 118

3.6 The Topological Viewpoint . . . . . . . ... ... ... ... ... 119
3.6.1 Bundles of Tracial von Neumann Algebras . . . . . ... ... .. .. 119
3.6.2  W*-Bundles vs Bundles of Tracial von Neumann Algebras . . . . . . 121
3.6.3 Constructing Continuous Sections . . . . . . .. ... ... ..... 130

4 The Triviality Problem for W*-Bundles 133
4.1 Ogzawa’s Triviality Theorem . . . . . .. . ... .. .. .. ..., 134
4.2 Tensor Products and Ultrapowers of W*-bundles . . . . . .. ... ... .. 135
4.2.1 Tensor Products . . . . .. ... .. ... L o 135
4.2.2  Inductive Limits and Infinite Tensor Products . . . . . . . . ... .. 138
4.2.3 URrapowers . . . . . . . o o v vt e e e e e 141

4.3 Property I' for W*-Bundles . . . . . .. .. .. ... oL 143
4.4 The McDuff Property for W*-Bundles . . . . . . ... .. ... ... .... 152
4.5 A Proof of Ozawa’s Triviality Theorem . . . . . . . . . ... ... ... ... 157
4.6 Applications of the Triviality Theorem . . . . . . . . . ... ... ... ... 167

4.6.1 Finite-Dimensional Base Spaces and Jiang—Su Stability . . . .. .. 168



CONTENTS

4.6.2 AH Algebras with Diagonal Connecting Maps . . . . . . .. ... ..
4.6.3 Non-Trivial C'(X)-Algebras . . . . . . ... ... ... ... .. ...
4.7 Locally Trivial W*-Bundles . . . . . . . . . ... .. ... ... .......

4.7.1 The Automorphism Group of a II; Factor . . . . .. ... ... ...

4.7.2 Locally Trivial W*-Bundles and Principal Bundles . . . . . ... ..
4.7.3 Non-Trivial, Locally Trivial W*-Bundles . . . . . . ... ... .. ..

5 The Theory of Sub-W*-Bundles

5.1 A Primer on Subfactor Theory . . . . . ... .. ... . ... ... .....

5.2 Basic Definitions . . . . . . . . . e e e

5.3 An Existence Theorem . . . . . . . . . . . . .

5.4 Expected Sub-W*-Bundles . . . . . . .. .. ... o L

5.5 Standard Form and the Basic Construction . . . . ... . ... ... ....

5.6 Generalised W*-Bundles . . . . . . . . . ...

5.7 The Iterated Basic Construction . . . . . . . . . . . . . ... .. ... ...

5.8 Continuity of Index . . . . . . . . .. Lo
5.9 The Family of Subfactors Rg CR . . . ... ... ... ... ......

5.10 Outlook

References

170
173
174
175
176
180

183
183
185
187
189
191
194
199
205
206
208

211



CONTENTS



Chapter 1

Introduction

Operator algebras are *-subalgebras of B(H ), the *-algebra of bounded linear operators
on a Hilbert space H with involution given by adjoints. C*-algebras arise if one considers
uniformly-closed *-subalgebras, von Neumann algebras if one considers pointwise-closed
*-subalgebras. Via spectral theory, commutative C*-algebras with identity are isomorphic
to the algebras C'(X) of continuous functions on some compact Hausdorff space X whereas
von Neumann algebra correspond to L>°(X) for some measure space X. Accordingly, the
study of C*- and von Neumann algebras are often called non-commutative topology and
non-commutative measure theory respectively.

The key objects of study in this thesis, W*-bundles, transcend the divide between von
Neumann algebras and C*-algebras, behaving locally like the former and globally like the
later. This thesis collates, extends and applies the abstract theory of W*-bundles. But
first, we need to set the scene.

W*-bundles were introduced by Ozawa in [62], motivated by recent progress in the
classification programme for C*-algebra. This background, although not logically neces-
sary for understanding the thesis, has been included for completeness, for motivation, and

to underline the importance of W*-bundles.

Towards W*-bundles

Questions of structure and of classification are central to the study of operator algebras.
First considered in the von Neumann setting, this goes back to the original papers of Mur-
ray and von Neumann [59]. However, the full picture only emerged after the Fields Medal
winning work of Connes in the 1970’s. In a ground-breaking combination of deep insight

and technical expertise, Connes was able to establish the uniqueness of the amenable Iy

9
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factor R [11]. Subsequently, he was able to classify almost all amenable factors with the
one remaining case resolved later by Haagerup [33].

The following theorem of 2015 is the culmination of a 40 year endeavour to develop a
classification result for amenable, simple C*-algebras analogous to the Connes—Haagerup
classification for amenable factors. This programme was spearheaded by the work and
insight of Elliott [20], and the final result encompasses and extends both the celebrated
classification theorem of Kirchberg—Philips [46] and the classification of the inductive limit

algebras considered by Elliott—Gong-Li [21].

Theorem 1.1. [22, 28, 84] The class of unital, simple, separable, infinite-dimensional
C*-algebras of finite nuclear dimension which satisfy the universal coefficient theorem is

classified by K-theory and traces.

Of great interest here is that, in the C*-setting, mere amenability does not suffice, as
counterexamples of Rgrdam [72] and Toms [87] lay bare. The stronger hypothesis that
the nuclear dimension, a non-commutative extension of covering dimension developed by
Winter and Zacharias [97], is finite must be shown before the classification result can be
applied.

This leads to the problem of establishing finite nuclear dimension in natural examples.
Powerful but ad hoc methods exist in certain special cases. A more abstract approach
to this problem is offered by the Toms—Winter Conjecture [89], which predicts that the
dichotomy between finite and infinite nuclear dimension is also witnessed by other very

different properties.

Conjecture 1.2 (The Toms—Winter Conjecture). Let A be a unital, simple, separable,

amenable, infinite-dimensional C*-algebra. The following are equivalent:
(i) A has finite nuclear dimension;
(ii) A absorbs the Jiang—Su algebra Z tensorially, i.e. AR Z = A;
(iii) A has strict comparison.

Tensorial absorption properties, like condition (ii) of the Toms—Winter Conjecture,
have a long history in the theory of operator algebras. This goes back to the work of McDuff
in the von Neumann setting, who considered II; factors that absorb the hyperfinite Iy

factor R tensorially [55,56]. Tensorial absorption of the Cuntz algebra O, is fundamental
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in the proof of the Kirchberg—Phillips Theorem and in the study of non-simple purely
infinite C*-algebras [46].

The Jiang—Su algebra Z arrived on the scene at the turn of the millennium, and can
be viewed as a counterexample to early forms of the Elliott conjecture because it has the
same K-theory and traces as the complex numbers yet is not isomorphic to them.! Ten-
sorial absorption of the Jiang—Su algebra is intimately related to K-theoretic classification
because, under weak hypotheses on the C*-algebra A, the K-theory and traces of A and
A ® Z will be identical [37].

The third condition in the Toms—Winter Conjecture also has a genealogy dating back to
the foundation of the field, more precisely to Murray and von Neumann’s discovery that
the order on equivalence classes of projections in a II; factor is completely determined
by the trace [59]. Whilst for finite von Neumann algebras it is always true that traces
determine the order of projections, the analogue in the C*-setting can fail, leading to the
regularity property of strict comparison.

The implications (i) = (ii) = (iii) of the Toms—Winter Conjecture were proven by Win-
ter and Rgrdam respectively [73,95]. It is the recent progress on the reverse implications,
which has lead to the theory of W*-bundles.

The breakthrough came in 2012 when Matui and Sato managed to prove (iii) = (ii) in
the case where A has finitely many extreme traces [52]. The key idea was to consider the
von Neumann algebras 7.(A)” coming from the GNS representations of A with respect
to extreme traces. The hypotheses on A suffice to show that 7,(A)” is an injective II;
factor with separable predual, so m(A)” =2 R by Connes’ Theorem [11]. Matui and Sato
then developed powerful techniques to lift structural properties from R, which is well
understood, to the C*-algebra A.

The implication (ii) = (i) was shown to hold when A has a unique trace by Sato,
White and Winter in [78], building on the work of Matui and Sato [53]. Once again, von
Neumann algebras and von Neumann algebraic ideas were fundamental, in particular the
fact that the von Neumann algebra 7, (A)” coming from the GNS representation of A with
respect to the unique trace is isomorphic to R by Connes’ Theorem.

The assumption of a unique trace, or even that of finitely many extreme traces, is a

strong one. In general, the trace space T(A) of a C*-algebra A, when non-empty, is a

Note the assumption infinite-dimensional in Theorem 1.1: the Jiang-Su algebra is infinite-dimensional,

the complex numbers are not.
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Choquet simplex, a compact convex set where every point can be uniquely represented as
the barycentre of a probability measure concentrated on the set of extreme points 9.7 (A).
Moreover, all metrisable Choquet simplices occur as the the trace space of some simple,
unital, approximately finite-dimensional (AF) C*-algebra [29].

The concept of a W*-bundle has its roots in the efforts to prove that (iii) = (ii) in the
Toms—Winter Conjecture for more general trace simplices. The basic idea was to view an
element a of the C*-algebra A as a section of a bundle-like object over the space of extreme
traces 0.1 (A) with a(7) := m(a). This viewpoint allowed (iii) = (ii) to be proven in the
case that 0.1 (A) was compact and of finite covering dimension [47,77,88].

Ozawa then formalised this intuition in [62]. His crucial insight was to consider not
the C*-algebra A but a certain tracial completion A™. Now the fibres of the bundle were
precisely the von Neumann algebras 7.(A)” and so all isomorphic to R in the setting of
the Toms—Winter Conjecture. Ozawa then noticed that the tracial completions A™ could
be studied from an axiomatic view point, the key axiom being a form of completeness. In
short, he defined W*-bundles.

The conceptual framework of W*-bundles bore fruit in [5], where it was proven that
(ii) = (i) in the Toms—Winter Conjecture whenever 0.7 (A) is compact. This paper also
contributed to the abstract theory of W*-bundles, introducing morphisms, tensor products
and ultrapowers of W*-bundles for the first time.

In the language of W*-bundles, the role of finite covering dimension in [47,77,88] also
becomes clearer. When the base space X of a W*-bundle with fibres R has finite covering
dimension, the bundle is in fact a trivial bundle. This trivialisation can be viewed as a
global version of Connes’ Theorem, ensuring that the isomorphisms 7 (A)” = R for each
7 € 0.T(A) can be chosen in a consistent manner. In [62], Ozawa asks whether all W*-
bundles with fibres R are trivial. The locally trivial case was answered positively in [23]

by myself and Pennig; the general case remains elusive.

Thesis Structure

This thesis is structured as follows. After recalling some necessary preliminary results in
Chapter 2, we set out the abstract theory of W*-bundles in Chapter 3, building on the
work of [62] and [5], but also filling in details not contained in these papers such as the
standard form of a W*-bundle and the theory of completions, ideals and quotients. In

Chapter 3, we also develop an alternative topological viewpoint for W*-bundles based on
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the notion of Banach bundles from [26], expanding on the viewpoint set out in my joint
paper with Pennig [23].

Chapter 4 is devoted to the triviality problem for W*-bundles. We present Ozawa’s
Triviality Theorem [62, Theorem 15] and investigate property I" and the McDuff property
for W*-bundles. We discuss the known applications of Ozawa’s Triviality Theorem to
finite-dimensional base spaces and Z-stable C*-algebras, before applying it to some new
examples such as the strict closures of Villadsen algebras and non-trivial C'(X)-algebras.
Chapter 4 ends with a discussion of the locally trivial case, which me and Pennig solved
in [23].

In Chapter 5, we leave the familiar territory of the classification programme for C*-
algebras, in which W*-bundle theory was born, in favour of the exciting world of subfactor
theory. After recalling the necessary background material in Section 5.1, we develop the
theory of sub-W*-bundles following the path trodden by Jones for subfactors in his seminal

paper [38].
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Chapter 2

Preliminaries

The purpose of this chapter is to set notation and introduce some of the axillary concepts
that will be used in the course of the thesis. We assume that the reader has a solid
grasp of the fundamentals of general topology [44,57] and functional analysis [75,79,98].
In particular, we assume the reader is has experience with topologies defined on vector
spaces by a norm or a family of seminorms, and they have studied the theory of Banach
and Hilbert spaces in some detail.

We also assume the reader has some familiarity with the theory of operator algebras
(for example [58, Chapters 1-6]). The material is this chapter should be viewed as supple-

mentary, not a self-contained introduction to the field.

2.1 Completeness in Topological Vector Spaces

Completeness is a fundamental concept in analysis. We assume the reader is familiar with
the definitions of completeness for metric spaces and, in particular, normed vector spaces.
However, the existence of a metric is not essential in order to define completeness. The
correct notion is that of a uniform space, which lies somewhere between that of a metric
space and a topological space. We shall suppress an in depth discussion of uniform spaces
in general, referring the interested reader to [44, Chapter 6], and focus instead on the
special case of subsets of a topological vector space.

Fix a topological vector space V. For any x¢ € V, the translation x — x 4+ z¢ is a
homeomorphism mapping 0 to xg. This allows one to use the open neighbourhoods of 0,
to define a uniform notion of size in the topological vector space. This can be formalised

using the language of uniform spaces [44, Chapter 6] or be taken as motivation for the

15
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following definition.

Definition 2.1.1. Let A be a subset of a topological vector space V. A net (z))xea in
A is Cauchy if, for any open neighbourhood U of 0 in V, there exists A\g € A such that

Ty, — T, € U whenever A1, Ay > Ag.

This definition is easily seen to be equivalent to the requirement that xz) —x, — 0
as (A, u) — oo, where the net is indexed by the directed set A x A. The definition of

completeness can now be given.

Definition 2.1.2. The subset A of a topological vector space V is complete if all Cauchy

nets in A converge in A.

If the topological vector space V is first countable, then there is no loss of generality
if just Cauchy sequences are considered. The definition above, therefore, extends the

standard definition of completeness for subsets of a normed vector space.

2.2 The Strong Operator Topology

Let V be a normed vector space and B(V') denote the normed algebra of bounded operators
on V. We recall that the strong operator topology on B(V') is the topology induced by the
family of seminorms {|| - ||, : v € V'}, where ||T'||, = ||Tv||. The strong operator topology
is weaker than the topology induced by the operator norm.

It is well-known that when V' is complete, then B(V) is complete in operator norm.
The following completeness result is less well-known, perhaps because it requires the more

general notion of completeness discussed in Section 2.1.

Theorem 2.2.1. Let V' be a Banach space. The unit ball of B(V') is complete with respect

to the the strong operator topology.

Proof. Let (T)\)aeca be a Cauchy net in the unit ball of B(V') with respect to the the strong
operator topology. Then for all v € V, (Thv)xea is a Cauchy net in V, so has a limit.
Define T : V — V by v — limy Thv.

The linearity of each T ensures the linearity of 7. Since ||T)\|| < 1 for all A € A, we
have [|[Thv|| < |lv|| for all v € V and A € A. Hence, ||Tv|| < ||v| for all v € V, and so
IT]] < 1. Thus, T is in the unit ball of B(V'). By construction, 7\ — 7 in the strong

operator topology. O
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From the completeness of the unit ball, the completeness of all norm-bounded sets
which are closed in the strong operator topology follows. Since we shall often be working
with the strong operator topology restricted to norm-bounded sets, we record the following

well-known result.

Proposition 2.2.2. Let V be a normed vector space and let A be a bounded subset of
B(V). Suppose the span of S is dense in V. Then the strong operator topology on A is

induced by the family of seminorms {|| - ||, : v € S}

Proof. We have ||T |t = T + p) | = | XTv + uTuwl] < AT} + |l Tl So the
topologies induces by the families of seminnorms {|| - ||, : v € S} and {|| - ||, : v € span(S)}
are the same. Without loss of generality, we may, therefore, assume that S is a dense
subspace of V.

Suppose (T'A)rea is anet in A, T € A and ||T\ — T||, — 0 for all v € S. Since A is
bounded there is M > 0 such that [|T)|| < M and |T|| < M. Let v € V and € > 0. There
is u € S such that ||u —v|| < 357 and Ao € A such that ||T) —T'|, < § whenever A > Ao.
We then have

|Tn — Ty = || Thv — T (2.2.1)
= ||Thv — Thul| + || Taw — Tul|| + ||Tw — Tv|| (2.2.2)
< NTallllo = wll + 173 = Tl + 1 T[|u — o (2.2.3)
€ € €
<Mt S MS 2.2.4
3SM * 3 + 3M ( )
— e (2.2.5)

whenever A > A\g. So T, — T in the strong operator topology. Since the convergence of

nets determines the topology, this completes the proof. O

In fact more is true. The family of seminorms {||-||, : v € S} induces the same uniform
structure on A as {|| - ||, : v € V'}. Since we are only interested in Cauchy sequences and

completeness, we just record the following.

Corollary 2.2.3. Let V' be a normed space and let A be a bounded subset of B(V'). Suppose
the span of S is dense in V. A net (TA)xep in A is Cauchy if and only if | T\ — Ty, — 0

as (A, ) = oo for allv € S.

Proof. The set of differences A — A is also bounded. So we can apply the proposition

above to the net (T — Tp.)(x u)eaxa- -



18 CHAPTER 2. PRELIMINARIES

2.3 Topologies on B(H)

In this thesis, all Hilbert space will be complex and the inner product will be taken to be
linear in the first entry. We shall denote the C*-algebra of bounded operators on a Hilbert
space H by B(H).! In preparation for our discussion of von Neumann algebras, we record

here the additional topologies on B(H) and the preferred names used in this thesis.

Definition 2.3.1. Let H be a Hilbert space. Write H(*) = @,y H and T(®) € B(H())
for the infinite diagonal inflation of 7' € B(H). We make the following definitions:

e The weak (operator) topology on B(H) is induced by the family of seminorms

1T

low = [(Tv, w)] (v,w e H). (2.3.1)

e The strong (operator) topology on B(H) is induced by the family of seminorms

1T || := T (ve H). (2.3.2)

e The strong* topology on B(H) is induced by the family of seminorms

[T} == [T (v H), (2.3.3)

Il = 7] (ve ). (2.3.4)

e The ultraweak topology on B(H) (also called o-weak in some references) is induced
by the family of seminorms

1T 00,00 := (T, w)| (v,w € H®). (2.3.5)

e The ultrastrong topology on B(H) (also called o-strong in some references) is induced
by the family of seminorms

T ||o,00 = [ T0]| (ve H®). (2.3.6)

e The wultrastrong* topology on B(H) (also called o-strong* in some references) is in-

duced by the family of seminorms

1T lo,c0 = 1T (v e H™), (2.3.7)

1T om0 = | T 0 (v e H®). (2.3.8)

'On occasion, we will also write £L(H) for the space of bounded operators for compatability with the

notation for Hilbert modules (see Section 2.11).
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All the topologies defined in Definition 2.3.1 are weaker than the norm topology. The

relationships between the topologies are set out in the following diagram

ultraweak < ultrastrong < ultrastrong”® (2.3.9)
V \% \Y
weak < strong < strong™*,

where < means weaker than. When restricted to norm-bounded subsets of B(H), the
weak, strong and strong* topologies agree with the ultraweak, ultrastrong and ultrastrong*
topologies respectively. For a detailed examination of the properties of the topologies
defined in Definition 2.3.1, the reader is referred to [82, Section II1.2] or [4, Section 1.3]. We
record only the following corollary of Theorem 2.2.1, which is of particular importance to

this thesis.

Corollary 2.3.2. Let H be a Hilbert space. The unit ball of B(H) is complete with
respect to the strong operator topology, the strong® topology, the ultrastrong topology, and
the ultrastrong®™ topology.

Proof. On bounded sets, the ultrastrong topology agrees with the strong operator topology
and the ultrastrong* topology agrees with the strong® topology. Thus, we only need to
deduce the result for the strong*-topology.

Let (T)\)aea be a Cauchy net in the unit ball of B(H) with respect to the the strong*
topology. Apply Theorem 2.2.1 to both (T))xea and (75)aea, and denote the limits of the
these nets in the strong operator topology 7" and S respectively. Since (Thv,w) = (v, Tyw)
for all v,w € H and A € A, we have, after taking limits, (Tv, w) = (v, Sw) for all v,w € H.

Hence S = T* and (T))xea converges to T in the strong® topology. O

Remark 2.3.3. From the completeness of the unit ball, the completeness of all norm-
bounded, sets closed in the topology in question follows. The analogous results for the

weak operator topology and ultraweak topology also hold [4, Section 1.3.2.2].

2.4 C*-Algebras

We assume the reader is familiar the basics of C*-algebras including the theory of inductive

limits and tensor products [58, Chapters 1-6]. All C*-algebras in this thesis are complex.
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We shall denote the self-adjoint elements of a C*-algebra A by As, and the positive elements
by A..

One basic fact about C*-algebras that will be used particularly often is that injective
*-homomorphisms between C*-algebras are necessarily isometric [58, Theorem 3.14]. Also
worthy of particular emphasis is the following lifting result, which can be found in [74,

Section 2.2.10].

Proposition 2.4.1. Let A, B be C*-algebras and ¢ : A — B be a surjective *-homomorphism.
Given b € B, call any a € A with ¢(a) = b a lift of b.

(i) Any b € B has a lift a € A with |la]| = ||b]|.
(ii) Any b € Bs, has a lift a € Aga with ||a|| = ||b]|.
(i1i)) Any b € By has a lift a € Ay with ||a|| = |||

Although fundamental to the classification programme for C*-algebras, nuclearity will
only play a minor role in this thesis. The following brief overview will suffice.

A C*-algebra A is said to be nuclear if there is a unique C*-norm on the algebraic
tensor product A ®a1, B, and so a unique C*-tensor product A ® B, for all C*-algebras
B. Nuclearity can equivalently be viewed as a form of amenability [12,32] or a finite
dimensional approximation property [9,45]. The class of nuclear C*-algebras includes the
finite-dimensional C*-algebras and the commutative C*-algebras. Moreover, the class of
nuclear C*-algebras is closed under tensor products, inductive limits, and extensions. For

further details on nuclearity, the reader is referred to [6, Chapters 2-3].

2.5 Completely Positive Maps

The most fundamental class of maps between C*-algebras are the *~homomorphisms. How-
ever, for some applications, *~-homomorphisms are too restrictive to be of use, and we turn
to the larger class of completely positive maps. In this section, we recall the basic results
about complete positive maps that will be used in this thesis. For further information on

complete positive maps, the reader should consult [64].

Definition 2.5.1. A bounded linear map ¢ : A — B between C*-algebras is said to be
positive if p(A,) C By. We say ¢ is completely positive if the map ¢(™ : M,,(A) — M, (B)

given by (ai;) — (¢(ai;)) is positive for all n € N.
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The first examples of completely positive maps are the *-homomorphisms. Indeed,
any *-homomorphism ¢ : A — B is positive because ¢(a*a) = ¢(a)*¢(a). Moreover, if
¢ : A — B is a *-homomorphism, then so is ¢(™ : M, (A) — M, (B) for every n € N.
Hence, ¢ is completely positive.

A second family of completely positive maps is the following: let A be a C*-algebra,
b € A and define ¢ : A — A by a — b*ab. The map ¢, is positive because ¢p(a*a) =
(ab)*(ab). Moreover, for all n € N, we have ¢\ ((a;;)) = (b*aib) = (b3y;)*(asj)(bdiy),
where (a;j) € M,(A) and §;; is the Kronecker delta. Thus, qﬁl(,") is a map of the same form
as ¢p. Therefore, ¢y is completely positive.

Finally, the class of completely positive maps is closed under positive linear combina-
tions and point norm limits because the set of positive elements in a C*-algebra is a closed
cone.

Since checking positivity of all matrix inflations of a maps, can be quite time consuming

and notationally messy, the following proposition is somewhat convenient.

Proposition 2.5.2. Let A, B be C*-algebras with B commutative. Then a map ¢ : A — B

is completely positive if and only if it is positive.

Proof. Let ¢ : A — B be positive. Without loss of generality, B = Cp(X) for some locally
compact Hausdorff space X. Then M, (B) = Cp(X,M,(C)). Since f € Cy(X,M,(C)) is
positive if and only if f(z) is positive for all x € X, we get that ¢ is completely positive
if and only if eval, o ¢ is completely positive for all z € X.

Hence, we have reduced the problem to the case B = C. Let & = (&1,...,&,)T € C*
and a = (a;;) € M,(A),. Then

(@"M(a)e,&) = > Gidlaij)§ (2.5.1)
1<i,j<n
= ¢( Z &ai&j) (2.5.2)
1<i,j<n
= ¢({"af) (2.5.3)
> 0. (2.5.4)
Therefore ¢(™ (a) € M,,(C)4. Hence, ¢ is completely positive. O

The reader should be warned that Proposition 2.5.2, fails dramatically without the
commutativity assumption. Indeed, the transpose map Ms(C) — Ms(C) is an example of

map that is positive but not completely positive (See [6, Proposition 3.5.1]).
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We now come to Stinespring’s Theorem, which describes the structure of a general

completely positive map.

Theorem 2.5.3. [6, Theorem 1.5.3] Let A be a unital C*-algebra and ¢ : A — B C B(H)
be a completely positive map. Then there exists a Hilbert space ﬁ, a *-homomorphism

7:A— B(H) and an operator V € B(H, H) such that
¢(a) =V*r(a)V (a € A). (2.5.5)
In particular, |[¢]] = [[VVI[ = [l¢(D)]].

Stinespring’s Theorem is proved by a generalisation of the GNS construction (see for
example [6, Theorem 1.5.3] or [64, Theorem 4.1]). An important corollary of Stinespring’s

Theorem is the following inequality.

Corollary 2.5.4. Let A be a unital C*-algebra and ¢ : A — B C B(H) be a completely

positive map. Then
¢(a)*¢(a) < ¢(a”a) (a € A). (2.5.6)
Proof. In the notation of Theorem 2.5.3, we have
d(a*a) — p(a)*¢(a) = Vir(a)" (15 —VV*)r(a)V >0 (2.5.7)
for all a € A. O]

Notation and Terminology 2.5.5. Following common practice, we introduce the fol-
lowing abbreviations to describe maps between C*-algebras: cp for completely positive,
cpc for completely positive and contractive, and ucp for unital and completely positive. It

follows from Theorem 2.5.3 that ucp maps are automatically cpc.

An important result on cpc maps, which will be used on a number of occasions in
this thesis, is the following lifting theorem of Choi and Effros [8, Theorem 3.10] (see
also [6, Theorem B.3]).

Theorem 2.5.6. Let A, B,C be C*-algebras with A nuclear and let ¢ : B — C be a
surjective *-homomorphism. Given a cpc map ¢ : A — C, there exists a cpc map ¢ : A —

B such that ¢ = qo ®.

We now consider a special case of completely positive maps: the conditional expecta-

tions.
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Definition 2.5.7. Let B C A be C*-algebras. A conditional expectation® of A onto B is

a completely positive contractive map E : A — B such that

E(b) =b (be B), (2.5.8)

E(bab') = bE(a)b' (a € A;b,b € B). (2.5.9)

The following theorem of Tomiyama is very convenient when determining if a map is
a conditional expectation. This result goes back to [85, Theorem 1]. The version stated

below is from [6, Theorem 1.5.9], where a proof can also be found.

Theorem 2.5.8. Let B C A be C*-algebras and E : A — B be a linear map satisfying
E(b) =0 for allb € B. Then the following are equivalent:

(i) E is a conditional expectation.
(i) E is completely positive and contractive.
(iii) E is contractive.

Another important class of completely positive maps are the completely positive order
zero maps. These maps were first introduced by Winter [94, Definition 2.1] in the special
case that the domain is finite dimensional. The general case of completely positive order

zero maps was investigated in [96].

Definition 2.5.9. A completely positive map ¢ : A — B between C*-algebras is said to

be order zero if, for all positive elements a,b € A4, ¢p(ab) = 0 whenever ab = 0.

In [96], Winter and Zacharias prove a structure theorem for completely positive order

zero maps [96, Theorem 3.3] and deduce the following result as a corollary [96, Corollary

4.1].

Theorem 2.5.10. Let A, B be C*-algebras and ¢ : A — B be a cpc order zero map. Then
the map given by py(id(o 1) ® a) := ¢(a) induces a *-homomorphism py : Co(0,1]® A — B.
Conversely, any *-homomorphism p : Cy(0,1] ® A — B induces a cpc order zero map
¢p : A = B wia ¢(a) := p(idp, ® a). These mutual assignments yield a canonical
bijection between the spaces of cpc order zero maps from A to B and *-homomorphisms

from Cy(0,1] ® A to B.

2The name conditional expectation is motivated by the case where A = L*®(Q,F,u) and B =
L>(Q,G, ) for some probability triple (w,F,u) and G is a sub o-algebra of F. The existence of an

expectation preserving conditional expectation A — B is basic to advanced probability theory
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The main use of order zero maps in this thesis is the following lifting theorem, which
is taken from [88, Lemma 2.1]. It is proved by combining Theorem 2.5.10 with Loring’s

result on the projectivity of cones over finite dimensional C*-algebras [51].

Proposition 2.5.11. Let A, B, F be C*-algebras with F finite dimensional, and let q :
A — B be a surjective *-homomorphism. Suppose ¢ : F' — B is a cpc order zero map.

Then there exists a cpc order zero map ® : F — A such that ¢ = qo ®.

2.6 Representations of C*-Algebras and the GNS construc-
tion

Every C*-algebra has a faithful representation on a Hilbert space [27,80]. The proof of
this fundamental result consists of two parts: firstly the Gelfand-Naimark—Segal (GNS)
construction, which builds representations out of positive linear functionals; secondly,
the existence of sufficiently many positive linear functionals, which is a Hahn—Banach
argument.

Many aspects of the GNS construction will be used and generalised in the thesis. We
therefore sketch the argument here to set up notation and record the constituent sub-
results. To avoid some (minor) technicalities, we shall stick to unital C*-algebras and
unital representations throughout. For a full treatment of the material in this section,

see [14, Section 1.9] or [58, Chapter 3].

2.6.1 States and the GNS construction

Fix a unital C*-algebra A.

Definition 2.6.1. A representation of A is a unital *-homomorphism = : A — B(H,),
where H, is a Hilbert space. A representation is said to be faithful if it is injective.
Two representations 7y, mo are equivalent if there is a unitary U : H;, — Hj, such that

ma(a) = Umi(a)U* for all a € A.

The key to constructing representations of a C*-algebras is to consider positive linear

functionals.

Definition 2.6.2. A positive linear functional on A is a bounded linear map ¢ : A — C

such that ¢(a) > 0 for all @ € A4 (c.f. Definition 2.5.1).
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It follows from Proposition 2.5.2 that positive linear functions are, in fact, completely
positive. We denote the set of all positive linear functionals on A by A% . It is a weak™-
closed cone in A*.

Given a positive functional ¢ on A, we can define a positive sesquilinear form on A via

(a,b)s = ¢(b*a). We set ||alj2. = (a,a)'/2. We have the Cauchy-Schwarz inequality
[(a,b)g| < lallz,glbll2, (a,b € A), (2.6.1)

from which it follows that || - [2,4 is a seminorm. A positive linear functional ¢ on A is
said to be faithful if ¢(a*a) > 0 for all non-zero a € A, or equivalently when || - [|2,4 is a
norm.

Let a € A have |la|]| < 1. Taking b =1 in (2.6.1), we get that

|6(a)| < d(a*a)/?e(1)"/? (2.6.2)
< ||¢lI*%]|a*allp(1)"/2 (2.6.3)
<[] ?p(1)"/2, (2.6.4)

from which we deduce that ||¢|| < ||¢[|*/2¢(1)*/2. Thus, ||¢| = ¢(1). This brings us to the

definition of a state.
Definition 2.6.3. A state on A is a positive linear function ¢ with ||¢|| = ¢(1) = 1.

The set of all states, denoted by S(A), is a weak™ closed, convex subset of the unit ball
of A*. By the Banach—Algolou Theorem, the unit ball of A* is weak* compact. Hence,
S(A) is also weak™ compact.

We now sketch the GNS construction which produces a representation 7, from a posi-
tive linear functional ¢. Let L?(A, ¢) denote the Hilbert space obtained from A by quoti-
enting out by Ny = {b € A : ||a||2,4 = 0} and completing in the resulting norm. We denote
the natural map A — L?(4,$) by a — @; we write &, for 1. The key technical lemma is

the following.
Lemma 2.6.4. With the notation above |ab||2.4 < ||all||b]|2,4-

Proof. Since a*a < ||a/|*14 in A, we have

labl3,4 = (b*a*ab) (2.6.5)
< ¢(b*[lal*b) (2.6.6)
= [lal*¢(b*b) (2.6.7)
= [la]|*(|b[13,4- (2.6.8)
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O

It follows that one can define bounded linear operators on L%(A, ¢) by qS(a)g = cﬁ), and
the resulting map my : A — B(L?*(A, ¢)) is a representation. The original positive linear
functional is recovered via ¢(a) = (m(a)€y,&s) 12(a,4)- Moreover, {y generates L3(A, ¢) as
a (Banach)-A-module in the sense that L2(A, ¢) = m4(A)¢s. This motivates the following

definition.

Definition 2.6.5. A cyclic representation of A is a representation m together with a vector

&r € Hy such that Hy = w(A)&:. Two cylic representations 7y, mo are equivalent if there

is a unitary U : Hy, — Hg, such that U&;, = &, and ma(a) = Umy(a)U* for all a € A.

The GNS construction is now one direction of a 1-1 correspondence between equiva-
lence classes of cyclic representations and positive linear functionals. The positive linear

functional associated with a cyclic representation 7 of A is a — (w(a)ér, &x) H, -

Theorem 2.6.6. There is a 1-1 correspondence between equivalence classes of cyclic rep-
resentations and positive linear functionals. If we require the cyclic vector & of a cyclic

representation to be a unit vector, then we obtain a 1-1 correspondence with states.

To construct a faithful representation of a unital C*-algebra A, one needs to prove the
existence of sufficiently many states. The following definition and proposition make this

precise.

Definition 2.6.7. A family of states (¢;);c; on a unital C*-algebra A is separating if, for

all non-zero a € A, there exists ¢ € I such that ¢;(a*a) > 0.

Proposition 2.6.8. Let A be unital C*-algebra and (¢p;)icr a separating family of states.

Then @iermy, s a faithful representation.
Proof. Let a € A. By hypothesis, there is j € I such that ¢;(a*a) > 0. Then
||7T¢j (a’)£¢] ”2 = <7T¢j (a)£¢j77r¢j (a)£¢3> (269
= <7r¢j (a)*’]r(i)j (a)g(ﬁ] ) §¢J> (2610

= <7r¢)j (a*a)f¢j?€¢j> (2611

= ¢j(a*a) >0, (2.6.12

so 7y, (a) # 0. Therefore, ®;e 7y, (a) # 0. 0
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When end this subsection with an existence theorem for states on a unital C*-algebra.

For a proof, see for example [58, Theorem 3.3.6].

Theorem 2.6.9. Let A be unital C*-algebra. For all a € A, there exists a state ¢ with
d(a*a) = ||a||*. In particular, there exists a separating family of sates for A and A has a

faithful representation on a Hilbert space.

2.6.2 The GNS Construction for Traces

In this thesis, the traces on a C*-algebra will play a major role. Since terminology varies
in the literature, we make the following definition. In particular, note that traces for us

are normalised and defined everywhere, i.e. tracial states, unless otherwise stated.

Definition 2.6.10. A trace on a unital C*-algebra A is a positive linear functional 7 :

M — C such that

7(ab) = 7(ba) (a,be M), (2.6.13)

7(14) = 1. (2.6.14)

We denote the set of all traces on a unital C*-algebra A by T(A). We can have
T(A) = 0, but when this is not the case T'(A) is a weak*-closed, convex subset of S(A),
so is compact weak® compact. We now consider the GNS construction with respect to a

trace 7. The corresponding seminorm || - ||2,- enjoys some additional properties compared

with seminorms coming from a mere state.

Proposition 2.6.11. The semi-norm || - |2+ arising from a trace T on a unital C*-algebra

A satisfies the following for all a,b € A:
(1) llall2r < [lal,

(i) |r(a)| < [l

2,7
(ii) |la*|l2,r = llall2,7,
() |lablla,r < [lall|[b]l2,r,
(v) llabll2r < |lall2,-[|b]].
Proof. (i) We have |3, = 7(a*a) < [|I7|[[|a*a]| = [|a]/*.

(ii) By Cauchy-Schwarz, [7(a)| = |7(a.14)| < [lall2r[Lall2r = llall27-
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(iti) We have [|a*[[3, = T(aa”) = 7(a%a) = [lal}3,

(iv) This is Lemma 2.6.4.

bl|. O

(v) Using (iii) and (iv), we have [|abl[,r = [[b*a” |2+ < [[b*[[la*[[2.+ = llall27

Properties (ii) and (v) of Proposition 2.6.11 required that 7 was a trace. They give rise
to additional bounded operators on L?(A, 7). Firstly, we can define a representation 77"
of A° on L%(A, ) via the formula 72P(a)b = ba for a,b € A. Secondly, the map @ — a*

extends to a conjugate-linear isometric involution .J on L?(A, 7). Simple calculations give

mr(a)mP(b) = 7P ()7, (a) (a,be A), (2.6.15)

P (a) = Jrr(a™)J (a € A). (2.6.16)

T

We can also describe the kernel of the GNS representation with respect to a trace

easily.

Proposition 2.6.12. We have Ker(w,) = Ker(n7") = {a € A : ||a|l2,r = 0}. In particular,
I. ={a € A: a2, =0} is an ideal. The vector state on B(H;) defined by T — (T'¢;,&r)

restricts to a faithful trace on m(A) and 77°(A).

Proof. 1t follows from Proposition 2.6.11(v) that a € I, implies 7, (a)b = 0 for all b € A.
Hence, by density, a € Ker(w;). Conversely, if a € Ker(w;), then @ = n-(a)é; = 0,
so a € I.. Therefore, Ker(m;) = I.. Similarly, this time using Proposition 2.6.11(iv),
Ker(n7P) = L.

We have (m(a)&r, &) = 7(a), so the vector state T +— (T¢, &) restricts to a trace
on m-(A). If 0 = (mr(a)*mr(a)ér, &), then HaH%’T = 71(a*a) = (7r(a)* 7 (a)ér, &) = 0, so
a € I; and 7,(a) = 0. Hence, the trace on m,(A) is faithful. The equivalent result for

m7P(A) is proved similarly. O

Corollary 2.6.13. The map 7 : A/I. — C given by a+ 1, — 7(a) is a well-defined faithful
trace on A/I;

Proof. This result can be proved directly using 2.6.11(ii). Alternatively, one observes that
A/I; = w.(A) by the first isomorphism theorem and that 7 can be obtain by following

this isomorphism with the vector state of Proposition 2.6.12. 0

Corollary 2.6.14. All traces on a simple C*-algebra are faithful.



2.7. VON NEUMANN ALGEBRAS 29
2.7 Von Neumann Algebras

We assume that the reader is familiar with the basics of the theory of von Neumann
algebras [58, Chapter 4] and the construction of the hyperfinite II; factor R [4, Section
I11.3.1.4]. The goal of this section is to highlight the key results about von Neumann
algebras that will be used in the thesis.

Central to the theory of von Neumann algebras are von Neumann’s Bicommutant
Theorem [92, Satz 8] and the Kaplansky Density Theorem [42, Theorem 1]. We record

them in their strongest forms.?

Theorem 2.7.1 (The Bicommutant Theorem). Let H be a Hilbert space and M be a

*-subalgebra of B(H) containing the identity. The following are equivalent:
(i) M = M,
(i) M is closed in all of the topologies of Definition 2.5.1,

(iii) M is closed in any of the topologies of Definition 2.5.1.

Theorem 2.7.2 (The Kaplansky Density Theorem). Let H be a Hilbert space and M be
a *-subalgebra of B(H) containing the identity. Then the unit ball of M is a dense subset
of the unit ball of M" with respect to any of the topologies of Definition 2.3.1

The ultraweak, ultrastrong and ultrastrong® topologies depend only on the *-algebraic
structure of M [82, Corollary I11.3.10]. The same can be said for weak, strong and strong*
topologies, so long as one restricts to norm-bounded subsets, where they agree with the
ultraweak, ultrastrong and ultrastrong* topologies respectively.

When working with maps between von Neumann algebras, one is particularly interested
in maps that are continuous with respect to the additional topologies on von Neumann

algebras. Fortunately, we have the following result.*

Theorem 2.7.3. Let ¢ : M — N be a completely positive map between von Neumann
algebras. Let ¢y : Bi(M) — N denote the restriction of ¢ to the unit ball. The following

are equivalent:

3Some textbooks don’t state theses theorems in their strongest forms. For a proof that M” = M
whenever M is ultrastrong™ closed (the weakest hypothesis), see [82, Theorem I1.3.9]. For a proof that
the unit ball of M is strong® dense in the unit ball of M", see [82, Theorem II.408], and note that the

ultrastrong™ topology agrees with the strong™ topology on bounded sets.
4This is essentially taken from [4, Section I11.2.2]. Since cpc maps are *-preserving, the additional

implications (i7) < (4it) and (i3) < (4i7) are trivial. See also [82, Theorem II1.2.6(iv)].
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(i) ¢ is continuous with respect to the ultraweak topologies on M and N,
(i’) &1 continuous with respect to the weak topologies on M and N,
(ii) ¢ continuous with respect to the ultrastrong topologies on M and N,
1’) @1 continuous with respect to the strong topologies on M and N,
g g
(iii) ¢ is continuous with respect to the ultrastrong* topologies on M and N,
(iii’) @1 is continuous with respect to the strong* topologies on M and N.

A completely positive map between W*-algebras is said to be normal if any of the
conditions of Theorem 2.7.3 hold. An important result about normal maps is that the
image of a von Neumann algebra under a normal *-homomorphism is also von Neumann
algebra. We record this well-known result as a theorem for ease of future reference, as

we’ve been unable to find a precise reference.

Theorem 2.7.4. Let M and N be von Neumann algebras and ¢ : M — N a normal

*-homomorphism. Then ¢(M) is a von Neumann algebra.

Proof. It standard that the image of a C*-algebra under a *~-homomrophism is a C*-algebra
[4, Corollary 11.5.1.2]. The only difficultly is in proving that the image is ultraweakly closed.
Since unit ball By (M) is ultraweakly compact [58, Theorem 4.2.4], ¢(B;(M)) ultraweakly
compact and thus ultraweakly closed. It now follows from the Kaplansky Density Theorem

that ¢(M) is ultraweakly closed and hence a von Neumann algebra. O

Although von Neumann algebras come with a defining representation, at times it is
useful to consider alternative representations. The 1-1 correspondence of Theorem 2.6.6

is supplemented by the following. (See for example [4, Proposition I11.2.2.3]).

Proposition 2.7.5. A state on a von Neumann algebra is normal if and only if the

corresponding GNS representation is normal.

We also record the analogue of Theorem 2.6.9 for von Neumann algebra. (See for

example [82, Theorem I1.2.6(iii)]).

Theorem 2.7.6. The normal states of a von Neumann algebra M are weak™ dense in the

state space. In particular, M has a separating family of normal states.
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A separating family of faithful states (¢;)icr gives rise to a faithful normal repre-
sentation ®;ermy,. Moreover, it provides us with an alternative description of the strong
topology on bounded subsets. The following result is taken from [4, Proposition 111.2.2.19].

We include the proof for the benefit of the reader.

Proposition 2.7.7. Let M be a von Neumann algebra and (¢;)icr a separating family of
normal states. The strong topology on norm-bounded subsets of M is induced by the family

of seminorms {|| - |

2,4; ZiGI}.

Proof. We may identify M with its image under the faithful normal representation @;crmg,

since the restriction of the strong topology to bounded subsets is a *-algebraic invariant.

The subset {{y, : i € I} C @ierHy, is separating for M. Therefore, the set {yy, : y €
M',i € I} has dense span in Hy,. By Proposition 2.2.2, the strong operator topology on
norm-bounded subsets of B(®icrHg,) is induced by the family of seminorms {|| - [|y¢,, :
y € M',i €1}, where ||T|lye,, = [T (y&e,)ll-

For a € M,

lallye,, = lla(y&s, )l (2.7.1)
= [lyags,) (2.7.2)

< llyllllage:)ll (2.7.3)

= [lyllllalle,, (2.7.4)

(2.7.5)

= [lyllllallz.e:-

Therefore, on norm-bounded subsets of M the subfamily {|| -

2.¢; : 1 € I} induces the

same topology as {|| - ||y, 1y € M',i € I}. O

2.8 Finite von Neumann Algebras

This purpose of this section is to recall the main results about finite von Neumann algebras
and tracial von Neumann algebras. We begin with a brief overview of the theory of Murray—
von Neumann equivalence for projections in order to define finiteness for von Neumann
algebras and the finite part of a von Neumann algebra. The main reference for this section

is [4, Chapter III]
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2.8.1 Projections in von Neumann Algebras

In this subsection, we review the definitions of finite and properly infinite projections. The
reader who is familiar with these definition can safely skip to the next subsection. The
background material in this subsection is based on [4, Section III.1], where full proofs and
further details can be found. The original source is [59, Chapters VI-VII].

Fix a von Neumann algebra M. By a projection, we mean a self-adjoint idempotent
in M, i.e. p € M such that p> = p = p*. Two projections p, ¢ are Murray—von Neumann
equivalent, denoted p ~ g, if there exists v € M such that vo* = p and v*v = ¢q. The
projection p is Murray—von Neumann subequivalent to q, denoted p = ¢, if there exists
v € M such that vv* = p and v*v < ¢, where < denotes the standard partial order in a

C*-algebra.

Theorem 2.8.1. The relation ~ is an equivalence relation and = induces a partial order

on the equivalence classes.

Projections p and ¢ are said to be orthogonal if pg = 0. In this case, p + ¢ is also
a projection. An indexed family (p;);e; of projections is said to be pairwise orthogonal
if p;p; = 0 whenever i # j. In this case, ), ; p; converges in the ultrastrong® topology
and defines a projection. The relations ~ and = interact well with addition of orthogonal

projections.

Theorem 2.8.2. Suppose (p;)icr and (q;)icr are two families of pairwise orthogonal pro-

jections with the same index set.
(i) If pi 3 q; for alli € I, then Zigpi = Zie] G-

(ii) If pi ~ q; for alli € I, then Y ,crpi ~ > icr G-

There is a notable analogy between the above and set theory. In this analogy, projec-
tions correspond to sets, Murray—von Neumann (sub)equivalence to (sub)equinumerosity
of sets, and orthogonality to disjointness. Theorems 2.8.1 and 2.8.2 correspond to well-
known results in set theory. In particular, Theorem 2.8.1 contains an analogue of the
Cantor-Schroder-Bernstein Theorem: if p 3 ¢ and ¢ =X p, then p ~ ¢. The definition of
finite and infinite projections can be viewed as analogous to that of Dedekind finite and

infinite sets.

Definition 2.8.3. A projection p is finite if it is not Murray—von Neumann equivalent to

any proper subprojection, i.e. if ¢ < p and p ~ ¢, then p = q.
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The following result is fundamental but somewhat tricky to prove; see [4, Proposition

I11.1.3.9] or [59, Lemma 7.3.5].
Theorem 2.8.4. If p and q are orthogonal finite projections, then p + q is finite.
We know turn our attention to infinite projections.

Definition 2.8.5. A projection p is infinite if it is Murray—von Neumann equivalent to a

proper subprojection, i.e. there exists ¢ < p with p ~ q.

Definition 2.8.6. An projection p is properly infinite if there exist orthogonal projections
p1,p2 < p with p1 ~ ps ~ p.

A non-zero, properly infinite projection is clearly infinite. According to the definitions
given here, the zero projection is properly infinite despite being finite (and therefore not
infinite)! This convention is common, but not universal, in the literature. The reason for
this apparent disregard of the English language is the clean statement of Theorem 2.8.9
which it affords.

We end this subsection with a couple of examples.

Example 2.8.7. For M = B(¢?), the finite projections are those with finite-dimensional
range. The projections with infinite-dimensional range are both infinite and properly

infinite.

Example 2.8.8. For M = B({?) @ B({?), the projection (p,q) is infinite but not prop-
erly infinite when one of p and ¢ has infinite-dimensional range and the other has finite-

dimensional (but non-zero) range.

2.8.2 Finite von Neumann Algebras and Traces

A von Neumann algebra M is said to be finite if the unit 1,/ is a finite projection. In fact,
all projections in a finite von Neumann alegbra M are finite because, if p € M is infinite,
so is 1py = p+ (1 — p) by Theorem 2.8.2. Similarly, M is said to be properly infinite if 1y,
is a properly infinite projection. A general von Neumann algebra has a canonical central
decomposition into a finite part and a properly finite part (see for example [4, Section

111.1.4.1]).

Theorem 2.8.9. Let M be a von Neumann algebra. There exists a unique central pro-
jection zy € Z(M) such that z¢ is finite and 1 — z5 is properly infinite. This leads to a
central decomposition M = Mzy © M(1 — zy).
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For the remainder of this subsection, we focus on finite von Neumann algebras. Finite-

ness of a von Neumann algebra is closely related to the existence of traces.

Theorem 2.8.10. A von Neumann algebra M is finite if it has a separating family of

traces.

Proof. Suppose (7;)icr is a separating family of traces and p is a projection in M with
1y ~ p. Say vv* = 1p and v*v = p. Then 7,((1y — p)*(1pr — p)) = 7(lar — p) =
Ti(vv*) — 7 (v*v) = 0 for all ¢ € I. Hence, p = 1. O

The converse to Theorem 2.8.10 is also true, but is highly non elementary. It follows
from the existence of the centre-valued trace [15]. The construction of the centre-valued
trace is beyond the scope of this thesis. We collect the all properties of the centre valued
trace that will be needed in the following theorem. The interested reader is referred

to [4, Section II1.2.5] for proofs and further details.

Theorem 2.8.11. Let M be a finite von Neumann algebra. There exists a unique map

ctr: M — Z(M) with the following properties:
(i) ctr is a conditional expectation (in particular ucp).
(ii) ctr(ab) = ctr(ba) for all a,b € M.
This map ctr has the following additional properties:
(iii) ctr is normal.
(iv) ctr is faithful, i.e. for a € M, ctr(a*a) =0 only if a = 0.
(v) Every trace on M has the form ¢ o ctr for a unique state  on Z(M).

(iv) The center-valued trace completely determines the Murray—von Neumann comparison
theory of M, i.e. projections p,q are equivalent if and only if ctr(p) = ctr(q) and

p 3 q if and only if ctr(p) < ctr(q).

Property (v) of the theorem, reduces the study of traces on a finite von Neumann

algebra M to that of states of Z(N). We therefore have the following corollary.

Corollary 2.8.12. A finite von Neumann algebra has a separating family of normal traces.

The normal traces are weak™ dense in the space of all traces.

Proof. This follows from Theorem 2.8.11(v) combined with Theorem 2.7.6. O]



2.8. FINITE VON NEUMANN ALGEBRAS 35

2.8.3 Tracial von Neumann Algebras

A tracial von Neumann algebra is a von Neumann algebra together with a faithful, normal
trace. Tracial von Neumann algebras are necessarily finite by Theorem 2.8.10. In general,
a finite von Neumann algebra need not have faithful, normal traces but any separably-
acting, finite von Neumann algebra will (see for example [4, Corollary I11.2.5.8]). Choosing
one such trace, we can view a separably-acting, finite von Neumann algebra as a tracial
von Neumann algebra.

In the case of II; factors, no arbitrary choices or separability assumptions need to be
made because a II; factor has a unique trace, which is both faithful and normal [60]. Tracial
von Neumann algebras also arise from C*-algebras by considering the GNS construction
with respect to a trace. This is the subject of the following proposition, which uses the

notation of Section 2.6.2.

Proposition 2.8.13. Let 7 be a trace on the unital C*-algebra A. The vector state on
B(H;) defined by T — (T&;, &) restricts to a faithful trace on 7(A)”. Hence, the GNS

closure m:(A)" is a tracial von Neumann algebra.

Proof. Let 1 be the vector state on B(H.) given by T +— (T¢;,&;). By Proposition 2.6.12,

12

the restriction of ¢ to m.(A) is a faithful trace. By density, ¢ is a trace on 7, (A)
Normality is clear as ¢ is a vector state. We need to show that it’s faithful on m (A)".
Suppose T € m-(A)" and Y(T*T) = (T*T&;,&;) = 0. Then T¢, = 0. Let b € A. Then

Th = TaP(b)¢, = 7P (B)TE, = 0, since 7P (A) C 7-(A). Hence, by density, T =0. [

Applying Proposition 2.8.13 to A°P, we see that 7°P(A)” is also a tracial von Neumann
algebra. Taking limits in (2.6.16), we see that these two tracial von Neumann algebras are
related: 7°P(A)” = Jr.(A)"”J. Furthermore, taking limits in (2.6.15), we get that 7°P(A)”
and 7, (A)” commute. In fact, they are commutants of one another. This important result
can be proved in a number of ways. The slick proof given below is taken from [6, Section

6.1).

Lemma 2.8.14. Let T be a trace on the unital C*-algebra A. Using the notation of Section
2.6.2, we have

(i) (Jv,w) = (Jw,v) = (v, Jw) for all v,w € L*(A,T),

(i1) JTE = T*E, for all T € wr(A).
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Proof. (i) Let a,b € A. Then

(Ja,b) = (a*,b) (2.8.1)
= r(b*a*) (2.8.2)
= 7(a*b*) (2.8.3)
= (b*, a*) (2.8.4)
= (Jb,q) (2.8.5)
= (@, Jb), (2.8.6)
so the claim follows by density.
(ii) Let T € 7.(A) and a € A. Then
(JT&,a) = (Ja, T¢r) (2.8.7)
= (a*, T&) (2.8.8)
= (r(a")&r, TEr) (2.8.9)
= (T"mr(a”)&r, &7) (2.8.10)
= (mr(a")T"&r, &7) (2.8.11)
= (I"&, 7 (a)&r) (2.8.12)
= (T"z&;,a). (2.8.13)
Hence, by density, JTE¢: = T,
O

Theorem 2.8.15. Let 7 be a trace on the unital C*-algebra A. Then m, (A) = 7P (A)”
and 7P (A) = 7. (A)".

Proof. Since 7°(A)” and 7,(A)” commute, we have that 7, (A4) 2 77" (A)” and 77" (A)' 2
7-(A)”. Therefore, it suffices to show that 7. (A)" and 777(A)" commute.

Since J is a conjugate-linear isometric isomorphism of order 2, the map Ad(J) :
B(L?*(A,7)) — B(L%*(A,7)) given by T + JTJ is a conjugate-linear *-isomorphism of
C*-algebras. Since Ad(J)(m,(A)) = m"(A), we have that Ad(J)(m-(A)") = m"(A).
Therefore, it suffice to show that JSJT = TJSJ, where T,S € m.(A)’. This is achieved

by the following computation.



2.8. FINITE VON NEUMANN ALGEBRAS 37

Let T,S € m-(A)" and a,b € A. Then

o~ ~

nn

*
)

j—\

b*)57'7 JT?TT(G/)£7'>
S*r, Jmr(a)TE)
S, P (a”)JTEr)

3
3

— — —
S
*

~— ~— ~—

S5, mP(a™)T7Er)

< (
( (
< (
< (
< (
= (m2P(a)JS&, mr(b)T™Er) (2.8.19
(Jrr(a*)SEr, mr (D) TEr ) (
( (
< (
( (

Hence, by density, JSJT =TJSJ. O

In the remainder of this section, we show how tracial von Neumann algebras can be
defined abstractly, without reference to a particular representation. This is based on the

following folklore theorem.

Theorem 2.8.16. Let 7 be a faithful trace on the unital C*-algebra A. The following are

equivalent:
(i) The unit ball {a € A : ||a]| < 1} of A is complete with respect to the norm || - ||2.-.

(i) The image of A under the GNS representation 7, is a von Neumann algebra, i.e.

7w (A) = 7, (A)".

(iii) There exists a faithful representation w: A — B(H) under which the image of A is a

n

a von Neumann algebra, i.e. w(A) = w(A)”, and T defines a normal trace on w(A).

Proof. (i) < (ii) Let M = 7,(A)". Since 7 is faithful, we can view A as a subset of M
by Proposition 2.6.12. Furthermore, by 2.8.13, the vector state T' +— (T'¢;,&;) defines a
faithful trace on M which extends 7, so the strong operator topology on bounded subsets
of M is induced by the norm || - ||2 - thanks to Proposition 2.7.7.

If the unit ball of A is complete with respect to the || - ||2 --norm, then it is || - ||2, --norm
closed, and so closed in the strong operator topology. But then M = A by the Kapansky

Density Theorem. Conversely, if A = M, then the unit ball is complete with respect to the
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strong operator topology by Corollary 2.3.2 (see also Remark 2.3.3). Hence, is complete
with respect to the || - ||2 --norm.

(ii) = (iii) Immediate.

(iii) = (ii) Identify A with w(A). Since 7 is normal, so is the GNS representation 7,
by Proposition2.7.5. Hence 7,(A) = 7-(A)” by Theorem 2.7.4. O

The completeness condition (i) of Theorem 2.8.16 becomes the definition of an abstract

tracial von Neumann algebra, which we record formally for future reference.

Definition 2.8.17. An abstract tracial von Neumann algebra is unital C*-algebra A to-
gether with a faithful trace 7 such that the unit ball {a € A : ||a|]| < 1} of A is complete
with respect to the norm || - ||2.-. Morphisms of tracial von Neumann algebras are unital,

trace preserving *-homomorphisms between the underlying C*-algebras.

In light of Theorem 2.8.16, we will not distinguish between abstract and concrete tracial
von Neumann algebras. By Proposition 2.7.7, the strong topology agrees with the | - |2 -
topology on bounded sets. Hence, normal cpc maps between tracial von Neumann algebras
are precisely those with are || - ||2 --continuous restricted to bounded sets. In particular,
trace-preserving *-homomorphisms are normal. A simple consequence of the trace being
faithful is that morphisms of tracial von Neumann algebras are always injective.

For I1; factors, all unital *-homomorphisms are trace preserving as the trace is unique.
So the category of II; factor with unital *~-homomorphisms is a full subcategory of the

category of tracial von Neumann algebras.

2.9 The Bidual of a C*-Algebra and its Finite Part

In this section, we recall some of the key results about the bidual of a C*-algebra and its
finite part. Good general references for the bidual of a C*-algebra are [82, Section III.2]
and [4, Section ITI.5.2.1].

Fix a unital C*-algebra A. The representation 7y = @gcg5(4)Ty obtained by considering
the direct sum of all GNS representations is known as the universal representation of A.°

This name is justified by the following theorem.

Theorem 2.9.1. Any representation of A is sub-representation of an inflation of my .

50ne can also work with Dyecar Mo, which is an equivalent representation except in the trivial case

A = C; see [4, Section II.5.2.3].
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Proof (Sketch). By Zorn’s lemma any representation 7 can be decomposed into a direct
sum of cyclic representations. Every cyclic representation is equivalent to 74 for some
positive linear function ¢ by Theorem 2.6.6. Since we can normalise the cyclic vector,
we can take ¢ to be a state. By taking a sufficiently large cardinal X, the inflation 7719)

contains, up to equivalence, each of the cyclic representations in the decomposition of w

including multiplicity. O

The von Neumann algebra 7y (A)” is the universal enveloping von Neumann algebra
of A. The following corollary of Theorem 2.9.1 makes this precise. We say informally that
any representation of A has a unique normal extension to the enveloping von Neumann

algebra.

Corollary 2.9.2. Let m be any representation of A. There exists a unique normal *-

homomorphism ® : wy(A)" — w(A)" such that ®(my(a)) = 7(a).

Proof. Uniqueness is clear as A is ultraweakly dense in 7y7(A)”. By Theorem 2.9.1, there
exist an isometry V : Hp — Hgp, ® ¢*(\), for some cardinal \, such that V*(my(a) ®
Ig2(x))V = m(a). The map @ : B(Hz,) — B(Hy) given by T+ V(T @ 1p(2(n)))V is a
*-homomorphism, as V*V = idpy,_, and easily seen to by ultraweakly continuous and thus

normal. It follows from normality that ® (7 (A)”) C 7(A)". O

Every state ¢ on A extends to a normal state on 7 (A)”, namely the vector state
corresponding to the GNS vector §y € Hr, = ®yeg(a)Hy. Since A is ultraweakly dense
in w7 (A)”, the normal extension is unique. Developing this idea, one arrives quickly at

the following result (see for example [82, Theorem II1.2.4]).

Theorem 2.9.3. There is a isometric isomorphism between my(A)” and the bidual A**

of A (as a Banach space), which maps wy(A) to the canonical copy of A inside A**.

As a result of this theorem, 77 (A)” can be identified with the bidual A**. We shall
make this identification in the sequel and identify A with it’s image in A**.

Applying Theorem 2.8.9, we have a central decomposition of A** into a finite part

fm and a properly infinite part Afr. Let ¢ : A — AR} denote the composition of the

embedding of A in A*™ and projection of A** onto the summand Ag¥. The map ¢ is, in

general, not injective but, as we shall shortly see, it preserves all the tracial information

about A. We begin with a couple of “extension” results.® First, an extension result for

5By abuse of terminology, we use the word extension here, even though ¢ may not be injective.
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the GNS representations with respect to a trace.

Proposition 2.9.4. Let 7 be a trace on the unital C*-algebra A. The GNS representation
7 A— m.(A)" has a unique normal extension to AfY, by which we mean that there is a

unique normal *-homomorphism 7 : At — m:(A)"” such that the diagram

Az (2.9.1)

T
L

A ? Tr (A)//

commautes.

Proof. By Theorem 2.9.1, the representation 7, : A — m.(A)” has a unique normal exten-
sion to a map 7, : A** — 7m.(A)”. By Proposition 2.8.13, 7.(A)” is a finite von Neumann
algebra, so m; vanishes on A’}. This proves existence. Uniqueness follows because ¢(4) is

ultraweakly dense in Ag}. O

Remark 2.9.5. The extension 7, is supported on a direct summand prAg: of ALY, where
p- is a central projection in AZ*. Indeed, as Ker(7,) is an ultraweakly closed ideal in A%,
it is equal to 2, Af; for some central projection 2z, € Ag}. We set p, = 1 — 2. One can

then identify 7-(A)"” with pr A§Y.

We now state a corresponding extension result for traces.

Corollary 2.9.6. Let 7 be a trace on the unital C*-algebra A. There is a unique normal
extension of T to AgY, by which we mean that there is a unique normal trace T on Ag}

such that the diagram
in (2.9.2)

commutes.

Proof. For existence, compose 7, of Proposition 2.9.4 with the vector state corresponding

to &. Uniqueness follows because «(A) is ultraweakly dense in Ag}. O

The finite part of the bidual Ag} has an alternative characterisation analogous to the

characterisation of A** as w7 (A)".
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Proposition 2.9.7. Let A be a unital C*-algebra with T(A) # 0. Then there is an

isomorphism ® : Ay — (Drer(a)ymr)(A)" such that the diagram
Az (2.9.3)

A

Orer(a)Tr

commutes.

Proof. Write N = (©,cpaym-(A))". By Corollary 2.9.2, @, cp(a)7, has a unique normal
extension to a *-homomorphism ® : A** — N. By Theorem 2.7.4, ® is surjective.

Since N C [l ep(a) m-(A)" and each m-(A)" is finite by Proposition 2.8.13, N is
finite. As N is finite, it has no non-zero properly infinite vectors. Hence, ®(A;7) = {0}.
Therefore, we can consider ® as a unital *-homomorphism Af¥ — N and the diagram
(2.9.3) commutes.

It remains only to prove that ® is injective. Let a € Af} be a non-zero. Then there
exists a normal trace 7 on Ag; such that 7(a*a) > 0. Extending 7 to be zero on Aff,
we get a normal trace on A**, which we still denote 7. Since 7|4 has a unique normal

extension to A**, we must have that 7(a) = (®(a)&;(,,&-,) for all a € A**. Consequently,
®(a*a) # 0. [

Corollary 2.9.8. Let A be a unital C*-algebra with T(A) # 0. The kernel of v : A — ALY
is ={a€A:71(a*a) =0 for allT € T(A)}.

Proof. By Proposition 2.9.7, Ker(1) = Ker(®,cr(a)mr) = Nrera)Ker(rr). Now apply
Proposition 2.6.12. O

Remark 2.9.9. Let A be a unital C*-algebra with T(A) # 0 and I = {a € A : 7(a*a) =
0 forall 7 € T(A)}. Let g: A — A/I be the quotient map and ¢* : T(A/I) — T(A) the
induced map on traces given by ¢*(7) =T oq.

The map ¢* is continuous, affine and injective. By proposition 2.6.13, we see that ¢* is
surjective. Since trace spaces are compact and Hausdorff, ¢* is an affine homeomorphism.
Furthermore, the trace pairing is preserved in the sense that ¢*(7)(a) = 7(¢(a)) for all
acATeT(A/I).

—

It follows that ¢ induces a unitary map L?(A4, ¢*(7)) — L%*(A/I, 7) via @ + ¢(a), which
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we also denote ¢, and the diagram

A 1 A/T (2.9.4)

l”q*(f) iﬂ—T

B(L*(A,q*(7))) B(L*(A/I,7))

Ad(q)

commutes. Hence, ¢ induces a normal isomorphism g« (,)(A)"” = 7-(A/I)". Since ¢* is a

bijection, we have Ag* = (A/I);: using Proposition 2.9.7.

2.10 Choquet Theory and Trace Simplices

In this section, we first recall some results on the theory of compact convex sets, Choquet
simplices and Bauer simplices. We then collect some results about the trace simplex of a

unital C*-algebra, which will be used in the thesis.

2.10.1 General Theory

A detailed account of the theory of convex sets can be found in [1] with additional material
in [66]. We summarise the basic theory in this subsection.

Let K be a compact, convex subset of locally convex topological space. Let Affg(K)
be the space of real-valued, continuous, affine functionals on K. This is a closed subspace
of the Banach space Cr(K).

There is a natural partial order on Affr(K) given by f < g if and only if f(z) < g(z)
for all z € K. We write Affg(K)™ for the positive cone, which is easily seen to be closed.
The function that takes the value 1 at all points is an order unit for Affg(K); we denote

this function by 1. The order unit determines the norm in the sense that
[ flloo = inf{t € RT : —t1 < f < t1}. (2.10.1)

The additional structure on Affr(K) makes it a complete order unit space (See [1,
Section II.1] for more details). There is in fact a duality between compact convex subset
of locally convex topological spaces and complete order unit spaces due to Kadison [41,
Lemma 4.3] (see also [1, Theorem II.1.8]). In particular, we can recover K from Affr(K)
as the space of positive linear functionals on Affg(K) of operator norm 1, which are known
as states.

We denote the space of complex-valued, continuous, affine functionals on K by Aff¢(K).

This is a closed subspace of the Banach space C'(K). Pointwise complex conjugation defines
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an involution on Affc(K), and we can view Affr(K) as the self-adjoint part of Affc(K).
We shall use the terminology complex complete order unit space to describe the abstract
structure of Affc(K).

A point x € K is said to be extreme if it cannot be write as x = Ax; + (1 — X)zo
for A € (0,1) and x1,29 € K \ {z}. The set of all extreme points is denoted 9. K.
The Krein-Millman Theorem states that K is the closed convex hull of 0. K (see for
example [75, Theorem 3.23]). Choquet’s theorem strengthens this, asserting that every
point of K is the barycentre of some measure concentrated on the boundary. Choquet
proved this result in the under the assumption K is metrisable [10, Théoréme 1], in which
case 0. K is a G set. The general case was proven by Bishop and de Leeuw in [3]. We state
the result bellow only in the metrisable case. For the full story, we recommend [1, Section

1.4].

Theorem 2.10.1. [1, Corollary 1.4.9] Let K be a metrisable, compact, convezr subset of
locally convez topological space. For each xg € T(A), there is a Borel probability measure

p on 0. (A) such that
fa= [ fadnt) (2.10.2)
€0 K

for all f € Affc(K).

This brings us to Choquet simplices. There are a number of equivalent definitions
of this class of compact convex set (see [1, Section II.3]). We use the one in terms of

uniqueness of the measure p in Theorem 2.10.1.

Definition 2.10.2. Let K be a metrisable, compact, convex subset of locally convex
topological space. Then K is Choquet simplex if and only if every every « € K is the

barycentre of a unique Borel probability measure concentrated on 9. K.
Let’s look at some examples.

Example 2.10.3 (Finite Dimensional Choquet simplicities). If K is a Choquet simplex,
then 0.K must be affinely independent. So, if K is a subspace of a finite dimensional
space, then 0. K is a finite set {x1,...2t} and the map (A1,..., ) — Zle Aix; is an
isomorphism of K with AF=D = {(A;,..., M) eR":0< N < 1,58 A =1}

Example 2.10.4 (Bauer simplicies). A Bauer simplexr K is a metrisable Choquet simplex

for which 9. K is compact [1, Section I1.4]. For each metrisable compact space X, there is
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upto isomorphism a unique Bauer simplex K with 9.K = X, namely the space M; (X)

of Radon probability measures on X [1, Corollary 11.4.2].

Example 2.10.5 (A non-Bauer simplex). Let X = NU {oco} be the one point compact-
ification of N, and let V' = C(X)* be the space of Radon measures on X considered
with the weak™ topology. Let pi,po,ps... and pe be the Dirac measures on X. Let
W = span{poo— 5 (11 +p2)}. Let ¢ : V — V/W be the quotient map. Set K = ¢(M;" (X)).
One can then show that 0.K = {q(i;) : ¢ € N} and K is a Choquet simplex. However,
lim; o0 q(1i) = q(piss) = 3(q(p1) + q(p2)), so 9K is not closed in K. Hence, 9.K is not
compact. See [1, Proposition I1.7.17] for full details.

By the Krein—Milman Theorem, a continuous, affine functional on K is completely

determined by its values at the extreme points. We, therefore, introduce the notation

Aff(K) = {flo.ic : f € Affg(K)}, (2.10.3)
Affc(K) = {flo.xc : f € Afic(K))}. (2.10.4)

These are subspaces of the Banach spaces Cpr(0.K) and Cy(0.K) respectively and in-
herit the additional structure of complete ordered unit spaces from Affg(K) and Affc(K)

respectively. In the case of Bauer simplicies, we have the following.

Theorem 2.10.6. [1, Theorem II.4.3] Let K be a Bauer simplex. Then Affc(K) = C(K)
and Affg(K) = Cr(K).

In the further theory of Choquet simplicies, the central affine functionals play an

important role [1, Section I1.7]. By definition, we have

Z(Affp(K)) = {f € Affg(K) : fg € Affg(K) for all g € Affp(K)}, (2.10.5)
Z(Aftc(K)) = {f € Afic(K) : fg € Afic(K) for all g € Affc(K)}. (2.10.6)

All we shall need in this thesis, is the following corollary of Theorem 2.10.6.

Corollary 2.10.7. Let K be a Bauer simplex. Then Z(Affc(K)) = C(K) and Z(Affr(K))
Cr(K)).

2.10.2 The Trace Simplex

Let A be a unital C*-algebra with non-empty trace space T'(A). From Section 2.6.2, we

know that T'(A) is weak*-closed in the state space S(A), so it weak® compact. The trace
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space is also clearly convex and is metrisable whenever A is separable. By the Krein—
Milman Theorem T'(A) is the closed convex hull of the set of extreme points 9.7 (A). In
this context, we call elements of 9. T'(A) extreme traces.

In fact, more is true.

Theorem 2.10.8. [76, Theorem 3.1.18] Let A be a unital C*-algebra. Then T(A) is a

Choquet simplex whenever it is non-empty.

Since Afr is also a unital C*-algebra, T'(A})) is also a Choquet simplex, though typi-
cally a non-metrisable one. We now discuss the relationship between these two simplices.
By Proposition 2.9.6, the traces on A can be identified with the normal trace on Af}.
Hence, we can view T'(A) C T'(AgY). However, one must be very careful with the topolo-
gies. With respect to the weak* topology on T'(Af}) coming from the pairing with AgY,
hereinafter the Af;-weak® topology, T'(A) is a dense subset of T'(Af}). With respect to
the A-weak* topology on T'(A), T'(A) is compact. Therefore, the inclusion T'(A) C T'(ALY)
is only a homeomorphism onto its image when T'(A) = T(Af)).

We now consider the extremal traces. If a normal trace 7 € T'(Af) is a non-trivial
convex combination of traces 7 = A1y + (1 — A\)7o, then 71 < A™'7 and 7 < (1 — \) 717,
so 71 and 7o are normal too. Hence, we have 0,T'(A) C 0.T(Ag). Once again though, we
shouldn’t expect the topologies to coincide.

We now investigate the centre of Az} for a separable, unital C*-algebra A with non-
empty trace space. Each element a € Af¥, defines a function @ on 0.(T'(A)) via a(1) =
7(a). Since a = m for all a € Ag} by Theorem 2.8.11, it suffices to understand z for
z € Z(Ag)). The following theorem of Ozawa gives a partial inverse to the map z +— 2
for z € Z(N). In the statement of the theorem, B(9.T(A)) denotes the C*-algebra of
bounded Borel functions on 0.7 (A).

Theorem 2.10.9. [62, Theorem 3] Let A be a unital separable C*-algebra with non-empty
trace space T'(A). There is a unique unital *-homomorphism 6 : B(0.T(A)) — Z(AgL) with

ultraweakly dense range such that 0(a) = ctr(a) and
OO = [ @) (2107
AED.T(A)
for everyae€ A, T € T(A) and f € B(0.T(A)).

Proof (Sketch). Ozawa first shows that for every 7 € T'(A), there is a normal *-isomorphism
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0r : L®(0.T(A), ur) — Z(mr(A)") such that

0N = [ @) (2.10.8)
AEDT(A)

for all a € A [62, Lemma 10]. The key step is an application of Sakai’s non-commutative
Radon-Nikodym Theorem, observing that the left hand side of (2.10.8) defines a tracial
function of A dominated by || f||co7 in modulus.

One can identify 7-(A)” with a direct summand p, A% of Af*; see Remark 2.9.5. The
space T'(A) becomes a directed set with the direction given by 7 < o if and only if 7 < Co
for some C' > 1. An upper bounded for 7,0 € T(A) is (7 4+ 0)/2. One easily checks that
Pr A Po = D(r+40)/2 and sup, pr = 1.

The idea is to define # to be the pointwise ultraweak limit of 8, as 7 — oo. This
limit exists as a Radon-Nikodym computation shows that 6,(f) = p,;0,(f) for all f €
B(0.T(A)) whenever 7 3 0. The validity of (2.10.7) then follows from (2.10.8). Since
7(0()) = [a(N)dur(N) = 7(a) for a € A, 7 € T(A), we get that (a) = ctr(a). O

2.11 Hilbert-C'(X)-Modules and Adjointable Operators

Hilbert modules generalise Hilbert spaces by replacing the C-action by scalar multiplication
and the C-valued inner product by an A-action and an A-valued inner product for some
C*-algebra A. Hilbert modules were first introduce by in [43] in the commutative case and
in [63] in general. A good basic reference is [50].

In this thesis, only the commutative case will be required. Therefore, we only consider
Hilbert-C'(X )-modules in this section. For compatibility with the standard conventions for
Hilbert spaces, we shall work with left-modules and inner products that are linear in the
first place. The results in this section are mostly well-known, but are developed carefully

from the first principles for completeness.

2.11.1 Hilbert-C(X)-Modules

We begin with the definition of a pre-Hilbert-C'(X)-module and some of its elementary

consequences.

Definition 2.11.1. Let X be a compact Hausdorff space. A pre-Hilbert-C' (X )-module is
a left C'(X)-module H together with a map (-,-) : H x H — C(X) satisfying the following
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(fu+ gv,w) = f(u,w) + g(v,w) (f,g€ C(X),u,v,w e H), (2.11.1)
(u,v) = (v,u)” (u,v € H), (2.11.2)
(w,u) =0 = u=0 (ue H). (2.11.3)

Proposition 2.11.2. Let H be a pre-Hilbert-C(X)-module. Set ||u||g = ||<u,u)1/2\|C(X).
(a) || - || defines a norm on H.

(b) Addition on H and the multiplication map C(X) x H — H are continuous with

respect to the || - || g-norm.

(¢) The map (-,-) : H x H — C(X) is continuous with respect to the | - | g-norm, and
the following identities hold:

[, )| < (u, u) 2 (v, v)/? (u,v € H), (2.11.4)

I wlleo < lullmllolla (u,v € H). (2.11.5)

Proof. (a) For all z € X, the map (u,v) — (u,v)(x) is a hermitian form on H, so
u > {(u,u)(z)"/? is a seminorm. Tt follows that |jullg = sup,ex (u,u)(z)'/? is a

seminorm and, by axiom (2.11.3), a norm.

(b) Continuity of addition follows from the triangle inequality for || - ||z. A simple
consequence of (2.11.1) and (2.11.2) is that ||fullg < [[fllc(x)llullx, from which

continuity of the multiplication follows.

(¢) The Cauchy-Schwarz inequality for the hermitian form (u,v) — (u,v)(z) gives
(2.11.4). Taking suprema in (2.11.4) gives (2.11.5). Continuity of (-,-) follows easily.
0

We can now give the definition of Hilbert-C' (X )-modules.

Definition 2.11.3. A Hilbert-C'(X)-module is a pre-Hilbert-C(X )-module H for which

the norm || - || is complete.
Remark 2.11.4. Let X = {x} be a one point space. Identifying C(X) with C, we see that
Hilbert-C(X)-modules are precisely Hilbert spaces.

Our first goal is to show that Hilbert-C'(X)-modules fibre over the base space X with

each fibre being a Hilbert spaces. In the following proposition, we construct the fibres.
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Proposition 2.11.5. Let H be a Hilbert-C(X)-module and x € X. Set Ny = {u € H :
(u, u)(z) = 0}.

(a) Ny is a closed subspace of H.

(b) No = Co(X \{z})H.

(¢) H/N, is a Hilbert space with inner product (u + Ny, v + Ny) = (u,v)(x).

Proof.  (a) The map (u,v) — (u,v)(x) is a hermitian form on H, so ||ul2.» = (u,u)(x)

1/2

defines a seminorm on H. Clearly 0 € N,. Let u,v € N, and A\,u € C. Then
A+ pllae < [AlJu

2.2 + |pll|v]l2, = 0 so Au+ pv € N,. Since (-, ) is continuous

with respect to the || - || g-norm, N, is closed.

The inclusion N; O Co(X \ {z})H follows from (2.11.1). For the reverse inclusion,
let u € N,. Let f = (u,u)/* € Co(X \ {z}). We show that the limit

lim il
n—00 f + -

u (2.11.6)

exists in H. Let € > 0. Choose N > % Suppose n,m > N. Then

1 1 ==
Hf—F,llu_f+TlnuH: (f+n£)(fn—i—%)f2 o (2.11.7)
Let y € X. Then we have
11 5
‘(f(y)gg)(f’ng%)f(y)Z <+ (2.11.8)
noting that when f(y) = 0 the left hand side vanishes. Hence,
Hfj_;u—fjrzuH_ (2.11.9)

Since H is complete, the limit (2.11.6) exists in H. Denoting this limit by v, we get
that u = fv € Cop(X \ {x})H by the continuity of the C'(X)-action.

It’s a consequence of the Cauchy-Schwarz inequality for the hermitian form (u,v) —
(u,v)(x), that (u,v)(x) = 0 whenever one of u,v lies in N,. It follows that (u +
Ng,v+ Ng) = (u,v)(z) is a well-defined inner product on H/N,. We need to show
that the quotient norm on the Banach space H/N, is induced by this inner product,
i.e. that, for all u € H,

inf ||u+ol|r = (u, ) (z) /2. (2.11.10)
vEN,
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Let u € H and v € N,. Then |[u+v|% > (u+v,u+v)(z) = (u,u)(z). Consequently,
inf [lu+ov|s > (u, u) ()2 (2.11.11)

vENg

Conversely, let u € H. Define f € C(X) by

(u,u) ()2

S @) 225, u) (y) /2 w, u)(z)Y/2
) = (w,u)(y)1/2 (u,w)(y) /= > (u, u)(z) "/~ (2.11.12)

1, if (u,u)(y)Y? < (u,u)(x)"2.
Set v = (1 — f)u. Then v € N, and |lu +v||g = ||fullg = (u,u)(x)"/?. Hence,
(2.11.10) holds.
O

Given a Hilbert-C(X)-module H, we shall write H, for the Hilbert space H/N, for
each z € X. The canonical quotient map H — H, will be denoted by v + v(x). This

notation is justified by the following proposition.

Proposition 2.11.6. Let H be a Hilbert-C'(X)-module. Then

(u(x),v(x)) g, = (u,v)g(x) (u,v € Hyx € X), (2.11.13)
Juller = sup [|u]|a, (u e H), (2.11.14)

reX
(fu)(z) = f(x)u(z) (ue H, feC(X),z € X). (2.11.15)

Proof. Equation (2.11.13) is just the definition of the inner product on H, defined in
Proposition 2.11.5. Equation (2.11.14) follows from (2.11.13) by taking suprema and
square roots. Let u € H, f € C(X) and z € X. Then f — f(x) € Co(X \ {z}), so
(f — f(z))u € N, by Proposition 2.11.5. Therefore, (2.11.15) holds. O

Next, we introduce a notion of morphism, which is applicable to Hilbert-modules over

different base spaces.

Definition 2.11.7. A morphism between the Hilbert-C(X;)-module H; and the Hilbert-
C(X2)-module Hs is a bounded linear map « : H; — Hj together with a *-homomorphism

B : C(X1) = C(Xz2) such that

(a(u), a(v)) i, = B{u,v) ) (u,v € Hy), (2.11.16)

a(fu) = B(f)o(u) (feC(X),ue Hy). (2.11.17)
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Remark 2.11.8. By abuse of notation, the same letter will be used to denote the morphism

H; — Hs and the underlying bounded linear map.

Example 2.11.9. Let H be a Hilbert-C(X)-module and = € X. View the Hilbert space
H, = H/N, as a Hilbert-C({z})-module. Let o, : H — H, be the quotient map and
Bz : C(X) — C({z}) the transpose of the inclusion {z} — X. Then «a, and §, define a
morphism H — H, by Proposition 2.11.6.

We now introduce conjugate Hilbert-C'(X )-modules.

Definition 2.11.10. Let H be a Hilbert-C(X)-module. The conjugate Hilbert-C(X)-
module H has the same underlying set and addition as H but scalar multiplication and

the inner product are defined as follows:

fgv=[fv (feC(X),veH), (2.11.18)

(v,w)yzr = (W, V) (v,w e H). (2.11.19)

We omit the elementary verification that H is a Hilbert-C(X )-module, remarking only
that ||v||z = ||v||m, so completeness of H follows from that of H. Specialising to the case

where X is a one point space, we recover the definition of a conjugate Hilbert space.

Definition 2.11.11. Let H be a Hilbert space. The conjugate Hilbert space H has the
same underlying set and addition as H but scalar multiplication and the inner product

are defined as follows:

AFv=Av (AeC,ve H), (2.11.20)

(v,w)yzr = (w,v) g (v,w e H). (2.11.21)

We now show that passing to conjugate space commutes with passing to fibres.

Proposition 2.11.12. Let H be a Hilbert-C(X)-module and x € X. Then (H), = (H).

Proof. Since (u,u)77(x) = (u,u)j(x) = (u,u)g(x), we see that {u € H : (u,u)g(x) =

0} = {u € H : (u,u)z(z) = 0}. Hence, (H), = (H,) as abelian groups.
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Let u,v € H and f € C(X). Then

(u(x), (@) gy = (0(@), u(@)), (2.11.22)
= (v,u)n(x) (2.11.23)
= (v, u)y(z) (2.11.24)
= (u, v)g7(x) (2.11.25)
= (u(@),v(2)) @), (2.11.26)

and f(2) gy u(e) = f@)u(e) = f*(@)u(z) = (ffu)(z) = (f 7 u)(@) = f@) g, u@).

Hence, (H), = (H,) as Hilbert spaces. O

2.11.2 Adjointable Operators

We now turn to the theory of adjointable operators between Hilbert-C'(X )-modules.

Definition 2.11.13. Let H;, Hy be Hilbert-C'(X)-modules. A bounded linear operator
T : Hy — Hs is said to be adjointable if there is a bounded linear operator T : Ho — H;

such that
(Tu,v) g, = (u, T*V) g, (u € Hy,v € Ha). (2.11.27)

The operator T™ is uniquely determined by 7" due to (2.11.3) and called the adjoint of T
The set of all adjointable functions H; — Hsy is denoted L£(H1, Hy). We write L(H;) for
L(Hy, Hy).

We now show that adjointable operators are automatically C'(X)-linear.

Proposition 2.11.14. Let T : Hy — Hj be an adjointable operator between Hilbert-C(X)-
modules. Then T(fv) = fTv for allv € Hy and f € C(X).

Proof. Let T* : Hy — H; be the adjoint of T. Let v € Hy and f € C(X). Then

(T(fu),v)m, = (fu,T"v)m, (2.11.28)
= f{u,T"v)n, (2.11.29)
= f(Tu,v)m, (2.11.30)
= (fTu,v)m, (2.11.31)

for all w € Hy, v € Hy. Taking v = T(fu) — fTu and appealing to (2.11.3) gives the

result. O
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Proposition 2.11.15. Let H be a Hilbert-C(X)-module. Then L(H) is a C*-algebra.

Proof. Write B(H) for the Banach algebra of all bounded linear operators H — H. We
show that L(H) is a closed subalgebra of B(H) and the the adjoint structure on L£(H)
makes L(H) a C*-algebra. Let T, S € L(H) and A\, u € C. Then AT + uS is adjointable
with adjoint A\T™* +zS*, T'S is adjointable with adjoint (S*T*) and T* is adjointable with

adjoint T'. Hence L£(H) is a *-algebra. Moreover,

IT|> = sup (Tv,Tv)n (2.11.32)
ol <1

= sup (T"Twv,v)g (2.11.33)
ol <1

< sup |70 mllv|lw (2.11.34)
ol <1

= ||77T| (2.11.35)

< |TIT*|I. (2.11.36)

We deduce that ||T'|| < || 77|, noting that the the case ||T'|| = 0 is trivial. By replacing T
with 7%, we get the reverse inequality; hence, || T|| = ||77*||. Substituting this into (2.11.36),
we get | T||> = ||T*T||. So the C*-identity holds for L(H).

Suppose (T,,) € L(H) converges in operator norm to 7' € B(H). Since |1} — T} || =
|7, — o ||, the sequence (T,}) € B(H) is Cauchy hence convergent. It now follows from the
continuity of the C'(X)-valued inner product that 7" is adjointable with adjoint lim,,_ T;:.

0

The next Proposition shows how the fibration of a Hilbert-C'(X )-module H into Hilbert

spaces {H;},ex induces a fibration of L(H).
Proposition 2.11.16. Let H be a Hilbert-C(X)-module.

(a) Let T € L(H) and v € X. There exists a uniquely determined bounded linear

operator T, : H, — H, such that the diagram

.1

H*>H

*>

(2.11.37)

commutes, where the vertical arrows are the canonical quotient maps, i.e. (Tu)(xz) =

T, (u(x)) for allu € H.



2.11. HILBERT-C(X)-MODULES AND ADJOINTABLE OPERATORS 53

(b) The map T +— T, defined above is a *-homomorphism L(H) — B(H,) for each
z e X.

(¢) The diagonal map

O: L(H)— [ B(H.)
reX

T (Tac)xEX

18 an isometric *-homomorphism. In particular,

| T[] = sup [|T%||- (2.11.38)
zeX

Proof. (a) Fix x € X. By combining Proposition 2.11.14 with Proposition 2.11.5, we
see that T'(N;) C N,. Hence, there is a unique bounded linear operator T, of norm

at most ||T|| such that T, (u(z)) = (Tu)(z) for all u € H.

(b) Fixx € X. Let T, S € L(H), \,p € Cand u € H. Then

(AS + 1T (w)(z) = (A(Su) + p(Tu))(z) (2.11.39)
= A(Su)(z) + u(Tu)(z) (2.11.40)
= AS,(u(z)) + pTu((u(z)) (2.11.41)
= (AS, + uTy) (u(x)). (2.11.42)

Hence, by uniqueness, (AS + p1")y = (ASy + uTz). The proof that (ST), = S.T%

runs similarly.

Let u,v € H then

(To(u(@)), v(z)) b, = (Tu)(x),v(x)) B, (2.11.43)
= (Tw,v)n(x) (2.11.44)
= (u, T"v) 1 (x) (2.11.45)
= (u(z), (T")(2))m, (2.11.46)
= (u(z), (T")2(v(2))) 1. (2.11.47)

Hence, by uniqueness of the adjoint, (7%), = 7.

xT

(c¢) Since each map T +— Ty, is a *~homomorphism, so is ®. Suppose ®(7T") = 0 for some

T € L(H). Then, for all u € H and = € X, (Tu)(x) = Ty(u(x)) = 0. Hence, by
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(2.11.14) together with (2.11.3), Tu = 0. Therefore, ' = 0. Since ® is an injective
*-homomorphism between C*-algebras, it is norm preserving.

O]

We now turn to conjugate-adjointable operators. These are best defined in terms of

conjugate Hilbert-C (X )-modules.

Definition 2.11.17. Let H be a Hilbert C(X)-module. A map T : H — H is conjugate-

adjointable if T is adjointable when viewed as a map T : H — H.

Specialising to the case where X is a one point space, we get bounded conjugate-linear
operators.

It an easy consequence of Definition 2.11.11, conjugate-adjointable maps satisfy
(Tu,v)g = M, T* )}y (u,v € H). (2.11.48)

From Proposition 2.11.14 together with Definition 2.11.11, we see that conjugate-adjointable

operators are conjugate-C'(X)-linear. We record this as a proposition for ease of reference.

Proposition 2.11.18. Let H be a Hilbert C(X)-module and T : H — H a conjugate-

adjointable map. Then
T(fv) = f*To. (2.11.49)

forall f € C(X) andv € H.
If T,S : H— H are both conjugate-adjointable, then the products ST and T'S are
adjointable maps; if T' is conjugate-adjointable and S is adjointable, then the products ST

and T'S are conjugate-adjointable.

We now state a version of Proposition 2.11.16 conjugate-adjointable operators.
Proposition 2.11.19. Let H be a Hilbert-C(X )-module.

(a) Let T : H — H be conjugate-adjointable and x € X. There exists a uniquely

determined bounded conjugate-linear operator T, : H, — H, such that the diagram

T
—_—

I, ]

H,——H,

(2.11.50)

commutes, where the vertical arrows are the canonical quotient maps, i.e. (Tu)(xz) =

T, (u(x)) for allu € H.
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(b) Let x € X. Suppose T, S : H — H are either conjugate-agjointable or adjointable.
Then (T'S)y = Ty Sy

Proof. (a) By (2.11.49) together with Propositions 2.11.5 and 2.11.12, we see that T'(N,) C
N.. Hence, there is a unique bounded conjugate-linear operator T, of norm at most

||T|| such that T, (u(x)) = (Tu)(x) for all u € H.

(b) Fix x € X and uw € H. Suppose T,S : H — H are either conjugate-agjointable or
adjointable. Then, using (a) and Proposition 2.11.16(a), we get

(TS)z(u(x) = (T'Su)(x) (2.11.51)
=T, ((Su)(z)) (2.11.52)
=T, (Sz(u(z)) (2.11.53)
= (T0:5z)(u(x)) (2.11.54)
Hence, by uniqueness, (T'S), = T,S;.
L]

2.11.3 The Strict Topology

Definition 2.11.20. Let H be a Hilbert-C'(X)-module. The strict topology on L(H) is

given by the seminorms

1Tl = [TV & (ve H), (2.11.55)

[Tox = [I1T"0]|1 (v € H). (2.11.56)

In the case X = {x} is a one point space, the strict topology is just the strong* topology.
A few of useful properties of the strong*-topology carry over to the strict topology with

essentially the same proofs.

Proposition 2.11.21. Let H be a Hilbert-C (X )-module.
(a) Addition L(H) x L(H) — L(H) is strictly continuous.
(b) Scalar multiplication C x L(H) — L(H) is strictly continuous.
(c) The involution L(H) — L(H) is strictly continuous.

(d) Multiplication L(H) x L(H) — L(H) is strictly continuous when restricted to || - ||-

bounded regions.
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(e) The strict topology is weaker than the norm topology.

Proof. Addition and scalar multiplication are strictly continuous since the strict topology
is defined by a set of seminorms, and the continuity of the involution is built into the

definition. For multiplication we have the estimates

15171 = SoTa)olla < [[S1lll(Th = T2)vllm + |(S1 = S2)Tovl|a, (2.11.57)
(17T — TyS2)vllar < [TY(I(S1 = S2) ™ vllm + [I(Th — T2)"Savlla (2.11.58)
for all v € H, from which the strict continuity of multiplication on || - [|-bounded regions

follows. Finally, since || Tv|| and ||T*v|| are both dominated by ||T||||v]|| &, the strict topology

is weaker than the norm topology. O

We now state the analogues of Theorem 2.2.1 and Proposition 2.2.2 for the strict

topology.

Proposition 2.11.22. Let H be a Hilbert-C(X)-module. The closed unit ball of L(H) is

complete with respect to the strict topology.

Proof. Since H is Banach space, we can use Theorem 2.2.1. Suppose (T))xep is Cauchy
with respect to the strict topology and ||T)|| < 1 for all A € A. Then (T))xea and (T})rea
are Cauchy sequences with respect to the strong operator topology on B(H). By Theorem
2.2.1, there exist bounded linear operators 7',.S in the closed unit ball of B(H) such that
Ty — T and T} — S with respect to the strong operator topology on B(H).

By Proposition 2.11.2, we have (Tv,w) = limy(T\v,w) = limy(v, TYw) = (v, Sw).
Hence T' € L(H) with T* = S. Since T\ — T and Ty — T with respect to the strong

operator topology on B(H), T\ — T with respect to the strict topology. O

Proposition 2.11.23. Let H be a Hilbert-C(X)-module and let A be a bounded subset
of L(H). Suppose the C(X)-span of S is dense in V. Then the strict topology on A is

induced by the family of seminorms {|| - ||v, || - |lox : v € S}.

Proof. 1t follows from Proposition 2.11.2, that the families of seminorms {|| - ||, || - [lo« :
v e St and {[| - [lo, || - [lv, : v € spangx)(S)} induce the same topology on A. So we may
assume without loss of generality that S is dense in H. Now Proposition 2.2.2, can be
applied to see that {|| - ||, : v € S} induces the strong operator topology on L(H) C B(H).
Therefore, {|| - ||v, || - [|o,x : v € S} induces the strict topology on L(H). O



2.11. HILBERT-C(X)-MODULES AND ADJOINTABLE OPERATORS o7

We now extend Proposition 2.11.16(b) by showing that the map £(H) — L(H) given
by T+ T, is continuous from the strict topology on L(H) to the strong* topology on
B(H,).

Proposition 2.11.24. Let H be a Hilbert-C (X )-module. The map L(H) — B(H) given
by T — T, defined in Proposition 2.11.16 is continuous from the strict topology on L(H)

to the strong* topology on B(H,).

Proof. Fix z € X. Let (T™)ca be a net in £L(H) converging strictly to T. Let v, € H,.
By definition, there is v € H such that v(x) = v,. By Proposition 2.11.16(b), we have

T = To)vellm, = (T = T)pvslm, (2.11.59)

= (@™ = T)v)(@)| &, (2.11.60)

< TN =Tl 5. (2.11.61)

Hence [[(T4" = T,)v, |, — 0. Similarly [|(T8Y = T,) v, |, — 0. 0

In the case that the Hilbert module is countably generated, the strict topology on
bounded subsets of L(H) is described by a C(X)-valued metric.

Proposition 2.11.25. Let H be a Hilbert C(X)-module. Suppose H = spang(x){v; : i €
N}, where v; € H and ||vi||g <1 for all i € N. Set

(T, S) = i 21 (((T — 8)oi, (T — S)yv )2 + (T — S)*v;, (T — S)*vi)l/Q) (2.11.62)
=0

forT,S e L(H).
(a) For allT,S € L(H), d(T,S) € C(X)+.
(b) For allT,S,R € L(H)

(i) d(T,S) =0 if and only if S=T,
(i) d(T,S) =d(T,S),
(ii) d(T,S) < d(T,R)+d(R,T).

(c) If (Ty) is a uniformly bounded net in L(H) and T € L(H), then T\ — T strictly if
and only if d(Tx,T) — 0 uniformly.
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Proof. (a) Foreachi € N, (T —S)v;, (T — S)v;)'/2 + ((T — 8)*v;, (T — §)*v;)1/? € C(X)
and || ((T — S)vi, (T — S)v;) /2 + (T — 8)*v;, (T — S)*Ui>1/2HC(X) < 2| T—S||. Hence,
the series defining d(7,S) is absolutely convergent in C(X). All terms of the series
are positive by (2.11.3), so d(T,S) € C(X)+.

(b) (i) Clearly d(T,T) = 0. Suppose, d(T,S) = 0. Then (T — S)v;, (T — S)v;) = 0 for
all i € N by positivity, so Tv; = Sv; for all for all ¢ € N by (2.11.3). By density,
T=25.

(ii) We have ((S — T)v;, (S — T)v;) = (T — S)v;, (T — S)v;) and ((S — T)*v;, (S —
T)*v;) = (T — S)*v;, (T — S)*v;) for all i € N by (2.11.1).

(iii) Let z € X. The map (S,T) — (Sv;, Tv;)'/?(x) is a hermitian form, so T —
(Tw;, Tv;)V/?(z) is a seminorm. By the triangle inequality, we get ((T—S)v;, (T—
S)v)/?(z) < ((T—R)vs, (T — R)vy)/?(x)+ ((R—S)vi, (R—S)v;)'/?(z) and sim-
ilarly for the stared terms. Consequently, d(T,S)(z) < d(T, R)(z)+d(R, S)(x).

(c) Let (T)) be a uniformly bounded net in £L(H) and T' € L(H). Choose K > 0 such
that |||, ||T)\|| < K. Suppose T\ — T strictly. Let € > 0. Choose N € N such that

Zb N 2% < SLK. Since T\ — T strictly, there exist Ay such that

N

(<(TA — T, (Tx — T)v)2 + (Ts — T)*v;, (Ts — T)*vi>1/2) < £ (2.11.63)

1 €
et N 2
=0

whenever A > \g. Then

€ =1 N N
d(T,T) < 5 + > on <<(T)\ = T)vi, (T = T)vi)'/? + {(Tn — T)*v;, (Ty — T) vi>1/2)
i=N+1
(2.11.64)
= 2T —-T
< g + Y | Anin (2.11.65)
i=N+1
SRS 1 (2.11.66)
i=N+1
<e (2.11.67)

whenever A > Ag.

Conversely, suppose d(Ty,T) — 0 uniformly. For i € N, (Ty —T)v;, (T —T)v;)/? <
2td(Ty, T). Hence, ||(T\—T)v;||gz — 0 for alli € N. Tt follows that ||(Ty—T)v;||g — 0

for all v € spang(x){vi : © € N} by Proposition 2.11.2. Since (7)) is uniformly
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bounded, Proposition 2.2.2 implies that ||(T\ —T")v;||g — 0 for all v € H. Similarly,
|(Tx — T)*vi||g — 0 for all v € H. Therefore, T\ — T strictly.
O

Remark 2.11.26. Proposition 2.11.25 allows us to relate in the strict topology on L£(H)
to the strong® topology on the fibres. If H = Spang(x {v@ : 1 € N}, where v; € H and
llvillr < 1. Then H, = spanc{vi(z) : i € N} for all z € H. Hence, the metric

00

)= 3 5 (1= @), + 16 = )" wiCe) ) (211.68)

9i
=0

for t,s € B(H,), induces the strong* topology on bounded subsets. By Propositions 2.11.6
and 2.11.16, we have d(T, S)(z) = dy(Ty, Sy) for all T, S € L(H).

We now turn to the Kaplansky Density Theorem [42, Theorem 1] for the strict topology.
This is proved by the same argument as in the Hilbert space case. We adapt the proof
from [58, Section 4.3]. Fix a Hilbert C'(X)-module H.” The key definition is the following:

Definition 2.11.27. A continuous function f : R — C is strictly continuous if f(T)) —
f(T) strictly whenever (Ty) C L(H) is a net of self-adjoint operators with T\ — T strictly.

Equivalently, strictly continuous functions are those for which the functional calculus

for the function f defines a strictly continuous map L£(H)s, — L(H).

Lemma 2.11.28. Let f : R — C be a bounded continuous function. Then f is strictly

continuous

Proof. Let A be the set of strictly continuous functions R — C. By Proposition 2.11.21,
A is a vector space and closed under complex conjugation. Moreover, if f,g € A and one
of them is bounded, then fg = gf € A using the estimates (2.11.57) and (2.11.58). Let
Ao = ANCh(R). We shall show, using the Stone-Weierstrass Theorem, that Ay = Cy(R).

Consider the functions f,g: R — C given by f(z) = (1+22)~! and g(z) = (1 +22)~!
Note that || fllcyms [ fllcom < 1. Let T,.S € L(H )sa. We compute that

g(T)—g(S) =T +T* 1 -51+5%)! (2.11.69)
=(1+T) (T +8%)-1+T%)S)(1+ 5% (2.11.70)
=(14+TH(T-8S-T(S—-T)S)(1+ 5%~ (2.11.71)

"In fact, the Kaplansky Density Theorem for the strict topology holds for general Hilbert-A-modules

by essentially the same proof, but we state the result in the commutative case only.
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Therefore, if v € H, then

l9(T) = g(S)llo < N1+ T*)"HT = 8)(1 + 5) " (v) |l (2.11.72)
+ |1+ TS —T)S)(1+ S*) () ||g (2.11.73)

<N+ T @ IT = Sllass?)-1(w) (2.11.74)

F I+ TH 7 T2 l1S = Tllsars2)-1) (2.11.75)

< |NT = Sllars2)-1w) + 15 = Tlisats2)-10)- (2.11.76)

Noting that ||g(T") — g(S) v« = [|g(T) — g(5)||v, as g is real valued, we see that g € Ay.
Since the map = — x is is strictly continuous, we get that f =1 — xg € Ay.

The set {f, g} separates the points of R and f(¢) > 0 for all t € R. Therefore, f and g
generate the C*-algebra Cy(R) by the Stone-Weierstrass Theorem. Thus, Ao = Cy(R).

Suppose h € Cp(R). Then hf, hg € Co(R), so hf,hg € A. Therefore, h = hf + zhg €
A. O

Theorem 2.11.29 (The Kaplansky Density Theorem for the strict topology). Let H be
a Hilbert-C(X)-module. Let A be a C*-subalgebra of L(H) with strict closure B.

(i) Asq is strictly dense in Bgg,.
(i) The closed unit ball of Agq is strictly dense in the closed unit ball of Bgg.
(#ii) The closed unit ball of A is strictly dense in the closed unit ball of B.

Proof. (i) Let b € By, and (ay) be a net in A converging strictly to b. Then (3 (ax+a}))

is a net in Ay, and converges strictly to %(b + b*) = b by Proposition 2.11.21.

(ii) Let b € By, with [[b]] < 1 and (ay) be a net in Ay, converging strictly to b. Let

f : R — C be the bounded, continuous function given by

-1, z<1,
f@)=q2, -1<z<1, (2.11.77)
1, z>1

Then (f(ay)) is a net in the closed unit ball of Ay, converging strictly to b by Lemma
2.11.28.

(iii) This follows from a matrix inflation trick. The direct sum H @& H has a natu-

ral Hilbert-C'(X)-structure where ((u1,u2), (vi,v2))gen = (u1,v1)g + (u2,v2)g in
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analogy with the Hilbert space direct sum. On can easily show that £L(H & H) =
My (L(H)) and that strict convergence on £(H @& H) corresponds to strict convergence
in each entry of My(L(H)). From this, it follows that Ma(A) is a C*-subalgebra of
L(H ® H) with strict closure My(B) and we can apply (ii) to this inflation.

*

Suppose b € B has ||b] < 1. Then (bo Z) € M(B)s, and has norm at most
1. There is a net (ay) in the closed unit ball of Ms(A)s, converging strictly to
(bo* Z) € Ms(B)s,. Taking the (1,2)-th entries of this net gives a net in the closed

unit ball of A converging strictly to b. O

Corollary 2.11.30. Let H be a Hilbert-C(X)-module. Let A be a C*-subalgebra of L(H).

Then A is strictly separable if and only if the closed unit ball of A is strictly separable.

Proof. If the closed unit ball of A is strictly separable with countable dense subset D, then
UnennD is a countable dense subset of A for the strict topology.

Suppose A is strictly separable with countable dense subset D. Let B be the C*-algebra
generated by D. The unit ball of B is strictly dense in the unit ball of A by Theorem
2.11.29. Since B is countably generated it is || - ||-separable. Hence the unit ball of B is
also || - [[-separable. Let D" be a countable || - ||-dense subset of the unit ball of B. Since
D ) 5“'”, D™ contains the unital ball of B. Therefore, D™ contains the unit ball of
A. O

2.12 General Topological Bundles

In this section, we develop a very general notion of a bundle over a topological space. This
definition will not require that the bundle is locally trivial or even that the isomorphism
class of the fibre is locally constant. The reason for introducing this general notation of
bundle is that the bundle-like objects that occur naturally in functional analysis aren’t
necessarily locally trivial.

This section is heavy inspired by the book [26], in particular its treatment of Banach
bundles [26, Chapter 2, Section 13.4]. Unfortunately, tracial von Neumann algebras are
not Banach spaces with respect to the [|-[|2-norm because only the ||-||-unit ball is complete
in ||-||2-norm not the whole space. Thus, the results of [26, Chapter 2, Section 13.4] cannot
be applied directly to the study of W*-bundles in Section 3.6. We, therefore, work with
bundles of normed spaces in Section 2.12.2 and carefully explain what can additionally be

proved if the fibres are complete.
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2.12.1 Bundles and Sections

Definition 2.12.1. A bundle over a Hausdorff topological space X is a pair (B, p) where
B is a Hausdorff topological space and p : B — X is a continuous, open surjection. The
fibre at = € X is the set p~!(z).

We say that the bundle (B, p1) over X is isomorphic to the bundle (Bs, p2) over X,

if there are homeomorphisms ¢ and ¢ such that the diagram

B —2+ B, (2.12.1)
pll lm
¥
X1 — X2

commutes.

The standard example of a bundle over X is the product space X xY for some Hausdorff
space Y together with the projection map p on to the first co-ordinate. Note that, in this
example, each fibre p~!(x) is canonically homeomorphic to Y via the map (z,y) ~ .
We call this bundle the trivial bundle over X with fibre Y; any bundle isomorphic to this
bundle is deemed trivial.

If (B,p) is a bundle over X and A C X then (p_l(A),p\p_1(A)) is also a bundle and
is known as the restriction of (B,p) to A. In algebraic topology, one considers almost
exclusively bundles that are locally trivial, that is bundles (B, p) with the property that
for all points « in the base space X have an open neighbourhood U such that the bundle
restricted to U is trivial.

In functional analysis, non-locally trivial bundles arise naturally. Indeed, the isomor-
phism class of the fibre may not be locally constant. The general definition of bundle given
above allows for such possibilities.

We now come to the definition of the sections of a bundle.

Definition 2.12.2. Let (B, p) be a bundle over X. A section of (B,p)isamap f: X — B
such that po f =idx.

We are, of course, mostly interested in continuous sections, but will on occasion have
need for non-continuous sections. We shall also speak of local sections, that is sections
which are defined only on a subset of X or equivalently sections of an appropriate restric-

tion of the bundle.

Definition 2.12.3. A bundle (B, p) over X is said to have sufficiently many continuous

sections if for every b € B there is a continuous section f : X — B with f(p(b)) = b.
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Note that, if the bundle (B,p) over X is has sufficiently many continuous sections
and U is a neigbourhood of b € B, then p(U) D f~1(U), so p(U) is a neighbourhood of
p(b). Consequently, the openness of the map p is necessary for there to be sufficiently map

continuous sections.

2.12.2 Bundles of Normed Spaces

The bundles that arise in functional analysis, tend to have fibres which are normed vector
spaces (or even Banach spaces). Denoting the bundle (B, p) and the base space X, this
gives rise to the following global functions: addition + : D — B, where D = {(b1,b2) :
B x B : p(b1) = p(be)}; scalar multiplication - : C x B — B; and norm || - || : B — [0, 00).
Moreover, each fibre contains a distinguished zero element 0, € p~!(zx), and the map
x +— 0, is a distinguished section of the bundle. We can now state some axioms for such

bundles.

Definition 2.12.4. A bundle of normed spaces (respectively Banach spaces) is a bundle
(B,p) over X where each fibre p~!(z) has the additional structure of a normed vector

space (respectively Banach spaces) and the following axioms are satisfied:
(i) The global norm || - || : B — [0, 00) is continuous.
(ii) The global addition + : D — B is continuous.
(iii) For each A\ € C, that map B — B : b — Ab is continuous.
(iv) A net (b;) in B converges to 0, provided both ||b;|| — 0 and p(b;) — =.

We say that the bundle (B, p1) over X is isomorphic to the bundle (Bs, p2) over Xy

if there are homeomorphisms ¢ and ¢ such that the diagram

B, —2+ B, (2.12.2)

| ¢ |

X — X5

commutes, and for all z; € X, ¢|pf1(m1) : py (1) — pyt((zy)) is an isomorphism of

normed vector spaces.®

80ne could also consider the stronger notion of isometric isomorphism, where each <p|p_1 @) pr () —
1

p5 ' (¥(z1)) is required to be norm preserving.
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Proposition 2.12.5. The zero section B — B : x +— 0, and the global scalar multiplica-

tion map - : C x B — B are continuous.

Proof. Let (z;) be a net in X converging to x. Since p(0z,) = x; — x and ||04,]| =0 — 0,
Axiom (iv) ensures that 0y, — 0.

Let (A;) be a net in C converging to A and (b;) a net in B converging to B. (Without
loss of generality, we assume they have the same indexing set I.) Then p(A\;b; — A\b;) =
p(b;) — p(b) and [[A\ib; — Ab;|| = |X\i — Al||bi]| — 0, since by Axiom (i) ||b;|| — ||b]]. Hence,
by Axiom (iv) Aib; — Ab; — 0. Since Ab; — Ab by Axiom (iii) and since addition is

continuous by Axiom (ii), we have \;b; — Ab. O

Example 2.12.6. If (B, p) is the trivial bundle over of X with fibre Y and Y is a normed
vector space, then we get an induced normed vector space structure on all the fibres via
the canonical homomorphism. The veracity of the Axioms (i-iv) is an easy consequence
of the definition of the product topology. The restriction of a bundle of normed space is
also a bundle of normed space, and we can define locally trivial bundles of normed vector

spaces.

Remark 2.12.7. Axiom (iv) can be reformulated as follows: Given x € X, the sets B(U,€) =
{be B:pb) € U,Jb| < €} as U ranges over open neighbourhood of x and e ranges over
positive real numbers are a neighbourhood basis for 0,. One can view this axiom, as a

weakening of local triviality.

We now turn to the sections of a bundle (B, p) of normed spaces over X. A consequence
of Axioms (ii) and (iii) together with the continuity of the zero section is that the set
['(B,p) of all continuous section of a bundle of (B,p) is a vector space under fibrewise
operations. If one wishes to have a normed space of continuous sections, one must restrict
attention to the subspace I'y(B,p) of bounded, continuous sections, that is sections f :
X — B of a bundle such that sup,cx || f(z)]| < co. One can then define a uniform norm
| flloo = supgex ||f(2)]. In the case X compact, then I'( B, p) = I'y(B, p).

In the following proposition, we show that continuity of sections is preserved under

uniform limits. The proof is essentially that of [26, Corollary 11.13.13].

Proposition 2.12.8. Let (B, p) be a bundle of normed spaces over X. Suppose the sections
fn : X — B converge uniformly to the section f : X — B. If each f, is continuous, then

sois f.



2.12. GENERAL TOPOLOGICAL BUNDLES 65

Proof. Let (xx)xea be anet in X converging to z € X. Then p(f(z))) =z = = = p(f(x))
as A — oo. Since p is an open map, there exists a subnet (xL)MGM of (zx)xea and a net

(bu) e in B such that

p(by) =z, (ne M), (2.12.3)
;}Lngo b, = f(x). (2.12.4)

Indeed, let M = A X Ny, where Ny is the net of open neighbourhoods of f(x)
with the direction given by reverse inclusion. For p = (\,U) € M, choose X' € A such
that X > X\ and zy € p(U), existence of such a A\ being guaranteed as p is open, and
set rj, = z). By construction (z,),cn is a subnet of of (z))xea and both (2.12.3) and
(2.12.4) hold.

Let € > 0. Choose n € N such that || fu(y) — f(y)|| < § for all y € X. The continuity
of fn together with Axioms (i-iii) ensures that || f,(z},) = bull = [| fu(2) — f(x)|| as p — oo.

Hence, there is pigp € M such that || f,(7),) — bul| < § whenever 1 > pg. Therefore,

1f (@) = bull < [1f () = Fa )| + [ fa(2,) = bl (2.12.5)
<5ty (2.12.6)
= (2.12.7)

whenever p > po. Thus, we have shown that || f(x),) — byl — 0 as p — oo. Invoking
Axiom (iv), we find that f(x),) — b, — 0; in B as p — oco. By Axiom (i), f(z),) =
(f(x,) = bu) + by — f(x) as p — oo.

This proves that f is continuous for, if not, there would exist x € X, an open neighbour-

hood V of f(z) and a net (zx)xea converging to z € X such that f(xy) € V for all A € A;

hence, no subnet (z/,).enm of (zx)rea could have the property lim,, o f(7),) = f(z). O

Corollary 2.12.9. Suppose (B,p) is a bundle of Banach spaces over X. Then I'y(B,p)

is a Banach space.

Proof. The space of all bounded sections of (B, P), is a Banach space isomorphic to the
product [[,cx p~1(x). By Proposition 2.12.8, T',(B, p) is a closed subspace of the Banach

space of all bounded sections. O

Finally, we come to the question of whether a bundle has sufficiently many sections. If
a bundle of normed space has sufficiently many continuous sections, then its topology is

completely determined by these continuous sections, as the following result shows.
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Proposition 2.12.10. Let (B,p) be a bundle of normed vector spaces over X with suffi-
ciently many continuous sections. Then a basis for the topology of B is given by the the
sets B(U, f,e) = {b € B :p(b) € U, || f(p(b)) — b|| < €} as U ranges over all open sets in

X, f ranges over all continuous sections, and € ranges over all positive real numbers.

Proof. Let by € B and g = p(b). Since (B, p) has sufficiently many continuous sections,
there is a continuous section fy such that fo(zg) = bg. Since f is continuous, the map
® : B — B given by b — b — f(p(b)) is a homeomorphism with inverse given by b —
b+ f(p(b)). Since ®(bg) = 0,,, we deduce from Remark 2.12.7 that the sets B(U, fo,€) =
{be B:p) eU,|fo(p(b)) —b|| < e} as U ranges over open neighbourhood of zg, and e

ranges over positive real numbers are a neighbourhood basis for bg. O

Directly from the axioms, one can only deduce the existence of a single continuous
section: the zero section. However, if one makes some assumptions on the base space,
progress can be made. The follow result is due to Douady and dal Soglio-Herault and

appears as an appendix to [25] and in [26, Appendix C].

Theorem 2.12.11. Let X be either paracompact or locally compact. The any bundle of

Banach spaces over X has sufficiently many continuous sections.

2.12.3 Constructing Continuous Sections

This section is devoted to providing an overview of the proof of Theorem 2.12.11. It is
heavily based on the extremely detailed presentation found in [26, Appendix C]. However,
since we shall later wish to adapt the construction, special effort will be made to isolate
where completeness of the fibres comes into the picture. Hereinafter, let X be a Hausdorff
space and (B, p) a bundle of normed spaces over X.

The key concepts introduced by Douady and dal Soglio-Herault are e-thin sets and

e-continuous sections.

Definition 2.12.12. Let ¢ > 0. A subset U of B is e-thin if ||b — V/|| < € whenever
bi1,b2 € U and p(bl) = p(bg).

Definition 2.12.13. Let z € X. A section f : X — B is e-continuous at z if there is
a neighbourhood V' of z and an e-thin neighbourhood U of f(x) such that f(V) C U. A

section f : X — B is e-continuous if it is e-continuous at all points x € X.

We begin with the basic existence results.
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Proposition 2.12.14. For all ¢ > 0, every b € B has an e-thin open neighbourhood.

Proof. Let b € B. The map o : D — B given by (b1, b2) — b; — by is continuous on its
domain D = {(b1,b2) : B x B : p(b1) = p(b2)}. Applying the definition of continuity of o
at (b,b), there is an open set U containing b such that o((U x U) N D) C B(X, §). The

set U is an open e-thin neighbourhood of b. O

Proposition 2.12.15. Suppose X is completely reqular. For all e > 0, zog € X and

bo € p~Y(x0), there is an e-continuous section f with f(xo) = bo.

Proof. Let U be an open e-thin neighbourhood of by. The set V' = p(U) is an open
neighbourhood of xzy. By the axiom of choice, there is a local section fi : V' — B such
that fy (V) C U. Complete regularity of X implies the existence of a continuous bump
function ¢ : X — [0,1] supported on a closed set F' C V and with ¢(z¢) = 1. We can

define f : X — B by
v
fla) = v, eV (2.12.8)
0, x g V.

The function f is easily seen to be an e-continuous section. O

The following lemma uses the concept of e-thin sets to describe neighbourhood bases

in B.

Lemma 2.12.16. Let b € B and let (U;);cr be a decreasing net of open neighbourhoods of
b such that

(i) {p(U;) :i € I} is a neighbourhood basis for p(b),
(ii) U; is €;-thin and lim; €; = 0.
Then {U; : i € I} is a neighbourhood basis for b.

Proof. Write z = p(b) and V; = p(U;) for i € I. Using the notation of Remark 2.12.7, the
sets B(V;, €;) form a neighbourhood basis for 0.

Let W be an open neighbourhood of b in B. By Axiom (i), there is an open neighbour-
hood W’ of b and an index i € I such that b’ + b” € W whenever b/ € W', b" € V(V,,¢;)
and p(b') = p(b").

Since p(W’'NU;) is an open neighbourhood of x, there is j > i such that U; C p(W'NU;).
Since (U;)ics is decreasing, U; C U; N p~Ip(W' N U;).
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Let ¢ € U;. Then ¢ € U; and there exists ¢ € W/ N U; with p(¢) = p(c). As U; is
e;-thin, |[c — || < €, i.e. ¢ = € B(V;,¢;). Therefore, ¢ = ¢ + (¢ — ¢’) € W, and hence

U; cw. ]
We now can give one of the key lemmas of Douady and dal Soglio-Herault.

Lemma 2.12.17. Suppose the section f is e-continuous for all € > 0. Then f is continu-

ous.

Proof. Let x € X. For each n € N, there is an open neighbourhood V,, of x and an
n~1-thin open open neighbourhood U, of f(z) such that f(V;,) C U,. Replacing U,, with
U, Np~1(V,,), we may assume without lose of generality that f(p(U,)) C U,. Replacing
U, with Uy N ---NU,, we may further assume that the U,, are decreasing.

It now follows from Lemma 2.12.16 that the sets U, Np~' (V) form a neighbourhood
basis for f(z) as n ranges over the natural numbers and V ranges over a neighbourhood

basis for 2. Since f~1(U, Np~1(V)) 2 p(U,) NV, f is continuous at . O

The following result combined with the previous lemma indicate how one could con-

struct continuous sections.

Lemma 2.12.18. Let € > 0. Suppose the sections fn are all e-continuous and converge

uniformly to f. Then f is € -continuous for all € > .

Proof. Let € > €. Choose n € N such that || f(y) — f(v)| < 6/56 for all y € X. Now let

x € X. Since f,, is e-continuous there is an e-thin open neighbourhood U of f,,(x) and an
open neighbourhood V of z such that f,(V) C U. Replacing U with U Np~(V), we may
assume that p(U) = V.

Set W ={b+c:beUce B(V, 5/2_6),p(b) = p(c)}. Then f(x) = fu(z) + (f(z) —
fn(x)) € W whenever 2 € V, and the following calculation shows that W is €’-thin:

[(b1 4+ c1) = (b2 + c2)|| < [|br — b2l + [lea]| + [lez]] (2.12.9)
€ —€ € —¢
2.12.1
< e+ 5 + 5 ( 0)
— ¢, (2.12.11)

where bl,bQ € U, C1,C2 € B(‘/, EIQE) and p(bl) = p(bg) = p(Cl) = p(CQ).
It remains to show that W is an open set. Write D = {(b1,b2) : Bx B : p(b1) = p(b2)}.

Then the map ® : D — D given by (b1, b2) — (b1 + b2, b1 — b2) is a homeomorphism, and
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the map ¥ : D — B given by (b1, bs) + b; is open and continuous. The set W is the
image of the open set D N (U x B(V, 5/2_6))7 which is open in D, under the composition

Vo ®. Hence, W is open in B. O

Key to the proof of Theorem 2.12.11, is a partition of unity argument. This step is

isolated in Proposition 2.12.20 and the following technical lemma.

Lemma 2.12.19. Let ¢1,...,¢, : X — [0,1] be a continuous partition of unity. Then

o difi is e-continuous whenever the f; are all e-continuous.

Proof. Let xgp € X. Then some ¢;, is non-zero on a neighbourhood Vj of zy. Without loss
of generality, assume ig = 1. For ¢ = 1,...,n, there is an open neighbourhood V; of X and
an e-thin open neighbourhood U; of f;(x) such that f;(V;) C U;. Set V. =1VyN---NV, and
replace each U; with U; Np~ (V).

Set W = {30, ¢i(x)b; : x € V,b; € Ui,p(bi) = x}. Then > 7' ¢i(x)fi(x) € W

whenever x € V and W is e-thin since

1Y~ dila)bi =Y i@l < i) |bs — by (2.12.12)
=1 =1 =1

< z”: ¢i(z)e (2.12.13)
=1
=, (2.12.14)

where x € V, b;,b; € U; and p(b;) = p(b}) = =.

It remains to prove that W is open in B. Write E = {(b1,b2...,b,) € B™ : p(b1) =
p(b2) = --- = p(b,) € V}. Then the map ® : E — E given by (b1,be,...,b,) —
(3", ¢i(x)biyba ..., by), where x = p(by), is a homeomorphism?, and the map ¥ : E —
p~Y(V) given by (b1, ba,...,b,) > by is open and continuous. The set W is the image of
the open set E N (U; X Uy x - -+ x Uy,), which is open in D, under the composition ¥ o ®.

Hence, W is open in B. O

Proposition 2.12.20. Assume X is paracompact. Let € >0, xg € X and let f: X — B

be an e-continuous section. Then there is an §-continuous section f': X — B such that
1f(x) = f'(@)]| < 3¢ for allz € X and f'(x0) = f(xo).

Proof. Let x € X. Let U be an e-thin open neighbourhood of f(x) such that f(p(U;)) C
U;. By Lemma 2.12.15, there exists an §-continuous function @) such that f®)(z) = f(x).
Let Uz be an §-thin open neighbourhood of f@)(z) = f(z) such that £ (p(Us)) C Us.

The inverse is given by (b1,ba,...,bn) = (¢1(z) ™" (b1 — > o1, di(2)bi) b2 .., bn)
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Set V®) = p(Uy; NUy). Let y € V®. Then there exist b € Uy N Us with p(b) = y and

y) — b|| < e, since Uj is e-thin, and || f*) (y) —b|| < &, since Us is §-thin. Consequently,
2 2

17) ~ Il < Se (v e Vi), (212.15)

Since X is paracompact there is a locally finite refinement {V; : i € I} of the open
cover {V(‘”) :x € X}. Suppose xy € Vj,. As X is paracompact, X is regular. Hence, there
is an open neighbourhood Z of z( such that Z C V;,. Replacing V; with V; \ Z for i # i,
we may assume that ¢ € V; for ¢ # ig. Let f;, = f(IO) and, for i # ig, let f; denote one
of the f(*) for which V; C V(*),

Let (¢)ier be a partition of unity subordinate to {V; : i € I}. Set f' = >, ; difi.
Since in a neighbourhood of any point only finitely many terms of the sum are non-zero,

Lemma 2.12.19 ensures that f’ is §-continuous. Furthermore, if y € X, then

1F () = F Wl =11 dily) = i)l (2.12.16)

iel
<> aWlfy) - il (2.12.17)
el
< Z@(y);e (2.12.18)
i€l
= ;6' (2.12.19)
Finally, since xo € V; for i # i, f'(xo) = f(zo)(l‘o) — f(x0). -

We can now give the proof of Theorem 2.12.11.

Proof of Theorem 2.12.11. We first prove the result for X paracompact. Fix x¢g € X and
bo € p~'(z). By Proposition 2.12.15, there is 1-continuous section fo with fo(xg) = bo.
Using Proposition 2.12.20, we inductively construct a sequence of sections f, : X — B
with fn(20) = by such that f, is 5--continuous and || f,,(z) — fo-1(z)| < 5= for all z € X
and n € N.

Since the series > -0 converges, the sequence of section (f,,)7 ; is uniformly Cauchy,

=0 21
i.e. for all € > 0, there exists N € N such that

[ fn(2) = fm(2)]| <€ (2.12.20)

whenever x € X and m,n > N.
As fibres of the bundle are Banach spaces, f,, converges pointwise to some section f.

Fixing x while letting m — oo in (2.12.20), we see that f, converges uniformly to f. This
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section will by e-continuous for all € > 0 by Lemma 2.12.18 and thus continuous by Lemma
2.12.17.

The result for X locally compact is deduced by working first on a compact neighbour-
hood of by, applying the result for the paracompact case, then multiplying by a suitable

bump function. O
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Chapter 3

An Introduction to W*-Bundles

W*-bundles were introduced by Ozawa in [62], motivated by work on the Toms-Winter
Conjecture in the classification programme for C*-algebras (see Chapter 1). The abstract
theory of W*-bundles was then developed further in [5] and [23]. In this chapter, we
present the axiomatic definition of W*-bundles, their basic theory and the key examples.
We also systematically study the standard form of a W*-bundle and morphisms between
W*-bundles, culminating in a bicommutant theorem for W*-bundles in standard form. In
the final section of this chapter, we provide an alternative picture of W*-bundles, where

one considers bundle spaces rather than algebras of sections.

3.1 Definitions and Examples

The purpose of this section is to present the formal definition of a W*-bundle and illuminate
this somewhat abstract definition with the help of some examples. The definition given

below is essentially that of [62, Section 5].!

Definition 3.1.1. A tracially continuous W*-bundle over a compact Hausdorff space X
is a unital C*-algebra M together with a unital embedding of C'(X) into the centre Z(M)
of M and a conditional expectation E : M — C(X) such that the the following axioms

are satisfied:
(T) E(alag) = E(agal), for all ai,a € M.

(F) E(a*a) =0=a =0, for all a € M.

1We follow the conventions of [5] and [23] and do not require X to be a metric space.

73
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(C) The unit ball {a € M : ||a|]| < 1} is complete with respect to the norm defined by

lall2u = [1E(a"a)' 2 |lex) >

We now take the opportunity to fix some terminology and notational conventions that
will be used throughout this thesis. We also state formally the definition of a pre-W*-

bundle, a concept that will be useful from time to time in this thesis.

Notation and Terminology 3.1.2. We abbreviate tracially continuous W*-bundle to
W*-bundle. In the notation of Definition 3.1.1, we call X the base space of the bundle,
M the section algebra, and E the conditional expectation. The unital embedding of C'(X)
into Z(M) is typically suppressed in the notation, but will on occasion be denoted by
t. By abuse of notation, the same symbol M is used to denote both the W*-bundle as
a whole and its section algebra. The axioms listed in Definition 3.1.1 are referred to as
the tracial axiom, the faithfulness axiom and the completeness axiom respectively. By the
unit ball of a W*-bundle M, we always mean {a € M : ||a|| < 1}, i.e the closed unit ball

with respect to the || - ||-norm.

Definition 3.1.3. A pre-W*-bundle over a compact Hausdorff space X is a unital C*-
algebra M together with a unital embedding of C(X) into the centre Z(M) of M and a

conditional expectation F : M — C(X) such that the the following axioms are satisfied:
(T) E(alag) = E(a2a1), for all a1, a0 € M.
(F) E(a*a) =0=a =0, for all a € M.

We now turn to the basic examples of W*-bundles: tracial von Neumann algebras, finite
von Neumann algebras, trivial W*-bundles and subtrivial W*-bundles. The motivating
examples of W*-bundles, namely those arising from C*-algebras, will be introduced in

Section 3.3 after we’ve developed some of the basic theory of W*-bundles in Section 3.2.

Example 3.1.4 (Tracial von Neumann algebras). A pre-W*-bundle over a one point space
X = {x} is nothing more than a unital C*-algebra M = A together with a faithful trace
E = 7, provided we make the obvious identifications C = Cl4 = C({*}). In this case,
Axiom (C) holds if and only if (A4, 7) is a tracial von Neumann algebra; see Definition

2.8.17 and Theorem 2.8.16.

2For each © € X, a — E(a)(z) is a trace, so & — E(a*a)(z)'/? is a seminorm. Taking suprema, we see

that || - ||2,. is @ seminorm. Axiom (F) ensures it’s a norm.



3.1. DEFINITIONS AND EXAMPLES 75

Example 3.1.5 (Finite von Neumann algebras®). Fix a finite von Neumann algebra M.
Let X be the hyperstonian space such that Z(M) = C'(X) and identify these two alge-
bras. Note, that X is typically non-metrisable. Let E be the centre valued trace (see
Theorem 2.8.11). Since all traces on M factor though the centre valued trace, we have
llall2u = HE(a*a)l/2Hc(X) = sup.cr(um) llall2,r- A consequence of Corollary 2.8.12 is that
the supremum can equally well be taken over the normal traces of M. Axioms (T) and

(F), are basic properties of the centre valued trace. Axiom (C) is verified below.

Proposition 3.1.6. The unit ball of a finite von Neumann algebra M is complete with

respect to the || - ||2,,-norm.

Proof. Suppose the sequence (ay,) is a || - ||2,,-Cauchy sequence in M with ||a,|| <1 for all
n € N. Since the || - |2,,-norm dominates the || - |2 --norm for any trace 7 € T (M), (ay,) is
Cauchy with respect to the || - [|2 --norm for any trace 7 € T'(M). The family of all normal
traces is separating by Corollary 2.8.12, so by Proposition 2.7.7 the family of seminorms
{I| - ll2,7 : 7 € T(M), T normal} induces the strong operator topology on bounded subsets
of M. Hence, (ay) is Cauchy with respect to the strong operator topology. However, the
unit ball of M is complete in the strong operator topology by Theorem 2.2.1, so there
exists a € M with ||a|| < 1 such that a,, — a strongly as n — oo.

Let € > 0. As (ay) is Cauchy with respect to the ||-||2 ,-norm, there is N € N such that
llan — amll2,u < € whenever n,m > N. Hence, for all normal traces 7, |[ay, — amll2- < €
whenever n,m > N. However, a,, — a strongly as m — oo and the strong operator
topology on bounded sets is induced by family of seminorms {||-||2,7 : 7 € T(M), T normal}.
Thus, for all normal traces 7, ||a, — al|2,- < € whenever n > N. Since the normal traces
are dense in T'(M), we have ||a,, — al|2,, < €. Therefore, (a,) converges to a with respect

to the || - [|2,,-norm. O

Example 3.1.7 (Trivial W*-Bundles c.f. [62, Section 5]). Let X be a compact Hausdorff
space and (M, 7) be a tracial von Neumann algebra. The trivial W*-bundle over X with

fibre M is the unital C*-algebra
Co(X,M)={f:X = (M,7): fis|-|-bounded, f is || - ||2,--continuous} (3.1.1)

together with the embedding ¢ : C'(X) — Z(Cy(X, M)) and the conditional expectation

3This family of examples of W*-bundles was suggested to me by George Elliott during a talk I gave at

the Isaac Newton Institute in Cambridge. Later, in Glasgow, I was able to prove that Axiom (C) holds.
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E:Cy(X,M)— C(X) defined by

U9)(x) = ¢(x)1nm (z € X, ¢ € C(X)), (3.1.2)
E(f)(x) =7(f(2)) (z € X, f € Co(X, M)). (3.1.3)

We check the axioms (T), (F) and (C) in the proposition below.

Proposition 3.1.8. For the trivial W*-bundle over X with fibre M defined above, the
azioms (T), (F) and (C) are satisfied.

Proof. Axioms (T) and (F) follow from the fact that 7 is a faithful trace on M. We now
show Axiom (C) holds. Let (f,) € C,(X, M) be a sequence such that || f,| < 1 for all
n € N and which is a Cauchy sequence with respect to the || - ||2,,-norm. Let z € X. Since

||fn(x) - fm($)||2,r < ||fn - fm

have that (f,(x)) is a || - ||2,-~Cauchy sequence in the unit ball of the tracial von Neumann

|2 for all n,m € N and ||f,,(z)]| < ||fn| for all n € N, we

algebra M and so has a ||+ ||2,~-limit in the unit ball of M. Hence, we can define a pointwise
|| - |l2,~-limit f of the sequence of functions (f,) and sup,cy ||f(z)] < 1.
Let € > 0. There is N € N such that || f, — fm

2.4 < € whenever n,m > N. Fix v € X.

Then || fn(z) — fm(2)|l2.+ < € for n,m > N. Letting m — oo gives || fn(z) — f(x)

2,7 <e

Hence,
sup || fu(z) — f(2)ll2r <€ (3.1.4)
zeX

whenever n > N. Therefore, (fy,) converges uniformly to f in || - |2, -norm.

A standard 3e-argument now gives that f is || - ||2,r-continuous. Indeed, let € > 0 and
xg € X. Choose N € N as above, so that (3.1.4) holds whenever n > N. Since fy is
||||2,7-continuous, there is an open neighbourhood U of xq such that || fx (zo) — fnv(z1)| < €

whenever 21 € U. Using (3.1.4) twice, we compute that

If(zo) — f(x1)ll2r < IIf(w0) — fn(zo)ll2r + | fn(z0) — fn(21)ll2,7 (3.1.5)
+[[fn(m1) = f(z1) |2, (3.1.6)
< 3e. (3.1.7)

Hence, f is || - ||2,r-continuous. Therefore, f is in the unit ball of Cy(X, M). As (fn)
converges uniformly to f in || - ||2--norm, (fy) converges to f in || - ||2,-norm. This

completes the proof of Axiom (C). O

Example 3.1.9 (Subtrivial W*-bundles). Let M = C,(X, M) be a trivial W*-bundle.

For each z € X, let N, be a von Neumann subalgebra of M containing the identity. Set
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N ={f € C(X,M) : f(x) € N, for all z € X}, with the embedding and conditional
expectation inherited from C, (X, M). Since each Ny is || - [|2,--closed in M, we get that
Miis || -|
and axiom (C) is satisfied. Axioms (T) and (F) are inherited from C,(X, M). Therefore,
N is a W*-bundle over X.

gu-closed in Cp(X, M), and so also || - [|-closed. Hence, N is a unital C*-algebra

For each x € X, let eval, : Cy(X, M) — M be the *-homomorphism coming from
evaluating a function at the point z. By definition, we have eval,(N) C N,. In order
to have equality, one must make a continuity assumption on the family {N,},ex. The
precise necessary and sufficient condition is given in the following proposition, which is

inspired by [19, Proposition 11].

Proposition 3.1.10. Let M = C,(X, M) be a trivial W*-bundle and N the subtrival
bundle defined by the family of von Neumann subalgebras {Ny},ex. Then the following

are equivalent:
(i) For all z € X, eval,(N) = N,.

(i4) For allb € M, the map x — dist)., . (b, N) is upper-semicontinuous, where dist).y, (b, Ny) =
inf{[|b — c[|2,- : ¢ € Ny}

Proof. Hereinafter, we drop subscripts and write dist(-, -) instead of dist|., ().

(i) = (ii) Let b € M, 20 € X, and € > 0. There exists ¢ € Ny, such that [|b—c|2r, <
dist(b, Ny, ) + €. Since eval,(N) = N, for all x € X, there is f € N such that f(x¢) = c.

Since x — ||b — f(x)||2,+ is continuous, there is neighbourhood U of z( such that
Ib — f(x)|l2,r < dist(b, Ng,) + € for all x € U. Since f(z) € N, for all z, it follows
that dist(b, Nz) < dist(b, Nz,) + € for all z € U. Hence, z > dist)|, (b, Nz) is upper-
semicontinuous.

(ii) = (i) We need to prove that for all zg € X and b € N, there is some f € N with
f(xzg) = b. We construct such an f as the limit of a sequence (f,) C C,(X, M) with the

following properties:

1 full < (101, (3.1.8)
fn(@o) =0, (3.1.9)
[ fn = fr1llzu < 271_1 (3.1.10)

sup dist(fn(x), Ny)
reX

< g (3.1.11)
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Assume for now that such a sequence exists. Axiom (C) together with (3.1.8) and (3.1.10)
ensures that (f,) has a || - ||2,,-limit f € C,(X,M). Taking limits in (3.1.9) ensures
that f(xg) = b. Finally, property (3.1.11) ensures that, for each z € X, f(x) lies in the
|| - ||2,~-closure of N, so f(x) € Ny; hence, f € N.

We now show how to construct the sequence (f,,). This is done by induction. First we
construct fi. Since x — dist(b, N,) is upper-semicontinuous there is an open neighbour-
hood U of x¢ such that sup, ¢ dist(b, V) < % Choose a continuous function ¢ : X — [0, 1]
such that ¢(z¢) =1 and ¢(X \ U) C {0}. Set f1 = ¢b. Properties (3.1.8) and (3.1.9) are
clearly satisfied, property (3.1.10) is void, and property (3.1.11) comes from considering
the cases x € U and x € X \ U separately.

Suppose now that fi,..., fn,—1 have been constructed with the desired properties. We
construct f,. By (3.1.11), there is, for all x € X, b®) € N, such that || f,_1(z) — @2, <

1. In fact, we can take b@) = En_(fu_1(x)), where Ey, is the canonical conditional

expectation M — N,. This ensures that we also have |[b(®)| < ||fo—1(x)| < ||b|| and
b(®0) = b,
Fix 2 € X. By the continuity of f,, and the upper-semicontinuity of 3 — dist(b(*), Ny),

there is an open neighbourhood U®*) 5 z such that

1
sup || fa-1(y) =0 < =1 (3.1.12)
yEU(@
o 1
sup dist(b¢ ),My) < Zn (3.1.13)
yeU (@)

The open cover {U®) : 2 € X} of X has a finite subcover. We write this subcover as
Ui,...,U,, and the corresponding elements of {b(:”) cx € X} oas by,...,by. We may
assume that U; = U®0) and by = b. Let ¢1,. .., ¢m be a partition of unity subordinate to
Ui,...,Up with ¢1(x) = 1. Set f, = Y i~ ¢ib;. Property (3.1.8) follows since we ensured
that ||b(®)]| < ||b]| for all z € X and ¢, ..., ¢, is a partition of unity. Property (3.1.9)
follows by construction. Properties (3.1.10) (3.1.11) follow from (3.1.12) and (3.1.13)

respectively because ¢1, ..., ¢, is a partition of unity. This completes the proof. ]

3.2 The Basic Theory of W*-Bundles

In this section, we develop the basic theory of W*-bundles. First, we consider the fibration
of a W*-bundle over its base space, formalising the intuition that the elements of a W*-

bundle can be viewed as the sections of a bundle of tracial von Neumann algebras. We shall
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then show that every W*-bundle has a natural representation on a Hilbert-C'(X )-module.
We call this representation the standard form of a W*-bundle by analogy with the case for
tracial von Neumann algebras. Finally, we investigate the strict topology on a W*-bundle
coming from the standard form representation and its relation to the || - ||2,-topology.
The main results on the fibration of a W*-bundle are due to Ozawa [62, Section 5],
though the approach in this thesis is different and more easily generalised. The standard
form representation and the strict topology are discussed briefly in [62, Section 5] and [5,

Section 3.1]; we investigate them fully here.

3.2.1 The Fibres of a W*-Bundle

The idea behind the construction of this section is to generalise the family of *~homomorphisms
eval, : Co(X, M) — M of a trivial W*-bundle given by f — f(x) to the setting of pre-
W*-bundles. This is done by means of a quotient construction.

Let M be a pre-W*-bundle over the compact Hausdorff space X with conditional
expectation E, and let x € X. By Proposition 2.6.12, I, = {a € M : E(a*a)(z) = 0} is an
ideal of M. Set M, = M/I,. By Corollary 2.6.13, the trace eval, o E induces a faithful
trace 7, on the quotient M. The fibre of M at «x is the C*-algebra M, together with the
trace 7';,,4

In [62, Section 5], Ozawa defines the fibre of M at x to be m,;(M), where 7, is the
GNS representation corresponding to the trace eval, o E. In this thesis, we favour the
definition as an abstract quotient so as not to favour a certain representation. In any case,

Proposition 2.6.12 together with the first isomorphism theorem for C*-algebras gives us

an isomorphism ¢ such that the diagram

M (3.2.1)

commutes, where ¢, is the quotient map. Moreover, under the isomorphism ¢, the trace
Tz on M, corresponds to the GNS trace on 7,;(M). Hence, the definition of fibres given

here is equivalent to that of Ozawa in [62, Section 5].

Now for some examples.

Example 3.2.1 (Trivial W*-bundles). In the case of a trivial W*-bundle, the evaluation
map eval, : C,(X, M) — M is a *-homomorphisms with kernel I, = {a € C,(X, M) :

4However7 by abuse of notation, we shall often write M for the fibre instead of (Mg, 7).
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E(a*a)(z) = 0}, so the first isomorphism theorem gives us an isomorphism ¢ such that
the diagram
Co(X, M) (3.2.2)

CU(X?M) —=M

T
commutes. Moreover, under the isomorphism ¢, the trace 7, corresponds to the trace
on M. Hence, the general definition of the fibration of a pre-W*-bundle generalises the
evaluation maps of a trivial W*-bundle. In particular, the fibres of C,(X, M) are all

isomorphic to M.

Example 3.2.2 (Subtrivial W*-bundles). If N' C C,(X, M) is a subtrivial W*-bundle
defined by a family { N, },cx of von Neumann subalgebras of M as in Example 3.1.9, then

the first isomorphism theorem gives an isomorphism ¢ such that the diagram

N (3.2.3)

|
qx

N — eval, (N)

commutes and which sends the trace 7, to that of M. Hence, Proposition 3.1.10 provides
the necessary and sufficient conditions for being able to define a subtrivial W*-bundle with
specified fibres.

In particular, one could consider the subtrivial W*-bundle ' C C,([0, 1], R) defined
by the family of von Neumann subalgebras

R, x #1,
N, = (3.2.4)

Clr, xz=1.
For any b € R, the map x — distH.”T’Q(b, N,) is upper-semiconituous. So the fibre of N at
x is N,. In this way, one can produce many examples of W*-bundle whose fibres are not

all isomorphic.

In the following proposition, we give an alternative characterisation of the ideal I,.
Note the appearance of the || - ||2,-closure. In general, I, is strictly larger than Cp(X \
{z})M. Consequently, the fibres of a pre-W*-bundle M are in general not the same as
the fibres of M when viewed as a C'(X)-algebra.’

SIndeed, the map z + ||a + I || need not be upper-semicontinuous; see (3.2.7).
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Proposition 3.2.3. Let M be a pre-W*-bundle over the compact Hausdorff space X with
conditional expectation E. Let x € X. Then I, = Co(X \ {x})./\/l”.lb’u.

Proof. The inclusion I, D Cy(X \ {3:})./\/1".“2’” is clear, since F is a conditional expectation
and I is ||-||2,4-closed. For the reverse inclusion, let e > 0 and a € I,. Since E(a*a)(x) = 0,
there is an open neighbourhood U of x such that E(a*a)(y) < € for all y € U. Let
f:X —[0,1] be a continuous function with f(z) =0 and f(X \ U) C {1}. Then
o = Falo = sup |1 - S| E(a"a) )2 (3.25)
TE

By considering separately the cases x € U and x € X \ U in this supremum, we obtain

lla — fall2u < e. Therefore, I, € Cp(X \ {x})M”hHm, O

Notation and Terminology 3.2.4. An important intuition for pre-W*-bundles is to
view an element of a pre-W*-bundle M as a section of a bundle-like object over X taking
the value a + I; in the fibre M. To this end, we introduce the notation a — a(x) for the
canonical quotient map M — M. It follows immediately from Proposition 3.2.3 that, if
feC(X)CM, then f— f(x)lam € Iy, so the image of f in M, is f(x)lrq,. Hence, the

notation introduced here is consistent with evaluating elements of C'(X) at points of X.

We now verify that an element of a pre-W*-bundle is completely determined its images
in all fibres, as is clearly the case for trivial W*-bundles. We also obtain an important

formula for the || - ||-norm of elements.

Proposition 3.2.5. Let M be a pre-W*-bundle over the compact Hausdorff space X with
conditional expectation E. The map
M- H M,
zeX

a = (a(z))zex

18 an isometric *-homomorphism. In particular,

lalla = sup [Ja(z) [ m, - (3.2.6)
zeX

Proof. For each € X, the map a — a(z) is a *~homomorphism. Hence, ® is a *-

homomorphism. Suppose a € M satisfies a(z) = 0 for all x € X. Then a € I, for all
x € X. Hence, E(a*a) = 0. Consequently, a = 0 by the faithfulness axiom. Thus, ® is an

injective *-homomorphism of C*-algebras, and so is isometric by [58, Theorem 3.14]. [



82 CHAPTER 3. AN INTRODUCTION TO W*-BUNDLES

Its extremely important to note that the map = — ||a(z)]| is typically not continuous.
For example, consider the element of the trivial W*-bundle a € C,(]0, 1], L*°[0, 1]) given
by a(t) = x[o,4- Then

1, x>0,
la(@)] = (3.2.7)

0, x=0.
In this respect, the || - ||24-norm is better behaved than the || - ||-norm. Not only
do we get a formula for the || - ||2,-norm of an element of a W*-bundle in terms of the

|| - ||2,-.-norms of its images in the fibres, we also get that the map = — |la(z)|2-, is

continuous.

Proposition 3.2.6. Let M be a pre-W*-bundle over the compact Hausdorff space X with
conditional expectation E. For fixed a € M, the map x — ||a(x)|2,+, is continuous.

Furthermore, we have

lall2 = sup [la(@)]l2,r - (3.2.8)

zeX
Proof. The proposition follows from the observation that ||a(z)|2,., = E(a*a)(z)'/? and
the fact that E takes its values in C(X). O

Next, we collect a number of useful norm estimates. These results can be seen as
analogues of the estimates obtained in Proposition 2.6.11. They can be either be deduced
from the corresponding results in Proposition 2.6.11 using the formulas (3.2.6) and (3.2.8),

or proved by calculations similar to those for Proposition 2.6.11.

Proposition 3.2.7. Let M be a W*-bundle over the compact Hausdorff space X with

conditional expectation E. Then for a,b € M

(1) llallo,u < flall;

2,u

(i) [E(a)llex) < lla

(i) [|a*[l2u = llallzu,
(i) llabll2u < [lal[[[bll2,u,

(v) llabll2.u < lall2,ubl;

(vi) [|[E(ab)llcix) < llalloullbll2u-

Proof. (i) We have |la|3, = [[E(a*a)llox) < [Ellla*all = [lal|*.
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(ii) For any x € X, we have |E(a)(z)| = |mz(a(x))| < |la(z)|2, by Proposition 2.6.11.

Now take suprema.
(iif) We have [[a*[3, = [[E(aa*)|c(x) = |E(a*a)llox) = llall3,-

(iv) We have [|ab]3, = [[E(b*a*ab)lcxy < IE@*al®b)llccx) = lallPIEG*b)lcx) =

lalZ/1Bl3,..
(v) Using (iii) and (iv), we have [labllz.. = 160 2. < 5 [lla*[l2 = llall2.al1B].

(vi) The Cauchy-Schwarz inequality gives |7;(a(z)b(x))| < |la(x)2,r, ||b(x)]2,r, for all

z € X. Now take suprema. ]

Corollary 3.2.8. Let M be a W*-bundle over the compact Hausdorff space X with con-

ditional expectation E.

(1) Addition M x M — M is || - ||2,4-continuous.

(i1) Scalar multiplication C x M — L(H) is || - ||2,u-continuous.
(i1i) The involution M — M is || - ||2,,-continuous.

(iv) Multiplication M x M — M is || - ||2,u-continuous when restricted to || - ||-bounded

sets.

(v) The conditional expectation M — C(X) is || - ||2,u-continuous.

Proof. Addition and scalar multiplication are || - ||2,,-continuous since || - ||2,, is a norm.
The || - ||2,u-continuity of the involution follows from Proposition 3.2.7(iii), and the || - |2,,-

continuity of E from Proposition 3.2.7(ii). For multiplication, we have the estimate

||a1b1 — a2b2||27u = Halbl - a1b2 + albg - a2b2|]27u (329)
< larbr — a1bs||2u + |larbs — azbal|2.y (3.2.10)
< llaal[f[or = ballz,u + [lar — azl2,u b2 (3.2.11)

for ai,ag,b1,by € M, using 3.2.7(iv) and (v). The | - ||2,,-continuity of multiplication on

|| - ||Fbounded regions follows. 0

We end this section with two results due to Ozawa (see [62, Theorem 11]). Both
results make crucial use of the completeness axiom. The first is fundamental: the fibres

of W*-bundles are tracial von Neumann algebras.
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Theorem 3.2.9. Let M be a W*-bundle over the compact Hausdorff space X with con-

ditional expectation E. Let x € X. Then My is a tracial von Neumann algebra.

Proof. Let (b,) € M, be a sequence that satisfies ||b,|| < 1 for all n € N and is a
Cauchy sequence with respect to the || - ||2.-,-norm on M,. We need to find b € M,
with ||b]| < 1 such that (b,) converges to b in the || - [|2,-,-norm on M,. Since a Cauchy
sequence will converge to the limit of any convergent sub-sequence, we may assume that
11 — bnll2,7 < 2% without loss of generality.

We shall construct a sequence (a,) C M inductively such that

an(z) = bn, (3.2.12)
lan|l <1, (3.2.13)
1
lant1 — anll2.7, < (3.2.14)

on
for all n € N. Recall that with C*-algebras we may always lift elements from quotient
algebras without increasing the norm [74, Section 2.2.10]. Let a; be any such lift of b;.
Suppose now that ay, ..., a, have been defined and have the desired properties. Let a, 11

be any lift of b, 41 with [|a), || < 1. Since

1
@41 (2) = an(@)lo.m < 5 (3.2.15)

we can, by continuity, find an open neighbourhood U of x such that

1
up 1 (9) — n(0)r, < o (3.2.16)
yeU
We then take a continuous function f : X — [0, 1] such that f(xz) =1 and f(X\U) C {0},
and set any1 = fal, ; + (1 — f)a,. We have that a,y1(x) = b,11 and, using Proposition

3.2.5, we see that |lap4+1] < 1. Finally, we have that

lan+1(y) = an@) 2, = [f@)llan 1Y) — an(®) 2, (3.2.17)

for y € X. By considering the cases y € U and y € X \ U separately in (3.2.8) of

Proposition 3.2.6, we get that ||ap+1—an||2,4 < 2% This completes the inductive definition

of the sequence (ay,).
The sequence (a,) convergences to some a € M with ||a]| < 1 because the unit ball of
M is complete in the || - ||2,,-norm. We set b = a(z). The convergence of (by,) to b follows

by Proposition 3.2.6. 0
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The proof of Theorem 3.2.9 given here, which also appears in [23], is a modification of
the original. Ozawa’s use of Pedersen’s up-down theorem in [62, Theorem 11] is avoided
by showing completeness of the unit ball via the argument in [18, Proposition 10.1.12].
This proof is more accessable to generalisations, as we will see later in this thesis.

We now present Ozawa’s second result (see also [62, Theorem 11]). This theorem
provides us with a useful way of proving the existence of an element of a W*-bundle with

certain properties.

Theorem 3.2.10. Let M be a W*-bundle over X with conditional expectation E. Let
f X = UgexMy be a function such that f(x) € My for all x € X. Suppose that
sup,ex || f(z)| < oo and, for allz € X and € > 0, there is an open neighbourhood U™ >
and *) € M such that

s 1) - D (Y)la,r, <e. (3.2.18)

Then there is a € M such that f(x) = a(z) for all z € X.

Proof. For the moment, fix n € N. Let z € X. Choose b(*) € M such that |[b® || < ||f(z)|
and b® (x) = f(z), and choose c(*) € M together with an open neighbourhood U®) of

z such that sup,cp@ [ f(y) — @) (y)|l2.-, < L. Due to the continuity of y — 6 () —

@) (y)ll2,r,, we may, after shrinking U@ assume that sup,cpe 1f(y) — b@(y)| < L.
The family of open sets {U(‘”) : x € X} form an open cover for X. By compactness,
a finite subcover exists. Denote the open sets in this finite subcover by Uy, ..., U, and
the corresponding elements of M by by,...,b,. Let fi,..., f,n be a partition of unity
subordinate to Uy,...,Upn. Set an, = > .i*, fib;. Using the fact that fi,..., fy, form a
partition of unity, we find that

sup lan(y) = F@)ll2m, < & (3.2.19)
It follows from Proposition 3.2.6 that (ay,) is a Cauchy sequence with respect to the ||-||2,,-
norm. It follows from Proposition 3.2.5 that ||a,|| < sup,cx ||f(x)| for all n € N. Hence,
Axiom (C) implies that (ay) has a || - ||2.,-norm limit a. That a(y) = f(y) for all y € X is

an easy consequence of (3.2.19). O

3.2.2 The Standard Form of a W*-Bundle

In this section, we show that every pre-W*-bundle has a natural representation as an alge-

bra of adjointable operators on a Hilbert-C'(X)-module. The idea is to perform the GNS
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construction with respect to the “C(X)-valued trace” E. This generalises the standard

form of a tracial von Neumann algebra.

Definition 3.2.11. Let M be a pre-W*-bundle over a compact Hausdorff space X with
conditional expectation E. Let L?(M) be the Banach space obtained by completing M
with respect to the |[| - [|2 ,-norm. Write || - ||z2( x4y for the norm on L*(M). Write b for the
image of b € M in L?*(M) and M for the image of M in L?(M). Define Ly, R, : MM
(for a € M), J: M — M, and (-,-) : M x M — C(X) as follows:

a(b) = ab, (3.2.20)
Rq(b) = ba, (3.2.21)
J(b) = b*, (3.2.22)
(b,&) = E(bc*), (3.2.23)

where a, b, c € M.

We now show that Lg, R, (for a € M), J and (-,-) have the desired (conjugate)-
linearity properties and extend uniquely to the whole space. To avoid needless repetition,

we use the notation of Definition 3.2.11 for the remainder of this section.

Proposition 3.2.12. The maps Lo, Ry (for a € M) are linear, J is conjugate-linear,
(+,-) is linear in the first place and conjugate-linear in the second. Moreover, the following

estimates hold:

1Za @)l 2200y < lalllBll 2y,
1Ra(®)llz2pn) < llalliBll 22 a0,
1T @)1zt = 16 2
13, lex) < bl 2o el L2y
where a,b,c € M.
Proof. The linearity and conjugate-linearity claims for L,, R, (for a € M), J and (-,-)

follow from the axioms for a C*-algebra and, in the case of (-,-), the linearity of E. The

estimates follow from Proposition 3.2.7. O

Corollary 3.2.13. The maps Lq, R, extend to bounded linear operators on L?(M) for all
a € M. The map J extends to a isometric, conjugate-linear, self-inverse isomorphism on

L?(M). The map (-,-) extends to a bounded sequilinear map (linear in the first variable,

conjugate-linear in the second) L*(M) x L*(M) — C(X).
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Finally, we systematically check that L?(M) becomes a Hilbert-C (X )-module and the
operators coming from left and right multiplication define representations of M and M°P

respectively.

Proposition 3.2.14. For f € C(X) C Z(M), we have Ly = Ry. This defines a C(X)-
action on L2(M) such that (L*(M),(-,-)) is a Hilbert-C(X)-module. Moreover, we have

the following:

(i) For all a € M, the map Lo (resp. R,) is adjointable with adjoint Lo~ (resp. Rg»).

In particular L, and R, are C(X)-linear.

(i) The map J is conjugate-selfadjoint in the sense that (Jv,w) = (Jw,v) = (v, Jw)* for
v,w € L*(M). In particular J is C(X)-conjugate-linear in the sense that J(fv) =
f*J(v) for f € C(X),v € L*(M).

(iii) The map L : M — L(L*(M)) defined by a — L, and the map R : M — L(L*(M))

defined by a — R, are injective *-homomorphisms of C*-algebras. Moreover, we have

L(a)R(b) = R(b)L(a) (a,b € M), (3.2.28)

JL(a)J = R(a*) (a € M). (3.2.29)

Proof. Let f € C(X) C Z(M). For b€ M, L(b) = fb=bf = Rs(b). Hence, L; = Ry by
density. In the sequel, we write fv instead of Lf(v) or R¢(v). We now check the conditions
for a Hilbert-C'(X)-bundle as in Section 2.11.1.

Let b,c,d € M and f,g € C(X). Since FE is a conditional expectation onto C(X),

(fb+ gc,d) = E(fbd" + ged”) (3.2.30)
= fE(bd*) + gE(cd") (3.2.31)
= f(b,d) + g(c, d). (3.2.32)

o~

Since FE is *-preserving, (b,c) = E(bc*) = E(cb*)* = <E,3>* By density, we get (2.11.1)
and (2.11.2).

Since ||b]|2,, = \\@,@1/2”00{) for all b € M, we get that [[v||z2ng) = H(U,U)I/QHC(X) for
all v € L?(M) by density. Since || - || 12(uq) is a norm on L*(M) by construction, (2.11.3)

follows.
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(i) Fix a € M. We have

(Lo (b), &) = (ab, ) (3.2.33)
= E(abc") (3.2.34)
= E(bc*a) (3.2.35)
= B(b(a*c)") (3.2.36)
= (b, a*c) (3.2.37)
= (b, La-(2)), (3.2.38)

where b,c € M. So, by density, (Lq(v),w) = (v, Ly« (w)) for v,w € L?*(M). Hence,
L, is adjointable with L} = Lg«. By Proposition 2.11.14, L, is C(X)-linear. The

corresponding result for R, is proved similarly.

(ii) We have

(J(b),e) = (b, &) (3.2.39)
— BE(b*c") (3.2.40)
= E(c*bY) (3.2.41)
= (¢*,b) (3.2.42)
= (J(2),b), (3.2.43)

where b,c € M. So, by density, (J(v),w) = (J(w),v) for v,w € L?*(M) and, by

(2.11.2), (J(w),v) = (v, J(w))*. So J is conjugate-adjointable with J* = J (see

Definition 2.11.17). By Proposition 2.11.18, we see that J is C'(X)-conjugate-linear.
(iii) We have

A~ ~

<L(>\1a1 + )\2&2)(()) = [()\1(11 + )\2&2)()] (3.2.44)
— Maih + Moash (3.2.45)
= (ML(ay) + A2 L(a2))(d), (3.2.46)

where a1,as,b € M and A1, A9 € C. So, by density, L is linear. Furthermore,

(L(ara2)(b) = [(a1a2)b] (3.2.47)

= [a1(azd)] (3.2.48)

= L(a1)L(a2)(b), (3.2.49)
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where a1, a2,b € M. So, by density, L is multiplicative. Finally, by (i), L preserves
the involution. Therefore L is a *-homomorphism. If L(a) = 0 for some a € M,
then @ = L(a)(1yq) = 0, so @ = 0. Hence L is an injective *-homomorphism. The
corresponding result for R is proved similarly.

Let a,b,c € M. Then L(a)R(b)¢ = acb = R(b)L(a)e. Also JL(a)J(b) = JL(a)(b*) =
J(ab*) = ba* = R(a*)(b). Hence, by density L(a)R(b) = R(b)L(a) and JL(a)J =
R(a™).

O

3.2.3 The Strict Topology on a W*-Bundle

The representation of a pre-W*-bundle M on the Hilbert module L?(M) provides us with
an additional topology on M: the restriction to M of the strict topology on L(L?(M))
(see Section 2.11.2). In this section, we shall investigate the relation between this topology

and the || - ||2,,-topology. The notation of Section 3.2.2 will be used throughout.

Proposition 3.2.15. Let M be a pre-W*-bundle over the compact Hausdorff space X
with conditional expectation E. The strict topology and the || - ||2,,-topology agree on any

| - ||-bounded subset of M.

Proof. Fix K > 0. Let (ay) € M be a net with ||ay|| < K for all A\. Let a € M with
ol < K.
Suppose first that ay — a with respect to the || - ||2,,-topology. That is |lay —all2., — 0

as A — 0o. We have

A~

1Z(a)(®) = L(@)®) | 2ty = ll[(ax = a)b]" [l L2 (3.2.50)

= [[(ax — a)bl[2,u (3.2.51)

< llax — all2,u[[b]l (3.2.52)

A~

for all b € M. Hence, L(ay)(b) — L(a)(/l;) as A — oo. Since (L(ay)) is a bounded net,
L(ay) — L(a) strictly in £(L?(M)) by Proposition 2.11.23.
Now let us consider the converse. Suppose L(ay) — L(a) in the strict topology on

L(L*(M)). Then

lax = all2u = [[ax —all L2 (3.2.53)
= [1L(ax)(@) = L(@) D)l 2 (pm) (3.2.54)

which converges to 0 as A — co. 0
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For unbounded nets, convergence in the strict topology still implies convergence in the
|| - ||2,u-topology, as can be seen from the proof of Proposition 3.2.15 above. Counterexam-
ples showing that ||-||2,,-convergence need not imply strict convergence can be constructed
in the tracial von Neumann algebra (L>°[0, 1], 71ep), where T, is integration with respect

to Lebesgue measure.’

Nevertheless, the || - ||2,-closed *-subalegbras of M are precisely the strictly closed
*-subalgebras. This is because there are versions of the Kaplansky Density Theorem for
both the strict topology and the || - ||2,,-topology. The Kaplansky Density Theorem for the
strict topology was Theorem 2.11.29. We now prove the corresponding result for || - ||2,,-
topology. As for Theorem 2.11.29, we follow the method of proof set out in [58, Section

4.3]. However, the crucial estimates are justified differently.

Lemma 3.2.16 (c.f. Lemma 2.11.28). Let M be a pre-W*-bundle over the compact Haus-
dorff space X with conditional expectation E and let f : R — C be a bounded continuous
function. Suppose (ay,) is a sequence of selfadjoint elements in M converging to a € M in

| - l2,u-norm. Then f(a,) — f(a) in || - ||2,,-norm.

Proof. Let A be the set of continuous functions R — C for which the conclusion holds
for all sequences (a,). By Corollary 3.2.8, A is a vector space closed under complex
conjugation. Moreover, if f,g € A and one of them is bounded, then fg € A using the
estimate (3.2.11). Let Ag = AN Cy(R). We shall show, using the Stone-Weierstrass
Theorem, that Ay = Cy(R).

Consider the functions f,g: R — C given by f(z) = (1+2?)! and g(z) = z(1+22)~L.
Note that || fllcym): [|9llco®) < 1. Let a,b € Msa. We compute that

g(a) — g(b) = a(l +a*)~t = b(1 +b*) " (3.2.55)
= (14 a®) a1 +b%) — (1+a*)b)(1 +b*)7! (3.2.56)
=(1+a*) a—b—ald—a)b)(1+0b*)" (3.2.57)

SFor example, let a, = nX[,1/n3 € L[0,1] and v € L?[0,1] be given by v(z) = 1/z'/*. Then

llan|l2 — 0 but ||anv|2 — oco.
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Therefore, using Proposition 3.2.7(iv-v),

lg(a) = g(0)ll2.u < [I(1+ a®) " (a — b)(1 +b*) 2w (3.2.58)

(1 +a*) " a(b — a)b)(1+6%) 2w

< (@ +a®) M lla = bllaul(1+ %) 71 (3.2.59)
+ 11+ a®) " allllb — allo,u[[b(1 + %) 7|
< 2lla — bl2.u. (3.2.60)

Hence, g € Ap. Since the map x — z is in A, we get that f =1 — xzg € Aj.
The set {f, g} separates the points of R and f(¢) > 0 for all t € R. Therefore, f and g
generate the C*-algebra Cy(R) by the Stone-Weierstrass Theorem. Thus, Ay = Cy(R).
Suppose h € Cp(R). Then hf, hg € Co(R), so hf,hg € A. Therefore, h = hf + zhg €
A. O

Theorem 3.2.17 (The Kaplansky Density Theorem for || - ||2,,-topology). Let M be a
pre- W*-bundle over the compact Hausdorff space X with conditional expectation E. Let A
be a C*-subalgebra of M with || - ||2,u-closure B. Then we have the following:

(1) Agq is || - ||2,u-dense in Bgg.
(i) The closed unit ball of Asq is || - [|2,u-dense in the closed unit ball of Biq.
(i1i) The closed unit ball of A is || - ||2,u-dense in the closed unit ball of B.

Proof. (i) Let b € By, and (a,) be a sequence in A converging to b in || - ||2,,. Then
(3(ax+a})) is a sequence in Ay, and converges to 3(b+b*) = bin ||-||2,, by Corollary

3.2.8.

(ii) Let b € By, with ||b]| < 1 and (a,) be a sequence in Ay, converging to b in || - ||2,4-

Let f : R — C be the bounded, continuous function given by

-1, z<1,
fle)=1S2 -1<z<1, (3.2.61)
1, rz>1
Then (f(ay,)) is a sequence in the closed unit ball of Ay, converging to b in || - [|2,4

by Lemma 3.2.16.
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(iii) This follows from a matrix inflation trick. For any n € N, the unital C*-algebra
M, (C) ® M with C(X) identified with 1,, ® C'(X) and with conditional expectation
tr, ® F is also a pre-W*-algebra. Indeed, Axiom (T) is clear from computations with

elementary tensors, and we compute that

. FEla*.a;:
(trp, @ E)((aig)"(aij)) = Zlgwgnn = Z])’ (3.2.62)
from which Axiom (F) follows and we see that || - ||2,,-convergence in M, (C) ® M is
precisely component-wise || - ||2 ,-convergence.

It follows that My(C) ® A is a C*-subalgebra of M(C) ® M with || - ||2,,-closure
M (C) ® B and we can apply (ii) to this inflation.

Suppose b € B has ||b]| < 1. Then (bo* S) € (My(C) ® B)sq and has norm at most
1. There is a sequence (ay) in the closed unit ball of (Ms(C) ® A)s, converging
to (0 b) € (M2(C) ® B)sq. Taking the (1,2)-th entries of this sequence gives a

b* 0

sequence in the closed unit ball of A converging to bin || - ||2,4-

O]

Corollary 3.2.18. Let M be a pre-W*-bundle over the compact Hausdorff space X with
conditional expectation E. Let N be a C*-subalgebra of M then N”'HQ’“ =N" In particu-
lar, N is || - ||2,u-closed if and only if N is strictly closed.

Proof. Suppose a € N . Then by the Kaplansky Density Theorem for the strict topology,
there is a net (ay) converging to a strictly with ||ay|| < ||a||. By Proposition 3.2.15, a)y — a
in || - [|2,4-norm, so a € NV 2 For the converse, we use the Kaplansky Density Theorem

for the || - [|2,,-topology and Proposition 3.2.15. O

Corollary 3.2.19. Let M be a pre-W*-bundle. Then M is strictly separable if and only

if it is || - ||2,u-separable.

Proof. They are both equivalent to the existence of a countably generated C*-subalgebra

whose closure in both the strict topology and the || - ||2,,-topology is M. O

The original definition of a W*-bundle in [62] requires that the base space is a compact
metric space. This requirement was relaxed in [5], where the base space was only re-
quired to be compact Hausdorff, as in Definition 3.1.1. For strictly separable W*-bundles,

metrisability of the base space can be proved.
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Proposition 3.2.20. Let M be a strictly separable pre- W*-bundle over a compact Haus-
dorff space X. Then X is metrisable and separable.

Proof. By Proposition 3.2.15, M is || - ||2,,-separable. As separability passes to subspaces,
sois C(X) € M. Since || fll2u = || f]| for f € C(X), C(X) is separable in || -||. Hence, X is
metrisable (see for example [7, Corollary 12.19]). As compact metric spaces are necessarily

separable, the proof is now complete. O

3.3 W~*-Bundles from C*-Algebras

In this section, we consider the motivating example of a W*-bundle, namely the strict
closure A of a unital, separable C*-algebra with a non-empty Bauer simplex of traces.
This construction is due to Ozawa [62, Theorem 3|.

The ambient space for the construction of ZSt, is the finite part of the bidual AZ}
(see Section 2.9). For ease of notation, we shall assume hereinafter that the natural map
t: A — AET is injective and identify A with its image. If this is not the case, one can
always pass to the quotient of A by the kernel of ¢; see Remark 2.9.9.

As a finite von Neumann algebra, Ag* can be viewed as a W*-bundle over the spectrum
of its centre (Example 3.1.5). In particular, A;* has a natural strict topology. We set A to
be strict closure of A inside Af, which by Corollary 3.2.18 agrees with the || - ||2,,-closure.

Each a € A defines a continuous affine map eval, € Affc(T'(A)) via eval,(7) = 7(a).
In fact, this is also true for a € A°". We set eval,(7) = 7(a), where 7 is the unique normal
extension of 7 to AE® (see Corollary 2.9.6). Since any a € Aisa || - ||2,4-limit of a sequence
(ayn) in A, we have that eval,, — eval, uniformly on T'(A). Hence, eval, € Affc(T(A)).

The base space for the W*-bundle A" is the extreme boundary of the trace simplex
X = 0.T(A) endowed with the weak* topology, which is compact by hypothesis. We define
a ucp map E : A™ — C(X) via a — evaly|x. The central embedding of C'(X) in A% will
be obtained from the map 6 of Theorem 2.10.9, but we must check 0(C(X)) C Z(ZSt).

This follows from the following theorem of Ozawa.

Theorem 3.3.1. [62, Theorem 3] Let A be a unital, separable C*-algebra with non-empty
trace space T(A). Let 0 : B(0.T(A)) — Z(AgY) be the unital *-homomorphism constructed

in Theorem 2.10.9 with ultraweakly dense range and with 6(a) = ctr(a) and

r(6(f)a) = / FOOA@)dpr (V) (3.3.1)
AEDT(A)



94 CHAPTER 3. AN INTRODUCTION TO W*-BUNDLES

forae A, 7 eT(A) and f € B(8.T(A)). Then, one has
A" = {a € A% : ctr(ad) C O(Affc(T(A))), ctr(a*a) € O(Affc(T(A)))}, (3.3.2)
and, in particular,
Z(A) =X N Z(A7) = {0(f) : | € Z(Afic(T(A)))}, (3.3.3)
where (c.f. Section 2.10.1)

Affc(T(A)) = {flo.r(a) : f € Affc(T(A))}, (3.3.4)
Z(Affc(T(A))) = {f € Affc(T(A)) : fg € Afic(T(A)) for all g € Affc(T(A))}. (3.3.5)

Proof. The right hand side of (3.3.2) is || - ||2,u-closed and contains A. Hence, it contains
A Proving the reverse inclusion is more involved.

Let a be in the right hand side of (3.3.2). Let (bx)xea be a net in A converging to
a in the ultrastrong® topology of Ag. The hypotheses on a ensure that, for all A € A,
ctr((by — a)*(by — a)) € O(Affc(T(A)). Hence, we can identify ctr((by — a)*(by — a)) with
the function it defines on 9.T'(A) via the pairing with extreme normal traces.

Since Aff¢(T'(A)) = Affc(T(A)) as complex complete order unit spaces, the general
theory of compact convex sets (see Section 2.10.1) tells us that every positive linear func-
tional on Affc(T'(A)) corresponds to evaluation at some trace 7 € T(A). Hence, the
ultrastrong® convergence of (by) to a implies that ctr((by — a)*(by — a)) — 0 weakly in
Affc(T(A)). We are now in a position to apply the Hahn-Banach Theorem, and deduce
that the norm-closed convex hull of {ctr((by —a)*(by — a)) : A € A} contains 0.7

Let € > 0. Then there exist A\; ...\ € A and oy, ..., a € [0,1] with Zle a; = 1 such

that .
1S aictr((by, — a)*(by, — a))] < e (3:3.6)
i=1
Set b = Zle a;by,. Then b*b = c*r*rc < |r|*c*c = Zle ;b3 by;, where r =
T
(O&/2 a}tﬂ) and ¢ = (ai/%)\l ai/zb/\k) . Therefore,
ctr((b—a)*(b—a)) = ctr(b*d — b*a — a*b + a*a) (3.3.7)
k k k
< ctr (Z a;by, by, — Z a;by,a — Z a;a*by, + a*a) (3.3.8)
i=1 i=1 i=1
k
= ctr (Z a;(by, —a)*(bx, — a)) . (3.3.9)
i=1

"The norm of ctr((by —a)*(bx —a)) in Affc(T(A)) agrees with its || - ||-norm in A% by Corollary 2.8.12.
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Hence, |[ctr((b—a)*(b—a))|| < e. Since € is arbitrary, we have that a is in the || -||2,,-closure
of A, which is A”. This proves (3.3.2).

The inclusion A NZ (Agr) C Z (Tt) is immediate. The reverse inclusion follows as A"
is ultrastrong® dense in AgY. Suppose a € A% NZ(Ag:). Then a = ctr(a) € O(Affc(T(A)))
by (3.3.2). So a = 0(f) for some f € Affc(T(A)). Since ctr(8(f)b) = 0(f)ctr(b) = e(f)e@)
for all b € A by the bimodule property of conditional expectations, the requirement that
ctr(aA) C O(Affc(T(A))) forces f € Z(Affic(T'(A))) because every element of Affc(T(A))
is of the form b for some b € A by [13, Proposition 2.7].

Conversely, suppose f € Z(Affc(T(A))) and let b € B. Then f*f, fb € Affc(T(A)).

Hence, using the bimodule property of conditional expectations, we have

ctr(0(f)b) = 0(f)ctr(b) (3.3.10)
= 0(f)0(b) (3.3.11)
— 0(fb) (3.3.12)
€ 0(Affc(T(A))) (3.3.13)

and ctr(0(f)*0(f)) = 0(f)*0(f) = O(f*f) € O(Affc(T(A))). Therefore, 8(f) € A N
Z(Agr). This proves (3.3.3). O

We now are in a position to check that A together with the additional structure

defined above is a W*-bundle over X = 0.T'(A).

Theorem 3.3.2. Let A be a unital, separable C*-algebra with a non-empty Bauer simplex
of traces. Let X = 0.T(A). Then the map 0 of Theorem 2.10.9 restricts to a central
embedding of C(X) into ZSt; the map E defines a conditional expectation from A onto
this embedded copy of C(X); and, with this additional structure, A is a Wr-bundle over
X.

Proof. For ease of notation, we shall assume hereinafter that the natural map ¢ : A — Ag*
is injective and identify A with its image. If this is not the case, one can always pass to
the quotient of A by the kernel of ¢; see Remark 2.9.9.

Since T'(A) is a Bauer simplex, Z(Affc(T'(A))) = C(X) by Corollary 2.10.7. Hence,
0(C(X)) = Z(A™") by (3.3.3).

By (3.3.1), we have 7(6(f)) = f(7) for all 7 € X, so E(6(f)) = f. Hence, the ucp map

E is a conditional expectation onto the embedded copy of C(X) by Theorem 2.5.8.
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Axiom (T) is clear from the definition of E. Suppose E(a*a) = 0 for some a € a
Then evaly+,|x = 0. Since evaly+, € Affic(T(A)) and T(A) is the closed convex hull of X
evalg+q = 0. It follows that 7(a*a) = 0 for all normal traces 7 € T'(Ag). Hence, a = 0 by
Corollary 2.8.12. This proves Axiom (F).

For Axiom (C), we observe that for a € A

IE(a*a)" |l cx) = sup F(a*a)'/? (3.3.14)
-, o sa
 er(ai (@) (3.3.16)
= |lctr(a”a)ll z(az), (3.3.17)

where 7 denotes the unique normal extension of 7 € T'(A) to a trace on Af’. Indeed,
(3.3.15) holds as evalg+, € Affc(T'(A)) and T'(A) is the closed convex hull of X, (3.3.16)
holds by density (Corollary 2.8.12), and (3.3.16) holds as all traces on A factor through
the centre valued trace (Theorem 2.8.11).

It follows that the || - ||2,,-norm on the pre-W*-bundle A coincides with the |- 2,0
norm on the W*-bundle A%*. Since A" s || - ||2,u-closed in AEY, A" satisfies Axiom (C) by

virtue of the fact that AgY does. O
Finally, we determine the fibres of A

Theorem 3.3.3. Let A be a unital, separable C*-algebra with non-empty Bauer simplex

of traces. The fibre of the W*-bundle A atre 9.T(A) is isomorphic to m (A)".

Proof. By Proposition 2.9.4, there exists a unique normal *-homomorphism 7, : AfF —
7 (A)” such that the diagram
AR (3.3.18)

T
L

A ? Tr (A)//
commutes and, by the proof of Corollary 2.9.6, composing 7, with the vector state corre-

sponding to &, gives the unique normal trace 7 such that the diagram

Az (3.3.19)

N
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commutes.
Let a € A”. Then 7r(a) = 0 if and only if (7 (a)*7;(a)ér, &) = 0 by Proposition
2.8.13. But (7, (a)*7,(a)ér, &) = 7(a*a) = E(a*a)(7), so
Ker(77 | ) = {a € A" : E(a*a)(r) = 0}. (3.3.20)
Therefore, by the first isomorphism theorem for C*-algebras, the fibre of the W*-bundle
t
).

Under this isomorphism, the trace on (ZSt)T corresponds to the GNS trace on 7, (A)".

A atTe deT(A) is isomorphic to 7, (A

Hence, the unit ball of 7, (A™) is || - |l-complete in 7, (A)” by Theorem 3.2.9. Therefore,
7 (&) = 7,(A)" by Theorem 2.8.16. 0

3.4 Further Theory of W*-Bundles

In this section, we return to the abstract theory of W*-bundles, building on and extending
the results of [5,23,62]. We begin by investigating morphisms between W*-bundles. This
leads naturally to an investigation of the ideals of W*-bundles and to quotient W*-bundles.
An important application of quotient W*-bundles is to define the restriction of a W*-bundle
to an arbitrary closed set, which in turn facilitates the definition of local triviality, which
will be investigated in Section 4.7. Finally, we investigate the completion of pre-W*-

bundles.

3.4.1 Morphisms

Although the concept of isomorphic W*-bundles appears in [62], the definition of a mor-
phisms between W*-bundles first appears in [5]. The definition was then simplified to
its present form in [23].® We state this definition in the more general setting of pre-W*-

bundles.

Definition 3.4.1. Let M; be a pre-W*-bundle over X; with conditional expectation
E; for i = 1,2. A morphism is a unital *-homomorphism a : M; — My such that

a(C(X1)) C C(X3) and the diagram

My —— M, (3.4.1)

C(X1) —C(Xy)

8A proof that the definitions of [5, Section 3.1] and [23, Definition 2.3] agree can be found at the end

of this section.
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comimutes.

The key novelty of the definition of a morphism between pre-W*-bundles is that the
base spaces of the two pre-W*-bundles are not assumed to be the same. The following

example shows that the morphisms between bundles over different spaces occur naturally.

Example 3.4.2. Let M be a W*-bundle over X with conditional expectation E. For
x € M, view the fibre M, as a W*-bundle over the one point space {x} by identifying
Clp, with C({z}) and viewing 7, as a conditional expectation onto Clys,. Then the

quotient map M — M, is a morphism of W*-bundles.

One reason for introducing morphisms of pre-W*-bundles is to clarify the notion of iso-
morphism for pre-W*-bundles: two pre-W*-bundles (M;, X;, E;) for i = 1,2 are isomorphic
if there are mutually inverse morphisms M; — My and Mo — Mj. Equivalently, they
are isomorphic if there is an isomorphism of the the C*-algebras o : M1 — My such that

a(C(X1)) = C(X2) and the diagram

My ——= My (3.4.2)
C(X1) —=O(X2)
commutes.” Note that this implies X; and X, are homeomorphic, via the transpose map
Xz — X of the restriction ao(x,)-

If M4 and M5 are are isomorphic W*-bundles over the same space X, one might ask
whether we can choose a to extend the identity on C'(X). In the important case where
My is the trivial bundle C,(X, M), we can always arrange this to be the case. Indeed,
if ¢ is the homeomorphism X — X transpose to a|C( x), then we define a isomorphism
of W*-bundles ® : C,(X, M) — C,(X,M) by f + f o ¢, then replace a with oo &1,
However, the following example shows that we cannot always find an isomorphism which

extends the identity on C(X).

Example 3.4.3. Consider the two subtrivial W*-bundles A", N C C,([0, 1], R) with fibres

given by

R, 1, - R, 0,
N, = s N, = s (3.4.3)

Clr, z=1, Clgr, =0

%In fact, a bijective morphism « of pre-W*-bundles is an isomorphism. This is well-known at the level

1

of C*-algebras and one easily checks that o™ is a morphism of pre-W~*-bundles.
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(c.f. Example 3.1.5). Then the map a: N — N given by f +— fos where s(z) =1—-=x
is a (self-inverse) isomorphism of W*-bundles. However, there is no isomorphism which
extends the identity on [0,1] as this would imply that that N, = A, for all z € [0,1] (see
Proposition 3.4.5).

Another reason for introducing morphisms of W*-bundles is to study the functorial
nature of some of the constructions that one can do with W*-bundles. In Section 3.5,
we’ll see that the standard form construction is indeed functorial. Unfortunately, the
construction of Section 3.3, which associates a W*-bundle A" to a unital, separable C*-
algebra A with a Bauer simplex of traces, is not functorial. This is not a flaw in the
definition of morphism but a reflection of the fact that *~homomorphisms of C*-algebras
don’t necessarily map extremal traces to extremal traces.'”

We now collect together some important results about morphisms of pre-W*-bundles.
To avoid unnecessary repetition, we fix pre-W*-bundles M; and Mo, writing X; and Xo

for their respective base space and E7 and E5 for their respective conditional expectations.

We begin with some norm estimates.

Proposition 3.4.4. Let o : My — My be a morphism of pre-W*-bundles. Then, for all
a € My,

la(a)[l < lla], (3.4.4)
a(a)ll2u < llall2u, (3.4.5)
with equality when « is injective.

Proof. We recall that a *-homomorphism between C*-algebras is automatically contractive
[58, Theorem 2.1.7]. The first inequality is a direct application of this result; the second

follows from the computation

la(@)l[3,. = |1 E2(a(a) (@) ox) (3.4.6)
= [[E2(a(a™a))llo(xs) (3.4.7)
= l[a(Er(a*a))llc(xs) (3.4.8)
< [[E1(a*a)llcixy) (3.4.9)
= |lal3 . (3.4.10)

Tsomorphism, of course, is preserved: if A = B as C*-algebras, then A =~ B™ as W*-bundles. This is

clear from the construction of Section 3.3.



100 CHAPTER 3. AN INTRODUCTION TO W*-BUNDLES

where a € M; and the contractivity of the *-homomorphism «|¢(x,) is used in the fourth
line. Injective *-homomorphisms between C*-algebras are isometric. Therefore, we get

equality in the forth line of the computation above and hence in (3.4.4). O

In particular, we see that morphisms are both ||-||-continuous and ||-||2,,-continuous. We
now show that a morphism of W*-bundles induces trace preserving, unital *~-homomorphism

between the fibres.

Proposition 3.4.5. Let a : M; — Msy be a morphism of pre-W*-bundles. Write ot :
Xo — Xy for the transpose of the *-homomorphism a|c(x,) : C(X1) — C(Xz2). For each
r1 € X1 and xo € Xy with o'(x2) = 1, there is an induced, trace preserving, unital

*-homomorphism @ : (M1)z, = (Ma)z, given by a(z1) — a(a)(x2) for all a € M;.

= a(Bi(a))(zz) =

Proof. Let 11 € X1,19 € Xo with of(z2) = 21. We have Es(a(a))(x2)
C I, where I; = {a €

Ei(a)(a'(z2)) = Ei(a)(xy) for all @ € My. It follows that a(l)
M, : Eij(a*a)(x;) = 0} for i« = 1,2. Hence, we get an induced unital *~homomorphism
of the quotient C*-algebras @ : (M), — (Ma)a, via a(z1) — a(a)(xz) for all a € M.

This map is trace preserving since Ei(a)(z1) = Ea(a(a))(x2). O

In particular, an isomorphism « : M; — Ms of pre-W*-bundle induces an homeomor-
phism of : X5 — X7 of the base spaces and an isomorphism between the fibres (M), (x)
and (Mz), for all z € X5.

We now turn to results on norm-preserving lifts, which build on the proof techniques

of Theorems 3.2.9 and 3.2.10. First, we lift a single element.

Proposition 3.4.6. Let o : M1 — My be a morphism of pre-W*-bundles. Let b € Ma
be in the image of a. Then there is a € My such that

ala) ="b (3.4.11)
lall = llo] (3.4.12)
lall2,u = [|bll2,u- (3.4.13)

Proof. If b = 0, then one simply takes a = 0, so we assume ||b||2,, > 0 in the sequel. We
recall that given a *-homomorphism between C*-algebras is with can lift elements of the

image without increasing the norm [74, Section 2.2.10]. Hence we can find @’ € M; such
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that ||a'|| = ||b|| and a(a’) = b. By the Gluing Lemma, the function f: X; — C given by

-1
1bllzulla’ (@), s 6" (@) l27, = [1bll2,u,

Fz) = (3.4.14)
1, o (z1)ll2,7,, < [Ib

2,u
is continuous.!! Set a = fa’. We show by a fibrewise argument that a has the required

properties. Let 2o € Xo. Let af and @ be as in Proposition 3.4.5. We have

where in the third line we’ve use the fact that

o’ (o (22))

2Tt (ag) = ||a(a/)($2)||2,7'12 (3419)
< [16ll2,u, (3.4.20)
so f(a'(xg)) = 1. Hence, by Proposition 3.2.5, we have a(a) = a(a’) = b.
Furthermore, we have
la(z1)|| = |f(z1)lla’ (z1)]] (3.4.21)

la(z1)ll2,m., = 1f(@)llla(z1)ll2,r, (3.4.22)

for z1 € X1. By considering the possible values of f(x1), we see that |la(z1)]] < ||b]| and
la(z1)ll2,r,, < bll2,u for all z; € Xy, from which [lal| < [|b]] and [|la[|2, < [[b]|2,. follow by
(3.2.6) and (3.2.8) respectively. The reverse inequalities are clear from Proposition 3.4.4

as a(a) =b. O
This time, we lift a sequence of elements.

Proposition 3.4.7. Let a : M1 — My be a morphism of pre-W*-bundles. Let (by,) be a

sequence in the image of ae. Then there exists a sequence (ay) in My such that

alay) = by, (3.4.23)

lant1 — anll2u = |bnt1 — bnll2,u- (3.4.24)

Moreover, if there is K > 0 such that ||b,|| < K for alln € N, then we can take ||a,| < K
for allm € N.

HTet X,Y be topological spaces. Suppose X = AU B for closed subsets A, B. A function f: X — Y is

continuous if and only if f|4 and f|p are continuous. See for example [57, Theorem 18.3].
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Proof. We recall that given a *-homomorphism between C*-algebras, we can lift elements
of the image without increasing the norm. Let a; be any such lift of b;. Suppose now that
ai,...,a, have been defined and have the desired properties. If b,+1 = by, then one can
simply take a,41 = ap, SO we may assume in the sequel that ||b,41 — by |24 > 0. Let a],;

be any lift of b, 41 with [|a], ;|| = [|bp+1]|- By the Gluing Lemma, the function f : X; — C

given by
lbn+1—=bnll2,u !, (z1) — _
a’ i (r1)—an(x ’ n 1 a’n(xl)HZTz > anJrl bn 2,us
Fay) = 4 TG ot 100 1 (3.4.25)
L lay,1(21) = an(@1)ll2,7s, < 1bns1 — bnll2,us
is continuous. Set ani1 = faj,  + (1 — f)an.
Let 29 € X5. Let o' and @ be as in Proposition 3.4.5. We have
a(ant1)(w2) = a(anti(a’ (22))) (3.4.26)
= a(f(a'(22))an1(a’(22)) + (1 = f(a'(22)))an(a’ (22))) (3.4.27)
= a(apy1(a’(22))) (3.4.28)
= a(d))(x2), (3.4.29)

where in the third line we’ve use the fact that

I(an 1 = an) (@ (@2)ll2.re ., = llar g1 — an)(@2) 2.7, (3.4.30)

S an-l—l - anQ,Qm (3431)

so f(a'(xz2)) = 1. Hence, by Proposition 3.2.5, we have a(an41) = a(al, ;) = bpy1.

Furthermore, we have that

lans1(z1) = an(@1) |2, = [f(@)llan 1 (21) = an(z1) 2.7, (3.4.32)

for 1 € X;. By considering the possible values for f(x1) and applying (3.2.6), we get that
lan+1 — anll2u < 1bnr1 — bnll2,u-

Moreover, if there is K > 0 such that ||b,|| < K for all n € N, then ||ap4+1] < K since
apn+1(x1) is a convex combination of two elements of norm at most K for all 1 € X;. This

completes the inductive construction of the sequence (ay,). O

As an application of Proposition 3.4.7, we show that images of morphism of W*-bundles

are || - ||2,u-closed.

Theorem 3.4.8. A morphism of W*-bundles oo : My — My has || - ||2,4-closed image.
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Proof. Suppose (by,) is a sequence in a(Mj) converging to b € My. By the Kaplansky
Density Theorem for the || - ||2,,-norm (Theorem 3.2.17), we may assume that [|b,| < ||b|
for all n € N. Passing to a subsequence, we may assume that [|by+1 — bpll2,u < 2% for all
n € N. By Lemma 3.4.7, there is a sequence (a,) in M such that a(ay,) = by, ||a,|| < |||
and [ans1 — anll2,u < 5w. It follows that (ay) is || - [|2,,-Cauchy and so, by Axiom (C),

converges to some a € Mj. By Proposition 3.4.4, we have that a(a) = b. ]

Equivalent Definitions of Morphisms

The definition of morphisms used in this thesis is that of [23, Definition 2.3]. We show
that this definition agrees with the definition found in [5, Section 3.1]. For the benefit of

the reader, we recall the definition of [5].

Definition 3.4.9. Given W*-bundles M and N over spaces K and L respectively and with
conditional expectations E s and Ex respectively. A morphism of W*-bundles 6 : M — N
is a *-homomorphism M — N (also denoted 6) together with a continuous map o : L — K
such that the diagram
M—C N (3.4.33)
Epm l Ex
C(K)—2=C(L)

commutes, where o : C(K) — C(L) is the transpose of o.
We formulate the equivalence of Definitions 3.4.9 and 3.4.1 as a proposition.

Proposition 3.4.10. In Definition 3.4.1, 0 is necessarily unital and 0 = 0|cxy. In

particular, o is uniquely determined by 6.

Proof. The map ¢ is unital as it is the transpose of a continuous map. Hence, (1)

is a projection in N with Exr(6(1am)) = 0(Em(Im)) = 0(lery) = lok)- Therefore,

En((Iy = 0(m)* (Iy — 0(1m)) = Ex(Iy — 0(1m)) = 0. By Axiom (F), 0(1a) = L
Now let a € M and = € L. By (3.4.1),

Ea(aa)(o(x)) = 5(En(a”a)(z) (3.431)
= Ex(0(a*a))(z) (3.4.35)
= Ex(0(a)*0(a))(z). (3.4.36)

Hence, # induces a unital *-homomorphism 6 : M,y — N, via a(o(z)) — 0(a)(x).
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Let f € C(K). Then

Hence, 0(f) = o (f). O

3.4.2 Ideals and Quotients

In this section, we define the ideals of pre-W*-bundles and construct quotient bundles. It
turns out that the ideals of a pre-W*-bundle are in 1-1 correspondence with the closed
subspaces of the base space and that passing to the quotient is like restricting sections to
the corresponding closed set. Furthermore, we prove that the completeness axiom passes
to quotients, so quotients of W*-bundles are W*-bundles. Finally, we discuss the first
isomorphism theorem in the setting of W*-bundles.

We begin with the definition of ideals.

Definition 3.4.11. Let M be a pre-W*-bundle over the compact Hausdorff space X with
conditional expectation E. An ideal I of the pre-W*-bundle M is a (two-sided, closed)
ideal of the C*-algebra M which is additionally || -||2,-norm closed and satisfies E(I) C I.

The motivation for this definition of the ideals of pre-W*-bundles is that ideals should
be precisely the kernels of morphisms. The following result proves one direction of this
motivating assertion. The converse will follow once we’ve defined the quotient of a pre-W*-
bundle since passing to the corresponding quotient will be a morphism with the desired

kernel.

Proposition 3.4.12. Let o : My — My be a morphism of pre- W*-bundles. Then Ker(a)
is an ideal of M.

Proof. From the general theory of C*-algebras, Ker(«a) is a norm-closed, two-sided ideal
of the C*-algebra M. From Proposition 3.4.4, we can deduce that Ker(a) is || - [|2,4-norm
closed. Finally, writing FE; for the conditional expectation of M;, we have Es(a(a)) =

a(FEi(a)) for all @ € M. Hence, if a(a) = 0, then a(Fi(a)) = E2(0) = 0. O



3.4. FURTHER THEORY OF W*-BUNDLES 105

We now show that ideals are in 1-1 correspondence with closed subspaces of the base

space.

Proposition 3.4.13. Let M be a pre-W*bundle over the compact Hausdorff space X with

conditional expectation E.

(i) Let'Y be a closed subset of X. Then
Iy ={aeM:aly)=0 forally Y} (3.4.42)
is an ideal of the pre-W*-bundle M.

(ii) Let I be an ideal of the pre-W*-bundle M. There exist a closed set Y C X such that
I=1Iy.

Proof. (i) Let y € Y. Since passing to the fibre at y is a morphism of W*-bundles
(Example 3.4.2), I, = {a € M : a(y) = 0} is an ideal of M by Proposition 3.4.12.
It’s straightforward that intersections of ideals are ideals. Hence, Iy = ﬂrey I, is

an ideal.

(ii) The intersection I N C(X) is an ideal of the C*-algebra C'(X). Hence, there is a
closed subset Y C X such that

INCX)={feC(X): flyy=0foralyeY}. (3.4.43)

Let a € I and y € Y. Then E(a*a) € INC(X), so E(a*a)(y) =0, and so a(y) = 0.

Hence I C Iy.

Conversely, suppose a € M with a(y) =0 for ally € Y. Let € > 0. Set Z = {z €
X : |la(x)||2,7, > €}. By Proposition 3.2.6, Z is closed. Applying Urysohn’s lemma
to the closed sets Y and Z, we obtain a continuous function f : X — [0, 1] such that
f(Y) C {0} and f(Z) C {1}. In particular, f € I and so fa € I. For z € X, we
have

l(a— fa)(@)l2.r = 11 = f(@)][la(z)2r,- (3.4.44)
By considering the cases z € Z and « € X \ Z separately, we get that |[(a —
fa)(@)||2,7, < € for all z € X. Hence, by Proposition 3.2.6, |ja — fall2., < €. Since €

was arbitrary and I is || - ||2,,-norm closed, a € I. O

Next, we construct the quotient of a pre-W*-bundle by an ideal and verify that the
quotient is also a pre-W*-bundle. We then prove that the completeness axiom passes to

the quotient.
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Proposition 3.4.14. Let M be a pre-W*-bundle over the compact Hausdorff space X.
Write v : C(X) — M for the central embedding and E : M — C(X) for the conditional
expectation of M. Let Iy = {a € M : E(a*a)(y) = 0 for ally € Y} for a closed subset
Y C X. Write M/Iy for the quotient C*-algebra.

(i) There is a central embedding vy : C(Y) — M/Iy such that the diagram

/\f — S M/Iy (3.4.45)
C(X) —=C(Y)

commutes, where q denotes the quotient map and r : C(X) — C(Y') is restriction of

functions.

(ii) Identifying C(Y') with its image under vy, there is a conditional expectation Ey :

M/Iy — C(Y) such that the diagram

M—L M/Iy (3.4.46)
5 iEY
C(X) ——=C(Y)
commutes, where q denotes the quotient map and r : C(X) — C(Y) is restriction of

functions.

(iii) The C*-algebra M /Iy together with the central embedding vy and the conditional
expectation Ey defines a pre-W*-bundle over Y and the quotient map q is a mor-

phism.

Proof. (i) The composition go¢: C(X) — M/Iy has kernel 1~ 1(Iy) = Co(X \ V). By
the first isomorphism theorem, ¢ o ¢ factors through the quotient C'(X)/Co(X \ Y).

This gives the commuting diagram

/\f 1 M/ Iy (3.4.47)
C(X) T C(X)/Co(X\ V),

where the horizontal maps are the quotient maps. The *-homomorphism ¢ is injective
thus an embedding. Since both ¢ and ¢’ are surjective, centrality of ¢/ follows from

that of ¢.
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The map r : C(X) — C(Y) given by restriction of functions is surjective by the
Tietze Extension Theorem and has kernel Cp(X\Y'). Hence, there is an isomorphism
of C*-algebras ¢ : C(Y) — C(X)/Co(X \ ' Y) which intertwines r and the quotient
map C(X) — C(X)/Co(X \Y). Set ty =1 op~ L

(ii) Let a € I. Then «(E(a)) € Iy. Hence, E(a) € Co(X \Y) = Ker(r). Therefore, there
is a ucp map Ey : M /Iy — C(Y) such that For = Ey oq. This gives us (3.4.46). It
remains to show that Ey is a conditional expectation. Let f € C(Y). Let g € C(X)

be an extension of f. Then

f=r(g) (3.4.48)
= r(E(u(9)) (3.4.49)
= Ey (q(«(9)) (3.4.50)
= By (ty (r(9)) (3.4.51)
= By (ty (f)) (3.4.52)

(iii) Axioms (T) and (F) are verified by simple lifting arguments. Let by,bs € M/Iy. Let
ai,az € M be lifts of by,ba. We have Ey (b1by) = E(ajaz) = E(aga1) = Ey (baby).
This proves that (T) holds for M/Iy. Suppose now that b € M /Iy is such that
Ey(b*b) = 0. Let a € M be a lift of b. Then r(E(a*a)) = Ey(b*b) = 0, so
E(a*a)(y) =0 for all y € Y. Hence, a € Iy and b =0 in M/Iy.

It follows that M /Iy is a pre-W*-bundle over Y. From the diagram (3.4.45), ¢
induces the restriction map r on the centrally embedded copies of C(X) and C(Y)
in M and M /Iy respectively. Consequently, the diagram (3.4.46) shows that ¢ is a
morphism of pre-W*-bundles. O

Theorem 3.4.15. Let M be a W*-bundle over the compact Hausdorff space X, and let
I = Iy be the ideal of the W*-bundle M corresponding to the closed subset Y of X. Then
the quotient M /Iy is a W*-bundle over Y.

Proof. Tt remains to prove Axiom (C). Let (b,) be a Cauchy sequence in M/Iy with
respect to the || - ||2,,-norm and with [|b,|| < 1 for all n € N. Pass to a subsequence

(bp, ) such that ||b —bn,

S 2u < 2% By Proposition 3.4.7, we can find (ay, ) in M with

lan, || < 1, q(an,) = b, and such that [|an, ., — an,|l2u < 35 for all k € N. Since the

series > oo, 2% converges, (ap,) is || - [|2,u-Cauchy in M. Hence, by axiom (C), (an,) has
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a || - [J2u-limit @ € M with [ja|]| < 1. By Proposition 3.4.4, b = g(a) satisfies [|b]] < 1
and (by, ) has || - ||2,,-limit b. Since (by,) is a || - ||2,4-norm Cauchy sequence, (b,) also has

| - [l2.u-limit b. O

We now show that one can quotient out the kernel of a morphism and obtain an
injective morphism. In the remark following the theorem, we explain how this can be

viewed as a first isomorphism theorem in the category of pre-W*-bundles.

Theorem 3.4.16. Let o : My — My be a morphism of pre-W*-bundles. Suppose
Ker(a) = Iy, for the closed subspace Y1 C Xi. Then there is a unique morphism
a: Mi/ly;, - Ms such that « = @o q, where ¢ : My — My/Iy, is the quotient

morphism, and this morphism @ is injective.

Proof. By the first isomorphism theorem for C*-algebras, there is a unique *-homomorphism
@ : M/Iy, - My such that o = @ o ¢ and this *-homomorphism @ is injective. We need
only show that @ is a morphism of pre-W*-bundles.

Firstly, let f € C(Y1) € My/Iy, and let g € C(X;) € M; be some extension of f.
Then f = q(g) by (3.4.45), soa(f) = a(q(g)) = a(g) € C(X2). Hence, a(C(Y1)) C C(X2).
Secondly, let a € M7. Then

Es(a(q(a)) = Ex(a(a)) (3.4.53)
= a(E(a)) (3.4.54)
= a(q(E1(a)) (3.4.55)
= a(Ey, (q(a)), (3.4.56)

where Ey, denotes the conditional expectation of the quotient bundle. Therefore, @ is an

injective morphism of pre-W*-bundles. O

Remark 3.4.17. If M is a pre-W*-bundle over X with conditional expectation F, and N
is a unital C*-subalgebra of M satisfying E(N) C N, then N inherits the structure of a
pre-W*-bundle from M in the following manner. The intersection NN C(X) is a unital,
commutative C*-algebra, so can be identified with C'(Y") for some compact Hausdorff space
Y. Dualising the inclusion C(Y) — C(X), we see that Y is a Hausdorff quotient of X.
Since E(N)) C N, the conditional expectation £ maps A into C(Y’). In this way, the image
of a morphism « : M7 — My inherits a pre-W*-bundle structure from Ms. It follows
from Theorem 3.4.16 that this pre-W*-bundle is isomorphic to the quotient pre-W*-bundle
M, /Ker(a).
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After all this theory, it’s time for an example.

Example 3.4.18 (Restriction for Trivial Bundles). Let M be a tracial von Neumann
algebra, X be a compact Hausdorff space and Y a closed subspace of X. Then the map
Resty : Co(X, M) — C,(Y, M) given by f — f|y is a morphism of W*-bundles. Moreover,
we have that Ker(Resty ) = Iy. Hence, by Theorem 3.4.16, there is an injective morphism
Resty : Cyp(X, M) /Iy — Cy(Y, M).

To show that Resty is an isomorphism, it suffices to show that it’s surjective. By
Theorem 3.4.8, it suffices to show that the image is || - ||2,,-dense. However, this is a simple
partition of unity argument. One approximates f € C,(Y, M) by a function of the form
y Zf:o ¢i(y)b; for some b; € M and continuous functions ¢1,...,¢; € C(Y). Since

each ¢; has a continuous extension to X, Zf:o ¢ib; lies in the image of Resty.
Motivated by Example 3.4.18, we make the following definition.

Definition 3.4.19. Suppose M is a pre-W*-bundle over X and Y is a closed subspace of
X. The quotient W*-bundle My = M /Iy is called the restriction of M to Y.

This in turn facilitates the definition of a locally trivial W*-bundle, which we will study
further in Sections 3.6 and 4.7.

Definition 3.4.20. A W*-bundle M over the compact Hausdorff space X is locally trivial
if every point € X has a closed neighbourhood Y such that My = C,(Y, M) for for

some tracial von Neumann algebra M.

3.4.3 Completions

In this section, we show that one can always complete a pre-W*-bundle to a W*-bundle
over the same base space and that this completion is essentially unique.

The reason that we cannot appeal to standard results on the completion of normed
space is that we only want to complete the || - ||-closed unit ball of the pre-W*-bundle with
respect to the ||-||2,,-norm not the whole space. Nevertheless, one can modify the standard
construction of the completion of a normed space using Cauchy sequences, taking this into
account.'?

The main benefit of this abstract construction of the completion is that the essential

uniqueness is easy to prove, as is the fact that morphisms of pre-W*-bundles extend to

12This modification is motivated by the definition of the C*-completion A" of a unital C*-algebras A

with respect to uniform 2-norm, as appears in [62, Section 1].
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morphisms of the completions. A more concrete approach to the completion of a pre-W*-
bundle is also possible using the standard form. We include this construction at the end

of the section.

Proposition 3.4.21. Let M be a pre-W*-bundle over the compact Hausdorff space X

with conditional expectation E. Set

— {(a)2, € £°(M) = (a;)52, is || - ||2,u-Cauchy}
M= {(a;)32, € £2°(M) : (a;)22, is || - [|2u-null} (3.4.57)

Embed M, and hence C(X), into M via a — [(a)$2,] for a € M, and define E : M —
C(X) by [(a;)24] = lim; oo E(a;), where square brackets denote the equivalence class of

the sequence.

(i) The map E is a well-defined conditional expectation onto C(X) C Z(M) making M
W*-bundle. Moreover, the embedding of M in M has || - ||2..-dense image.

(i) Suppose M is a W*-bundle over X with a | - ||2,u-dense embedding of M. Then
M = M as W*-bundles and the isomorphism can be taken to be the identity on the
embedded copies of M.

Proof. (i) It follows from the basic properties of the || - ||2 ,-norm established in Proposi-
tion 3.2.7 that the collection of ||-||2,,-Cauchy sequences forms a unital C*-subalgebra
of £°(M) which contains the set of || - [|2,,-null sequences as a closed ideal. So M is

a well-defined unital C*-algebra.

We have [[E(a;) — E(aj)|lox) = [[E(ai — aj)llcx)y < |lar — ajll2,. by Proposition
3.2.7(ii). So, by the completeness of C(X), the limit defining E exists whenever
(ai)2y is || - [2u-Cauchy. If (a;)f2; is || - [|2,u-null, then lim; o || E(an)l|lcx) = 0
by Proposition 3.2.7(ii), so E is well-defined on the quotient M. The positivity of
E follows easily from that of E. Indeed, E([(a;)2;]*[(ai)2;]) = limjoo E(a}a;)
and the positive cone of a C*-algebra is closed. Complete positivity now follows
by Proposition 2.5.2. It is clear that E is the identity on C(X) C M, so E is a
well-defined conditional expectation onto C(X) C M by Theorem 2.5.8.

The tracial axiom is easily checked and the faithfulness axiom is built into the defi-

nition of M because E([(a;)2;]*[(a:)2,]) = 0 if and only if (a;)$2; is || - ||2,,-null.

Before proving the completeness axiom holds for M, we prove the || - ||2.,~density

of M in M. This follows from the Cauchy condition. Indeed, if [(a;)2;] € M and
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e > 0 are given, there is N € N such that |la; — a;||2,, < € whenever i,j7 > N. We
then have that ||[(a;)52,] —[(an)$24]|l2,u = im0 ||@i —an||2,u < €. Furthermore, by
taking a norm-preserving lift from the quotient [74, Section 2.2.10], we may assume

that [[(a;)Z[| = [[[(a:)2,]]|. In this case, [lan|] < [[(a:)iZ,]]l

Now, we return to the completeness axiom. Firstly, we show that a || - ||2,,-Cauchy
sequence in the unit ball of M has a || - ||2,,-limit in the unit ball of M. Let (a,,) be
a || - [|2,u-Cauchy sequence in M with [|a,|| <1 for all n € N. Let a = [(a;)2,] € M.
Then ||a|| < 1. Let € > 0. Thereis N € Nsuch that ||ap,—am||2,, < € whenever n,m >

N. Hence, in M, |la, —a

2u = [l[(an)i2q] = [(a0)2]ll20 = limisoo [lan — aill2u < €
whenever n > N. So (ay) has || - ||2,,-limit a in M.

Let (a,) be a || - ||2,u-Cauchy sequence in M with ||a,|| <1 for all n € N. Then, by
density, we can construct a sequence (al,) in M with [|a},|| < 1 and |ja, — aj|| < %
for all n € N. It follows that (a,) is is a || - [|2,,-Cauchy sequence in M, so has a
| - ||l2,u-limit @ € M with |ja|| < 1. But [ja, — aljo,u < |lal, —al| + 2 for all n € N, so

(ap) also converges to a in || - ||2,,-norm.

(ii) Suppose M is a W*-bundle over X and M is embedded || - |2,u-densely in M. Define
a *-homomorphism {(a;)52; € £>°(M) : (a;)2, is || - [|2,u-Cauchy } — M by mapping
each || - [|-bounded, || - ||2,,-Cauchy sequence in M to its limit in M, which exists by
Axiom (C). The kernel of this homomorphism is the ideal of |- ||2,,-null sequences and
the image is M by the Kaplansky Density Theorem for the || - ||2,u-norm (Theorem
3.2.17). Thus, we get a *-homomorphism a : M — Mv, which, after identifying M
with its image in M, extends the identity map on M. Since M is dense in both
M and M, we have Eoa = aoE and Eoa~! = a~! o F, where E denotes the
conditional expectation on M. Therefore, « is an isomorphism of W*-bundles.

O

Proposition 3.4.22. Let a : M1 — My be a morphism of pre-W*-bundles. There is a
unique extension of a to a morphism of W*-bundles & : My — Masy, which is injective

whenever a s injective and surjective whenever « s surjective.

Proof. By Proposition 3.4.4, we have ||a(a)|| < |la|| and ||a(a)|2,, < ||al|2,, for all a € M;.

Hence, a maps ||-||-bounded, ||-

2,u-Cauchy sequences in M to ||-||-bounded, ||-

2,4-Cauchy
sequences in My, and o maps || - ||-bounded, || ||2,,-null sequences in M; to || - ||-bounded,

| - l2,u-null sequences in Ms. This defines a *-homomorphism @ : M; — Ms. Identifying
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M, with the image of constant sequences in M;, @ extends a. Since My is || - [|2,,-dense
in M1, a density argument shows that @ is a morphism of W*-bundles.

If o is injective, then we have ||a(a)||2, = ||al|2, for all @ € M by Proposition 3.4.4.

Hence,
[a([(@i)ZiDll2u = lim [lo(ai)l2,u (3.4.58)
71— 00
= lim ||a;||2,u (3.4.59)
11— 00
= [[[(as)Z1ll2,u; (3.4.60)

which ensures that @ is injective. If « is surjective, then combining Theorem 3.4.8 and

Proposition 3.4.21(a), we find that @ is surjective. O

We now turn to the construction of the completion of a pre-W*-bundle using the

standard form.

Proposition 3.4.23. Let M be a pre- W*-bundle over the compact Hausdorff space X with
conditional expectation E. Let L : M — L(L?*(M)) be the standard form representation.
Set M = WSt C L(L*(M)). Embed M, and hence C(X), in M via L and extend E
to E: M — C(X) via T — (T1, /1\>L2(M)- Then M with the given central embedding and

conditional expectation is a W*-bundle completion of M.

Proof. We must check that M with the given central embedding and conditional expec-
tation is a well-defined W*-bundle and show that M is || - ||2,,-dense in M. Let T', S € M
and A, u € C. There are nets (a;), (b;) in M such that L(a;) — T and L(b;) — S strictly as
1 — 00, where we take the indexing set in each case to be a neighbourhood basis of 0. By
the Kapansky Density Theorem (see Theorem 2.11.29), we may assume that the nets are
bounded. We can now make use of Proposition 2.11.21 to show that XT'4u.S,T'S, T* € M.
Since the strict topology is weaker than the norm topology, we have that M is norm closed.
Thus, M is a unital C*-algebra.

By Proposition 3.2.14, L is injective, so it defines a embedding of M and C(X) into
M. Let f € C(X) and T € M. Since C(X) is central in M, we have L(f)T =
lim; 00 L(f)L(a;) = lim;oo L(fa;) = lim;oo L(a;f) = lim;oo L(a;)L(f) = TL(f),
where (L(a;)) is a bounded net converging strictly to 7. Hence, C'(X) embeds centrally
in M.

Let T € M. Let (a;) be a net in M such that (L(a;)) converges strictly to 7. Then
IL(ai) — T3, = (L(a) — TY*(L(ar) — )T, D) ogany = (L (@) — T)T p2gan) — 0. Hence,
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M embeds densely in M. In fact, by Theorem 2.11.29, the closed unit ball of M is dense
in the closed unit ball of M.

For a € M, we have E(a) = <L(a)T,T>L2(M) = (a, T>L2(M) = E(a), so E really does
extend E. We have E(T*T) = <T*TA,/1\>L2(M) = (11, TT>L2(M) >0 forall T € M, so E is
positive. Complete positivity then follows by Proposition 2.5.2. Thus, E is a conditional
expectation on to C(X) C M by Theorem 2.5.8.

Since the inner product on a Hilbert-C(X)-module is continuous, E is strictly contin-
uous. Let T, S € M. Then E(TS) = lim; 00 E(a;b;) = lim;_,o0 E(bja;) = E(ST), where
(L(a;)) and (L(b;)) are bounded nets converging strictly to 7" and S respectively. This
proves Axiom (T).

Let T € M and a € M. Since L(M) commutes with R(M) by Proposition 3.2.14(iii),
we have TR(a) = lim; oo L(a;)R(a) = lim_o R(a)R(a;) = R(a)T, where (L(a;)) is a
bounded net converging strictly to 7. Hence, M commutes with R(M).

Let T € M such that E(T*T) = 0. Then 0 = (I*T1,T)12(n = (I1,T1)2(nm). By
(2.11.3), we have T1 = 0. Consequently, Ta = TR(a)l = R(a)T1 = 0 for all a € M.
Hence, T = 0 since M is dense in L2 (M). This proves Axiom (F).

Let (an,) € M be a ||-||2,u-Cauchy sequence in M with ||a,|| < 1. Then ||an—aml/2,, — 0
as n,m — oo and ||a, — an|| < 2 for all n,m € N. By Proposition 3.2.15, L(a, — am,m) — 0
strictly as m,m — oo. Hence, by Proposition 2.11.22, (L(ay)) has a strict limit 7" € M
3 = {(L(an) = T)*(Llan) = T)1,1) p2m1) =
II(L(a;) — T)TH%Q(M) — 0. Therefore, (a,) € M has a || - ||2,,-limit in M.

with ||| < 1. We compute that ||L(a,) — T

Now suppose (T},) is a || - ||2,,-Cauchy sequence in M with ||T,,|| < 1. For each n € N,

there is a, € M with |la,| < 1 and |la, — Tyll2w < L. Then (ay,) is a || - ||2,,-Cauchy

n

sequence in M with |ja,|| < 1, so has a || - [Jon-limit T € M with |T|| < 1. But,
1Tn = Tll2w = [Th — anll2u + llan =T

|2,4, which converges to 0. So (T,) converges to T'

in [ - [|2,u-norm. O

3.5 Standard Form Revisited

In this section, we return to the topic of the standard form of a pre-W*-bundle. We
show that the standard form construction is functorial. In particular, the standard form
of a pre-W*-bundle can be understood in terms of the standard form of the fibres. We

also prove that the fibration of a pre-W*-bundle M is consistent with the fibration of
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Hilbert-C(X)-module L?(M) and its algebra of adjointable operators £(L?(M)). As an
application of these techniques, we prove that the left and right regular representation
of a W*-bundle are commutants of one another, and so, when in standard form, a W*-
bundle equals its bicommutant. This can be viewed as a generalisation of von Neumann’s
Bicommutant Theorem [92, Satz 8] (see also [58, Theorem 4.1.5]) from the setting of von

Neumann algebras to W*-bundles.!?

3.5.1 Functoriality

We begin by showing that a morphism of pre-W*-bundles induces a morphism between the
respective L?(M) spaces which is compatible with left regular representations, the right

regular representations and the involutions of the respective standard forms.

Proposition 3.5.1. Let M; be a pre-W*-bundle over the compact Hausdorff space X; with
conditional expectation E; fori=1,2. Let LM RM:) - 7(Mi) denote respectively the left
reqular representation, right reqular representation and the involution for the standard

form of M,;.

(i) A morphism of pre-W*-bundles o : My — My induces a morphism of Hilbert mod-
ules L?a : L*(My) — L?*(Mz) such that

(L?a) LMV (q) = LM2) (a(a)) (L2a), (a € My), (3.5.1)
(L2a)RMY) (q) = RM2) (a(a))(L2w), (a € My), (3.5.2)
(L20) JMD) = JM2)(124) (3.5.3)

(ii) If « is injective, then so is L%a.
(iii) If o is surjective, then so is L2a.

Proof. (i) Let o : M7 — My be a morphism of pre-W*-bundles. By Proposition 3.4.4,
we have ||a(a)||2,u < [lall2, for all @ € M;. It follows that «, viewed now as a map

M — My, extends to a bounded linear operator L2 : L2(My) — L3 (My).

We now check that L%, together with a|c(x,) : C(X1) = C(X2), is a morphism of

3However, in the setting of W*-bundles, it is important to use the standard form representation; see

Example 5.6.7.
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Hilbert modules. We have

for all a,b € M. So, by density,
(LPa(v), LPa(w)) r2(my) = a((0,w) 12(py))
for all v,w € L?(My). Furthermore,
L*a(fa) = L?a(fa)

(f)ala)
(f)a(a)
f)L?a(@)

I
Q

I
R

e
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for all a € My and f € C(X1). So, by density, L?a(fv) = a(f)L*a(v) for all
v € L?>(My) and f € C(Xy). This completes the proof that L2a, together with

a|c(x,), is @ morphism of Hilbert modules.

Let a,b € Mj. Then

(L) LMY (a)(b) = L2a(ab)

This, together with a density argument, gives (3.5.1). The proof of (3.5.2) is similar.

The third relation (3.5.3) follows from the following computation and a density
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argument:
(L20)JMI (@) = L2a(a*) (3.5.19)
= a(a®) (3.5.20)
= ala)* (3.5.21)
= JM2)(4(a)) (3.5.22)
= JM2)(120(a)), (3.5.23)
where a € M;.

(ii) Let a : My — My be an injective morphism of pre-W*-bundles. By Proposition
3.4.4, we have ||a(a)|2,u = ||a||2,, for all a € M;. It follows that «, viewed now as a
map M; — My, extends to a isometric linear operator L2a : L} (My) — L3*(Msy).

In particular, L%« is injective.

(iii) Let a : M7 — Mao be a surjective morphism of pre-W*-bundles. We know that
L2a(f/t\1) = M. Letv € L2(M3) and (b,) be a sequence in M such that b, — v in
L?*(M3) as n — oo. Passing to a subsequence, we may assume that ||b,11 — byll2. <
5. By Proposition 3.4.7, there is a sequence (a,) in Mp such that a(a,) = by,

and [|ant1 — anll2,u < 5. The sequence (@) in L?(M;) is therefore Cauchy and so

converges to some u € L?(Mj). By continuity, L2a(u) = v.

O

Remark 3.5.2. Applying Proposition 3.5.1 to the morphism of pre-W*-bundles eval, :
M — M, coming from passing from the W*-bundle M over X to the fibre M, at z € X,
we see that the standard form of the W*-bundle M is compatible with the standard form
of the fibre M,.

The remainder of this section is devoted to establishing the connection between the
fibration of a pre-W*-bundle M, the fibration of the Hilbert module L?(M) (see Proposi-
tions 2.11.5 and 2.11.6) and the induced fibration of the algebra of adjointable operators
L(L*(M)) (see Proposition 2.11.16). We fix a W*-bundle M over a compact Hausdorff
space X and an = € X. For simplicity of notation, we identity C({z}) with C and Cl 4, .
We also shall make no distinction between Hilbert C'({z})-modules and Hilbert spaces.

First, we consider the relationship between the morphism of Hilbert modules L?(eval,) :
L?*(M) — L?*(M,) and the morphism ay : L*(M) — L?(M), defined in Example 2.11.9

by passing from a Hilbert C'(X)-module to its fibres.
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Proposition 3.5.3. There is a unique isomorphism of Hilbert spaces 0, : L*>(M), —

L?(My,) such that following diagram

L*(M) (3.5.24)
“Il %jx)
LA (M), 0 L*(M,)
commutes.
Proof. By (3.5.8), we have
(L?(evaly)(v), L (evaly) (w)) £2(um,) = evale((v, w) r2(a) (3.5.25)
= (v, w) 2(a) (7) (3.5.26)

for all u,v € L?(M), where the last equality makes use of the identification of C'({z}) with
C. From this, we deduce that the kernel of L?(eval,) is precisely {v € L*(M) : (v,v)(x) =
0}. Hence, there is an injective bounded linear map 6, : L?(M), — L?*(M,) such that
the diagram (3.5.24) commutes. Uniqueness of 6, is clear from the commuting diagram,
since « is surjective by construction.

Since eval, is surjective, so is L?(eval,) by Proposition 3.5.1(iii) and, hence, so is 0,.

Moreover,
(02(az(v)), bz (a0 (w))) L2(m,) = (L2 (evaly) (v), L (evaly) (w)) 2, (3.5.27)

— evaly((0, ) 12 0) (3.5.28)

= (v, 0) £2(my(2) (3.5.29)

= (g (v), az(w)) 12(Mm), (3.5.30)

for all v,w € L?(M). Hence, 0, is an isomorphism of Hilbert spaces. O
We can now relate the fibration of the pre-W*-bundle M with the fibration of £(L?(M))
coming from Proposition 2.11.16.

Proposition 3.5.4. Identifying L*(M), with L*(M,) via the cannonical isomorphism
0z, defined in Proposition 3.5.3, we have the following commuting diagrams for all a € M

and x € X:

LM) (a)

L3 (M) (3.5.31)

L2(My) = L2 (M),

LM (a(2)
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RM)(q)

L2(M) (3.5.32)

| :

LA2(My) & L2(M),,

RM=) (a(x))

JM)

L*(M) (3.5.33)

| |

L2(M,) = L2(M),.

J(Ma:)
Hence, in the notation of Propositions 2.11.16 and 2.11.19, LM (a), = LM (a(z)),
RM)(q), = RM2)(a(z)) and J = JMa),

Proof. We apply Proposition 3.5.1 to the morphism eval, : M — M, together with the

result of Proposition 3.5.3, which says that L?(eval,) = 6, o a,. We obtain

0y 0y o0 L(M)(a) = L(Mz)(evalm(a)) 00 0 ay, (3.5.34)

0, 0 az o R (a) = RM+) (eval,(a)) o 0, o oy, (3.5.35)

0y 0,0 JM = JM) 60 oa,, (3.5.36)

which is what is required because eval,(a) = a(z). O

3.5.2 Commutant Theorems

In this section, we use a fibrewise argument to show that the image of the left regular
representation of a W*-bundle in standard form is the commutant of the right regular
representation and vice versa. We use notation of the previous section but drop the
superscripts when they can be inferred from the context. For example, we write L(a)
instead of LM (a) for a € M, and we write L(a(z)) instead of LM=)(a(z)) for a € M

and z € X.

Theorem 3.5.5. Let M be a W*-bundle over the compact Hausdorff space X. Then
L(M)=R(M)" and R(M) = L(M)".

Proof. By Proposition 3.2.14(iii), we have L(M) C R(M)" and R(M) C L(M)’. Let
T € R(M)’. Then by Proposition 2.11.16 and 3.5.4, T, € R(M,)" for all x € X. But
R(My) = L(M,)" by Theorem 2.8.15 and L(M,)" = L(M,) by Theorem 3.2.9 and
von Neumann’s Bicommutant Theorem [92, Satz 8]. Hence, T' defines a function f :
X = UgexM, with f(x) € M, for all x € X, as in Theorem 3.2.10, via the condition
T, = L(f(x)) for all z € X. Note that sup,cx || f(z)| < ||T].
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Fix z € X. There exists ¢(*) € M such that f(z) = ¢®)(z). For y € X we have,

1£(9) — €D WIB,, = 1FE) — @), (
— ([L(f(9)) — LD WD [L(F W) = L @G 12y (3538
) (
(

= ([Ty — L)1y, [Ty — LD )Ty) 120,

= ([T = L)L [T = L)) 12y (9).

Therefore, the map y — || f(y) — ¢® (y)H%Ty is continuous. Since it vanishes at x, given

€ > 0, there is a neighbourhood U of z such that || f(y) — ¢\®)(y)

|2,r, < € whenever y € U.
Hence, Theorem 3.2.10 applies and there is a € M such that a(z) = f(z) for all x € X.
Therefore, L(a) =T.

This completes the proof that L(M) = R(M)’. The proof that R(M) = L(M)’ is

similar. O

Corollary 3.5.6. Let M be a W*-bundle represented on L?(M) in standard form. Then
M =M.

3.6 The Topological Viewpoint

In this section, we shall show how to combine the fibres of a W*-bundle to produce a
bundle (B,p) in the sense of Section 2.12. The W*-bundle, more precisely its section
algebra, can be recovered as the collection of bounded, continuous sections of (B, p). This
builds on known results in the context of continuous fields of Hilbert spaces [19, Section
1.2] and Banach bundles [26, Chapter 2, Section 13.4].

The results of Sections 3.6.1 and 3.6.2 appear in my joint paper with Ulrich Pennig [23,
Section 3]. Section 3.6.3 has be added in this thesis to remove a technical hypothesis from

Theorem 3.6.11.

3.6.1 Bundles of Tracial von Neumann Algebras

Suppose (B,p) is a bundle in the sense of Definition 2.12.1 over the Hausdorff space X
with each fibre p~!(z) having the additional structure of a tracial von Neumann algebra
(see Definition 2.8.17). Then addition and multiplication define maps D — B, where
D = {(b1,b2) : B x B : p(b1) = p(be)}; scalar multiplication defines a map C x B — B;
the involution defines a map B — B; and the trace on each fibre define a map 7 : B — C.

Furthermore, there are two “global norms” | - |,|| - |2 : B — [0,00), coming from the
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C*-norm and the in 2-norm in each fibre respectively. Finally, there are two distinguished
sections x — 0, and = +— 1,, which pick out the additive and multiplicative identity
elements in each fibre.

We can now state some axioms for such bundles. We shall write B<, for the subspace

{be B:|b|| <r} of Bforr>0.

Definition 3.6.1. A bundle of tracial von Neumann algebras over the Hausdorff space X
is a bundle (B, p) over X together with operations, norms and traces making each fibre

p~!(z) a tracial von Neumann algebra and satisfying the axioms listed below:
(i) Addition, viewed as a map D — B, is continuous.
(ii) Scalar multiplication, viewed as a map C x B — B, is continuous.
(iii) The involution, viewed as a map B — B, is continuous.

(iv) The map X — B which sends z to the to the additive identity 0, of p~!(z) is
continuous and so is the map X — B which sends z to the to the multiplicative

identity 1, of p~!(z).

(v) The map || - ||]2 : B — C arising from combining the 2-norms from each fibre is

continuous, as is the map 7 : B — C obtained by combining the traces on each fibre.
(vi) A net (by) C B converges to 0, whenever p(by) — x and ||by[[2 — 0.
(vii) Multiplication, viewed as a map D — B, is continuous on || - ||-bounded subsets.
(viii) The restriction p|p_, : B<y — X is open.'*

We say that two bundles of tracial von Neumann algebras (B;,p;) for ¢ = 1,2 are

isomorphic if there are homeomorphisms ¢ and ¢ such that the diagram

B, —> B, (3.6.1)

| ¢ |

X1 — X5

commutes and, for each z1 € X, 90’p;1(a:1) p7 (1) — pyt((x1)) is an isomorphism of

tracial von Neumann algebras.

This is a strengthening of the requirement of Definition 2.12.1, which requires that p : B — X be open.
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Remark 3.6.2. Bundles of tracial von Neumann algebras are bundles of normed spaces in
the sense of Definition 2.12.4 with respect to the global || - ||2-norm. They are not bundles
of Banach spaces because one only has || - ||2-norm completeness of the || - |-norm closed

unit ball in each fibre.

The basic example of a bundle of tracial von Neumann algebras is (X x M, ;) , where
X is a Hausdorff space, M is a tracial von Neumann algebra, the topology on X x M is
the product of the topology of X and the 2-norm topology on M, and 71 : X x M — X
is the projection onto the first coordinate. The veracity of the Axioms (i-viii) is an easy
consequence of the definition of the product topology. This is the trivial bundle of tracial
von Neumann algebras over X with fibre M. We can now define local triviality for bundles

of tracial von Neumann algebras.

Definition 3.6.3. Let (B, p) be a bundle of tracial von Neumann algebras over the Haus-
dorff space X. We say (B, p) is locally trivial if every x € X has an open neighbourhood
U such that (p~'(U), p|y-1(1)) is isomorphic to a trivial bundle over U.

Remark 3.6.4. Note that when X is compact Hausdorff, we can work with closed neigh-
bourhoods in place of open neighbourhoods. This observation is important when it comes

to prove compatibility with local triviality for W*-bundles (Definition 3.4.20).

3.6.2 W*-Bundles vs Bundles of Tracial von Neumann Algebras

Let M be a W*-bundle over the compact Hausdorff space X. Set B = | |, .x M, and
define p : B — X by p(b) = = whenever b € M,. Note that, for each z € X, the fibre
p~!(z) can be identified with M, and, therefore, endowed with operations, a norm and a
trace that make it a tracial von Neumann algebra. In the following proposition, we define
a topology on B such that (B,p) is a bundle of tracial von Neumann algebras. We then
check that isomorphic W*-bundles give rise to isomorphic bundles of tracial von Neumann

algebras.

Proposition 3.6.5. Let M be a W*-bundle over the compact Hausdorff space X. Set
B = ||,cx Mz and define p: B — X by p(b) =  whenever b € M. Forae€ M, e>0
and U open in X, we set V(a,e,U) ={b e B :p(b) € U, |la(p(b)) — blj2 < €}.

(a) The collection B of all such V(a,e,U) form a basis for a topology on B. Moreover,
if b € B and a € M is chosen with a(p(b)) = b, then the collection of V(a,€,U)
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as € ranges over positive reals and U ranges over a neighbourhood basis of p(b) is a

neighbourhood basis of b.

(b) When B is endowed with the topology generated by B, (B,p) is a bundle of tracial

von Neumann algebras.

Proof. (a) Given b € B, let z = p(b), so b € M. Let a € M be a lift of b. Then, for any
open neighbourhood U of x and € > 0, b € V(a, ¢, U). Therefore, Jy, gV = B.

Suppose b € V(ay,e1,Ur) NV (ag,€2,Us). Set © = p(b), and let a € M be a lift of
be M,. We have x € U; N Uy and

51 = Ha(x) — CL1(QJ>H2 < € (3.6.2)

b2 = [la(x) — az(z)[2 < €2

Choose, by continuity, an open set U such that z € U C U; N Us, and such that

€1+ 01

la(2) = a1 ()2 < = (3.6.3)
la(@) = as(2)]|2 < 2 ‘g 02

for all ' € U. Set ¢ = min(%,%). Now, if ¥ € V(a,¢,U), then, for i € {1,2},
2’ = pt') € U; and

lai(z') = Vll2 < [lai(z") — a(z")[[2 + [la(z") — V[l (3.6.4)
€; —; 0; L
<€

So, b € V(a;,€;,U;). Hence, b € V(a,e,U) C V(a1,e1,Ur) NV (ag, ez, Us).

This proves that B does form the basis for a topology on B, and also gives the required
neighbourhood basis for b € B.

(b) The topology defined by B is easily seen to be Hausdorff. Let U be open in X. Let
b€ p~'(U) with x = p(b). Choose a € M with a(z) =b. Then b € V(a,1,U) C p~1(U).
So p~}(U) is open in B. Hence p is continuous. It is clearly surjective. We now check
the axioms of Definition 3.6.1 in turn, noting that a simple scaling argument shows that
axioms (ii) and (viii) imply that the map p : B — X is open.

(i) Let b1,b2 € B with © = p(b1) = p(b2). Let aj,as € M be lifts of by,be € M,.
A basic open neighbourhood of b; + bs has the form V(a; + ag,€,U) for some € > 0 and
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open neighbourhood U of z. Let b} € V(a1,5,U) and by € V(ag, §,U), and suppose
z' = p(b}) = p(b,) € U. We have

l(a1(2) + az(z")) — (b + b5)ll2 < [lar (') = bil2 + [laz(z”) — b5 |2 (3.6.5)
<L
2 2

= €.

So, by + b, € V(a1 + ag,¢€,U).

(ii) Let A € C and b € B with z = p(b). Choose a € M with a(x) = b. A basic
neighbourhood of Ab has the form V' (Aa, €, U) for some € > 0 and some open neighbourhood
Uof zin B. Set K = max([|al|2,u,|A]) + 1 and § = min(5%,1). Let |\ — | < ¢ and
v € Via,6,U) with 2’ = p(V/). Then

IND' — Aa(2)[l2 < N[V — a(@)[l2 + [N = Allla(z)]]2 (3.6.6)
< (AL DY = a(@)[2 + [N = M[la(z") |2
< Ké+ oK

<e.

(iii) This follows from the observation V(a,€,U)* =V (a*,¢€,U).

(iv) For the continuity of the map = — 1, it suffices to observe that the open set
V(1,¢,U) has preimage U under this map for any ¢ > 0. The continuity of z — 0, is
similar.

(v) We show the continuity of || - ||2 on B. Continuity of 7 then follows by the polari-
sation identity together with the continuity of 2 +— 1,. Let b € B and = = p(b). Choose
a € M such that a(x) = b. Let ¢ > 0. By Proposition 3.2.6, the map y — |la(y)|2 is

continuous. Hence, there is an open set U > x such that

[la(w)ll2 = la@)l| < 5 (3.6.7)

for all y € U. Let b’ € V(a, §,U). Writing 2’ = p(b'), we have

[1)2 = Nell2| <

1¥ll2 = lla(@")la| + llata") 12  lla(a) |2 (3.6.8)

<7 —
+2

(vi) This follows from the fact that a basic open neighbourhood of 0, has the form

V(0,¢,U) for some € > 0 and some open neighbourhood U of z in X.
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(vii) Fix K > 0. Let b1,b2 € B with || - ||-norm bounded by K. Suppose z = p(b;) =
p(b2). Let a1, az € M be norm-preserving lifts of by, ba € M. A basic open neighbourhood
of bi1bs has the form V' (ajag,€,U) for some ¢ > 0 and open neighbourhood U of z. Let
by € V(ar, 5%,U) and b € V(az, 5%, U). Assume b} and b, are || - [|-norm bounded by K,

and that 2’ = p(b}) = p(b) € U. We have

a1 (z")az(x") — byby[l2 < llar(2”)||[laa(z’) — bylla + [|ai(x”) — by [|2]|b5]] (3.6.9)
< Kllag(z") — byll2 + Kllax (') — b2

€ €
“ (3% * 2x)
< 2K+2K

= €.

So, byby € V(ajag, €,U).

(viii) Let W be open in B with W N Bl<; # 0. Let x € p(W N B|<1). Choose
b € W N B|<; such that p(b) = x. Lift b € M, to an element a € M of the same norm.
The open set W contains a basic open neighbourhood of the form V'(a,¢,U), where € > 0
and U is a neighbourhood of x in X. Hence, for all 2’ € U, it follows that a(2’) € W and
a(z’)[|m,, < 1. Therefore U C p(W N Bl<1) and so p|p., : B<i — X is open. O

Proposition 3.6.6. Let M; be a W*-bundle over X; with conditional expectation E; for
i = 1,2. Let (Bj,pi) be the corresponding bundle of tracial von Neumann algebras for
1 = 1,2. If the W*-bundles are isomorphic, then the bundles of tracial von Neumann

algebras are isomorphic.

Proof. Assume o : M; — My is an isomorphism of the W*-bundles. Then « restricts
to an isomorphism C(X;) — C(X3), so induces a homeomorphism o' : Xo — X;. Since
Es(afa))(z2) = a(Er(a))(x2) = Ei(a)(al(xs)) for all a € My and x5 € Xs, a induces
an isomorphism between the fibres (M1)q¢(y,) and (Mz)y, for each x5 € X5, Combining
all these isomorphisms, we get a bijection ¢ : By — Bs such that (3.6.1) holds with
1 = (a')~!. By considering the basic open neighbourhoods in B; and Bs, we see that ¢ is
a homeomorphism. Indeed, ¢(Vay, (a,€,U)) = Vg, (a(a),e,9(U)) for all a € My, € > 0,
and U open in X;. ]

In the other direction, given a bundle of tracial von Neumann algebras over a compact
Hausdorff space, we can define a W*-bundle by considering sections. Recall from Section

2.12.1 that a section of a general topological bundle (B,p) over X is a map s : X — B
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such that p o s = idx (Definition 2.12.2). We now define what it means for a section of a

bundle of tracial von Neumann algebras to be bounded.

Definition 3.6.7. A section s : X — B of a bundle of tracial von Neumann algebras

(B,p) over X is said to be bounded if sup,cx [|s(z)|| < oco.

Remark 3.6.8. Note that boundedness of sections always refers to || - ||-norm. Since it
is not required that || - || be continuous on B, continuous sections s : X — B are not

automatically bounded in the sense of Definition 3.6.7 even when X is compact.

Let (B, p) be a bundle of tracial von Neumann algebras over the compact Hausdorff
space X. The set of bounded sections of (B, p) endowed with fibrewise-defined operations
and the uniform norm |[|s|| = sup,cx ||s(x)| is a C*-algebra isomorphic to the product
[Lex p~Y(z). Since the fibres are tracial von Neumann algebras, the uniform 2-norm
IIsl|2,u = sup,ex |[s(z)||2 is complete when restricted to the closed unit ball in uniform
norm. Let M be the collection of bounded, continuous sections. Axioms (i)—(viii) ensure
that M is a unital *-subalgebra of the C*-algebra of all bounded sections. It follows from
Proposition 2.12.8 that continuity of sections is preserved under uniform-2-norm limits and,
a fortiori, under uniform-norm limits. Therefore, M inherits the completeness properties
of the algebra of bounded sections, in particular M is a C*-algebra.

The additional data for a W*-bundle over X with section algebra M can now be easily
defined and the axioms verified. We identify f € C(X) with the scalar valued section x +—
f(z)1z. Such scalar valued sections are clearly bounded and are continuous since scalar
multiplication and the section z — 1, are continuous. This gives an inclusion C(X) C
Z(M). We define £ : M — C(X) by s — 7Tos. This is a conditional expectation from M
onto the image of C'(X) in M and induces the uniform 2-norm on M. Axiom (C) follows
from Proposition 2.12.8. Axioms (T) and (F) follow fibrewise from the corresponding
properties of a faithful trace.

As before, we check that our construction is compatible with our notions of isomor-

phism.

Proposition 3.6.9. Let (B;,p;) be a bundle of tracial von Neumann algebras over the
compact Hausdorff space X; fori =1,2. Let M; be the W*-bundle over X; with conditional
expectation E; that comes from (B;,p;). If the bundles of tracial von Neumann algebras

are isomorphic, then the W*-bundles are isomorphic.
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Proof. If the bundles are isomorphic and ¢ and 1) are as in (3.6.1) then s ++ poso™!
defines a bijection between the bounded, continuous sections of p; : By — X; and those
of po : By — X5, that is a map a : M1 — Ma.

Since for each 1 € X7, cp\p;1(x1) : pl—l(g;l) — pgl(z/;(a;l)) is an isomorphism of tracial

von Neumann algebras, « is a *~-homomorphism of C*-algebras. Furthermore, the following
computations show that « is a morphism of W*-bundles. Firstly, let fi € C(X1) C Z(M;)

and x9 € Xo. Then

a(fi)(z2) = (fr( ™ (@2)1y-1(sy)) (3.6.10)
= f1(¥ " (22)) s,

so a(fi) = fioy~t € C(X2) € Z(Ms). Secondly, let s € M; and z2 € X. Then

Ex(a(s))(w2) = 7,21, (@(s) (22)) (3:6.11)
= 71 () (P(5(¥ 7 (22))))
= Ty (1 () (ST (22)))
= Ei(s) (¢ (22))
= a(E1(s))(x2),

so Fooa = «ao F. ]

We now investigate the inverse nature of the two constructions considered in this
section. The following theorem deals with the case where one starts with a W*-bundle
M, constructs the associate bundle of tracial von Neumann algebras (B,p), and then

constructs a second W*-bundle from the bounded, continuous sections of (B, p).

Theorem 3.6.10. Let M be a W*-bundle over the compact Hausdorff space X . Let (B, p)

be the bundle of tracial von Neumann algebras constructed from M.

(a) For each a € M, the map s, : X — B given by x — a(x) € M, defines a bounded,

continuous section of (B, p).
(b) Every bounded, continuous section of (B,p) has the form s, for some a € M.

(¢) The map a — s is an isomorphism between the W*-bundle M and the W*-bundle

constructed from (B,p).
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Proof. (a) Let a € M. By construction s, is a section of (B,p). We have |a(x)||m, <
lala for all 2 € X, so the section s, is bounded. Let W be open in B and z € s, }(W).
Then s,(x) = a(x) € W. By Proposition 3.6.5(a), there exists ¢ > 0 and an open

neighbourhood U of z in X such that a(z) € V(a,e,U) C W. It follows that x € U C

-1

Sa

(W). Hence, s, is continuous.
(b) Assume s : X — B is a continuous and bounded section. Let o € X and e > 0.
Choose ag € M such that ag(zg) = s(xg). Since the function z — ||s(z) — ag(x)l|2 is

continuous, there is a neighbourhood U of xg such that
sup ||s(z) — aop(z)|]2 < €. (3.6.12)
zeU

By Theorem 3.2.10, there exists a € M such that a(z) = s(x) for all z € X.

(¢) The map a — s, is a unital homomorphism of C*-algebras. It is injective by
Proposition 3.2.5 and surjective by (b). For f € C(X) C Z(M), sy is the scalar section
x — f(x)l, and, for arbitrary a € M and x € X, 7(sq(x)) = 71z(a(z)) = E(a)(x).

Therefore, a — s, is an isomorphism of W*-bundles. 0

We now consider the reverse direction. Namely, we start with a bundle of tracial von
Neumann algebras (B, p) over a compact Hausdorff space, construct a W*-bundle M by
considering bounded, continuous sections of (B, p), and then construct a second bundle of

tracial von Neumann algebras (B, p) from the fibres of M.

Theorem 3.6.11. Let (B, p) be a bundle of tracial von Neumann algebras over the compact
Hausdorff space X. Let M be the W*-bundle defined by considering bounded, continuous
sections of (B,p). Let (B,p) be the bundle of tracial von Neumann algebras constructed
from the fibres of M. Suppose that

(x) For all b € B, there is s € M with s(p(b)) = b.1?
Then the bundles of tracial von Neumann algebras (B,p) and (E,ff) are isomorphic.

Proof. Write E for the conditional expectation of M. For each x € X, consider the
evaluation map ¢, : M — p~!(z) given by s + s(x). This is a homomorphism of C*-
algebras and, by our assumption, it is surjective. Since 7(s(z)) = E(s)(z) for all s € M

and the trace on p~!(x) is faithful, we get an induced isomorphism of tracial von Neumann

15We show in the next section that this conditional is in fact automatically satisfied.
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algebras @, : M, — p~!(z). Combining all such maps, we get a bijection ¢ : B — B,
such that the diagram
B—~

B
| g ¥
idx

X ——X

(3.6.13)

commutes. It remains to show that ¢ is a homeomorphism. Note that, via our convention
of writing s(x) for the image of s € M in M, ¢ can be viewed as the identity map on
B. Thus proving that ¢ is a homeomorphism amounts to showing that the topology on
B, satisfying the axioms for a bundle, has a basis consisting of the sets V (s,e,U) = {b €
B :p(b) € U,|s(p(b)) —b|l2 < €} for s € M, € >0 and U open in X.

Each such set V (s,¢e,U) is open in B because the axioms for a bundle ensure that the
map F: B — R x X given by b — (||s(p(b)) — b2, p(b)) is continuous. We complete the
proof by showing that the set of all such V(s,¢e,U) contains a neighbourhood basis for
each point of B. Axiom (vi) of Definition 3.6.1 gives that V (0,€,U) as € ranges over the
positive reals and U ranges over a neighbourhood basis for x € X form a neighbourhood
basis for 0,. Let by € B and sy be a bounded, continuous section with so(p(by)) = bo.
Since the map G : B — B given by b+ so(p(b)) — b is a homeomorphism of B, we see that
V(s0,€,U) as e ranges over the positive reals and U ranges over a neighbourhood basis for

p(bp) form a neighbourhood basis for by. O

We observe that the bundle of tracial von Neumann algebras corresponding to a trivial
W*-bundle C,(X, M), where M is a fixed tracial von Neumann algebra and X is a compact
Hausdorft space, is (X x M, 1), where the topology on X x M is the product of the topology
of X and the 2-norm topology on M and 71 : X x M — X is the projection onto the first
coordinate. Thus, the notion of triviality for a bundle of tracial von Neumann algebras
matches up with that for a W*-bundle. We show below that the notions of restriction to
a closed subset also match up and, therefore, so do the natural notions of local triviality

(Definitions 3.4.20 and 3.6.3).

Proposition 3.6.12. Let X be a compact Hausdorff space and Y a closed subset.

(a) Let M be a W*-bundle over X and (B,p) the corresponding bundle of tracial von
Neumann algebras. Let (By,py) be the bundle of tracial von Neumann algebras

corresponding to the quotient W*-bundle My = M/Iy (Definition 3.4.19). There
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exists a homeomorphism ¢ such that the diagram

By *ﬂp_l(y)

»|

Y

lmplm
Y

idy

commutes, which induces an isomorphism of tracial von Neumann algebras in each

fibre.

(b) Let (B,p) be a bundle of tracial von Neumann algebras over X. Let M be the W*-
bundle arising from bounded, continuous sections of (B,p). Then My is isomorphic

to the W*-bundle M of bounded, continuous sections of (p_l(Y),p|p_1(y)).

Proof. (a) Write a — aly for the quotient morphism M — My. For y € Y, the fibre
(My), of My can be identified with the fibre M, of M, via the map aly(y) — a(y).
Combining all these maps, we obtain a bijection ¢ such that the diagram commutes.
Considering basic open neighbourhoods we see that ¢ is a homeomorphism. Indeed,
o(Vmy (aly, e, UNY)) = Vala,e,U) Np~1(Y) for all @ € M, € > 0, and U open in
X.

(b) Write F for the conditional expectation of M and E for the conditional expectation
on M. Restricting a bounded, continuous section s : X — B of p to Y gives a continuous
bounded section of (p~1(Y), plp-1(v))- This defines a homomorphism of C*-algebras M —
M. The kernel of this homomorphism is the ideal Iy = {s € M : E(s*s)(y) = 0 for all y €
Y'}. So we get an induced isometric homomorphism of C*-algebras o : My — M. This
homomorphism restricts to the identity map on the central copies of C'(Y) in My and M ,
and the diagram

My —*—> M (3.6.14)
w|
C(Y) =% C(Y)
commutes. In particular, a preserves the uniform 2-norm. The argument to show that «
is surjective has two parts. First, using a partition of unity argument as in [18, Lemma
10.1.11], one shows that, for any continuous section s : ¥ — B with |s(y)| < 1 for all
y € Y and any € > 0, there is a bounded, continuous section 5 : X — B with |[5(z)| <1
for all z € X and ||s(y) — 5(y)||2 < e. This implies that the || - ||-norm closed unit ball of
My has || - ||2,,-dense image in the || - [|-norm closed unit ball of M. The completeness of

the || - ||-norm closed units balls in || - ||2,,-norm then implies that « is surjective. O
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3.6.3 Constructing Continuous Sections

This section is devoted to proving that Axioms (i-viii) for a bundle of tracial von Neumann
algebras ensure the existence of sufficiently many bounded, continuous sections under
suitable assumptions on the base space. The main result of this section, Theorem 3.6.18,
implies that the additional hypothesis (*) of Theorem 3.6.11 is, in fact, automatically
satisfied. Hence, there is a perfect 1-1 correspondence between isomorphism classes of
W*-bundles and isomorphism classes of bundles of tracial von Neumann algebras over
compact Hausdorff spaces.

The methodology is to adapt the proof of the analogous result for bundles of Banach
spaces, due to Douady and dal Soglio-Herault, presented in Section 2.12.3, to account for
the fact that the || - [|2-norm is only complete on the || - [|-norm unit ball of each fibre.

We begin by establishing some notation and terminology for the remainder of this
section. Let (B,p) denote a bundle of tracial von Neumann algebras over the Hausdorff
space X. Since (B,p) is a bundle of normed vector spaces with respect to the global
|| - ||2-norm, the definitions of e-thin sets and e-continuous sections (Definitions 2.12.12 and
2.12.13) carry over to bundles of tracial von Neumann algebra as || - [[2-norm properties.

For the benefit of the reader, we repeat the definitions here.

Definition 3.6.13. Let € > 0. A subset U of (B,p) is e-thin if ||b — b/||2 < € whenever
bi,by € U and p(b1) = p(ba).

Definition 3.6.14. Let z € X. A section f : X — B is e-continuous at z if there is a
neighbourhood V' of x and an e-thin neighbourhood U of f(x) such that f(V) C U. A

section f : X — B is e-continuous if it is e-continuous at all points = € X.

We supplement the definition of e-continuity, a || - ||2-norm property, with that of M-

boundedness, a || - [|-norm property.

Definition 3.6.15. Let M > 0. A section f : X — B is M-bounded if ||f(x)|| < M for
all z € X.

We now state analogues of Propositions 2.12.15 and 2.12.20 for bundles of tracial von

Neumann algebras.

Proposition 3.6.16. Suppose X is completely reqular. For all € > 0, xg € X and

bo € p~L(z0), there is an e-continuous, ||bo||-bounded section f with f(xq) = b.
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Proof. If ||bo|| = 0, then take f to be the zero section. Hereinafter, assume ||bo| > 0.
By Proposition 2.12.14, there is an e-thin, open neighbourhood U of by. Set M = ||bo]|.
By Axiom (viii), the set V' = p(U N B<ps) is an open neighbourhood of zy. By the
axiom of choice, there is a local section fi : V' — B such that fi(V) C U N B<y.
Complete regularity of X implies the existence of a continuous bump function ¢ : X —
[0, 1] supported on a closed set ' C V' and with ¢(z9) = 1. We can define f: X — B by

flx) = Pyt e ey (3.6.15)

0, x g V.
The function f is an e-continuous section because U is e-thin and is M-bounded by con-

struction. O

Proposition 3.6.17. Assume X is paracompact. Let € > 0, M > 0 and xo € X. Suppose
f+ X — B is an M-bounded, e-continuous section. Then there is an M-bounded, §-

continuous section f' : X — B such that ||f(z) — f'(z)||2 < 3¢ for all 2 € X and

2
f(z0) = f(zo).

Proof. The proof is essentially the same as that of Proposition 2.12.20 except that we
use Proposition 3.6.16 to ensure that each f*) is M-bounded. With this amendment the
function f’, as constructed in the proof of Proposition 2.12.20, will also be M-bounded.
Indeed, f' = > ,c; ¢ifi, where the ¢; are a partition of unity and each f; is some f (@),

Therefore, as ||fi(x)|| < M for all x € X and i = 1,...,n, we have

IF @I =1 iw) fiw)] (3.6.16)

i€l
<D sl (3.6.17)
el
<> ¢i(y)M (3.6.18)
i€l
— M. 0

Finally, we state and prove the analogue of Theorem 2.12.11 for bundles of tracial von

Neumann algebras.

Theorem 3.6.18. Let (B,p) be a bundle of tracial von Neumann algebras over a space
X which is either paracompact or locally compact. Then for every by € B, there exists a

bounded, continuous section f: X — B with f(p(by)) = bo.
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Proof. We first prove the result for X paracompact. Fix by € B. Set zg = p(b) and
M = ||bo||. By Proposition 3.6.16, there is an M-bounded, 1-continuous section fy with
fo(xo) = by. Using Proposition 3.6.17, we inductively construct a sequence of M-bounded
sections f, : X — B with f,(z0) = bo such that f, is z-continuous and || f,(z) —
fa-1(z)]2 < 5 for all z € X and n € N.

Since the series Y :°, % converges, the sequence of sections (fy)02; is uniformly

Cauchy, i.e. for all € > 0, there exists N € N such that

[ fn(x) = fin(2)[|2 < € (3.6.19)

whenever z € X and m,n > N. Moreover, ||f,(z)|| < M for all z € X and n € N.

As fibres of the bundle are tracial von Neumann algebras, f, converges pointwise to
some section f in || - ||2-norm. Fixing x while letting m — oo in (3.6.19), we see that f,
converges uniformly to f in || - [|2-norm. This section will be e-continuous for all € > 0 by
Lemma 2.12.18 and thus continuous by Lemma 2.12.17.

The result for X locally compact is deduced by working first on a compact neighbour-
hood of by, applying the result for the paracompact case, then multiplying by a suitable

bump function. O



Chapter 4

The Triviality Problem for
W*-Bundles

The key problem in the field of W*-bundles is the following: Is every W*-bundle with all
fibres isomorphic to the hyperfinite II; factor R a trivial W*-bundle?

The reason for the special interest in the case where the fibres are R comes from the
classification programme for C*-algebras. This is because if A is a simple, separable, unital,
nuclear, infinite-dimensional C*-algebra with a non-empty Bauer simplex of traces, then
A" is a W*-bundle with all fibres isomorphic to the hyperfinite II; factor R. Moreover,
triviality of the W*-bundle A enables one to prove that strict comparison implies tensorial
absorption of the Jiang—Su algebra Z, which is one part of the Toms-Winter Conjecture
(see Chapter 1).

In this chapter, we present Ozawa’s Triviality Theorem [62, Theorem 15] and its corol-
laries. This theorem provides equivalent conditions for a strictly separable W*-bundle
with fibres R to be trivial. As observed by Ozawa [62, Corollary 12], one can show that
these conditions are satisfied when the base space has finite covering dimension using the
techniques of [47, Section 7] (or [77,88]). It also follows from Ozawa’s Triviality Theorem
that A™ is trivial whenever A is Z-stable in addition to the aforementioned hypotheses,
an observation first made in [5, Theorem 3.15].

Using Ozawa’s Triviality Theorem, we can also prove that A" is trivial for some C*-
algebras not covered by the results mentioned above, for example when A is a Villadsen

algebra.!. This is discussed in Section 4.6.

! These results stem from an idea suggested by Aaron Tikuisis

133
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In the final section of this chapter, we consider the case of locally trivial W*-bundles,
proving that local triviality implies triviality in the case where the fibres are all isomorphic
to R. This result comes from my joint work with Ulrich Pennig and appears in our

paper [23].

4.1 Ozawa’s Triviality Theorem

We begin our presentation of Ozawa’s Triviality Theorem by stating the theorem in its

original form.

Theorem 4.1.1. [62, Theorem 15] Let M be a strictly separable W*-bundle over X with
M, 2R for all x € X. Then the following are equivalent:

(i) M is isomorphic to the trivial W*-bundle Cy(X,R).

(i) There is a sequence of positive contractions (p,) in M such that, as n — oo,

1[pns alll2u — 0O (a € M), (4.1.1)
[ A P (4.1.2)
IE(pn) — 5llccx) = 0. (4.1.3)

(iii) For each k € N, there is a sequence of cpc maps ¢y, : Mi(C) — M such that, as

n — 0o,
(b, a2 — 0 (e MbeM(C),  (414)
H‘pn(ble) - @n(bl)son(bQ)HZ,u —0 (bl, b2 S Mk((C), (415)
[on(L) — 120 — 0. (4.1.6)

The proof of Ozawa’s Triviality Theorem is deferred until Section 4.5. Beforehand, we
shall discuss the conditions (ii) and (iii) of the theorem.

Condition (ii) can be viewed as the W*-bundle analogue of Murray and von Neumann’s
property I' for II; factors. It asserts the existence of an approximately central sequence of
approximate projections of trace % in a uniform sense. In Section 4.3, after we’ve defined
the ultrapower of a W*-bundle, we will be able to make this reformulation precise.

Condition (iii) can be viewed as the W*-bundle analogue of the McDuff property

for II; factors. It asserts the existence of approximately central embeddings of matrix
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algebras. This condition is studied extensively in [5, Section 3.2] and we shall present
the key results in Section 4.4. In particular, one has that condition (iii) is equivalent to

tensorial absorption of R in a W*-bundle sense.

4.2 Tensor Products and Ultrapowers of W*-bundles

In this section, we recall the definitions and key properties of two very useful W*-bundle
constructions: tensor products and ultrapowers. Both these constructions were first intro-
duced in [5, Section 3.2]. In addition, we define inductive limits of W*-bundles and infinite

tensor products.

4.2.1 Tensor Products

The key to the construction of the tensor product of W*-bundles is the observation that
the minimal tensor product of C*-algebras is compatible with the additional structure of

a pre-W*-bundle.? We formulate this as a proposition.

Proposition 4.2.1. Let M; be a pre-W*-bundle over X; with conditional expectation E;
for i =1,2. Write ; for the embedding of C(X;) in Z(M;). Then M; ® My together
with the embedding 11 ® 1o and the conditional expectation E1 & Es is a pre- W*-bundle over

X1 X XQ.

Proof. Identify C'(X;) ® C(X3) with C'(X; x X2). First, note that 1y ® 12 : C(X1 x X3) —
M ® My remains an embedding since we are working with the minimal tensor product [6,
Proposition 3.6.1]. The embedding is clearly central. Next, note that F1®Fs : Mj@Msy —
C (X1 x X3) is a unital completely positive map [6, Theorem 3.5.3]. Computing with
elementary tensors shows that F1 ® Fs is a conditional expectation and satisfies the tracial
property (T).

To prove the faithfulness property (F), we use Kirchberg’s Slice Lemma [71, Lemma
4.1.9]. Theset I = {a € M1®Mas : (E1®FE3)(a*a) = 0} is an ideal because E ® Fs satisfies
the tracial axiom (T).? In particular, I is a hereditary subalgebra of M; ® Msy. Assume
I is non-zero. Then, by Kirchberg’s Slice Lemma, there exists a non-zero z € M1 ® My
such that zz* € I and z*z = a1 ® as for some a; € M7 and as € Ms. By taking absolute

values, we may assume a; and ag are positive. Since I is an ideal (22*)'/2 € I. Hence,

2We write ® for the minimal tensor product of C*-algebras.
3For example, compose E1 ® E2 with evaluation maps to get traces, and apply Proposition 2.6.12.



136 CHAPTER 4. THE TRIVIALITY PROBLEM FOR W*-BUNDLES

we have (E1 ® E3)(2z*) = 0. By Axiom (T), 0 = (E1 ® E2)(2*2) = E(a1) ® E(ag). Since
E(a1) and E(a2) are positive, this forces either Ej(a) = 0 or Ez(a2) = 0. Since a; and as
are positive, Axiom (F) for My and My implies either a; = 0 or ag = 0. Therefore, z = 0.

This contradiction implies that I must be zero. Thus, axiom (F) holds for M; ® My. O

We can now make the following definition.

Definition 4.2.2. Let M; be W*-bundle over X; with conditional expectation F; and
central embedding ¢; for ¢ = 1,2. The tensor product of the W*-bundles M7 and My, is the
completion of the pre-W*-bundle with section algebra M; ® M, conditional expectation
E1 ® E5 and central embedding ¢1 ® to. We denote this tensor product by M;®Ms and

write F1®Fs for the conditional expectation.

This definition agrees with [5, Definition 3.4.5], where the construction of the comple-
tion using standard form is preferred (see Proposition 3.4.23). The Hilbert-C(X; x Xa)-
module L?(M; ® Ms), which is the same as L?(M;®M3), is isomorphic to the external
tensor product (see [50, Chapter 4]) of the Hilbert modules L?(M;) and L?*(Ms) as can

be verified from the identity

o —

(a1 @ a2, b1 @ ba) 12 (Myema) = (@1, b1) 20y ) (62 B2) 12 (ko) - (4.2.1)

Remark 4.2.3. In fact, one could construct M;®Ms by starting with the external tensor
product L?(M;)® L?(My), considering the tensor product action of M; ® M3 and taking
the strict closure. This construction avoids the use of Kirchberg’s Slice Lemma at the
expense of showing that the inner product for the external tensor product is positive

definite, which is equally non-trivial.

Now for some examples.

Example 4.2.4 (Tracial von Neumann Algebras). If we view tracial von Neumann alge-
bras as W*-bundles over a one point space, then the tensor product of the W*-bundles
agrees with that of the tracial von Neumann algebras. Indeed, if (M;,71) and (Ma, 12) are
tracial von Neumann algebras, then the minimal tensor product M; ® Ms embeds in the
von Neumann tensor product M;®Ms because the minimal tensor product is the spatial
tensor product. Moreover, My @ M is || - [|3 -, g,-dense in M1&®Ma, so its completion is

isomorphic to My Q@M,.

Example 4.2.5 (Trivial Bundles). The trivial W*-bundle C,(X, M) can be viewed as
the W*-bundle tensor product of C(X), viewed a W*-bundle over X, with M viewed as a
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W*-bundle over a one point space. Indeed, since C(X) is nuclear, the map f ® a — f(-)a
defines an embedding C(X) ® M — C,(X,M). A simple partition of unity argument
shows that this embedding is || - ||2,-dense. Verifying that this gives an isomorphism of

W*-bundles is straightforward.

Next, we record the following result of [5], which shows that the tensor product of W*-
bundles is compatible with the construction of Section 3.3. A particularly nice corollary
of this proposition is that, if additionally A is Z-stable, then the W*-bundle A will be
McDuff.

Proposition 4.2.6. [5, Proposition 3.6] Let A and B be simple, separable, unital, stably
finite C*-algebras with compact extreme tracial boundaries 0.1T(A) and 0.1 (B) respectively.
Then A® B = AV®B™ as W*-bundles over 0.T(A® B) =2 9.T(A) x 0. T(B).

We now turn to the tensor product of morphisms. The following result shows that the

tensor product of W*-bundles behaves like the the minimal tensor product of C*-algebra.

Proposition 4.2.7. Let o; : M; — N; be a morphism of W*-bundles for i = 1,2. The
tensor product map oy ® ag : My @ My — N1 @ Nay extends to a morphism of W*-bundles
a1®@ag 1 M1@Ms — N1@N3. This morphism is injective if the «; are injective and

surjective if the oy are surjective.

Proof. Let M; have base space X; and conditional expectation F;. Let N; have base space
Y; and conditional expectation F;. Computing with elementary tensors shows that a; ® ag

maps C(X;) ® C(X2) into C(Y1) ® C(Y2) and that the diagram

My ® My n o N ® Ny (4.2.2)
E1®E2l F1®F2l

C(X1) ® C(X2) C(Y1)®C(Ys)

a1 @as

commutes. Hence, a1 ® as defines a morphism of pre-W*-bundles. This extends to a
morphism of the completions a3 @as : M1@My — N1R@N5 by Proposition 3.4.22.

If a1 and as are injective then oy ® ag : M1 ® My — N7 ® N> is also injective since
we are using the minimal tensor product [6, Proposition 3.6.1]. Hence, aj®ay is injective
by Proposition 3.4.22.

If oy and «p are surjective then (a1 ® az)(Mi ®ag M2) = N7 ®a1g N2 by considering
elementary tensors. Since the image of a C*-algebra under a *-homomorphism is closed,
a1 @ ag : M1 ® My — N1 ® Ns is surjective. Hence, a1 ®ay is surjective by Proposition

3.4.22. U
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We can now verify that the fibres of a tensor product of W*-bundles are the tensor
products of the fibres. We remark that in the setting of continuous C(X)-algebras the

analogous result can fail in the absence of exactness (see [48]).

Proposition 4.2.8. Let M; be a W*-bundle over X; with conditional expectation E; for
i=1,2. Let (v1,72) € X1 x Xa. Then (M1®M2) 4, 2,) = (M1)s; ®(Ma2)s, as tracial von

Neumann algebras.

Proof. Let a; : My — (M;),, denote the fibre evaluation a — a(z;). Viewing (M;),, as a
W*-bundle over a one point space, «; is a surjective morphism of W*-bundles. We apply

Proposition 4.2.7 to obtain a surjective morphism «;®as such that the diagram

a1@az

MiEM, (M), B(Ma)a, (4.2.3)
E1®E2\L Tzl®712l
eval(y. o
C(X1 x X) (r172) C.

commutes.

From the commuting diagram, we have, for a € M{QMs,

(1®ag)(a) = 0 & (T4, @7z, ) (1 ®as)(a*a) = 0 (4.2.4)

<~ (E1®E2)(a*a)(x1,x2) =0. (4.2.5)

So a1®ay induces an injective *-homomorphism (M1&M2) 4, 20) = (M1)e; @ (M2)a,.

This map is trace preserving by (4.2.3) and is surjective as o ®ag is surjective. O

4.2.2 Inductive Limits and Infinite Tensor Products

In this section, we define the inductive limit of a system of W*-bundles and morphisms.
The main application of this is to facilitate the definition of the infinite tensor product,
though the construction may be of independent interest.

As with tensor products, the key to the construction is the observation that inductive
limits in the category of unital C*-algebras with *-homomorphisms as morphisms are
compatible with the additional structure of a pre-W*-bundle. We assume familiarity, with

inductive limits of C*-algebras as outlined in [74, Section 6.2].

Proposition 4.2.9. Let M; be a W*-bundle over X; with conditional expectation E;
and central embedding v; for i € N. Let a; : M; — M1 be a morphism for i € N.

Set M = lim_,(M;, ;) be the C*-inductive limit and X = lim. (X;,al) the projective
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limit of compact Hausdorff spaces. Then there exist a unique unital *-homomorphism
t: C(X) = M and a unique ucp map E : M — X such that the following diagrams

commute:

aq a2 a3

My My M3 M (4.2.6)

bk

C(X1) = O(Xa) == O(X3) = --- —= CO(X),

gy a2 a3

M,y My M3 M (4.2.7)

Y N

C(X1) > O(Xy) 25 0(X3) 2 ... — = C(X).

Moreover, M together with + and E is a pre-W*"-bundle over X and the canonical *-

homomorphism p; : M; — M is a morphism of pre-W*-bundles.

Proof. The existence and uniqueness of ¢ such that (4.2.6) commutes follows from the
universal property for the inductive limits in the category of unital C*-algebras with *-
homomorphisms. Since each ¢; is isometric, the map ¢ is isometric, so is an embedding. A
simple density argument shows that +(C(X)) lies in the centre of M.

One could similarly deduce the existence and uniqueness of E from the universal prop-
erty for the inductive limits in the category of operator systems with ucp maps as the
morphism (see for example [54]), but we favour a direct proof.

Let p; : M; - M and v; : C(X;) — C(X) denote the canonical maps into the
inductive limit. We define E on the dense subspace ;e (M) by pi(ai) — vi(Ei(a;))
for a; € M;. This is well defined as F;11 o o; = ;41 o E;. On this dense subspace, F
is clearly linear. To prove that E is bounded, we use that fact that, if a € p;(M;), then
there is a; € M; with ||a;|| = ||a|| and pi(a;) = a [74, Section 2.2.10]. We then have
|E(a)|| = ||lvi(Ei(a:)| < |lai|| < |la]|. Hence, E has a unique extension to a bounded linear
operator M — C(X).

We now show that F is a ucp map. By construction, E(1) = 1. By Proposition 2.5.2,
it suffices to show that E is positive. However, this follows since | J;cp 1i((Mi)4) is dense
in My and each E; is positive. This completes the proof of the existence of a ucp map
such that (4.2.7) commutes. Uniqueness follows by a simple density argument.

Identify C'(X) with its image under «. A simple density argument shows that E is a

conditional expectation onto C'(X) and that the tracial axiom (T) holds. It only remains
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to show that the faithfulness axiom (F) holds. Here, the key observation is that I =
{a € M : E(a*a) = 0} is an ideal of the C*-algebra M because E satisfies the tracial

axiom (T).* Hence, we have I = J;c pti(M;) N1 (see for example [4, 11.8.2.3]). However,
pi(M;) NI = {0} for all i € N by the faithfulness axiom (F) for the W*-bundle M,. This
completes the proof that M endowed with the central embedding ¢ and the conditional
expectation E is a pre-W*-bundle. It follows from the commuting diagrams (4.2.6) and

(4.2.7) that u; : M; — M is a morphism of pre-W*-bundles for all 7 € N. O

We can now define the inductive limit of an inductive system of W*-bundles and prove

that it satisfies the appropriate universal property.

Definition 4.2.10. The inductive limit of a inductive system of W*-bundles and mor-

phisms

(3} a2 a3

My M M3 (4.2.8)

is the completion M of the pre-W*-bundle M constructed in Proposition 4.2.9 together
with the canonical morphisms j; : M; — M C M.

Proposition 4.2.11. Let

ai Qg as

My Mo Mg (4.2.9)

be an inductive system of W*-bundles and morphisms. Let M be the completion of the
pre-W*-bundle M constructed in Proposition 4.2.9 and let p; : M; — M C M be the
canonical morphisms.

Suppose N is a W*-bundle and there are morphisms B; : M; — N such that the

following diagram commutes:

a1 a2 a3

My Mo M3

B2 B3
B1

N.

(4.2.10)

Then there exists a unique morphism B : M — N such that 8o p; = 3; for all i € N.

Proof. Uniqueness follows by diagram chasing and a density argument. We shall focus
on proving the existence of . We shall use the notation of Proposition 4.2.9 for the

conditional expectations and base spaces of the M; and M but treat the embeddings

4For example, compose E with evaluation maps to get traces, and apply Proposition 2.6.12.
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as identifications. Furthermore, we shall write Y for the base space of N' and F for the
conditional expectation F : N'— C(Y).

By the universal property for C*-inductive limits, there is a *-homomorphism § :
M — N such that 8o pu; = 3;. Since each f3; is a morphism of W*-bundles, we have
Bui(C(Xi))) = Bi((C(X3)) € C(Y) and

F(B(pi(ai))) = F(Bi(ai)) (4.2.11)
= Bi(Ei(ai)) (4.2.12)
= B(pi(Ei(ai))) (4.2.13)
= B(E(pi(as)) (4.2.14)

for a; € M,;. Hence, by density, 3(C(X)) C C(Y) and F o8 = o E. Therefore,
B : M — N is a morphism of pre-W*-bundles. By Proposition 3.4.22, 8 extends to a
morphism M — A = N. We still have that 3o u; = j3; for all i € N. ]

Finally, we can give the definition of the infinite tensor product of W*-bundles.

Definition 4.2.12. The infinite tensor product of W*-bundles @lel is defined to be

the inductive limit of the system

id®1l =2 idel =3 id®1
M) ——= QM ——= Qg Mi ——— . (4.2.15)

4.2.3 Ultrapowers

Ultrapowers are an extremely useful technical tool in operator algebras. They allow us to
turn approximate properties, that is conditions satisfied in the limit, into exactly satisfied
properties at the expense of working in a larger algebra. In order to define ultrapowers,
we require a free ultrafilter on the natural numbers w € SN\ N. The existence of such an
ultrafilter follows from the Axiom of Choice.

We first recall the definition of the ultrapower of a C*-algebra and the (tracial) ultra-

power of a tracial von Neumann algebra before moving onto the ultrapowers of W*-bundles.

Definition 4.2.13. Let A be a C*-algebra. The ultrapower of A with respect tow € SN\N
is defined to be

>(4)
{(ay) € £>°(A) : lim,,_, ||as| = 0}

A, = (4.2.16)
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Definition 4.2.14. Let (M, 7) be a tracial von Neumann algebra. The (tracial) ultrapower
of M with respect to w € SN\ N is defined to be

(M)

MY = -
{(an) € >>(M) : lim,—, ||an|2,- = 0}

(4.2.17)

together with the trace 7, induced on the quotient by the map (a,) — lim,_,, 7(ay).

For a proof that the tracial ultrapower (M%,7,) is a tracial von Neumann algebra, i.e.

that the unit ball is || - ||2,-,-complete, see [81, Theorem A.3.5].

Notation and Terminology 4.2.15. We follow the now standard conventions of using
a superscript for the tracial ultrapower and a subscript for the the C*-ultrapower. The
adjective tracial is dropped when there is no chance of confusion. We shall often speak of
the ultrapower, ignoring the potential dependence on the choice of ultrafilter, since we shall
not be interested in properties of ultrapowers that depend on the choice of ultrafilter. We
write [(a,)] for the element in an ultrapower coming from the sequence (a,). We identify

A (respectively M) with the images of constant sequence in A, (respectively M¥).

We now turn to the ultrapowers of W*-bundles. We first consider the base space.
If X is a compact Hausdorff space then C(X), is a commutative unital C*-algebra, so
there exists a compact Hausdorff space > X, unique up to homeomorphism, such that
C(X)w =C(3>,X). The space ), X is the ultra-copoduct of X (see [2, Section 1]). We
shall identify C'(>_ X)) with C(X),,.

A dense subspace of ) X can be identified with the set-theoretic ultrapower [] X
defined to be the set of sequences in X modulo the relation (x,) ~ (y,) if and only if
{neN:z, =y,} € w. Indeed, given a point [(z,)]~ in [[, X, we can define a character
on C(X), via [(fn)] — limy— fn(2zn), and the collection of all such characters determines
the norm of [(f,)] € C(X)., so forms a dense subspace of > X.

We can now give the definition of the ultrapower of a W*-bundle, which is a special

case of [5, Definition 3.7].

Definition 4.2.16. Let M be a W*-bundle over X with conditional expectation £ and
central embedding ¢. The ultrapower of M with respect to w € SN\ N is the W*-bundle

over the ultra-coproduct ) X with section algebra

M = {(an) € (M) : limy, ., [|an|j2.u = 0} (4.2.18)
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the central embedding ¢, : C(X),, — M induced by the product map [[72; ¢ : £>°(C(X)) —
(M), and the conditional expectation E, : M“ — C(X),, induced by the product map
[[02, E: (M) — 1°(C(X)).

For a proof that M“ is a W*-bundle, see [5, Proposition 3.9].

4.3 Property I' for W*-Bundles

In this section, we consider condition (ii) of Ozawa’s Triviality Theorem (Theorem 4.1.1).
This condition and its consequences are sufficiently important to merit the following defi-

nition.

Definition 4.3.1. Let M be a strictly separable W*-bundle over the compact Hausdorff
space X with conditional expectation E. We say that M has property I' if there is a

sequence of positive contractions (p,) in M such that, as n — oo,

|[on, al|l2,u — O (a e M), (4.3.1)
1pn = D3 |2 = O, (4.3.2)
I1E(Pa) = 5l — 0. (4.3.3)

Remark 4.3.2. Murray and von Neumann introduced property I' for II; factors in [61,
Chapter VI] in order to prove that there exist separably acting II; factors other than the
hyperfinite II; factor (see Example 4.3.3 below). They used a slightly different formulation
of property I, requiring a sequence of trace zero unitaries (u,) in the separably acting 1Ty
factor (M, ) such that ||[uy, a]||2,- — 0 for all @ € M. Thanks to the work of Dixmier [17,
Proposition 1.10], this is equivalent to the existence of a sequence of positive contractions
(pn) such that ||[pn,alll2- — 0 for all a € M, ||p2 — pll2- — 0 and 7(p,) — 1/2, so is
compatible with Definition 4.3.1.

Example 4.3.3 (Tracial von Neumann algebras). The hyperfinite II; factor R has prop-
erty I because, writing R = @Zl(Mg(C), try), we can take p, to be a projection of trace
1/2 in the n-th tensor factor. In contrast, the group algebras of non-abelian free groups

L(F,,) do not have property I' by the 14e-Argument (see for example [81, Theorem A.7.2]).

Example 4.3.4 (Trivial Bundles). If the tracial von Neumann algebra (M, 7) has property
I, then so does the trivial bundle C, (X, M). Indeed, if (p,) is a sequence of positive

contractions in M with ||[pp, a]||2.- — 0 for all a € M, ||p2 — p|l2.- — 0 and 7(p,) — 1/2,
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then the same sequence, viewed as constant functions in C, (X, M), satisfies the conditions
of Definition 4.3.1 as the following argument shows.

Let f € Cy(X,M) and € > 0. By continuity of f and the compactness of X, there
exists a continuous partition of unity ¢1,...,¢, : X — [0,1] and z1, ..., 2 € X such that
Il f —gll2u < €, where g(z) = Zle ¢i(x) f(z;) for x € X. Furthermore, there exists N € N

such that ||[pn, f(zi)]|l2,- < € whenever n > N. Let n > N and z € X. Then

IPn, f(@)ll2r < lllpns f(2) = g(@)]ll2- + II[pn, (z)] (4.3.4)
< 2[|pnllllf (x) = g(2)ll2.- + Z ¢i(2) || [pns f(i)]ll2,7 (4.3.5)
< 2+ i i) (4.3.6)
= 3e. ) (4.3.7)

Therefore, ||[pn, f]|l2,u — 0.

The goal of this section is to show that for strictly separable W*-bundles with facto-
rial fibres property I' implies the existence of a large number of central sequences. The
hypothesis of factorial fibres is used in the next lemma to approximate the conditional

expectation by a C'(X)-convex combination of unitaries.

Lemma 4.3.5. Let M be a W*-bundle over the compact Hausdorff space X with condi-
tional expectation E. Suppose M, is a factor for all x € X. Then, for all a € M and
€ > 0, there exist k € N, unitaries uy,...,ur € M, and a continuous partition of unity

91y, 9k : X — [0,1] such that

HE ZQZUZCLUZ H2 u < €. (4.3.8)

Proof. Let a € M and € > 0. Fix x € X. By the Dixmier Approximation Theorem [16,

Theorem II1.5.1], there exist k£ € N and unitaries wy, ..., w; € M, such that

|| 72(a ij r)wi| < e (4.3.9)
Furthermore, as M, is a von Neumann algebra, we can lift the unitaries wq, ..., w, € M,
to unitaries u1,...,u; € M.> We have
1k
|B(a)(z) — - Z uj () ||om < € (4.3.10)

®Using Borel functional calculus, all unitaries in a von Neumann algebra are of the form e** for self-

adjoint h, and one can lift self-adjoint elements to self-adjoint elements.
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since the || - || norm on M, dominates the || - ||2-,-norm. By Proposition 3.2.6, there is an

open neighbourhood V&) of z such that
1k
|B(@) () -+ Z () N2 <€ (4.3.11)

whenever y € V@),
As z varies, the V® form an open cover of X. By compactness, there is a finite
subcover. Denote this subcover Vi,...,V,,. Each V; comes with a k; € N and unitaries

Uily - - - Uik, € M. Let ¢, ... ¢, 1 X — [0,1] be a continuous partition of unity subordi-

nate to Vi,...,V,. We form a second partition of unity
1= —; 4.3.12
Sy L 512
=1 j=1
i.e. the functions occurring in the partition of unitary are k%w,; fori=1,...,n but k%wi

occurs with multiplicity k;. Set

n k; 1
b= —iuigau; (4.3.13)
i=1 j=1 ki
Let x € X. Then
1 &
|E(a)(2) — b(@)a,r, = sz B(a)(@) = o > ws(w)a(@)us (@) (43.14)
‘ j=1 2,7z
n 1 ki
<Y @) || Bla)(@) = 2 D uy()al@)uy (@)° (4:3.15)
i=1 v =1 9

< thi(x)e (4.3.16)
i=1

=e (4.3.17)
Therefore,
ZOEDIS b <e (4.3.18)
i=1 j=1 20
After reindexing the sum, this gives (4.3.8). O

Using Lemma 4.3.5, we are now able to prove an important result about tracial fac-

torisation.
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Proposition 4.3.6. Let M be a W*-bundle over the compact Hausdorff space X with
conditional expectation E. Suppose My is a factor for all x € X. Suppose (by) is a
|| - ||-bounded sequence in M such that ||[by,al||2,, — O for all a € M. Then

|B(baa) — B(b)E@)lcx) — 0 (4.3.19)
for all a € M.

Proof. Suppose ||b,|| < M for all n € N. In the sequel, we shall use the notation a; ~, as
to denote [|a1 — az||2,u < 7.

Let a € M and € > 0. By Lemma 4.3.5, there are k € N, unitaries uq,...,u; € M,

and a continuous partition of unity g1,...,gr : X — [0, 1] such that
k
E(a) mc Y giuiau}. (4.3.20)
i=1

We choose N € N such that
k k
Z giubpau =, by, Z giuau; (4.3.21)
i=1 i=1

whenever n > N.
Let n > N. Since E is tracial, it is unitary invariant. Using this and Proposition

3.2.7(ii), we compute that

k
E(bna) = Y _ giE(uibnauy) (4.3.22)
i=1
k
=E <Z giuibnauf> (4.3.23)
i=1
k
~. F (bn (Z gmmuf)) (4.3.24)
i=1
~me E(bnE(a)) (4.3.25)
= E(by)E(a). (4.3.26)
Hence E(bna) ~(rr41)e E(bn)E(a). Therefore, ||E(bpa) — E(by)E(a)lcx) — 0. O

Next, we reformulate property I' and the tracial factorisation result in the language of
ultrapowers. This will require some additional notation. Firstly, if S is || - ||2,,-separable
subalgebra of the W*-bundle M¥ we write M“ N S’ for the commutant of S in M*“. The
algebra M“ N S’ inherits the structure of a W*-bundle from M%. Secondly, we denote by
712 the trace on C? with 71 /5((1,0)) = 71 ,2((0,1)) = 1.
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Proposition 4.3.7. Let M be a strictly separable W*-bundle over the compact Hausdorff

space X with conditional expectation E. Then the following are equivalent:
(i) M has property I".

(i1) For any | - ||2,u-separable subalgebra S C M®, there is a morphism of W*-bundles
Q0 (C277-1/2) - MYngs.
Moreover, if Mg is a factor for oll x € M, then ¢ can be taken to have the tracial
factorisation property
Ey(p(b)a) = 11/2(b) Ew(a) (4.3.27)
forallbe C?> anda € S.

Proof. Firstly, assume that M satisfies (ii). Take S = M. Let p = ¢((1,0)). Since ¢ is
a morphism of W*-bundles, we have that p € M“ N M, p? = p* = p is a projection, and
Eu(p) = 7_1/2((170)) = %

We lift p to a positive contraction (p,)52, in £°°(M). The properties of p established

above imply that, as n — w,

I[pn, alll2u — 0 (a € M), (4.3.28)
Ipn = Ppll2u = 0, (4.3.29)
IE(pn) — 3llex) — 0. (4.3.30)

At the expense of passing to a subsequence, we can replace the limits as n — w above
with limits as n — co. Although this argument is fairly standard, we present it in full on
this occasion for the benefit of the reader.

Since M is strictly separable, there is a || - [|2,,-dense sequence (a;) in M by Corollary

3.2.19. We inductively choose a subsequence (pp, )72, of (pn)ye; such that

[P ailllow < & (i=1,...,k), (4.3.31)
Ipny, = Phllow < 7 (4.3.32)
1E(pn,) — 3llcx) < - (4.3.33)
then, as k — oo,
[ [Pry s ailll2,u — 0 (i € N), (4.3.34)
Ipny, — Piy ll2.u — 0, (4.3.35)

1E(pny) = 3llex) = 0. (4.3.36)
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Let a € M and € > 0. Choose ¢ € N such that ||a — aj||2, < €. Then, using Proposition
3.2.7,

[Prgs @ = aill2u < llpnilllla = aill2u + lla = aill2.ul|pay | (4.3.37)

< 2. (4.3.38)

Let K € N be chosen such that ||[py,,a;]||2,u < € whenever k > K. Then

1[pry» alll2u < NPngs ailllzu + [Py @ — ailll2,u (4.3.39)
< 3¢ (4.3.40)
whenever £ > K.
Therefore, as k — oo,
I[Prys alll2,u — 0 (a € M), (4.3.41)
Ipny, = Phll2u — 0, (4.3.42)
IE(pn,,) — 5llo(x) = 0. (4.3.43)

Hence, M has property I

Conversely, suppose M has property I'. Since S is || - ||2,u-separable, there is a sequence
(s;) such that {s; : i € N} is || - [|2u-dense in S. For each i € N, s; € M,,, so can be
represented by a sequence (s;)22, € £>°(M). For each n € N, let p, € M be chosen with

0 < p, <1 such that

[Pn, Sin)ll2u < 2 (i=1,...,n), (4.3.44)
I3 = pull2u < %, (4.3.45)
1E(pn) — 5llccx) < = (4.3.46)

Let p be the element of M¥ corresponding to the sequence (p,). Firstly, p commutes
with s; for all # € N. Hence, p € M¥ N S’. Secondly, p> = p, so p is a projection.
Thirdly, E.(p) = 3. Indeed, for any point x = [(z,)]~ € [[, X, we have E,(p)(z) =
limy, ., E(pn)(zn) = 3 because E(p,) converges uniformly to 1. Since [], X is dense in
>, X, we have E,(p) = 1.

We define ¢ : ((C2,7—1/2) = MYNS" by (A, u) = Ap+ u(l —p). The properties of p
established above ensure that this is a morphism of W*-bundles. Hence, M satisfies (ii).

Suppose additionally that M, is a factor for all x € M. By Proposition 4.3.6, we can
additionally take p, to satisfy

|E(Pnsin) — E(pn)E(sin)llcx) < = (i=1,...,n). (4.3.47)
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Now p = [p,] € MY, satisfies E, (ps;) = Eu(p)Ew(s;) for all i € N. Indeed, if 2 = [(z,)]~ €
[I, X, we have E,(ps;)(xz) = limyw E(pnsin)(zn) = limy—e E(pp)(2n)E(sin)(zn) be-
cause E(pnsin) — E(pn)E(sin) converges uniformly to zero. Since [[, X is dense in ) X,
we have E,(ps;) = E,(p)E.(s;) for all i € N.

Since p and 1 — p span p(C?) and {s; : i € N} is || - ||2,,-dense in S, we have
Eu(p(b)a) = 11/2(b) Ey(a) (4.3.48)
forallb€ C? and a € S. O

We can now deduce that a W*-bundle with property I' and factorial fibres has a large

number of central sequences.

Theorem 4.3.8. Let M be a strictly separable W*-bundle over the compact Hausdorff
space X. Suppose M, is a factor for all x € X and that M has property I'. Then for
any || - ||2,u-separable subalgebra S C M®, there exists a embedding ¢ : C,(X, L*°[0,1]) —

MY NS Moreover, we have the tracial factorisation property
Eu(p(b)a) = Eqg(b)Ey(a) (4.3.49)

for allb € C,(X,L>®[0,1]) and a € S, where E, denote the conditional expectation of the
trivial bundle Cy(X, L%°[0,1]).5

Proof. Fix a || - ||2,u-separable subalgebra S C M“. By Proposition 4.3.7, there exists an
embedding o1 : (C?,72) = M“ NS such that E,(p(b)a) = 711/5(b)E,(a) for all a € S
and b € C2.

We shall recursively define embeddings ¢, : @?ZI(CQ,Tl s2) — M@ NS such that
©n+l O by = pp, where i, : @?:1((C2,71/2) — @?Ll((CQ,Tl/g) is the canonical inclusion
ara®l, and

Ey(pn(b)a) = 7, (b) Ey(a) (4.3.50)

foralla € Sand b € @Lﬁ@% where 7, is the n-fold tensor product of 7y 5.

Indeed, if ¢, has already been constructed and has the desired properties, then let
Sy be the || - [|2,,-separable subalgebra of M® generated by S and @n(®?21C2). By
Proposition 4.3.7, there exists an embedding ™ t1) : (C?, Ti/9) — M¥ NS, such that

E, (9" (c)a) = 71 9(c) Eu(a) (4.3.51)

%In (4.3.49), note that C(X) is identified with the subalgebra of C(}"_ X) = C(X)., coming from

constant sequences.
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for all @ € S,, and ¢ € C2.

We can then define ¢, 11 by b® ¢ — oD (c)p,(b) for b € @?ZICQ and ¢ € C2. Let
ac S, be @?ZlCQ and ¢ € C2. Since @, (b)a € Sy, it follows readily from (4.3.51) and
(4.3.50) that

Bu(pni1(b® c)a) = By (c)pn(b)a) (4.3.52)
— 71/2(¢) Eu(pn(b)a) (4.3.53)
— 71 /2(¢)T(b) Eu(a) (4.3.54)
= 10i1(b® ¢) Eu(a). (4.3.55)

This shows that ¢,11 is a morphism of W*-bundles and satisfies the appropriate tracial
factorisation property.
By the universal property of inductive limits (Proposition 4.2.11), we get an induced

——=-00
=1

map Qoo : Q (C2,7—1/2) — M¥NS". By density, we have

Ey(poo(b)a) = Too(b) Ew(a) (4.3.56)

for all a € S and b € @Zl(C2,ﬁ/2), where 7o, denote the trace of the infinite tensor
product.

The commutative tracial von Neumann algebra @il

(C?,71/5) is well known to be
isomorphic to L*°[0, 1] with the Lebesgue trace and we identify these tracial von Neumann
algebras.

Since the image of ¢, commutes with C(X) C C(X),, C Z(M¥), and C(X) is nuclear,

we get a *~homomorphism ¢ : C(X) ® L>®[0,1] - M“ N S’. Moreover, we have

Ey(p(f @b)a) = Eu(fpeo(b)a) (4.3.57)
= fE,(¢co(b)a) (4.3.58)
= fToo(D) Eu(a) (4.3.59)

foralla € S, b e L>®[0,1] and f € C(X). Taking a = 1, we see that ¢ is a morphism of the
pre-W*-bundles, where C'(X)® L*°[0, 1] is viewed as a pre-W*-bundle via the construction
of Proposition 4.2.1. Hence, ¢ extends to a morphism of the W*-bundle tensor product
C(X)®L>®[0,1] into M“NS’, which we also denote by . By Example 4.2.5, the W*-bundle
tensor product C'(X)®L>[0,1] is isomorphic to C,(X, L*>°[0,1]). Finally, by (4.3.59) and
density, we obtain (4.3.49). O
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The main use of Theorem 4.3.8 will be to facilitate orthogonal partition of unity argu-

ments. We formulate this as a corollary for ease of reference.

Corollary 4.3.9. Let M be a strictly separable W*-bundle over the compact Hausdorff
space X with conditional expectation E. Suppose My is a factor for all x € X and that
M has property T'. Let g1,...,9x : X — [0,1] be a continuous partition of unity. Then

there exist sequences of mutually orthogonal positive contractions (egn)), (e (n)) in M
such that
11e™ ., a]lla.u — O (aeM,i=1,....k), (4.3.60)
(™2 0 (i=1,....k), (4.3.61)
k
S -1 =0 (4.3.62)
=1 2,u
as n — oo, and, for any a1,...,a € M,
k 2 k
Y (eae) @) Y g@)ai@)l3 ., (4.3.63)
i=1 2,7 My i=1

uniformly over x € X as n — oo.

Proof. Let h; = 22‘:1 gjfori=1,... kand set hg = 0. Let p; € Cy(X, L>[0, 1]) be given
by T = Xih,_1(2),hi(x)) for i =1,...,k, where we write ys for the indicator function of the
set S. By construction py,...,p; are mutually orthogonal projections in C,(X, L*°[0, 1])
which sum to 1 and satisfy E,(p;) =g; fori =1,... k.

By Theorem 4.3.8, there exists a morphism ¢ : Cy (X, L*°[0,1]) — M“ N M’ such that
E,(p(b)a) = E,(b)Ey(a) for all b € Cyp(X,L*[0,1]) and a € M. In particular, we have
E.(p(pi)a) = giEy(a) for all a € M. We compute that

k

> sa(pi)azso(pl)

1=1

E, ZE o(ps)ata;) (4.3.64)

= Zgz (afa;) (4.3.65)

for any aq,...,a; € M.
Restricting ¢ to the span of py,...,p,, we get a *~homomorphism C" — M%Y. By
Proposition 2.5.11, we may take a cpc order zero lifting ¢’ : C* — (°°(M) and get

sequences of mutually orthogonal positive contractions (egn)), ce (e,(:)) € (*°(M) repre-
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senting ¢(p1), ..., ¢(pn) € M. By the definition of the ultrapower, we have

11e™ ., a]||a.0 — 0 (ae M,i=1,....k), (4.3.66)
(™) = e5(n) [l — 0 (i=1,....k), (4.3.67)
k
S 1 o (4.3.68)
=1 2,u
as n — w, and, for any ai,...,a; € M,

k 2 k
> (e aiel) () =+ gi(@)]ai(@)|3,,,, (4.3.69)

=1 2,7 My =1

uniformly for z € X as n — w. At the expense of passing to a subsequence, we can replace

the limits along the ultrafilter w with limits as n — co. O

4.4 The McDuff Property for W*-Bundles

McDuff was able to prove the existence of uncountably many isomorphism classes of II;
factors with separable predual by a detailed study of their central sequences [55]. In the
course of her work, she showed that II; factors with separable predual that absorb the
hyperfinite II; factor tensorially can be identified by their central sequence algebras [56].
Indeed, a Iy factor M with separable predual satisfies M®R = M if and only if the matrix
algebra M (C) embeds unitally in M N M’ for all k € N.

Condition (iii) of Ozawa’s Triviality Theorem, can therefore be viewed as a W*-bundle
analogue of the McDuff property. This observation was made in [5, Section 3|, where the
McDuff property for W*-bundles was first defined. The many equivalent definitions of the
McDuff property in the setting of II; factors carry over to the setting of W*-bundles. A

proof of the following proposition can be found in [5].

Proposition 4.4.1. [5, Proposition 3.11] Let M be a strictly separable W*-bundle. Then

the following are equivalent:
(i) MR = M as W*-bundles.
(1) R embeds unitally into M“ N M'.
(iii) My (C) embeds unitally into M“ N M’ for some k > 2

(11i’) M (C) embeds unitally into M“ N M’ for all k > 2.
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(iv) There exists k > 2 such that, for any || - ||2,u-separable subalgebra S C MY, there
exists a unital embedding My(C) — M¥ N S".

(v’) For all k > 2 and for any || - ||2,,-separable subalgebra S C MY, there exists a unital
embedding My(C) - MY N S’.

Definition 4.4.2. [5, Definition 3.12] We call a strictly separable W*-bundle McDuff if

it satisfies any of the equivalent conditions of Proposition 4.4.1 .

Remark 4.4.3. Condition (iii’) of Proposition 4.4.1 is an ultrapower formulation of con-
dition (iii) of Ozawa’s Triviality Theorem (Theorem 4.1.1). A sequence of cpc maps
©n : M (C) — M satisfying condition (iii) of Ozawa’s Triviality Theorem induce a unital
*-homomorphism ¢ : My(C) = M* N M’. Conversely, applying the Choi-Effros Lifting
Theorem to a unital *~homomorphism ¢ : Mg (C) — M“ N M’ one gets a sequence of cpc
maps ¢, : M (C) — M satisfying condition (iii) of Ozawa’s Triviality Theorem as n — w.
At the expense of passing to a subsequence, we can replace limits as n — w with limits as

n— o0o.”

We now prove that the McDuff property implies property I'. In particular, this proves

that (iii) = (ii) in Ozawa’s Triviality Theorem.

Proposition 4.4.4. Let M be a strictly separable, McDuff W*-bundle. Then M has

property .

Proof. By Proposition 4.4.1, there is a untial *~homomorphism My (C) - M¥ NS’ for any
|| - [|]2,u separable subalgebra S C M¥. Since M(C) has a unique trace, this will be a
morphism of W*-bundles. Restricting to the diagonal, gives a morphism of W*-bundles

(C?, Tij9) — M NS’ Therefore, M has property I' by Proposition 4.3.7. O

In [5], the McDuff property is used to facilitate orthogonal partition of unity arguments
and thereby deduce properties of the W*-bundle from properties of the fibres (see [5,
Lemma 3.16]). In this thesis, we have taken an alternative approach, using Corollary
4.3.9, which assumes property I' and factorial fibres, as the basis for orthogonal partition
of unity arguments.

Using such an orthogonal partition of unity argument, we prove that property I to-
gether with all fibres being McDulff II; factors implies that the W*-bundle is McDuff. In

particular, we prove that (ii) = (iii) in Ozawa’s Triviality Theorem.

"See the proof of Proposition 4.3.7 for an explicit example of replacing limits as n — w with limits as

n — OQ.
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Proposition 4.4.5. Let M be a strictly separable W*-bundle over the compact Hausdorff
space X with conditional expectation E. Suppose that M has property I' and that Mg is
a McDuff factor for each x € X. Then M is McDuff.

Proof. Let Fy be a finite set of contractions in M and Gy be a finite set of contractions in
My (C). Let € > 0.

For the moment fix € X. Since M, is McDuff, there exists a cpc map ¢, : Ma(C) —
M, such that

[z (b), a(x)]|2,- <€ (a € Fo,b € Go), (4.4.1)
H‘Pm(blb2) - (Pm(bl)@z(b2)H2,Tz <€ (bl, by € go), (4.4.2)
l02(1) = 1|27, <. (4.4.3)

By the Choi-Effros Lifting Theorem, we can lift ¢, to a cpc map ®, : My(C) — M.

By Proposition 3.2.6, there exists an open neighbourhood V@) of 2 such that

[[@2(0)(v),a@)]ll2my <€ (yeV® aeFo,beGo),  (4.4.4)
[@4(b102)(y) — P (b1)(y)Pr(b2)(y)

[P (1)(y) — 1y

2y <€ (y € V@ b, by € Go),  (4.4.5)

97, < € (ye V@),  (4.4.6)

As z varies, the collection of all V(®) forms an open cover of X. By compactness,
there is a finite subcover. Denote the finite subcover Vi,...,V, and let ®q,..., P, be
the corresponding cpc maps My(C) — M. Let g1,...,9x : X — [0,1] be a continuous

partition of unity subordinate to Vi,...,V;. By Corollary 4.3.9, there are sequences of

mutually orthogonal contractions (egn)), cee (e,(gn)) in M such that
€™ a]l|2.u — 0 (aeM,i=1,...,k), (4.4.7)
1(ef™)? = €ill2. — 0 (i=1,...,k), (4.4.8)
k
Se™?-1f| —o (4.4.9)
i=1 2,u
as n — oo, and, for any aq,...,a, € M,
k 2 k
> @) =Y a@la@l3,,, (4.4.10)
=1 2,7 My =1

uniformly over x € X as n — oo.
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Define ®™ : My(C) — M by b Zle egn)q)i(b)ez(»n). As each ®; is cpc and

egn), e e,(cn) are orthogonal, (") is cpe for all n € N. We claim that
limsup ||[®™ (b), a] |2 < € (a € Fo,b e Go), (4.4.11)
n—oo
limsup || ®™ (b1bg) — B (b1) D™ (by) [|2.0 < € (b1, b € Go), (4.4.12)
n—oo
limsup || @™ (1) — 1|2, < e (4.4.13)
n—oo

Each of these estimates will now be justified in turn. We begin with (4.4.11). Let a € Fy
and b € Gy. We have

% 2
limsup [[@) (b), a][3,, = limsup | Y [e{" @;(b)e™, a] (4.4.14)
n—o00 ’ n—oo |95 -
5 2
U1 Jim sup Z ez(»n) [D;(D), a]el(n) (4.4.15)
n—oo
=1 2.u
& 2
P2 tim sup sup (|S (e [@4(0), alel™) (x) (4.4.16)
n—oo zeX i—1 270
(4.4.10) k
= SEEZgi(x)H([‘Pi(b), a)) ()13 7., (4.4.17)
Ted =1
(4.4.4) k
< sup Z gi(2)é (4.4.18)
zeX
= €% (4.4.19)
Next, we turn to (4.4.12). Let by, bs € Gy. Since egn), - ,e,(f) are orthogonal, we have
k k
™ (b)d™ (by) = (Z e§"><1>i(b1)e§”>> S el (by)el (4.4.20)
i=1 j=1
= Z egn)‘bi(bl)egn)egn)@j(b2)€§<n) (4.4.21)
1,
k
= ey (1) (e")2Pi (ba)el™. (4.4.22)
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Therefore, writing 4™ := || @) (b1by) — &) (b)) B (by)]|2.4, We have

A 2
lim sup(v™)? = lim sup Z ez(n D, (bibe)e ) - ( ) D, (b1)(e (n)) D;(b2)e; (n)
n—oo n—oo i=1
. 2
4.4.7),(44.8) | n n
AL i sup || S el (@ (biba) — Di(b1) @ (ba))el™
n—o0 .
i=1 2,u
& 2
3 2 n n
G298 Jim sup sup Z(el(» )(q)i(blbg) — @i(bl)tﬁi(bg))eg ))(x)
n—oo gxeX i—1
(4.4.10) b
20 sup 3 @)l (Bilbat) — B0 () B,
z =1
k
(4.4.5) )
< sup » gi(x)e
zeX ; (
= €2
Finally, we justify (4.4.13). We have
i 2
lim sup || @ (1) 2, = limsup Z egn)q)l(l)e(n) -1
n—00 ’ n—oo ||"— 54
i 2
(4i~9) lim sup Z el(n)( (1) ) (n)
n—00 i—1 2
% 2
328) Jim sup sup Z(ez(n)(q)i(l) - 1)6(n))(az)
n—oo xeX i—1 27
(4.4.10) 9
= su i x)||5.,
xegzg 2)[[(®i(1) = 1) (2)[I2,7,,,
k
(4.4.6) )
< sup gilx)e
xEX; ( )
=é2
Therefore, taking ® = & for sufficiently large n, we have
[[®(b), a]l|2,u <€ (a € Fo,b € Go),
[@(b1b2) — D (b1)D(b2)l[2,u < € (b1, b2 € Go),
[@(1) = 120 <e,
from which we deduce that M is McDulff.

2,u

2,T My

(4.4.23)

(4.4.24)

(4.4.25)

(4.4.26)

(4.4.27)

(4.4.28)

(4.4.29)

(4.4.30)

(4.4.31)

(4.4.32)

(4.4.33)

(4.4.34)

(4.4.35)
(4.4.36)

(4.4.37)
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4.5 A Proof of Ozawa’s Triviality Theorem

Now, at last, we come to the proof of Ozawa’s Triviality Theorem (Theorem 4.1.1). The
easier implications of this theorem, have already been dealt with. In Example 4.3.4, we
observed that a trivial W*-bundle C,(X, M) has property I' whenever the tracial von
Neumann algebra M has property I'. Since R, has property I', as verified in Example
4.3.3, it follows that C, (X, R) has property I'. This completes the proof that (i) = (ii) in
Ozawa’s Triviality Theorem. The implications (ii) < (iii) follow from Propositions 4.4.4
and 4.4.5, noting that R is McDuff.

This leaves the implication (iii) = (i). In this section, we shall discuss Ozawa’s proof
of this. The proof is relatively long and technical, so we will sketch the main argument
first before filling in some of the more technical details in two technical appendices at the
end of the section.

A key tool in the proof is the following pseudometric.

Definition 4.5.1. Let P and ) be two copies of the hyperfinite II; factor R. Suppose
ai,...,an € Pand by,...,b, € Q. We define

d((a1, - an), (b1, -, b)) = inf max(lip(a;) = P(0:)l2.e (4.5.1)

where the infimum is taken over all isomorphisms ¢ : P — R and ¢ : Q — R.

Note, we are intentionally refraining from identifying P with @ because typically there
will be no canonical choice of isomorphism P = (). Thus, our use of the word pseduometric
is a slight abuse of terminology. Nevertheless, d satisfies the properties one expects of a
pseudometric. Positivity and symmetry of d follow easily from the fact that || - ||2.tr, is &
norm. The triangle inequality also holds for the d-pseudometric but we defer the proof to
Technical Appendix A (Proposition 4.5.3).

Crucially, the d-pseudometric is compatible with the tracial continuity of W*-bundles
(Theorem 4.5.9, Technical Appendix A) and, if d((a1,...,an), (b1,...,b,)) = 0, then there
is a trace-preserving isomorphism between the tracial von Neumann algebras W*{a1,...,a,}
and W*{by,...,b,} sending a; to b; for i = 1,...,n. (Proposition 4.5.5, Technical Ap-
pendix A).

An orthogonal partition of unity argument, using the assumption that N is McDuff,

gives the following lemma.
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Lemma 4.5.2 (c.f. Lemma 14 in [62]). Let N' and M be W*-bundles over a compact
Hausdorff space X with fibres all isomorphic to R. Suppose that N is McDuff. Let
Fo C F1 be finite subsets of the unit ball of M, and let € > 0. Assume there exists a map
0o from Fo into the unit ball of N such that
sup d({a(z) bae 5y, (B0(a) () }acr) < (45.2)
Te

Then, for any § > 0, there is a map 01 from Fy into the unit ball of N such that

max 161(a) = bo(a)ll2u <, (4.5.3)
sup d({a(x) }aer,, {01(a)(x) }acr ) <. (4.5.4)

zeX
We sketch a proof of Lemma 4.5.2 in Technical Appendix B. Beforehand, we show how

Lemma 4.5.2 is used in the proof of Ozawa’s Triviality Theorem.

Proof of Ozawa’s Triviality Theorem 4.1.1 (iii) = (i). Let (ay) be a strictly dense sequence
in the unit ball of M, and (b,) be a strictly dense sequence in the unit ball of N' =
Cy(X,R). We shall construct, by recursion, finite sets F; C Fy C --- of the unit ball of
M and maps 6, from F,, into the unit ball of N such that

{a1,...,an} C F, (4.5.5)

{br,....by} C 0n(Fn), (4.5.6)

nax. 160 (a) — Op1(a)||20 < 27, (4.5.7)

Sup d({a(z)}aeF,  {On(a)(@)tacr,) <27" (4.5.8)

for all n € N. The recursion begins with Fy = (). Suppose now that F; and 6; for: <n—1
have been constructed. We shall apply Lemma 4.5.2 twice in total interchanging the roles
of NV and M, noting that both are McDuff. Firstly, we set F,, = F,—1 U{a,} and apply
Lemma 4.5.2 to get 0/, : F/ — N such that

max |0/, (a) — Op_1(a)|j2.0 < 27", (4.5.9)
a€EFn—1
sup d({a(z)}acr: {04(a) (@) baery) <27 0FH. (4.5.10)
S

By perturbing 6/, if necessary, we may assume that 6/, is injective and 6/,(F,,) doesn’t

contain any of b; .. .,b,. We now apply Lemma 4.5.2 to F,, = 0! (F)U{b1,...,b,} and

8For notational convience, we apply the d-pseudometric to finite sequences indexed by Fo instead of

fixing an enumeration of Fo.
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(6)~1. The result is a map 1 : F,, — M such that
max [|a — (0! (a))||ow < 27D, (4.5.11)
aEF},

sup d({b(@)} ez, (V(O)@)}pe ) <2700, (4.5.12)

Finally, we set F,, = F} U{{¢(b1),...,%(b,)}, perturbing ¢ slightly if necessary to ensure
that this union is disjoint, and we define 6,, : F,, — N to be equal to 0, on F, and
by 0,(1(b;)) = b; for i = 1,...,n. The required properties (4.5.5) and (4.5.6) hold by

construction. Property (4.5.7) is just (4.5.9). The last property (4.5.8) follows since

sup d({a(@)}aeF,, {0n(a)(z) }aer) < sup d({b(@) ez AP (O) (@)} 7))

+ max ||a — (0, (a)) ]| 2. (4.5.13)
acF],

< 2=t 4 o=(n+D) (4.5.14)

=27 (4.5.15)

With the inductive definition of the 6,, now complete, we observe that, for any a € F;

the sequence (6,,(a))S2

n=i

is a || - ||2,u-Cauchy sequence in the unit ball of N by (4.5.7), so
converges by the completeness axiom. Hence, we have a map 0 from D = [ J;2, F; into the
unit ball of A/, coming from taking the pointwise limit of (6,,).

Moreover, by taking limits in (4.5.8), for any n € N and x € X,

d({a(z)}acF, {0(a)(z)}acF,) = 0. (4.5.16)

Thus, 6 induces a trace-preserving isomorphism in each fibre between the von Neumann
algebra generated by {a(z) : a € F,} and that generated by {0(a)(z) : a € F,} for each
n € N (see Proposition 4.5.5, Technical Appendix A). Hence, it induces a trace-preserving
isomorphism in each fibre between the von Neumann algebra generated by {a(z) : a € D}
and that generated by {6(a)(x) : a € D}. Therefore, using Propositions 3.2.5 and 3.2.6, we
see that 6 extends to a || - ||2,,-preserving, || - ||-preserving *-homomorphism from *alg(D)
into NV. Since D D {a; : i € N}, D is dense in M, so 6 extends further to *~homomorphism
M — N, which we shall also denote 6.

That 0 is an injective morphism of W*-bundles follows from the fact that it induces
a traces-preserving injective *-homomorphism M, — N, for each z. Surjectivity of 6

follows from (4.5.6) and the density of (D) D {b; : i € N} in N. O
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Technical Appendix A

In this technical appendix, we establish some of the important properties of the d-pseudometric,
and show that it is compatible with the tracial continuity of W*-bundles.

We begin by verifying the triangle inequality for the d-pseudometric.

Proposition 4.5.3. Let P,Q,R be copies of the hyperfinite II; factor R. Let a =
(a1,...,ap) € P", b= (b1,...,bp) € Q" and c = (¢1,...,¢n) € R™. Then

d(a,c) <d(a,b)+d(b,c) (4.5.17)
Proof. Let € > 0. There exist isomorphisms ¢ : P — R, : ) = R such that
max lle(ai) — 1(bi)ll2.4r < d(a,b) +e. (4.5.18)

and there exist isomorphisms 12 : Q = R, x : R — R such that

max 162 br) — x(ci) 2.0 < d(b,€) + . (4.5.19)

The map 11 01y 1. R = R is an automorphism, and hence is trace preserving. Therefore

max [y (bs) — 1 (5" (x(ei)) 2. < d(b,€) +e. (4.5.20)
Hence, by the triangle inequality for the || - ||2,tr5-norm, we have
d(a, c) < max |p(a;) — 1 (5 " (x(€))) l2.rr (4.5.21)

< max [|p(a;) — P1(bi)l2 orr + max [[1(bi) — P15 (x (@) ll2,tem (4.5.22)

<d(a,b)+d(b,c) + 2e. (4.5.23)
As € was arbitrary, this completes the proof. O

We now investigate what the vanishing of the d-pseudometric means. For this, we need

the following folklore lemma.

Lemma 4.5.4. Let (A,tra) be a tracial von Neumann algebra generated by ai,. .., a,.

Let (B,trp) be another tracial von Neumann algebra. Suppose by, ..., b, € B, satisfy

trp(p(bi, ..., bn)) =tra(p(ay,...,ay)) (4.5.24)

for all non-commutative *-polynomials p in n variables. Then there exists a trace-preserving

*-homomorphism ¢ : A — B satisfying ¢(a;) = b; fori=1,...,n.
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Proof. Let P, = C(X1,..., Xy, X{,..., X)) be the *-algebra of non-commutative *-polynomials
in n variables. Let p1,pa € P,,. Since try is a faithful trace, we have that pi(ai,...,a,) =
pa(ai,...,ay) if and only if tra(p(aq,...,a,)) = 0, where p = (p1 — p2)*(p2 — p1). Ap-

plying the same reasoning to B, we see that there is a well-defined *-homomorphism

wo : Dg — B, where D4 is the dense *-subalgebra generated by ai,...,a,, given by
play,...,an) = p(bi,...,b,) for all p € P,,. Moreover, ¢g is an isomorphism onto its
image.

The map ¢y is trace preserving by (4.5.24). We show that it also preserves the || - ||-

norm. The key observation here is that

lall = sup{[|av(lo,ry : v € Da, [|vllo,ry <1} (4.5.25)

for all @ € Dy. This follows by considering the standard form representation of (A,tr4)
and the density of 52 in L?(A,trs). Working in the tracial von Neumann subalgebra

generated by b1, ..., b,, by same reasoning,

Hb” = Sup{waHZtrB rw € Dp, |’wH27trB < 1}7 (4’5'26)

for all b € Dp, where Dp is the *-subalgebra generated by b1, ..., by.

Since ¢ trace preserving, it is || - ||-norm preserving. It now follows from (4.5.25) and
(4.5.26) that ||¢o(a)|| = |l¢o(b)]]. Therefore, ¢y extends uniquely to a trace preserving *-
homomorphism ¢ : A — B, where ¢(a) = limy ¢g(ay) for any || -||-bounded net converging

toain | - ||2. O

We now show that the conditions of Lemma 4.5.4 are satisfied, when the d-pseudometric

vanishes.

Proposition 4.5.5. Let P and Q be two copies of the hyperfinite Il factor R. Let
ai,...,an € P and by,...,b, € Q. Suppose

d((al,...,an),(bl,...,bn)) =0. (4527)

Then there exists a trace-preserving isomorphism between the tracial von Neumann algebras

W*{a1,...,an} and W*{by,... by} sending a; to b;.

Proof. There exist sequences of isomorphisms ¢ : P — R and 9y : @ — R such that

lon(ai) — ¥r(bi)

2t — 0 (4.5.28)
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ask — oo fori=1,...,n. Let p be a non-commutative *-polynomial in n variables. Since

isomorphisms of II; factors are trace-preserving.

trp(p(ay,...,an)) = kh—>nolo trr (p(ex(al), ..., or(an))) (4.5.29)
= kh_)IIC}O tI‘R(p(l/)k(bl), - a¢k(bn))) (4530)
= lim trg(p(b1,...,bn)). (4.5.31)
k—o0
The result now follows from Lemma 4.5.4. OJ

To prove that the d-pseudometric is compatible with the tracial continuity of a W*-
bundle, the additional flexibility of working in the ultrapower R* instead of R is important.
Here, the following uniqueness result is crucial. This result is well known to experts and is

discussed, together with a partial converse, in [40]. For completeness, we include a proof.

Theorem 4.5.6. Let (N, try) be a hyperfinite tracial von Neumann algebra with separable
predual. Suppose @, : N — R¥ are trace preserving *-homomorphisms. Then ¢ and ¢

are unitary equivalent in RY.

Proof. We first consider the case where N is a finite-dimensional von Neumann algebra.
Say N = @szl M, (C) and write eg?) for the matrix units of the k-th summand for
k=1,...,K and i,j = 1,...,ng. Since ¢ and 1) are trace-preserving, ter(cp(egf))) =
ter(@ZJ(eEf))) forallk=1,...,K and i = 1,...,ng. Since R* is a II; factor [81, Lemma
A.4.2], go(e&’i)) and w(eﬁ)) are Murray—von Neumann equivalent in R“. Let ng) be a
partial isometry implementing this equivalence. Then u = Zszl Sk gp(eglf))vik) 1/1(6%1;))
is the required unitary.

B AN

Now suppose that N is hyperfinite. Then N = |J;2, F; for an increasing sequence
of finite dimensional von Neumann algebras 15 € Fy C F5 C ---. For each i, there exists a
unitary u; which implements a unitary equivalence between ¢|r, and ¢|g,. It follows that
¢ and ¥ are || - ||2-approximately unitary equivalent via the sequence of unitaries (u;). A

standard reindexing argument, now gives that ¢ and v are unitary equivalent in R¥. [

We now show that in the definition of the d-pseudometric, we can work with trace-

preserving embeddings into R instead of isomorphisms with R.

Proposition 4.5.7. Let P and Q) be two copies of the hyperfinite II; factor R. Suppose
ai,...,an € P and by,...,b, € Q. Then

d((a1,--- an), (b1, - b)) = inf maxlip(a;) = P(0:)2.rme (4.5.32)
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where the infimum is taken over all trace preserving embeddings ¢ : W*{ay,...,an} — R

and ¥ : W*{by,... by} — R

Proof. For the moment, denote the right hand side of (4.5.32), by p((a1, ..., an), (b1,...,bs)).
By composing any isomorphisms P = R and (Q = R with the canonical, trace-preserving

embedding j : R — R* and restricting, we see that

d((ar,-...an), (01, bp)) > p((ar,. .., an), (b1, - .., by)) (4.5.33)

Fix isomorphisms tp : P -+ R and ¢g : Q@ — R. Let A = W*{a1,...,a,} C P and
B =W*"{by,...,bp,} € Q. By Connes’ Theorem, A and B are hyperfinite.

By Theorem 4.5.6, any trace-preserving embeddings ¢ : A — R* has the form Ad(u)o
jotp, where j : R — RY is the canonical embedding and w is a unitary in R, and

similarly for ¢ : B — R“. Hence, we have

= dnf, maxllouj(e(e))u = jQ(b) llairm. (4:5.35)
= Lo ' i)u’ = j(eQ(bs Fre - 4.5.36
uelljr%Rw)mZax uj(ep(ai))u — 5(g(b:)]|2.4rp ( )

Since every unitary u € R“ can be represented by a sequence of unitaries (uy) in

R [81, Theorem A.5.2], we have

p((ar, ... apn), (b1,...,by)) = ueiél(fn) max luep(a)u™ — g (bi)|l2trr (4.5.37)
<d((ai,...,an), (br,...,by)). (4.5.38)
Therefore, d((a1,...,an), (b1,...,bn)) = p((a1,...,an), (b1,...,bn)). O

We isolate the main technical step in the proof that the d-pseudometric is compatible

with the tracial continuity of W*-bundles in the following proposition.

Proposition 4.5.8. Fiz K > 0 and ay,...,a, € R with each ||a;|| < K. Let € > 0. Then
there exist 6 > 0 and a finite set G of non-commutative *-polynomials in n variables such

that, for any by, ..., b, € R with each ||b;j|| < K that satisfy
|tI'R(p(bl, ceey bn)) - tI'R(p(al, s 7a’n))‘ <4 (4539)
for all p € G, there exists a unitary u € R such that

max ||ua;u* — bilj2 < e. (4.5.40)
7
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Proof. Let N be the von Neumann subalgebra of R generated by ay,...,a,. By the work
of Connes, hyperfiniteness passes from R to N. Since NN is finitely generated, it has a
separable predual.

For each k € N, let 6, = % and G;. be the set of all non-commutative *-mononomials
in n variables of length at most k.

Suppose the proposition doesn’t hold. Then there is € > 0 such that for each k € N
one can find bgk), e b € R with each Hbz(»k) | < K that satisfy

e (p(0, ... b)) — trr(p(as, . .., an))| < 6k (4.5.41)
for all p € G, yet, for any unitary u € R,
uasu® — b |y > € (4.5.42)

for some i € {1,...,n}.

Let b; = [(b(k))zozl] € R¥ for i =1,...,n. Then

trre (p(b1,...,by)) = trr(p(al, ..., an)) (4.5.43)

for all non-commutative *-polynomials in n variables.

By Lemma 4.5.4, there is a trace-preserving embedding 1) : N — R* which satisfies
v(a;) =b; fori=1,...,n. Let ¢»: N - R* be the embedding coming from the inclusion
N C 'R and the canonical inclusion R — R*. By Theorem 4.5.6, there exists a unitary
w € R¥ such that ¢ = Ad(u) 0. Let (uy) be a sequence of unitaries in R representing

w. Then, for sufficiently large k,
* (k)
Hukaiuk — bi Hg <€ (4.5.44)
for all i € {1,...,n}. This contradiction completes the proof. O

Finally, we arrive that the main result of this Appendix.

Theorem 4.5.9. Let M be a W*-bundle over a compact Hausdorff space X with condi-
tional expectation E. Suppose all the fibres of M are isomorphic to R. Letaq,...,a, € M.
The map = — (a1(x),...,an(x)) is continuous with respect to the d-pseduometric in the
following sense: for any xqg € X and € > 0, there exists an open neighbourhood U of xg
such that

d((a1(x),...,an(x)), (a1(x0),...,an(x0))) < € (4.5.45)

whenever x € U.



4.5. A PROOF OF OZAWA’S TRIVIALITY THEOREM 165

Proof. Set K = max; ||a;||. Let o9 € X and € > 0. In order to apply Proposition 4.5.8, fix
an isomorphism M,, = R and view aj(xg),...,an(xo) € R. Let 6 > 0 and G be a finite
set of *-polynomials such that the conclusion of Proposition 4.5.8 holds. For each p € G,
E(p(ay,...,ay)) is continuous. Since G is finite, there is an open neighbourhood U of xg

such that, for all p € G,

IT2(p(a1(x), ..., an(z)) — Tao (p(ar(z0), . . ., an(xo))| < 6 (4.5.46)

whenever z € U.
Let z € U. Let ¢+ : M; — R be an isomorphism. Then there exists a unitary u € R
such that

max ||lua;(xo)u® — t(ai(z))]l2 < e. (4.5.47)
It follows that d((ai(z),...,an(x)), (a1(x0),...,an(x0))) < €. O

Corollary 4.5.10. Let M be a W*-bundle over a compact Hausdorff space X with all
fibres M, isomorphic to R. Let ay,...,a, € M. Let N' be a W*-bundle over a compact
Hausdorff space Y with all fibres N, isomorphic to R. Let by,...,b, € N. Then the map

(z,y) = d((ar1(z),...,an(x)), (b1(y),...,bn(y)) is continuous.

Proof. For brevity, we shall use vector notation for the n-tuples, for example we write a
for (ai,...,a,) and a(z) for (a1(z),...,an(x)).

Fix (z9,y0) € X x Y. Let € > 0. By Theorem 4.5.9, there are open neighbourhoods U
of z and V of y such that

d(a(z),a(zg)) <

d(b(y), b(yo)) <

(4.5.48)

nlm

(4.5.49)

[\

whenever z € U and y € V. Let (z,y) € U x V. Using Proposition 4.5.3, we have

|d(a(z),b(y)) — d(a(xo), b(yo))| < d(a(z),a(z0)) + d(b(yo), b(y)) (4.5.50)
<S5+ (4.5.51)
= €. OJ

Technical Appendix B

For completeness, we sketch a proof of Lemma 4.5.2 in this technical appendix. Lemma

4.5.2 is essentially the same as [62, Lemma 14] and the proof sketched here is essentially



166 CHAPTER 4. THE TRIVIALITY PROBLEM FOR W*-BUNDLES

the same as occurs in that paper. Notation has be changed to reflect that of this thesis

and a few additional comments have been added to explain aspects of the proof.

Sketch proof of Lemma 4.5.2. Since N is McDuff, there exists, for each k € N, a sequence

of cpc maps ¢y, 1 : M(C) — N such that

Jim[[on 1 (b), al[l2u = 0 (a € N, b € M;(C)), (4.5.52)
Timflon 1 (brb2) = @nk(01)@nk(b2)ll2,u = 0 (b1, b2 € My(C), (4.5.53)
lim flop k(1) = 20 = 0. (4.5.54)

In fact, since the unit ball of My (C) is compact, the convergence in (4.5.52) is uniform

over the unit ball of My (C), i.e

lim sup [|[@n 5(b), . = 0 (a € N). (4.5.55)

) <1

Fix z € X. Since d({a(x)}acr,, {00(a)(x)}aer,) < €, there is an isomorphism p, :
M, — N, such that

max | (a(2) = 60(a) @)z, < e (4.5.56)

For each a € Fi, let %) (a) € N be a norm-preserving lift of p,(a(z)) € N,. By Proposi-

tion 3.2.6 and Corollary 4.5.10, there is an open neighbourhood U®) of z such that

max [64)(a)(y) — 60(a) (1) |2y < €. (4.5.57)
d({a(y)}aer {07 (@) W) aer) < 6 (4.5.58)

whenever y € U®),
By compactness of X, finitely many of the U®) cover X. Denote these sets U1, ..., U®

and the corresponding maps by 0, ... 90,

Let g1,...,9¢ : X — [0,1] be a continu-
ous partition of unity subordinate to UM, ... . U®. Set hg = 0 and hj = 25:1 g; for
j=1...,0

Define p : [0,1] — M(C) by setting p(i/k) = diag(1,...,1,0,...,0), the diagonal
matrix with ¢ ones and k — ¢ zeros on the diagonal, for ¢ = 0,...,k and interpolating
linearly. Then ¢ + p(t) is continuous, try(p(t)) = t, and trg(p(t) — p(t)?) < (4k)~!, where
trg denotes the normalised trace on My(C).

For k,n € Nand j =1,...,¢. Let frn,,; € N be the element such that f;, ;j(z) =

Onk(P(hj) — p(hj—1))(x) for all x € X. The existence of f; ,; follows from Theorem
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3.2.10. The point of the construction is that for large k and n, fr.1,..., frne are approx-
imately orthogonal projections summing to 1 commuting with a given finite set and we
have the (approximate) tracial factorisation 7., (fin j(2)a(x)) = tri(fen;(2))7A, (a(z)) =
[i(@)Ta, (a(x)) for a € N due to the fact that M (C) has a unique trace.
Set 65" (a) = Z ,i/an 0U)(a) f, 1/ ; for a € Fy. Since the set {69V(a) : a € Fo,j =
., £} is finite, we get

lim sup lim sup max HH "(a) —bo(a)|l2u < € (4.5.59)

k—oo m—oo a€

using the asymptotic properties of the fn7k7j.9 The more subtle estimate is

lim sup lim sup sup d({a(z) }acr,, {077 (a)(2) }acr,) < 6, (4.5.60)

k—o0 n—oo zeX

which is derived step by step in [62, Lemma 14]. Hence, 6; = GIf’n will have the required
properties for sufficiently large k,n. O

4.6 Applications of the Triviality Theorem

Ozawa’s Triviality Theorem is an extremely powerful tool for proving that certain strictly
separable W*-bundles with fibres R are trivial. Indeed, the reason why there are no
known examples of non-trivial, strictly separable W*-bundles with fibres R is because
Ozawa’s Triviality Theorem rules out most candidates. In particular, we have the following

corollaries:

Corollary 4.6.1. [62, Corollary 16] Let M be a strictly separable W*-bundle over a
compact Hausdorff space X. Suppose that M, = R for each x € X and X has finite

covering dimension. Then M 1is trivial.

Corollary 4.6.2. [5, Theorem 3.15] Let A be a separable, nuclear, unital C*-algebra with
a Bauer simplex of traces and no finite dimensional quotients. If additionally A tensorialy

absorbs the Jiang—Su algebra Z, then A s trivial.

We shall briefly discus these two corollaries but the main purpose of this section is to
prove the triviality of A" for some C*-algebras not covered by these results by directly

verifying that A has property T'.

9The estimates used here are, in fact, very similar to those used in Proposition 4.4.5.
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4.6.1 Finite-Dimensional Base Spaces and Jiang—Su Stability

There are a number of approaches to defining the dimension of a topological space X. The
most common are the small inductive dimension, the large inductive dimension, and the
covering dimension. Whilst there are topological spaces for which these different dimension
theories give different values for dim(X), they agree for all separable metrisable spaces, and
give the expected value when X is, say, a CW-complex. A good reference for dimension
theory is [65].

The most natural dimension theory to work with in the context of operator algebras

is the covering dimension, which we define below.

Definition 4.6.3. Let X be a set. The order of a collection U of subsets of X is defined
to be the largest integer n for which there exist distinct elements Uy, Uy, ..., U, € U such
that (,_, Ux # 0. If there is no largest such integer, then the order of ¢/ is infinite.

Definition 4.6.4. The covering dimension of a topological space X, is the smallest integer
n such that every open cover of X has an open refinement of order at most n. If no such
integer exists, then the covering dimension of X is said to be infinite. Write dim(X) for

the covering dimension of X.

Corollary 4.6.1 follows by combining Ozawa’s Triviality Theorem with the following

proposition.

Proposition 4.6.5. Let M be a strictly separable W*-bundle over a compact Hausdorff
space X. Suppose that M, is a McDuff Iy factor for each x € X and dim(X) < co. Then
M is McDuff.

Proposition 4.6.5, appears in [62] as Corollary 12 with the remark that it is essen-
tially the same as [47, Proposition 7.7]. The full details of the proof of Proposition 4.6.5
require techniques beyond the scope of this thesis. We shall give a proof just in the

zero-dimensional case and discuss briefly how it generalises to the finite dimensional case.

Proof of Proposition 4.6.5 (zero-dimensional case). Let F be a finite subset of M, G be a
finite subset of My(C), and € > 0. Fix x € X. Since M, is McDuff, there is a ucp map
vz : Ma(C) — M, such that

[ [¢z(b), a(x)]
|02 (b1b2) — 0o (b1)@a(b2) 2,7, < € (bi,bs € G). (4.6.2)

l2,m <€ (a € F,beG), (4.6.1)
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By the Choi-Effros lifting theorem, ¢, has a ucp lift ®, : My(C) — M. By Proposition

3.2.6, there is an open neighbourhood U®) of z such that

1[@(0)(¥), a2, <€  (yeUD,ac Fbe§),  (46.3)

[ @2 (b1b2)(y) — P2 (b1)(y) P (b2)(y)

27 <€ (ye U b,y €G).  (4.64)

As z varies, the U® form an open cover of X. By compactness, there is a finite

subcover Uy,...,U,. Because X is assumed to be zero dimensional, these sets can be
assumed disjoint. Let &1, ..., ®; denote the ucp maps corresponding to the finite subcover
Ui,...,Uy. As Uy,..., Uy are disjoint open sets that cover X, the indicator functions x,

form a continuous partition of unity.
Define a ucp map ® : My(C) - M by & = Zle xv; ®i. Each z € X lies in exactly
one U; and ®(z) = ®;(x) for this i. Therefore, we have

I[®(0), alllo,u < € (ae F,beg), (4.6.5)

”(I)(blbg) — ‘P(bﬂ@(bg)”gm <€ (bl,bg € Q) (4.6.6)

Since F, G and € where arbitrary, there is a unital *~homomorphism My (C) — M“NM’.
Hence, M is McDuff. O

Remark 4.6.6. If X has finite but non-zero covering dimension, one cannot assume the
open sets Uip,...,Ug in the proof above are disjoint. However, after refinement, they
can be coloured by n + 1 colours such that any two open sets with the same colour
are disjoint. This allows one to construct n + 1 completely positive order zero maps
3@ dM .. M My(C) - M N M’ with commuting images and 3.1, @@ (1) = 1.
One can then construct a *~homomorphism My (C) — M N M’ using the theory of order

zero maps (see [47, Lemma 7.6)).

We now turn to Corollary 4.6.2. As mentioned in Chapter 1, the Jiang—Su algebra
Z is a simple, separable, unital, nuclear, infinite-dimensional C*-algebra with the same
K-theory and traces as the complex numbers, and we shall only use these properties of the
Jiang—Su algebra in the sequel. The details of the construction of the Jiang—Su algebra are
beyond the scope of this thesis (see [37]). A C*-algebra A is said to absorb the Jiang—Su
algebra tensorially if A =2 A® Z. Absorbing the Jiang—Su algebra tensorially is one of the
regularity properties of the Toms—Winter Conjecture (see Chapter 1).

We now proceed with the proof of Corollary 4.6.2.
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Proof of Proposition 4.6.2. By Theorem 3.3.3, the fibres of A are 7 (A) for 7 € 9. T(A).
The hypotheses that A is separable, nuclear and has no finite dimensional quotients ensure
that 7,(A)” is an injective II; factor with separable predual and, hence, isomorphic to R
by Connes’ Theorem. The separability of A ensures the strict separably of a Hence,
Ozawa’s Triviality Theorem applies.

Since the Jiang—Su algebra has a unique trace 7z, Z™ is a W*-bundle over a one point
space and can be identified with 7, (Z)"”. Since the Jiang—Su algebra is separable and
nuclear with no finite-dimensional quotients'®, 7,_(Z)” 2 R by Connes’ Theorem.

Using Proposition 4.2.6, we compute that

t

A 2Axz (4.6.7)

S A (4.6.8)

~ T'BR. (4.6.9)

Hence, A is McDuff. By Ozawa’s Triviality Theorem, A is trivial. O

4.6.2 AH Algebras with Diagonal Connecting Maps

In this section, we show that if A is an AH algebra with particularly simple connecting
maps, then there is an approximately central sequence of projections (p,) in A such that
7(pn) — 3 uniformly for 7 € T(A). It follows that, whenever T(A) is a Bauer simplex, the
W*-bundle 4™ has property I'. Ozawa’s Triviality Theorem will then imply that A s
trivial whenever A has no finite-dimensional quotients. The class of AH algebras studied
contains the class of Villadsen algebras of the first type defined in [89], which includes
some non-Z-stable C*-algebras with 9.7'(A) compact and infinite dimensional.

The allowed connecting maps for the class of AH algebras that we study are the

diagonal maps, which we now define.
Definition 4.6.7. A *~homomorphism

¢:C(X) = M(C)aC(Y) (4.6.10)
is called diagonal of multiplicity k if it has the form

frdiag(foA, ..., fol), (4.6.11)

where Aq,...,A\p 1 Y — X are continuous maps. We call the \; the eigenvalue maps of ¢.

Matrix amplifications of diagonal maps are also said to be diagonal.

by virtue of being simple and infinite dimensional
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We now proceed to the main proposition of this section.

Proposition 4.6.8. Let A be the inductive limit of the an inductive system
M, (€) © C(X1) 2 My () © C(X2) —2 My (€) & C(Xa) ==+ (4.6.12)

with each ¢; a diagonal map and m; — oco. Then there is a sequence of projections (p)

in A such that, as n — oo,

[[[pn, alll — 0 (a € A), (4.6.13)

sup |7(pn) — 3| — 0. (4.6.14)
TET(A)

Proof. Since the composition of diagonal maps is a diagonal map, we may refine the induc-
tive system without loss of generality. The connecting maps are unital, so one obtains a

unital homomorphism M,,, (C) — M,,,., (C) by restricting ¢; to M,,,(C) ® 1 and compos-

M1
ing with a evaluation map. Hence, m;|m;; for each i € N. Since additionally m; — oo,

we can pass to subsequence of (m;), refine the inductive system to this subsequence, and

mi+1
mg

assume that k; = — 00 as i — 00.
We now introduce some notation. Let A; = M,,,(C) ® C(X;) and write ¢ oo : A; — A
for the canonical map into the inductive limit for each 7 € N.

Fix ¢ € N. Since ¢; is diagonal, it has the form

¢i : C(Xi, My, (C)) = My, (C) ® C(Xit1,Mp, (C)) (4.6.15)
F s diag(FoA,...,FoA), (4.6.16)
for some continuous functions )\gi), .. ,)\,Ei_) : Xiy1 — X;, where we have made the iden-

tification Aj11 = Mg, (C) ® C(Xit1,Mp,(C)). Let ¢; = diag(Ip,, .-, Ly, Omys - -, Om,) €
Ait1 where I,,,, has multiplicity L%J and 0,,, has multiplicity [%] Set pi = Pit1,00(¢i)-
By construction, ¢; is a projection in A;1; that commutes with ¢;(A;). Hence, p; is
a projection in A that commutes with ¢; o (A4;). It follows that lim; , ||[pi, a]|| = 0 for
all a € ;2 ¢i,00(Ai). Since ||p;]| < 1 for all ¢ € N, a simple density argument gives that
Il[ps, a]|| — O for all a € A.
We now consider traces. Let 7 € T'(A;). Then there exists a Radon probability measure

pur on X; 1 such that

(F) = — / Te(F(x))dps (x) (4.6.17)
Mi+1 JzeX; 14
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for all F € Ajy1 2 C(Xi41,Mom,,, (C)). Therefore, 7(¢i) € [3 — 7, 3] for all 7 € T(Aj11).
Since every trace on T'(A) pulls back to a trace on C(X;;1) ® My, , (C), we have 7(p;) €

53— k%, 3] for all T € T(A). Therefore, SUprer(a) IT(Pi) — 3= 0asi— oo O

Corollary 4.6.9. Let A be as in Proposition 4.6.8. Suppose T'(A) is a non-empty Bauer
simplex. Then A is a W*-Bundle over 0.T(A) with property I'. Furthermore, if A has

no finite dimensional quotients, then A is a trivial W*-Bundle over 0. T(A).

Proof. It follows from the inductive limit structure, that A is separable, unital. So, under
the additional assumption that 7'(A) is Bauer, A" has the structure of a W*-bundle by
Theorem 3.3.2.

Let : A — A be the canonical map and (py) be the sequence of projections con-
structed in Proposition 4.6.8. Then (¢(py,)) is a sequence of projections in A", Since
t(A) is || - ||2,u-dense in A, we get that |[[t(pn),a]l|2,, — O for all a € A, using the fact
that [[c(p,)|| < 1 for all n € N. Since limy o0 SUp-cpay [7(Pn) — 3| = 0, we have that
IE(e(pn)) — 5llc@.rca)) — 0 as n — oo

Since A is separable, A s strictly separable. So in order to apply Ozawa’s Triviality
Theorem to ZSt, we just need to know that the fibres of A" are all isomorphic to R. By
Theorem 3.3.3, the fibre of 4™ at 7 € 0.T(A) is m-(A)”. Since 7 is an extreme trace, this
is a finite factor. Since A is separable and nuclear, 7.(A)” is injective and has separable
predual. If A has no finite quotients, then 7,(A)” cannot be a matrix algebra, so must be

a II; factor. Therefore, m-(A)” = R by Connes’ Theorem. O

We now apply the results obtained in this section to the Villadsen algebras of the first

type.

Definition 4.6.10. [89, Definition 3.1] A *-homomorphism
¢ :Mp(C)®C(X) = Mi(C) ® M,,(C) ® C(X") (4.6.18)

is called a VI map if it is a diagonal map of multiplicity k£ whose eigenvalue maps Ay, ..., A :

X™ — X are either coordinate projections or have range equal to a single point.

Definition 4.6.11. [89, Definition 3.2] A C*-algebra A is a Villadsen algebra of the first

type or a VI algebra if it can be written as an inductive limit

A2 lim (M, (C) ® C(X™), ¢:), (4.6.19)

1—00
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where (n;) and (m;) are sequence of natural numbers, X is a compact Hausdorff space,
and each ¢; is a VI map. We call the inductive system (M,,,,(C)®@C(X™), ¢;) the standard

decomposition of A with seed space X.

By virtue of their inductive limit structure, all VI algebras are separable, nuclear, uni-
tal, stably finite with at least one trace. If the point evaluations are chosen appropriately,
the resulting Villadsen algebra will be simple (see [91]). If the seed space is a CW-complex
of dimension at least one, simplicity of the inductive limit algebra forces m; — oc.

A simple VI algebra will fail to have strict comparison, and therefore not be Z-stable,
whenever the seed space is a CW-complex of dimension at least one and, informally speak-
ing, the connecting maps contain vastly more coordinate projections than point evalua-
tions. More precisely (c.f. [89, Lemma 4.1]), suppose the VI algebra has standard decom-
position (M, (C) ® C(X™), ¢;) with seed space X. Let M; ; be the multiplicity of the VI
map ¢;_10---0 ¢iy1 0 ¢; and let IV; ; be the number of distinct coordinate projections
occurring as eigenvalue functions. Then A will fail to be Z-stable whenever the seed space
is a CW complex of dimension at least one and

lim lim Nij g (4.6.20)
i—00 j—oo M j
Under the condition (4.6.20), the trace simplex of A will be the Bauer simplex with extreme
boundary [[;cy X (See [89, Section 8] together with the computations in [86, Theorem
4.1]).

Corollary 4.6.9, applies to the simple, non-Z-stable VI algebras described above, and we
deduce that A" is a trivial bundle for these C*-algebras A, even though neither Corollary
4.6.1 nor Corollary 4.6.2 applies.

4.6.3 Non-Trivial C(X)-Algebras

In [34, Example 4.7], a non-trivial C'(X)-algebra A with all fibres isomorphic to the CAR
algebra My~ = @),y Ma2(C) is constructed. The base space is X = [],.yS? and the
algebra A is constructed as an infinite tensor product of 2-homogeneous C*-algebras. In
[34, Example 4.8], the construction is modified, producing a C'(X)-algebra A that is not
Z-stable, even though all its fibres are.

It’s reasonable to expect that such example in the C'(X)-algebra setting could give rise
to non-trivial W*-bundles over X = ],y S? with all fibres isomorphic to R. Alas, this

is not the case. As in the previous section, one can, in each case, directly construct an
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asymptotically central sequence of projections (p,) in A such that 7(p,) = % for allmn € N
and 7 € T'(A). It then follows that the W*-bundle A*" have property T'. Triviality of the
W*-bundles then follows by Ozawa’s Triviality Theorem.

We sketch the argument for [34, Example 4.7] below. The argument for the case
of [34, Example 4.8] is similar.

Example 4.6.12 (c.f. Example 4.7 in [34]). Let B = (e + f)M3(C(S5?))(e + f) be the
2-homogeneous C*-algebra where e and f are orthogonal projections in Ms3(C/(S?)) with
e a trivial projection and f equivalent to the Bott projection. Set A = @;-, B. By [34,
Lemma 1.8], A is a C(X)-algebra over X = [],.S? with all fibres isomorphic to the
CAR algebra Mae. In [34, Example 4.7], A is shown to be not isomorphic to the trivial
C(X)-algebra C(X, Ma=~) by a K-theoretic computation.

Since B is a locally trivial 2-homogeneous algebra, every normalised trace 7 on B has

the form

1

7(b) = 5 /GS2 Tr(b(z)) dp-(z) (4.6.21)

for b € B C M3(C(S?)), where p, is a Radon probability measure on S2. So T(B) is
the Bauer simplex with extreme boundary S2. By [5, Proposition 3.5], 9. T(®!, B) &
[, 9.T(B) with (71,...,7) € [[i=;9.T(B) corresponding to trace by ® --- ® by >
71(b1) - - Tu(by) on @I, B. Thus, the canonical inclusion of @I, B in @7 B induces
the canonical projection H?:Jrll S? — I, 52 at the level of extreme traces. Therefore,
T(A) is the Bauer simplex with extreme boundary [[32, S2.

By (4.6.21), 7(e) = 7(f) = 1 forall T € B. Let p, = 1p®-- - ®@1p Qe € Rt B C A,
where 1p occurs in the first n tensor factors. Then p,, is a projection in A commuting with
®;, B C A. Since ||pn|| =1 for all n € N, a simple density argument gives ||[pn,a]|| — 0
for all a € A. If 7 € T(A) then the map b — 7(1p ® --- ® 15 ® b), where 1p occurs n

times, defines a trace on B, so 7(p,) = % The argument of Corollary 4.6.9 gives that A

has property I'. Therefore, A is trivial by Ozawa’s Triviality Theorem.

4.7 Locally Trivial W*-Bundles

A discussion of the triviality problem for W*-bundles would not be complete without
consideration of the locally trivial case, which was solved by myself and Pennig. Here, the
powerful methods of algebraic topology can be brought to bear. The main result is the

following.
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Theorem 4.7.1. A locally trivial W*-bundle with all fibres isomorphic to the hyperfinite
15 factor R is trivial.

In fact, the only property of the II; factor R that is needed is that its automorphism
group is contractible, which was proved in [70, Theorem 4]. After a brief discussion of
topologies on automorphism groups in Section 4.7.1, we turn to proving Theorem 4.7.1 in
Section 4.7.2. In Section 4.7.3, we show that there are II; factors M for which there exist
non-trivial, locally trivial W*-bundles with fibres all isomorphic to M.

The results of this section are from joint work with Ulrich Pennig and appear in our

paper [23].

4.7.1 The Automorphism Group of a II; Factor

In this short subsection, we discuss some of the possible topologies on the automorphism
group Aut(M) of a tracial von Neumann algebra M. We then show that for II; factors

they coincide.

Definition 4.7.2. [31, Definition 3.4] Let M be a von Neumann algebra with a faithful,
normal trace 7: M — C. Let B.(M) be the set of bounded o-weakly continuous operators

on M.

e The u-topology on B.(M) is the topology generated by the seminorms ||T'[|§ = [[¢oT||
for all p € M,.

e The p-topology on B.(M) is defined via the seminorms ||T||%.. = |(¢ o T)(a)| for all
a € M and ¢ € M,.

e The pointwise 2-norm topology on B,(M) is induced by the seminorms |T[|27 =

7(T(a)*T(a))"/? for all a € M.

Lemma 4.7.3. Let M be a II;-factor and denote the faithful, normal trace by 7. The

three topologies from Definition 4.7.2 agree on Aut(M).

Proof. 1t was proven in [31, Corollary 3.8] that the p- and the u-topology coincide on
Aut(M). By Proposition 2.7.7, the || - ||2 --topology agrees with the strong operator topol-
ogy on bounded sets. In fact, as the involution [|-||2,r-continuous, the [|-||2,r-topology agrees
with the strong® on bounded sets, which in turn agrees with the ultrastrong* topology on

bounded sets.
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Since an automorphism maps bounded subsets of M to bounded subsets, the pointwise
2-norm topology agrees with the pointwise ultrastrong* topology, which in turn agrees with

the p-topology on Aut(M) as stated in [93, Section 1.4]. O

4.7.2 Locally Trivial W*-Bundles and Principal Bundles

Now fix a locally trivial W*-bundle M over X with all fibres isomorphic to a II; factor
M. Let (B,p) be the bundle of tracial von Neumann algebras associated to M. By the
definition of local triviality (Definition 3.4.20) together with Proposition 3.6.12 and the
discussion preceding it, we have the following: for any x € X there is a closed neighbour-
hood Y > z such that My is trivial. Hence, there are homeomorphisms ¢ and 1 such

that the diagram

p Y)Y x M (4.7.1)
|,
Y Y

commutes, where 7 : Y x M — Y is the projection onto the first coordinate. By replacing

¢ with @ o (™1 x idys) and Y with U = Y°, we get a commuting diagram of the form

o

p ' (U)—=UxM (4.7.2)

We call such a U a trivialising neighbourhood for B — X. We shall use these trivialising
neighbourhoods to associate a principal Aut(M)-bundle Pg — X to our locally trivial

bundle. The following lemma will be crucial.

Lemma 4.7.4. Let U be a topological space and let M be a II;-factor. Consider M to be
equipped with the 2-norm topology. Then there is a bijection between the continuous maps
w: U x M — M, such that a — ¢(x,a) is an automorphism of M for all x € U and the
continuous maps ¢: U — Aut(M), where Aut(M) is equipped with the u-topology. It is

defined by p(x) = p(x, -)

Proof. It is clear that the construction yields a bijection. The only issue to check is
continuity. By Lemma 4.7.3, the u-topology agrees with the pointwise 2-norm topology.
Suppose first that ¢ is continuous, i.e. $(x;,) converges to ¢(x) pointwise in 2-norm for

every net (x,) in U that converges to z € U. Let (a,,) be a net in M converging to a € M
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in 2-norm. We have

le(zn, am) = (@, a)ll2 < [|¢(2n, am — a)ll2 + [H(zn)(a) — G()(a) |2

< lam — all2 + [¢(zn)(a) = &(2)(a) |2

where we used that an automorphism preserves the trace and is therefore isometric for the
2-norm. This proves that ¢ is continuous. Now suppose that ¢ is continuous. Let (z;,)
be net in U converging to = and let a € M. Then we have that ||¢(zy)(a) — ¢(x)(a)|2 =

llo(xn,a) — o(x,a)|]2 = 0. Therefore, ¢ is continuous. O

We will now construct the principal Aut(M)-bundle P — X associated to the locally
trivial bundle of tracial von Neumann algebras (B, p). Since we do not assume that the
reader is familiar with the notion of a principal G-bundles for a topological group G, we

highlight the main points below. A good reference for this material is [35, Section 4].

Definition 4.7.5. Let X be a topological space and let G be a topological group. A
(right) G-space P together with a continuous G-map ¢: P — X (where G acts trivially on
X) is called a principal G-bundle, if every point x € X has a neighbourhood U > z, such

that there exists a G-equivariant homeomorphism ¢y : ¢~ *(U) — U x G with pr o ¢y =
Alg-1wy

Let (B, p) be a locally trivial bundle of tracial von Neumann algebras over X with fibre
M. Consider Aut(M) as a topological group equipped with the u-topology. The principal
Aut(M)-bundle Pp is obtained by replacing the fibre M of B by the group Aut(M) while
preserving the transition maps. Write B, = p~!(z) for the fibre at x and Iso(M;, M) for
the set of isomorphisms between two von Neumann algebras. As a set we define

Pg = [] Iso(M, B).
zeX
Denote the canonical quotient map Pg — X by ¢. A local trivialisation ¢y: U x M —
p~H(U) induces a bijection
Yu: U x Aut(M) — ¢~ (U) = Pp|, = [ Iso(M, By).
zeU

Let V C X be another subset with U NV # () and such that there is a local trivialisation
ov:V x M — p~Y(V). Note that

(p‘_/long‘(UmV)xM:(UﬂV) XM —(UnNV)x M
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is of the form (z,a) — (z,¢pyv(a)) for a continuous map ¢y : (UNV) x M — M and

(p‘_/}](xv a) = oyv(x,a). We have

d}\;l o ¢U|(UOV)><Aut(M) (z,a) = (2, ¢uv(z) o ).

By Corollary 4.7.4 and the continuity of composition these maps are homeomorphisms.

Now equip Pp with the following topology: Cover X by trivialising neighbourhoods
(Ui)ier for B. A set V C Pp is open if and only if for every point y € V there exists an
i € I and a subset y € V' C V Nq 1(U;), such that ¢[}il(vl) C U; x Aut(M) is an open
neighbourhood of w&il(y). Since the transition maps ¢5j1 oy, (UyNUj) x Aut(M) —
(U;iNUj) x Aut(M) are homeomorphisms, this definition is consistent. With this topology
all maps vy, : U; x Aut(M) — ¢ (U;) become homeomorphisms. It is straightforward
to check that this topology does not depend on the choice of trivialising cover and that
q: P — X is a principal Aut(M)-bundle.

Conversely, given a principal Aut(M)-bundle ¢: P — X the quotient (P x M)/ ~
with respect to the equivalence relation (p - a, a) ~ (p, @(a)) for @ € Aut(M) is called the
associated bundle of tracial von Neumann algebras.

We shall show that these two constructions are inverse to one another. We need the

following well-known fact about principal bundles.

Lemma 4.7.6. Let X be a topological space and let G be a topological group. Letq: P — X
be a principal G-bundle. Suppose there exists a continuous section c: X — P. Then P is

isomorphic to the trivial principal G-bundle X x G.

Proof. The trivialisation of P is given by ¢: X x G — P with ¢(z,g) = o(x)g, which is
clearly G-equivariant. To construct an inverse, let P x, P = {(p1,p2) € P x P | q(p1) =
q(p2)} € P x P and note that the map x : P x4, P — G given by k(p1,p2) = g12 with
p1gi2 = po is well-defined and continuous, which can be checked using the local triviality

of P. The inverse of ¢ is then ¢ : P — X x G where ¢(p) = (¢(p), k(o (q(p)),p)). O

Remark 4.7.7. In a similar fashion, one can show that any G-equivariant map ¢: P — P’
between principal bundles q: P — X and ¢': P’ — X such that ¢’ o ¢ = ¢ is in fact an

isomorphism. Such a map is said to cover the identity on X.

Proposition 4.7.8. Let M be a Il -factor and let X be a topological space. The associated

bundle construction yields a bijection between isomorphism classes of locally trivial bundles
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of tracial von Neumann algebras with fibre M over X and isomorphism classes of principal

Aut(M)-bundles over X.

Proof. Let (B,p) be a locally trivial bundle of tracial von Neumann algebras and denote
by Pp the corresponding principal Aut(M)-bundle. We need to check that the bundle
of tracial von Neumann algebras associated to Pp agrees with B. Consider the map
(Pp x M)/~ — B given by [r,a] — r(a), where € Iso(M, By(y) and a € M. To see that
this is a homeomorphism, it suffices to check that it is a bijective local homeomorphism.
It is straightforward to see that it is bijective. Any choice of local trivialisation of B, over

U C X say, induces a corresponding trivialisation of Pp and we have

(P x M)/~y Bly

El l~

Ux (Aut(M) x M)/ ~——>Ux M

where the inverse of the lower horizontal map is given by (z,a) — (z, [idas, a]).

Let P be a principal Aut(M)-bundle. We have to check that the principal Aut(M)-
bundle Pg obtained from B = (P x M)/~ agrees with P. By Remark 4.7.7 it suffices to
construct a continuous Aut(M )-equivariant map P — Pp covering the identity on X. This
is defined by sending r € P to the isomorphism in Iso(M, By,)) that maps a to [r,a] € B.

Continuity is again easy to check in local trivialisations. O

Now that we have rephrased the classification of locally trivial W*-bundles in terms
of principal G-bundles, we can now make use of tools from algebraic topology and sheaf
theory for classifying principal G-bundles. For a general overview of such methods, see for

example [35, Section 12]. For our purpose, we need only the following theorem.

Theorem 4.7.9. Let X be a paracompact Hausdorff space and let G be a contractible
topological group. Let q: P — X be a principal G-bundle. Then P is trivialisable.

Proof. The assumptions about P, X and G imply that P — X has a global section
by [19, Lemma 4]. Now apply Lemma 4.7.6. O

Corollary 4.7.10. Let M be a locally trivial W*-bundle with all fibres isomorphic to the
IL factor M. Assume Aut(M) is contractible with respect to the u-topology. Then M is

trivial.
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Proof. By the results of Section 3.6.2 and Proposition 4.7.8, it suffices to show the corre-
sponding principal Aut(M)-bundle is trivial. This follows from Theorem 4.7.9, since by
assumption Aut(M) is contractible. O

Corollary 4.7.10 together with Popa and Takesaki’s result that Aut(R) is contractible

in the u-topology [70, Theorem 4] gives Theorem 4.7.1.

4.7.3 Non-Trivial, Locally Trivial W*-Bundles

In this section, we construct examples of non-trivial, but still locally trivial, W*-bundles
over the circle S'. This construction is due to myself and Ulrich Pennig and appears
in [23, Section 5].

The construction is based on the idea that the isomorphism classes of locally trivial
bundles of tracial von Neumann algebras with fibre the II; factor M are in bijection with
the homotopy classes of continuous maps S — BAut(M), where BAut(M) denotes the
classifying space of the automorphism group. This space of homotopy classes is in turn
isomorphic to the set of conjugacy classes in mo(Aut(M)). Since mo(Aut(M)) surjects
onto mo(Out(M)), it suffices to find II; factors for which Out(M) is not path-connected
to obtain non-trivial examples. Examples of 1I; factors with Out(M) isomorphic to a
prescribed compact group have been constructed by Ioana, Peterson and Popa in [36] in
the abelian case and by Vaes and Falguieres in [24] for general compact groups.

We shall use the construction from [24]. Let G be a non-trivial finite group. As sketched
at the end of [24, Section 2|, there exists a minimal action of G on R. By [24, Corollary
2.2] the group I' = SL(3, Z) acts on the fixed point algebra R®. Let M = (R xT) xzc R.
The natural map G — Aut(M) induces an isomorphism G = Out(M) by [24, Corollary
2.2]. Since M is full, Out(M) is Hausdorff. Therefore, the bijection G — Out(M) induced
by the action is a homeomorphism. Let 6: Aut(M) — Out(M) = G be induced by the
quotient map and the above identification.

Fix ¢ € G and let a € Aut(M) be an automorphism with #(a) = g. This choice

induces a group homomorphism Z — Aut(M ), which will also be denoted by «. Let
B=Rx,M (4.7.3)

that is, take the product R x M modulo the equivalence relation (¢t +n,m) ~ (¢, a(n)(m))
for all n € Z. Together with the canonical quotient map B — S', this is a bundle of

tracial von Neumann algebras over S! in the sense of Definition 3.6.1 with trivialising
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neighbourhoods as in (4.7.2). We can, therefore, via Theorem 3.6.11, define a locally
trivial W*-bundle M which induces B.

Lemma 4.7.11. Let G be a non-trivial finite group, let M be the II;-factor with Out(M) =
G constructed above, let o« € Aut(M) and g = 0(«), such that g # e. Then the W*-bundle
M associated to the bundle of tracial von Neumann algebras B given by (4.7.3) is non-

trivial.

Proof. Let q: P — S! be the principal Aut(M)-bundle of B. Suppose for a contradiction
that M is trivial. By the results of Section 3.6.2 and Proposition 4.7.8, P is trivialisable.
Consider ) = P xg G defined as the quotient of the product P x G with respect to the
equivalence relation (p - 3,g) ~ (p,0(B) - g) for € Aut(M). If P is trivialisable, so is @,
but Q — S! is a principal G-bundle over S! for the finite group G. By elementary covering
space theory, the isomorphism classes of these are in correspondence with the conjugacy
classes of G.

More precisely, the conjugacy class associated to () can be obtained as follows. Choose
a basepoint ¢y € @ and lift the quotient map [0, 1] — S to a continuous path v: [0,1] — @
with (0) = go. By the path lifting property such a lift exists and is unique. Since 7(0)
and (1) lie in the same fibre, there is a unique h € G, such that (0) = (1) - h. The
conjugacy class of h € GG is independent of ¢g.

The bundle ) constructed above corresponds to the class of g € G, whereas the trivial
bundle corresponds to the conjugacy class of the neutral element e € G, which only

contains e, in contradiction with g # e. Therefore M can not be trivial. O

The above construction can easily be extended to construct non-trivial, but locally

trivial, W*-bundles over more general spaces than S'; see [23, Remark 5.2].
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Chapter 5

The Theory of Sub-W*-Bundles

Vaughan Jones’ discovery of the rich combinatorial structure arising from a pair of Iy
factors N C M earned him a Fields Medal in 1990 and founded a new branch of operator
algebras: subfactor theory.

Subsequently, a variety of methods for constructing subfactors were developed and
investigated. Often, such constructions produce not just one subfactor but a whole
parametrised family of subfactors. In this chapter, we use W*-bundles to encode a family
of subfactors as a single inclusion of W*-bundles N' C M. As we develop the theory of
these sub-W*-bundles, following the path set by Jones in [38] for subfactors, we shall see

that tracial continuity properties of the family of subfactors will play a crucial role.

5.1 A Primer on Subfactor Theory

Before beginning our study of sub-W*-bundles, we recall the landscape of subfactor theory

as developed by Jones in [38]. We begin by defining the object of study.
Definition 5.1.1. A subfactor is a unital inclusion of II; factors N C M.!

Simple examples of subfactors arise from matrix inflations 1®@ N C M (C) ® N, where
N is a II; factor; from cross products N C N x, G, for suitable group actions o : G ~ N;
and by considering the inclusion of the group von Neumann algebras L(H) C L(G) coming
from an inclusion of ICC groups H C G. See [38, Section 2.3] for more details.

The first and most fundamental invariant of a subfactor is its index. The index is

defined using the theory of Murray—von Neumann coupling constants, which goes back

'Type TIT subfactors can also be studied (see [49]) but they will not be considered here. We follow

common practice and use the symbol C for subfactors instead of C. The inclusion need not be strict.

183
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to [60]. In [38, Section 2.1], Jones defines the index of a subfactor N C M by considering
the ratio of the Murray—von Neumann coupling constants dimps(H) and dimy(H) for a
normal representation H of M and its restriction to N. He then shows that it suffices to

consider the the Murray—von Neumann coupling constant for the representation of N on

L?(M). We take this as our definition.
Definition 5.1.2. [38, Section 2.1] The index of a subfactor N C M is given by
[M : N| = dimyL*(M) (5.1.1)

Using the basic properties of Murray—von Neumann coupling constants, it not hard to
verify that [M(C) ® N : 1 ® N] = k2. Moreover, we have [N x, G : N] = |G|, under
reasonable assumptions on that action «, and [L(G) : L(H)] = |G : H|, the index of H
in the group G. See [38, Section 2.3] for more details. The index of a subfactor can be
infinite, for example 1 ® R C R®R, and can also be non-integral, as will see shortly.

Given a subfactor, N C M there is a unique trace-preserving conditional expectation
En : M — N [90, Theorem 1]. This conditional expectation extends to a self-adjoint
projection ey € B(L?(M)) [38, Section 3.1]. The von Neumann algebra generated by M
together with ey is called the basic construction for the subfactor N C M and denoted
(M, en). The key result of Jones, which makes the general study of subfactors possible, is
the following.

Proposition 5.1.3. [38, Proposition 3.1.7] Let N C M is a subfactor of finite index, then
the basic construction (M,en) is a II) factor containing M and [(M,en) : M| = [M : N].

It follows that, starting with a subfactor N C M of finite index, the basic construction

can be iterated, producing a nested sequence of II; factors
NCcMycM; CMyCMgC---, (5.1.2)

where My = M, My = (M,en) and M,y = (M;,ep, ,) for ¢ > 1. We call (5.1.2) the
Jones tower of the subfactor N C M. The sequence of projections with ey = en and

e; = en; , for ¢ > 1 are called the Jones projections. We can view the Jones projections

as living in the II; factor Moo = (|, M;)".2

2Since II; factors have a unique trace, there is a unique trace on the union Use, Mi. We take the

bicommutant in the GNS representation corresponding to this trace.
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The Jones projections satisfy the following relations

e; = ei* = 61'2 (’L S N(]) (5 1.3)

€;6j = €5¢; (2,] € Np, ‘Z —j‘ > 2), (5 1.4)

cieizie; = B e (i € No), (5.1.5)

tr(we,) = B tr(w) (n € No,w € Alg{1,e0,...,€n-1}), (5.1.6)

where 8 = [M : NJ]. These relations are sometimes refereed to as the Temperly—Lieb

relations [83], although conventions differ. To avoid ambiguity, we shall use the terminology
Jones relations.

The Jones relations together with the requirement that the trace on a II; factor is a
positive functional lead to a restriction on the possible values for the index of a subfactor.

This is the main result of [38].

Theorem 5.1.4. [38, Theorem 4.3.1] If N C M is a subfactor, then either [M : N| > 4

or [M : N] =4cos*(Z) for somen > 3.

We call {4cos?(Z) :n = 3,4,...} U[4,00] the Jones set of allowed indices. The Jones
set can be viewed as the union of a discrete part {4 cos?(Z) : n = 3,4, ...} and a continuous
part [4, co].

If 8 < oo is in the Jones set, then one can construct a subfactor N C M of index
[ starting with the Jones relations for that S. The idea is that M is the von Neumann
algebra generated by all the Jones projections {e; : i« > 0} and N is the von Neumann
algebra generated by all the Jones projections bar the zero-th {e; : i > 1} (see [38, Theorem
Theorem 4.1.1]).

The difficult part is to show that the Jones relations can be realised in a tracial von
Neumann algebra whenever S is in the Jones set. This is shown in [38, Theorem 4.3.2]
by considering inclusions of finite dimensional algebras in the case § < 4. A more direct

approach is set out in [30, Sections 2.8-9].

5.2 Basic Definitions

We now begin the study of sub-W*-bundles. Informally, a sub-W*-bundle over the com-
pact Hausdorff space X will be a pair of W*-bundles N' C M with the same base space

X sharing a common, centrally-embedded copy of C'(X) and with the same conditional
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expectation F, by which we mean that the conditional expectation F V) of the W*-bundle
N is the restriction to N of the conditional expectation EXM of the W*-bundle M.

In what follows, we give an a priori more general definition, that of a C'(X)-preserving
inclusion of W*-bundles, and show that it agrees with the informal definition of sub-W*-

bundles given above.

Definition 5.2.1. Let M, N be W*-bundles over a common compact Hausdorff space X.
A C(X)-preserving inclusion is a morphism of W*-bundles ¢ : N' — M which extends the

identity on C'(X), i.e. the following diagram commutes:

N——sM (5.2.1)

E(N)i E(M)l

C(X) =% 0(X),
where EN) and EM) are the conditional expectations of the respective W*-bundles.
Proposition 5.2.2. A C(X)-preserving inclusion is injective.

Proof. This follows from (5.2.1) and the faithfulness of EM). Indeed, for a € N,

Wa) =0 u(a)t(a) =0 (5.2.2)
& EM(y(a)*(a) =0 (5.2.3)

s EM(y(a*a)) =0 (5.2.4)

o EM(a*a) =0 (5.2.5)
&a=0. (5.2.6)

[

As a consequence of Proposition 5.2.2, given a C'(X)-preserving inclusion ¢ : N' = M,

2 u-closed subalgebra of M containing C'(X) and view EW)

we can identify N with a || - |
the restriction of E) to A/. This shows that C(X)-preserving inclusions and sub-W*-
bundles are essentially the same thing.

The next proposition shows how a sub-W*-bundle encodes a family of inclusions of

tracial von Neumann algebras parametrised by the base space.

Proposition 5.2.3. A C(X)-preserving inclusion v : N — M induces a unital, trace-

preserving inclusion v, : Ny — My for all x € X.
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Proof. Fix z € X. From (5.2.1) it follows that EX (u(a)*1(a))(z) = EW)(a*a)(z) for all
a € N. Hence, the inclusion ¢ : N/ — M descends to a trace preserving map between the

corresponding quotients ¢, : N — M, (see Section 3.2.1). O

We end this section with some notational conventions for the rest of the chapter.

Notation and Terminology 5.2.4. Fix a compact Hausdorff space X to be the base
space for all W*-bundles. We write N' C M to denote a sub-W*-bundle and typically write
E for the conditional expectations of A" and M onto C'(X), saving the notation EX) and
EWM) for cases where additional clarity is helpful. Since in later sections there will be a
plethora of conditional expectations, we will refer to the conditional expectation E as the
C(X)-valued trace. We write N, C M, for the induced trace-preserving inclusion of the
fibres.

5.3 An Existence Theorem

We have already constructed many examples of sub-W*-bundles, namely the subtrivial W*-
bundles of Section 3.1. The main result of this section is a generalisation of Proposition

3.1.10 to the case where M is not necessarily a trivial bundle.

Proposition 5.3.1. Let M be a W*-bundle over X. For each v € X, let N, be a
von Neumann subalgebra of M, containing the identity. Set N = {a € M : a(x) €
N, for allxz € X}. Then N C M is a sub-W*-bundle and the following are equivalent:

(i) For allz € X, N; = N,.
(i4) For all a € M, the map x — dist)., (a(z), Nz) is upper-semicontinuous.

Proof. Hereinafter, we drop subscripts and write dist(-,-) instead of dist)., (-,-). The
fibre M, will be clear from the context.

Using the fact that passing to fibres of a W*-bundle is a *-homomorphism, it’s straight-
forward to show that A is a || - ||2,,-closed *-subalgebra of M containing C'(X), so is itself
a W*-bundle when endowed with the restriction of the conditional expectation EXM).

(i) = (ii) Let a € M,z¢ € X, and € > 0. There exists ¢ € N, such that |la(zg) —
cll2,r, < dist(a(zo), Ngy) + €. Since N = N, for all # € z, there is b € N such that
b(xo) = c.

Since = +— |la(z) — b(x)||2,-, is continuous by Proposition 3.2.6, there is neighbourhood

U of zg such that ||a(x) — b(x)]||2,r, < dist(a(zo), Ny,) + € for all z € U. Since b(z) € N,



188 CHAPTER 5. THE THEORY OF SUB-W*-BUNDLES

for all z, it follows that dist(a(z), Ng) < dist(a(zo), Ngz,) + € for all x € U. Therefore, the
map z — disty.|, . (a(x), Nz) is upper-semicontinuous.

(ii) = (i) By definition N; C N,. We need to show equality. In other words, we need
to prove that for all zp € X and ¢ € N,, there is some a € N with a(zg) = c.

We construct such an a as the limit of a sequence (a,) € M with the following

properties:

lanll < [l]l, (5.3.1)
an(zo) = ¢, (5.3.2)

1
lan — an—1ll2u < o1 (5.3.3)

1
sup dist(an(x), Nz) < —. (5.3.4)

zeX AL

Assuming for now that such a sequence exists. Axiom (C) together with (5.3.1) and (5.3.3)
ensure that (ay) has a [ - ||2,,-limit @ € M. Taking limits in (5.3.2) ensures that a(z¢) = c.
Finally, property (5.3.4) ensures that, for each z € X, a(z) lies in the || - ||2,7,-closure of
N, so a(x) € Ng; hence, a € N.

We now construct the sequence (ay). This is done by induction. First, we construct
ay. Let b € M be any norm preserving lift of ¢ € M,,. Since x — dist(b(x), N;) is upper-
semicontinuous, there is an open neighbourhood U 3 xg such that sup,¢;; dist(b(y), Ny) <
3. Choose a continuous function ¢ : X — [0,1] such that ¢(zo) = 1 and ¢(X \ U) C {0}.
Set a; = ¢b. Properties (5.3.1) and (5.3.2) are clearly satisfied, property (5.3.3) is void,
and property (5.3.4) comes from considering the cases x € U and = € X \ U separately.

Suppose now that aq,...,a,—1 have been constructed with the desired properties. We
construct a,. By (5.3.4), there is, for all 2 € X, ¢{®) € N, such that ||a,_1(z) — @2, <

2,},1. In fact we can take c(®) = En,(an—1(z)), where Ey, is the canonical conditional

expectation M, — N,. This ensures that we also have ||c® || < ||lan,_1(z)| < |lc|| and
c®0) = ¢, Let b(*) € M be any norm preserving lift of ¢*) € M,,.

By Proposition 3.2.6 and the upper-semicontinuity of y — dist(b(®)(y), Ny), there is an
open neighbourhood U®) 5  such that

© 1
sup ||an—1(y) — bl )(y)HQ,Ty < =1 (5.3.5)
yEU(w)
1
sup dist(b® (Y), Ny) < . (5.3.6)
yeU®) 2

The open cover {U @ . zeX } of X has a finite subcover by compactness of X. We

write this subcover as Uy, ..., Uy, and the corresponding elements of {b(*) : z € X} as



5.4. EXPECTED SUB-W*-BUNDLES 189

bi,...,bym. We may assume that U; = U®0) and by = b(*0), Let ¢1, ..., ¢, be a partition
of unity subordinate to Uy, ..., Uy, with ¢1(z) = 1. Set a, =Y ;" ¢;b;. Property (5.3.1)
follows since we ensured that |6 || < ||c|| for all z € X and ¢1,..., ¢, is a partition of
unity. Property (5.3.2) follows by construction. Properties (5.3.3) and (5.3.4) follow from
(5.3.5) and (5.3.6) respectively because ¢1, ..., ¢, is a partition of unity. This completes
the proof. O

Remark 5.3.2. Since dist(a;(z), N;) < dist(az(z), Ny)+||a1(x) —az(z)||2,7, for a1,az € M,
it suffices to check condition (ii) in Proposition 5.3.1 for all a € ', where IT" is a subset of
M with the property that for all x € X and b € M, there is a € I' such that a(z) = b.
In particular, when M = C,(X, M) is a trivial bundle, we may take I' to be the constant

functions and, thereby, deduce Proposition 3.1.10.

5.4 Expected Sub-W*-Bundles

For a unital inclusion of tracial von Neumann algebras N C M, there is always a unique
trace-preserving conditional expectation Ex : M — N. In this section, we provide a
necessary and sufficient condition on an sub-W*-bundle N' C M for the existence of a
conditional expectation Enr : M — N which preserves the C'(X)-valued trace E.

The following proposition implies that there is only one candidate for a C(X)-trace—
preserving conditional expectation Enr : M — N: we must have Ex(a)(z) = Ep, (a(z)),

where E), is the canonical trace-preserving conditional expectation M, — N.

Proposition 5.4.1. Let N' C M be a sub-W*-bundle over X. Suppose there is a con-
ditional expectation Ex : M — N such that EM = EW) o €y, Then for each x € X,

there is an induced trace-preserving conditional expectation (Enr)y @ My — Ny given by

a(z) = En(a)(x).

Proof. Let a € M. Since &€ is a cpc map, we have the Schwarz inequality 0 < £(a)*E(a) <
£(a*a) (see Corollary 2.5.4). Suppose now that EX)(a*a)(z) = 0 for some 2 € X. Then

0 < EM)(En(a)*En(a))(z) < EN)(En(a*a))(z) = EM) (a*a) = 0. (5.4.1)

So EN)(Exr(a)*En(a))(z) = 0. Hence, there is a bounded linear map between the respec-
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tive quotients (Exr)y : My — N such that the diagram

M—E N (5.4.2)

evaly i evaly l
(

EN)a
M, &

commutes. Basic lifting arguments show that (Ex), is a conditional expectation. Since

EM)(a)(x) = EN)(Exr(a))(z), we see that (Ex), is trace preserving. O

Now that we know that there is only one candidate for an FE-preserving conditional
expectation Exnr, we simply have to determine when the fibrewise definition En(a)(z) =
Ep,(a(z)) is well defined. The point here is that, for a given a € M, there need not be
an element Ey(a) € N with Ex(a)(x) = En, (a(x)).

Theorem 5.4.2. Let N C M be a sub-W*-bundle over X. The following are equivalent:
(i) There exists a conditional expectation Enr: M — N such that EXM) = EWNM o &y
(ii) For all a € M, the map x — dist., (a(zx),Ny) is continuous.

Proof. Hereinafter, we drop subscripts and write dist(-,) instead of dist|., (+,-). The
fibre M, will be clear from the context.

(i) = (ii) Suppose such a conditional expectation exists. Then by Proposition 5.4.1,
En(a)(z) = En,(a(z)) for all a € M and x € X. Hence, for all a € M and z € X, we
have

dist(a(2), N:) = lla(z) — Ex; (a(@))|2r, = lI(@ - Ex(@)(@) s, (5.4.3)

which is continuous in x by Proposition 3.2.6.

(ii) = (i) This makes use of Theorem 3.2.10. Let a € M, xp € X and € > 0. Let b € N/
be a norm-preserving lift of Ex;, (a(xo)) € Ny,. Let € X. Since a(z) — Ep, (a(x)) and
En,(a(z)) — b(z) € N, are orthogonal in L?(M,), we have

la(z) = b(@)II3.7, = la(z) = Ex; (a@)]3 -, + | Ex. (a(z)) = b(@)]3 -, (5.4.4)

= dist(a(z), No)? + || En, (a(2) = b(2)]3 ., (5.4.5)

Suppose the map x +— dist(a(z),N;) is continuous. Since = — |la(x) — b(x)||2,, is also
continuous by Proposition 3.2.6, it follows from (5.4.5) that the map =z — [|Ep, (a(x)) —

b(z)||2,7, is continuous. Hence, there exists an open neighbourhood U of zy such that

1En, (a(x)) = b(@)|l2,r. <€ (5.4.6)
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for all z € U. By Theorem 3.2.10, there exists Exr(a) € N such that Ear(a)(z) = En, (a(x))
for all z € X. That the map Eyv : M — N, thus defined, is a conditional expectation
satisfying EM) = EW) o £y follows from the fact that for each z € X, E)y, is a trace-
preserving conditional expectation M, — N, together with Propositions 3.2.5 and 3.2.6.

O

It is noteworthy that condition (ii) of Theorem 5.4.2 is missing half of continuity from
condition (ii) of Proposition 5.3.1. Indeed, in order to define a sub-W*-bundle N' C M
by specifying a family of {N,},cx of von Neumann subalgebras, one only needs upper-
semicontinuity of x — dist)., (a(x),N;) for all a € M. For the bundle to have a
conditional expectation &y : M — A such that EM) = EW) o En, however, lower-
semicontinuity is also needed.

In light of this, it is easy to give an example of a sub-W*-bundle with no E-preserving

conditional expectation.

Example 5.4.3. Let M be a tracial von Neumann algebra and N a von Neumann
subalgebra containing 1;;. We can define a sub-W*-bundle N of the trivial bundle
M = C,([0,1], M) with N, = M for x € [0,1) and N7 = N. Indeed, we have

dist(a(z), N,) = ! r7d (5.4.7)

dist(a(1),N) xz=1

for a € M, which is upper semicontinuous. When N # M, there will not be a conditional
expectation £ : M — N since, choosing a € M with a(1) ¢ N, x — dist(a(z),N) is not

continuous.

The existence of an F-preserving conditional expectation is vital for the further devel-

opment of a Jones theory for sub-W*-bundles. We therefore make the following definition.

Definition 5.4.4. An expected sub- W*-bundle is a sub-W*-bundle for which an F-preserving

conditional expectation exists. We write N' Cg,, M for an expected sub-W*-bundle.

5.5 Standard Form and the Basic Construction

In this section, we mimic Jones’ basic construction from [38, Section 3] for an expected
sub-W*-bundle N’ C¢,, M (over a base space X which is compact Hausdorff and fixed for

this section).
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Jones’ basic construction relies on the standard form for a tracial von Neumann algebra;
hence, we shall be using the results of Sections 3.2.2 and 3.5. In order to cut down on
excessive notation, we make the following conventions. If M is a W*-bundle over X,
then we represent M on the Hilbert-C(X)-module L?(M) via left multiplication (see
Definition 3.2.11) and identify M with its image under this representation. We obtain
induced representations of the fibres M, on L?(M,) (see Remark 3.5.2), which we also
view as identifications. By Proposition 3.5.4, the fibration of M is consistent with that of
L2(M) and L(L2(M)). We use the notation of Section 3.2.2, writing b for the image of
be M in L2(M) and M for the image of M in L2(M).

Now suppose N C M is sub-W*-bundle. Since EM) extends F W) we simply write £
for the C'(X)-valued trace. Since the inclusion N' C M is || - ||2,, preserving, it induces an
inclusion of Hilbert-C'(X)-modules L*(N) C L*(M). We write (-,-) for the C'(X)-inner
product on L?(N) and its extension to L?(M).

The first thing to do is to show that the conditional expectation Ex of an expected
sub-bundle V' Cg,, M defines a self-adjoint projection on L?(M).

Proposition 5.5.1. Let N Cg¢,, M be an expected sub-bundle. The conditional expectation
En i M — N estends to a self-adjoint projection ey : L2(M) — L*(N') € L2(M).

Proof. Since €y is a cpc map, we have the Schwarz inequality 0 < Ear(a)*En(a) < En(a*a)
for all a € M (see Corollary 2.5.4). It follows that ||Epx(a)|l2u < ||lal|2,, for all a € M.
Hence, the densely defined operator ey : M= N given by a — m is bounded and,
therefore, extends to a bounded operator L?*(M) — L?*(N) C L*(M). Since &y is a

conditional expectation, we have

~

(ena,b)y = E(Epn(a)b”)

I
§ & & o

a&n (b))

~

( (5.5.1)
( (5.5.2)
(En(a)En (b)) (5.5.3)
( (5.5.4)
( (5.5.5)

(5.5.6)

= <av EN >7

where a,b € M. So, by density, ey is an adjointable operator on L?(M) with e = en-
As &y is a conditional expectation, Ear(Ex(a)) = a. By density, it follows that e, = ey

Hence, ey is a self-adjoint projection. O
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Inspired by Jones, we make the following definition.

Definition 5.5.2. Let N Cg,, M be an expected sub-bundle. The basic construction is
the strictly closed *-subalgebra M; of L(L?*(M)) generated by M and ey of Proposition
5.5.1. We write My = (M, enr).

Some of the algebraic features of Jones’ basic construction from [38, Section 3.1] carry

over to the new setting with the same proof. We record them in the following proposition.

Proposition 5.5.3. Let N Cg,, M be an expected sub-W*-bundle and My = (M, ex) be

the basic construction.
(i) Let a € N. Then enaen = En(a)en.
(ii) Let a € M. Then a € N if and only if exa = aepr.
(iii) Let J be the involution on L*(M). Then Jeyx = enJ.
() The set {a+ > g o Gienbi = a,a;,b; € M} is a strictly dense subalgebra of M;.

Proof. (i) Let a,b € M. Then

—

exaenh = exa(En(b)) (5.5.7)
= en(alnr(b)) (5.5.8)
= (En(alnr (b)) (5.5.9)
= (En(a)En (b)) (5.5.10)
= En(a)end. (5.5.11)

The result now follows by density.

—

(ii) Let z € M. Suppose exa = aep. Then a = aenl = enal = En(a). So, a =
En(a) € N. Conversely, suppose a € N'. Then e/\/ag = Em) = m) = ae/\/g for
all b € M. Hence, by density, exra = aep.

—_—

(iii) Let @ € M. Then Jeya = Enx(a)* = En(a*) = exJa. Hence, by density, enJ =

Jenr.

(iv) It follows from (i) that {a + D> 4.0 Giendi : a,a;,b; € M} is a *-subalgebra of
L(L*(M)) containing M and eyr. It is clearly contained in Mj. Hence, M is the

strict closure of this subalgebra. O
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The basic construction M; = (M, exr) corresponding to an expected sub-W*-bundle
N Cg, M is a subalgebra of £(L?(M)), so inherits a fibration over the base space X. We
shall typically write a — a(x) for evaluating at the fibre (M), as for W*-bundles.

One would expect that (M7), is the basic construction corresponding to the inclusion

N, C M. Half of this intuition is dealt with by the following proposition.

Proposition 5.5.4. Let N Cg,, M be an expected sub-bundle over the base space X and
M the basic construction. Then (Mi)y C (Mg, en;,) for any x € X.

—_ —

Proof. Let x € X. By Proposition 5.4.1, we have ex(z)a(x) = (exa)(z) = E(a)(z) =
En, (a(z))” for a € M. So, by density, ex(z) = e, .

By Propositions 2.11.16 and 2.11.24, passing to fibres is a *-homomorphism which is
continuous for the strict topology on £(L?(M)) and the strong* topology on £(L?(M)).
Hence, (M), is contained in the von Neumann subalgebra of £(L?(M,)) generated by
M, and ey, which is (Mg, enr,) by definition. O

The reverse inclusion would follow if one could show that (Mj), is a von Neumann
algebra. In the next section, we prove this under the additional hypothesis that M is
strictly separable. Under the same additional hypothesis, we are able to show that M

and JNJ are commutants of each other.

5.6 Generalised W*-Bundles

Investigating the basic construction for an expected sub-W*-bundle forces us to consider

a generalisation of W*-bundles.

Definition 5.6.1. Let X be a compact Hausdorff space. A generalised W*-bundle over
X is a strictly closed subalgebra of £L(H), for some Hilbert-C(X)-module H, containing
the canonical copy of C(X) C L(H).3

This definition of generalised W*-bundles encompasses the original by identifying a

W*-bundle with its standard form.

Proposition 5.6.2. Let M be a W*-bundle over X. Write L : M — L(L*(M) for the
standard form representation. Then L(M) is a strictly closed subalgebra of L(L*(M))

containing the canonical copy of C(X).

3The canonical copy of C(X) C £L(H) means the operators fIdg for f € C(X).
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Proof. Tt follows from Proposition 3.2.14 that L(M) is a C*-subalgebra of L(L?*(M))
containing the canonical copy of C'(X). We show that it is strictly closed.

By the Kaplansky Density Theorem, it suffices to show that the unit ball of L(M) is
strictly closed. Hence, it suffices to show that the unit ball L(M) is complete with respect
to the strict topology. However, this follows from Proposition 3.2.15 and the fact that
the unit ball of M is complete with respect to the || - [|2,-norm because, if (ay)ien is a

bounded net in M, so is (a) — au)(,\,y)eAxA- 0

The fibration of £L(H), where H is a Hilbert-C(X)-module, defined in Proposition
2.11.16 induces a fibration of a generalised W*-bundle. By Proposition 3.5.4, this definition
of the fibres of a generalised W*-bundle extends that of W*-bundles. We denote the fibre
of a generalised W*-bundle M at the point x € X by M, as with standard W*-bundles.

For Definition 5.6.1 to be an appropriate definition, it should be required that the
fibres of a generalised W*-bundle are von Neumann algebras. This can be shown in the
case that the Hilbert-C'(X)-module is countably generated using the C'(X)-valued metrics
introduced in Proposition 2.11.25. The proof is closely modelled on that of Theorem 3.2.9.

Theorem 5.6.3. Let M C L(H) be a generalised W*-bundle over X with H countably

generated. Then My is a von Neumann algebra for all x € X.

Proof. Let x € X. Suppose H = spang(x){v; : i € N}, where v; € H and |[lv;||g < 1 for
all i € N. Define a C'(X)-valued metric on L(H) by

o0

AT 8) =3 o (T = S)uu, (T — Sy /2 4 (T = §)°wi, (T — §)w)*?)  (5.61)
=0

for T, S € L(H) as in Proposition 2.11.25, and consider also the metric on £(H) given by

1

)= 5 (1= s)vi(@)llm, + 1t = ) vi(2)ll.) (5.6.2)
1=0

for t,s € L(H,) as in Remark 2.11.26.

We need to show that M, is strong* closed in £(L?*(M),). By the Kaplansky Den-
sity Theorem, it suffices to show that the unit ball of M, is closed in the unit ball of
L(L?*(M),). Since d, induces the strong* topology on bounded sets, it suffices to show
that d, restricted to the unit ball of M, is a complete metric.

Let (t,) € M, be a sequence that satisfies ||t,|| < 1 for all n € N and is a Cauchy
sequence with respect to the d, metric on M,. We need to find t € M, with ||¢]] < 1

such that (t,) converges to ¢t with respect to the d, metric on M,. Since a Cauchy
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sequence will converge to the limit of any convergent sub-sequence, we may assume that
dy(tny1,tn) < 2% without loss of generality.

We shall construct a sequence (T™) C M inductively such that

™ = t,, (5.6.3)
1T <1, (5.6.4)
d(T™, 7y < 2% (5.6.5)

for all n € N. Recall that with C*-algebras we may always lift elements from quotient
algebras without increasing the norm [74, Section 2.2.10]. Let T be any such lift of
t1. Suppose now that T, ... T have been defined and have the desired properties.
Let T"*1) be any lift of ¢,y with ||[77*V| < 1. The map y — dy(T;(nH),TzSn)) =
d(T'"+1) 7)) (4) is continuous by Proposition 2.11.25(a). Since

dp (T 1) Ty < 2% (5.6.6)

we can find an open neighbourhood U of x such that

1

sup d,, (T, T, () < o (5.6.7)
yeU

We then take a continuous function ¢ : X — [0, 1] such that ¢(z) = {1} and ¢(X \ U) C
{0}, and set T +D) = 7"+ 4 (1 — $)T(™. We have that 7™ = t,,, and, using
Proposition 2.11.16, we see that |7 *+D|| < 1. Finally, we have that

T = T8V, + 1T = T8 0i(y) |,

dy (TS0, 1) =3 5 (5.6.8)
=0
s lew) (@™ = 1"y, + 16w (@G = 1) v ),
=0 2!
(5.6.9)
= |p(y)|dy (T, 1, T(M) (5.6.10)

for y € X. By considering the cases y € U and y € X \ U separately, we get that
d(T™, 7+1)) < L This completes the inductive definition of the sequence (7).
Since the C'(X)-valued metric d induces the strict topology on bounded sets, (7))
is strictly Cauchy, so convergences to some 7' € L(H) with ||T|| < 1 because the unit
ball of L(H) is complete with respect to the strict topology (Proposition 2.11.22). Since
M is strictly closed T € M. We set t = T,. The convergence of (t,) to t follows since
dy(tn,t) = d(T™,T)(x). O
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Corollary 5.6.4. Let N Ce¢ M be an expected sub-W*-bundle over X with M strictly
separable. Then the basic construction My is a generalised W*-bundle and (My), is the

basic construction (Mg, en;,) for Npy C My, for a x € X.

Proof. By Proposition 5.5.4, (M), C (Mg, en,). Strict separability of M implies || - ||2,u-
separability of M by Corollary 3.2.19 and in turn that L?(M) is countably generated.
Hence, we may apply Theorem 5.6.3 to get that (M), is as von Neumann algebra. Since

(M), contains M and en;, = epr(x), it follows that (Mi), D (Mg, en,). O

We can also prove a analogue of Theorem 3.2.10 for generalised W*-bundles represented
on countably generated Hilbert modules by mimicking the proof of Theorem 3.2.10 but
using a C'(X)-valued metric instead of the C'(X)-valued trace E.

Theorem 5.6.5. Let M C L(H) be a generalised W*-bundle over X with H = spangx){vi :

i € N}, where v; € H and ||v;||lg <1 for all i € N.

Let f : X — Ugex M, be a function such that f(x) € M, for all z € X. Suppose
that sup,cx || f(x)|| < oo and, for all x € X and € > 0, there is an open neighbourhood
U@ 52 and T® € M such that

sup dy(f(y), Ty") <, (5.6.11)
yeU (@)

where dy is the metric on L(H,) defined in Remark 2.11.26. Then there is T € M such
flz) =T, for allz € X.

Proof. Fix n € N. Let * € X. Choose S®@ € M such that [|[S®| < ||f(z)| and
Sy) = f(x), and choose T®) € M together with an open neighbourhood U®) of z such
that sup, /() dy(f(y),Tém)) < % Due to the continuity of y — dy(TZSz),Séz)), we may,
after shrinking U(*), assume that Sup, ey dy(f(y)s SZ(/x)) < % The family of open sets
{U @ .z e X } form an open cover for X. By compactness, a finite subcover exists.

Denote the open sets in this finite subcover by Uy, ..., U,, and the corresponding elements

of M by S1,...,Sm. Let ¢1,..., ¢n be a partition of unity subordinate to Uy, ..., U,,. Set



198 CHAPTER 5. THE THEORY OF SUB-W*-BUNDLES

R = Z;n:l ¢jS(j). Using the fact that ¢q,..., ¢, form a partition of unity, we compute

LWL R = 3 1Y 6,000 Dl +1 Zqﬁg = SO u)l)
R (5.6.12)
B i i; Noi)la + 1) = ST vilw) |l ar)
o (5.6.13)
= i%(y)dy(f(y), S (5.6.14)
< }L (5.6.15)

It follows that (R(™) is a Cauchy sequence with respect to the C'(X)-metric d. It follows
from Proposition 2.11.16 that ||[R™|| < sup,cx || f(x)|| for all n € N. Now Propositions
2.11.22 and 2.11.25 together ensure that that (R(™) has a strict limit 7 € £(H). As M
is strictly closed, T' € M. That T,, = f(y) for all y € Y follows from uniqueness of limits
as Rz(,n) — T, and Rén) — f(y). O

Corollary 5.6.6. Let N Ce M be an expected sub-W*-bundle over X with M strictly
separable. Let M1 be the basic construction. Then My and JNJ are commutants of one

another.

Proof. The algebra JN'J C JMJ = R(M) commutes with M = L(M) by Proposition
3.2.14 together with Theorem 3.5.5. Furthermore, JNJ commutes with ey by Propo-
sition 5.5.3(ii-iii). Hence, My C (JNJ)" and JNJ C M/, making use of the fact that
commutants are strictly closed. The reverse inclusions use Theorem 5.6.5 together with
the fact that the result holds fibrewise [38, Proposition 3.15]. As in the proof of Corollary
5.6.4, the strict separability of M ensures that L?(M) is countably generated.

Let T € (JNJ), x € X and € > 0. Since passing to fibres is a *-homomorphism
(Proposition 2.11.16), T, € ((JNJ),), and (JNJ), = J.N,J, by Proposition 3.5.4.
Since (M), is the basic construction for N, C M,, we have (J,N,J,) = (M;i), by [38,
Proposition 3.15]. Hence, there is S©*) € M; with S{™) = T,. As the map y — dy (T, Sg(,m))
is continuous, there is an open neighbourhood U®) of z such that SUPy ey () dy(Ty, SZ(/x)) <
€. By Theorem 5.6.5, there is R € M; with R, = T}, for all y € X. Therefore, T'= R and
T e M.
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Similarly, if T € M}, z € X and € > 0, then T, € (M1),, = (JuNzJy) = (JNJT)s.
Hence, there is S@) € A with S{”) = (JTJ)z. Asthe map y — dy((JTJ)y, Sg(/x)) is contin-
uous, there is an open neighbourhood U®) of z such that SUPycp/(a) dy((JTJ)y, Sl(,w)) < e
By Theorem 5.6.5, there is R € N with R, = (JT'J), for all y € X. Therefore, JTJ =R
and T =JRJ € JNJ. O

Theorem 3.5.5 and Corollary 5.6.6 give two examples of cases where generalised W*-
bundles are equal to their own bicommutant. This is not always the case. We end this
section with an example of a generalised W*-bundle which is strictly contained in its

bicommutant.

Example 5.6.7. Let H = C([0,1],C?) be the trivial Hilbert-C([0, 1])-module with fibre
C2. Then L(H) = C([0,1],M2(C)) acting by pointwise multiplication.

Let M = {f € C([0,1], M2(C)) : f(1) € Clyg(c)}. Then M C L(H) is a generalised
W*-bundle over [0,1]. Suppose g € M' C L(H). Then, for z € [0,1), g(z) € My(C)’,
so g(z) € Cly,(c). By continuity, g(1) € Clyy, ). Hence, M" = C([0, 1], Clyg,(c)) and
M" =L(H) D M.

Note, M is also a W*-bundle, so can be viewed as a generalised W*-bundle M C

L?(M). In this representation, M = M”" by Theorem 3.5.5.

5.7 The Iterated Basic Construction

If N € M is a subfactor of finite index, then the basic construction M is a II; factor and
M C M, is a subfactor of the same index as N C M [38, Proposition 3.1.7]. Hence, the

basic construction can be iterated, producing a tower of subfactors
NcMcM CcMy,CMsgcC---. (5.7.1)

In this section, we investigate when the basic construction for sub-W*-bundles can be
iterated. Attempts at a global argument based on Jones’ proof run into difficulties due to
the lack of a suitable comparison theory for W*-bundles. Fibrewise arguments, building
on the results of Jones, have proven more successful.

The set up for this section is the following: suppose N Cg,, M is a expected sub-W*-
bundle over the compact Hausdorff space X with M strictly separable and N, C M, a
finite index subfactor for all x € X, and let M; = (M, ep) be the basic construction.

The assumptions on the sub-W*-bundle ensure that, for each z € X, (M), is the basic
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construction for the subfactor N, C M, that (M), is a IT; factor and that M, C (M),
is a subfactor of that same index as N, C M.

We wish to determine when the C(X)-valued trace E can be extended from M to M;
giving rise to a W*-bundle structure on M;. In order for the basic construction to be
iterated, it is further necessary that the resulting sub-W*-bundle M C M is an expected
sub-W*-bundle. Also, we will need to show that M; is strictly separable.*

The necessary and sufficient condition for My to be a W*-bundle and M C Mj an
expected sub-W*-bundle is that the index function z — [M, : N,] is continuous. Proving
that this condition is necessary is straightforward and given in Proposition 5.7.1; proving

the reverse implication is more technical and will be handled in a number of steps.

Proposition 5.7.1. Suppose N' Cg,, M is a expected sub-W*-bundle with M strictly
separable and N, C M, a finite index subfactor for all x € X. Let My = (M, en) be
the basic construction. Suppose the C(X)-valued trace E can be extended from M to My

giving rise to a W*-bundle structure on My. Then the map x — [M, : Np] is continuous.

Proof. Fix x € X. By Proposition 5.2.3, M, C (M), is a subfactor and, by Proposition
5.6.4, is the basic construction for the subfactor N, C M,. Let 7, denote the extension of
the trace on M, to (My);. Then [M, : N = 7.(en,) ™! by [38, Proposition 3.1.7]. By
hypothesis F can be extended from M to M giving rise to a W*-bundle structure on Mj.
Therefore, E(a)(z) = 7.(a(z)) for all @ € My. In particular, [My, N;] = 7z(en;,) ™t =
E(epn)(x)~t. But E is C(X)-valued. So x — [M,, N;] is continuous.

For the remainder of this section, fix an expected sub-W*-bundle N Cg,, M with M
strictly separable and N, C M, a finite index subfactor for all z € X, and let M; =
(M, enr) be the basic construction. Assume further that the index map x — [My, N;| is
continuous. Denote this continuous map [M : N].

In light of Propositions 5.2.3 and 5.4.1, there is only one candidate for the extension
of the C(X)-valued trace E to Mp: we must have that E(a)(z) = 7, (a(z)), where 7, is
the trace on (M;j),. It is, however, not clear with this definition whether E(a) € C(X)
for all a € M.

Tt, follows from Proposition 5.5.3(iv) that M is a strictly separable subalgebra of £(L?(M)), but we
need to show that M is a strictly separable subalgebra of £(L?*(M}1)). Unlike with von Neumann algebras,
we can’t rely on general results saying that the strict topology on || - ||-norm bounded sets is independent

of the representation.
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Similarly, there is only one candidate for an F-preserving conditional expectation Epy :
My — M: we must have Epq(a)(z) = Enm,(a(x)), where Epq, is the trace-preserving
conditional expectation (M1), — M,. It is, however, not clear that with this definition
that there actually exist Eaq(a) € M with Epq(a)(x) = Enm, (a(x)).

First, let us consider the the problem of extending the C(X)-valued trace F to M;.
We begin by showing that F is C(X)-valued on a certain subalgebra of M;.

Lemma 5.7.2. Let A be the || - |[-norm closure of {a + ) 4 0 @ieNDi : @, ai, by € M} in

M. Then A is a pre- W*-bundle with respect the conditional expectation E defined above.

Proof. Let a,a;,b; € M for i =0,...,m. We have

E(a+ Z ajen;)(z) = mp(a(x) + Z ai(x)en(z)bi(x)) (5.7.2)
i=0 i=0

z)) + ZTx(eN(x)bi(x)ai(x)) (5.7.3)

Ms

+ Mw,/\f 72 (bi(z)a;(x)) (5.7.4)

= E(a)(x) + Y Mg, No] L E(bja;) (), (5.7.5)

'Mss

Il
=)

)

where in the third line we use [38, Proposition 3.1.7].

Since E is C(X)-valued on M and the index map = +— [M, : N,] is continuous
by hypothesis, E is C'(X)-valued on the subalgebra {a + > 4 ;0 aienbi : a,a;,b; € M},
Furthermore, we have |E(a)(x)| = |mz(a(2))| < |la(z)]] < ||al|, so E is C(X)-valued on the
|| - ||-norm closure of {a + > g i Gienb; : a,a;, by € M}, which is A.

Since 7, is a faithful trace on (M), for each z, it follows that E is a conditional

expectation onto C(X) C M C A and that the axioms (T) and (F) hold. O

The pre-W*-bundle A has two natural representations: the representation on L?(M),
which comes from that fact that A C M; and M is defined as a subalgebra of £(L?(M)),
and the standard form representation on L?(A) = L?(A,E). There are, therefore, two

strict topologies on A. We will show that these strict topologies agree on bounded sets.

Lemma 5.7.3. Let B = {} g . aienbi : a;,b; € M} C A. Then B is || - | ;2.4 p)-dense
in L*(A, E).

Proof. Since B is closed under right multiplication by elements of M, it’s enough to
show that 1 lies in the || - ||f2(4,p)-closure of B. This is shown using the machin-

ery from the proof of Theorem 3.2.10. Let ¢ > 0 and x € X. By [67, Lemma 1.1],
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{2 fnite @i(@)en (x)bi(z) = aj, by € M} is a dense *-subalgbera of (Mj),. Hence, there is

b@ € B with ||b®)(z) — < €. The map y + ||1, — b@(y)||a,5, is continuous by

Lemma 5.7.2 as 1 — b € A. Hence, there is an open neighbourhood U®) of z such that
sup,cp |1y = 0 (1) |l27, < e

Then open sets {U @ .z e X } form an open cover for X. By compactness, a finite
subcover exists. Denote the open sets in this finite subcover by Uy, ..., U,, and the corre-
sponding elements of M by by,...,b,. Let ¢1,..., ¢, be a partition of unity subordinate
to Ur,...,Upn. Set b= 3", ¢;ib; € B. Using the fact that ¢1,..., ¢, form a partition of

unity, we find that

sup |1, = b(y)ll2,, < e (5.7.6)
yex
Therefore, ||[1r — bl[2. < €. As € was arbitrary, we see that 1, is in the || - || 2(4,g)-norm
closure of B in L%(A, E). O
Proposition 5.7.4. Let (ay) be a || - ||-bounded net in A and a € A. The following are

equivalent:
(i) ax — a in the strict topology on L(L*(M)),
(ii) ay — a in the strict topology on L(L?*(A)),
(i1i) ay — a in | |24

Proof. The equivalence of (ii) and (iii) was shown in Proposition 3.2.15. We prove that (i)
and (ii) are equivalent. We write ~ for the inclusion of M in L?(M) and ~ for the inclusion
of A in L?(A).

Let a;,b;,b,¢,d € M for i =0, ..., m. Using Proposition 5.5.3(i), we compute that

b+ aenbi)e=be+ Y (a:ifn(bic)) (5.7.7)
j= i=0
(b+ > ajenbi)eend = (beend) + Y (aiénr(bic)end) . (5.7.8)
i=0 =0

Hence, ||Tcend| < | T¢||leard]| for all T € A.

Suppose ay — a in the strict topology on £(L?(M)). Then ||(ay — a)c%}ﬁi” — 0 for all
c,d € M. By Lemma 5.7.3 and Proposition 2.11.23, it follows that a) — a in the strict
topology on L(L?(A)).
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Conversely, suppose ay — a in the strict topology on £(L?(A)). Let [M : N] denote
the continuous function x ~ [M, : N;]. The map 0 : L*(M) — L*(A)ey given by
¢ [M : N]Y2¢cey is a well-defined isomorphism of Hilbert modules since

(cen, cen)r2(a) = E(cenelc’) (5.7.9
= E(epnc’c) (5.7.10
= [M: N E(c*c) (5.7.11
= [M: NT7HEE) 2 m)- (5.7.12

From (5.7.7) and (5.7.8) with d = 1, we see that 6 intertwines the left A actions. Hence,

)
)
)
)

ay — a in the strict topology on L£(L?(M)). O

We now apply Proposition 5.7.4 to show that || - ||-bounded sequences in A are || - ||2,,-
Cauchy if and and only if they are Cauchy with respect to either of the strict topologies
on A. This allows us to identify the completion A of the pre-W*-bundle A with the strict

closure of A in either of the representations, in particular with Mj.

Proposition 5.7.5. Let A be the completion of the pre-W*-bundle A. The inclusions
A C L(L*(M)) and A C L(L*(A)) extend to embeddings 11 : A — L(L*(M)) and 13 :
A — L(L2(A)) with 11(A) = e L(L*(M)) and 12(A) = il L(L?(A)). On bounded
subsets of A, the || - ||2.u-topology agrees with the strict topologies coming from L(L*(M))
and L(L%(4)).

Proof. From Proposition 3.4.21,
o (001 € () @)y i |- ooy -
{(ai)i2) € €°(M) = (a;)2y is || - [|2,u-null}

The maps ¢1 and t9 are the maps induced on the quotient by (a,) — lim,_,« a,, where the

limit is taken in the respective strict topology. Since (an — @m)(n,m)en2 is a bounded net
whenever (a,,) is a bounded sequence, Proposition 5.7.4 together with the strict complete-
ness of the unit balls of £(L?(M)) and £(L?(A)) ensures that these limits exist. A second
application of Proposition 5.7.4, shows that ¢; and ¢s are well-defined on the quotient and
injective.

The proof of Proposition 5.7.4 can now be applied to A. Since |labll2. < ||al|2..]|b]], We
can take limits to obtain that ||Tc/c;;\//d|| < ||T¢|||leard| for all T € A and that that the map
0 : L2(M) — L%*(A)e intertwines the left A-actions. It follows that, on bounded subsets
of A, the || - ||2..-topology agrees with the strict topologies coming from £(L?*(M)) and

L(L?(A)). O
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Proving that the sub-W*-bundle M C M is an expected sub-W*-bundle is now

relatively simple.

Theorem 5.7.6. Suppose N' Cg,. M is a expected sub-W*-bundle with M strictly separa-
ble and N, C My a finite index subfactor for all x € X. Let My = (M, en) be the basic
construction. Suppose the map x — [My : Ny is continuous. Then the sub-W*-bundle
M C My is an expected sub-W*-bundle, [(M1)y : My| = [My : Ny for all x € X, and
My is strictly separable.

Proof. By Proposition 5.7.5, M is a W*-bundle. So M C M, is a sub-W*-bundle. Let
a,a;,b; € M for i = 0,...,m. We have Enq, (a(z) + D" ai(x)en(z)bi(z)) = a(z) +
S oM : M) tai(z)bi(x). Since an element of My is determined by its images in all
fibres, we can define £x¢ on the subalgebra {a + ) 5., ai€bi : a,a;,b; € M} by Epq(a +
Sl oaienb) = a+ 3" IM : N Lab;, where [M : N] € C(X) denotes the map z
My : N;]. Note that Eaq(a) € M for all a for which it is defined.

Each Enq, is a trace-preserving conditional expectation, so £y is E-preserving. By
Corollary 2.5.4, we have ||Ea(a)l|2,u < ||a]|2,u. Moreover, ||Eaq(a)| < |la|| for all a for which
it is defined by Proposition 3.2.5 because |[Enq, || < 1 for each x € X. By Proposition
5.5.3(iv) together with Proposition 5.7.5, {a + ) p.i0 @i€bi : @, a;, b; € M} is || - ||2,u-dense
in My. It follows that £x¢ extends continuously to a bounded linear map M; — M.

Passing to fibres, we see that Eaq(a)(z) = Eam, (a(z)) for all @ € M;. Since each Epy, is a

trace-preserving conditional expectation, €4 is an E-preserving conditional expectation.

This proves that M C M is an expected sub-W*-bundle. That M is strictly separa-
ble follows from 5.5.3(iv) together with Proposition 5.7.5. That [(M), : Mg] = [My : N]
for all z € X follows from Corollary 5.6.4 and [38, Proposition 3.1.7]. O

Theorem 5.7.6 provides conditions under which the basic construction for sub-W*-

bundles can be iterated. This allows us to build a Jones tower of W*-bundles

NCcMcCcM My MzC--- (5.7.14)

and define the relative commutants (M) N M;);<; for such sub-W*-bundles N' C¢,, M.

We will pick up this line of investigation in the final section of this chapter.
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5.8 Continuity of Index

In the previous section, we proved that the continuity of the index is the crucial necessary
and sufficient condition for the basic construction for an expected sub-W*-bundle N Cg,,
M to be iterated. In this section, we investigate to what extent continuity of index is
automatic. We show, using a result of Pimsner and Popa, that lower-semicontinuity of
the index is automatic, but provide an example of an expected W*-bundle for which the
index is not continuous.

First, the automatic lower-semicontinuity.

Theorem 5.8.1. Let N Cg,, M be an expected sub-W*-bundle over X with Ny C My a

subfactor for all x € X. Then the map x — [My : N| is lower-semicontinuous.

Proof. By [67, Theorem 2.2|, we have that

N { E b }
Mg : Np] = inf ca € M,a(z) #0 (5.8.1)

for all z € X.5
Fix 9 € X, v > 0 and suppose [My, : Ny ] > 7. Then there exists a € M with
a(zp) # 0 such that

E 2
My Nl < IEN, (a(zo)l2,, 1 (5.82)

=T @B, 7

By Proposition 5.4.1, Enr,(a(x)) = En(a)(z) for all x € X. Hence, by applying Propo-

(a)(
sition 3.2.6, the map = — || Ep, (a(x))]|3 /Ha(ﬂ?)H%Tl is well-defined and continuous in a

sTa

neighbourhood of x.

Therefore, there exists an open neighbourhood U of xy such that a(z) # 0 and

Ex (a(x))]?
[ /|\|f22$§‘é)||2,rz <1 (5.8.3)

sTx fy
whenever z € U. Thus, by (5.8.1), [M, : N7t < % whenever = € U, so [M, : N] >~

whenever z € U. O
Now, the counterexample.

Example 5.8.2. Let X = N U {oco} be the one point compactification of the natural

numbers. Let M = @7°R = R and oy, be the automorphism of M which transposes the

5This formula is also valid when My : ./\/z] = oo provided one makes the convention 00"l =0.
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k-th and (k + 1)-th tensor factors for k € N. Set N = M* to be the fix point set of M
under the automorphism «y, for k£ € N, and set Noo = M.

We consider the sub-W*-bundle A of the trivial bundle M = C,(X, M) defined by the
family of von Neumann subalgebras { Ni }rcx. We now check the continuity conditions of
Proposition 5.3.1 and Theorem 5.4.2 to show that A’ C M is an expected sub-W*-bundle
with M, = N, for all k € X.

Let a € M and € > 0. There exists K; € N and b € @' R € @°R such that
la(co) = bll2,;r,, < §. Since a € M, there is Ky € N such that ||a(co) — a(k)|l2,7,, < §

whenever k > Ks. Let k > max(K7, K3). Then ax(b) = b and

la(k) = bll2,r, < lla(k) — a(00)ll2,ry, + [la(o0) = bll2,7y, (5.8.4)
€ €
—e (5.8.6)

Hence, b € Nj, and dist). |, (a(k), Ni) < e. This proves that the map k — dist).y, . (a(k), Ni)
is continuous at k = oo, which is the only point that must be checked.

We have now shown that A' C M is an expected sub-W*-bundle and turn to the index
function. Since «y is an outer automorphism of M of order 2, the fixed point subalgebra
Ny C M has index 2 by [38, Example 2.3.3]. Hence, we have

2, keN,
(M : Ny = (5.8.7)

1, k=o0,

which is lower-semicontinuous but not upper-semicontinuous.

5.9 The Family of Subfactors Rz C R

This sections is devoted to the construction of a particular sub-W*-bundle. This sub-W*-
bundle combines the family of subfactors obtained by considering the algebras generated
by Jones projections eé’g ), egﬁ ), eéﬁ ), ... for a subfactor of finite index 3 (see [38, Theorem

4.1.1]. These projections satisfy the following relations:

B _

* 2
el(- = egﬁ) = egﬁ) (i € Np) (5.9.1)
Vel = elP)el?) (i,j € No, i — j| > 2), (5.9.2)
egﬂ)egi)lel(ﬂ) = 5_1(#3) (1 € Np), (5.9.3)
tr(wel®)) = g7 r(w) (n € Nog,w € Alg{1, e[()ﬂ), ce 6515—)1})- (5.9.4)
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e follow the notation of |30, Section 3.4|, writing ={l,ey ',y 7,e5  ,...}" an
We foll h i f Secti 4 itine R ((]5) gﬂ) gﬁ) " and
Rg = {1,65’8),eg6), ...}". In [38], this family of subfactors is denoted P, C P, where

Let J = {4cos?(Z) : n = 3,4,...} U[4,00) be the set of allowed finite indices [38, Theo-
rem 4.3.1], and let X be a compact subset of J. For each § € X, let e(()ﬂ), egﬁ), egﬂ), ...ER
be a sequence of Jones projections for a subfactor of index 8 € J.

The sub-W*-bundle N' C M will be constructed in the ambient space [] gex R. We
embed (°°(X) into [[ 4. x R diagonally via the map g — (g(8))sex and define a conditional
expectation E : [[5cx R — £2°(X) via (ag)pex — (Tr(ag)).

Set e; = (egﬁ))ﬂex for all i € Ny. Let Mg be the C*-algebra generated by the continuous

functions C(X) C £°(X) C [[4cx R together with {eq, e1,e2,...} and let N be the C*-
algebra generated by C(X) together with {e1,ea,...}.

Proposition 5.9.1. For all a € My, E(a) € C(X).

Proof. Let A={a € My : E(a) € C(X)}. We first observe that A is a || -||-closed subspace
of My. Furthermore, we have E(ga)(8) = m=(9(8)ag) = g(B)mr(ag) = g(B)E(a)(B).
Hence, A is a C(X)-submodule of M.

It suffices, therefore, to show that all words in {e; : i € No} are in A. Let w be a word
in ep,...,e,. Following the technique of [38, Lemmas 4.1.2 and 4.16], we can compute
the trace of w in each fibre by converting w into a totally reduced word by a sequence

of cyclic permutations together with the rules e;e; <> eje; for |i — j| > 2, eje; <> e; and
(8) ,(8) (8)

eieir1e; <> e;. We find that 7 (w(B)) = B*TTR(eil PN ) for some r € Ny and
indices 71,4z ...,9x with |is —i;] > 2 for s # t. Consequently, 7= (w(3)) = B7"F by

(5.9.4). Hence, E(w) € C(X). O

It follows that Mg is a pre-W*-bundle and can be completed to a W*-bundle M over
X.% Let N be the ||-||2,,-norm closure of Ay in M. Passing to fibres, we see that Nz C Mg
is isomorphic to the subfactor Rg C R.

The sub-W*-bundle N/ C M is an expected sub-W*-bundle. By [38, Corollary 4.1.12],

we have that ENz(e(()B )) = B~ '1x. Together with the bimodule property of conditional
expectations, it follows that, if w is a word in eéﬂ), e e%ﬁ), then En;, (w) = ~"w', where

(8)
0

r is the number of occurrences of ey ’ in the word w and w’ is the word obtained from w by

(B)

deleting all occurrences of e;’. Since 8+ 37" is continuous on X, the fibrewise-defined

SIn fact, we can just take the || - ||2,,-norm closure of My in [Tsex R-
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conditional expectation Ex(a)(z) = E,(a(x)) does map My into NVy. Hence, Ey is a
well-defined E-preserving conditional expectation M — N.
A slight modification of the construction, gives the following result of independent

interest.

Theorem 5.9.2. Let X be a compact Hausdorff space. For any continuous function
f: X — J, where J is the Jones set of allowable finite indices, there is an expected

sub-W*-bundle N Cg,, M with index function [M : N] = f.

Proof. The sub-W*-bundle N" C M will be constructed in the ambient space [],. y R. We
embed £>°(X) into [ [, x R diagonally via the map g — (g(z))zex and define a conditional
expectation ' : [T .y R — £°(X) via (az)zex = (Tr(az)).

We define e; = (el(f(x)))xex, where eéﬁ),egﬁ),egﬂ), ... € R are Jones projections for a
subfactor of index § € J. As in the main construction of this section, we let Mg be the C*-
algebra generated by the continuous functions C(X) C £°(X) C [[-x R together with
{eo, €1, €2,...} and let Ny be the C*-algebra generated by C(X) together with {e1, eo,...}.
We then complete to give the required expected sub-W*-bundle A" Cg,, M as in the main
construction of this section.

Passing to the fibre at z € X, we see that N, C M, is isomorphic to the subfactor
R(z) C R, which has index f(z). Hence, the index function of the sub-W*-bundle N Cg,.

Mis [M:N]=f. O

5.10 Outlook

The results of this chapter are just the foundations of the theory of sub-W*-bundles. We
end this chapter by highlighting future directions for research on sub-W*-bundles.

The next goal for the abstract theory of sub-W*-bundles is to define and investigate an
analogue of the standard invariant for sub-W*-bundles. In the setting of finite index subfac-
tors, the standard invariant can be viewed as the collection of higher relative commutants
endowed with the additional structure of a planar algebra (see [39]). Under amenability
hypotheses on the subfactor, the standard invariant is a complete invariant [68, Theorem
2]. Moreover, there is a reconstruction theorem that, given a suitable planar algebra,
builds a subfactor with this planar algebra as its standard invariant [69, Theorem 3.1]. To

what extent does all this carry over to the world of sub-W*-bundles?
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The further development of the abstract theory of sub-W*-bundles should go hand in
hand with the construction of new examples. The example of the previous section encodes
the family of subfactors Rg C R as a sub-W*-bundle. This family has the property that
R/’BOR = Clg for f < 4 but R’ﬂﬂR # Clg for § > 4 [38, Corollary 2.2.4 and Section 5.3].
We say that Rz C R is an irreducible subfactor for § < 4 and a reducible subfactor for
B > 4. This leads to the following question: can a sub-W*-bundle be constructed which
is irreducible in each fibre and encompasses both the discrete and continuous parts of the

Jones set of allowed indices?
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