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Introduction

This book is meant to provide the tools necessary to begin doing research involving
crossed product C*-algebras. Crossed products of operator algebras can trace their
origins back to statistical mechanics, where crossed products were called covariance
algebras, and to the group measure space constructions of Murray and von Neu-
mann. Now the subject is fully developed with a vast literature. Crossed products
provide both interesting examples of C*-algebras and are fascinating in their own
right. Simply put, a crossed product C*-algebra is a C*-algebra A x,, G built out of
a C*-algebra A and a locally compact group G of automorphisms of A. When the
C*-algebra A is trivial, that is, when A is the complex numbers, then the crossed
product construction reduces to the group C*-algebra of harmonic analysis. In fact,
the subject of crossed product C*-algebras was introduced to me as the harmonic
analysis of functions on a locally compact group taking values in a C*-algebra. This
is a valuable analogy and still serves as motivation for me and for the approach in
this book.

The subject of crossed products is now too massive to be covered in a single
volume. This is especially true for this treatment as I have tried to write at a level
suitable for graduate students who are just beginning to search out research areas,
and as I also want to make the treatment reasonably self-contained modulo a modest
set of prerequisites (to be described below). As a result, it has been necessary to
leave out many important topics. A list of what is covered is given below in the
“Reader’s Guide”. (A brief discussion of what is not covered is given under “Further
Reading” below.) In choosing what to include I have been guided by my own
interests and bounded by my ignorance. Thus the central theme of this book is to
uncover the ideal structure of crossed products via the Mackey machine as extended
to C*-algebras by Rieffel and to crossed products by Green. Crossed products,
just as group C*-algebras, arise via a subtle completion process, and a detailed
structure theorem determining the isomorphism classes of such algebras is well out
of reach. Instead, we try to understand these algebras via their representations.
Thus a key objective is to determine the primitive ideals of a given crossed product
and the topology on its primitive ideal space. (We settle for primitive ideals in the
general case, since it is not practicable to try to collect the same sort of information
about irreducible representations of non-type I algebras.) If we have an abelian C*-
algebra B = Cy(X), then the spectrum and primitive ideal space coincide with X as
topological spaces. Thus, a description of X and its topology contains everything
there is to know about Co(X). If B is arbitrary, then the primitive ideal space

xi



xii Introduction

Prim B is a modest invariant, but it still contains a great deal of information about
B. For example, we can recover the lattice of ideals of B. (Hence the term “ideal
structure”.)

The basic paradigm for studying Prim(A x,, G) is to recover the primitive ideals
via induction from the algebras A x|, H where H is a closed subgroup of G.
Loosely speaking, this process is the “Mackey machine” for crossed products. The
centerpiece for this is the GRS-Theorem (“GRS” stands for Gootman, Rosenberg
and Sauvageot), and we devote a fair chunk of this book to its proof (Chapter 9
and several appendices).

Errata

There are mistakes and typographical errors in this book. I only wish that the
previous sentence were one of them. As I become aware of typographical errors
and other mistakes, I will post them at http://math.dartmouth.edu/cpcsa. If
you find a mistake that is not listed there, I would be grateful if you would use the
e-mail link provided there to send me a report so that I can add your contribution
to the list.

Prerequisites and Assumptions

I have tried to keep the required background to a minimum in order to meet the goal
of providing a text with which a graduate student in operator algebras can initiate
an investigation of crossed products without having to consult outside sources. I do
assume that such a student has had the equivalent of a basic course in C*-algebras
including some discussion of the spectrum and primitive ideal space. For example,
the first few chapters of Murphy’s book [110] together with Appendix A of [139]
should be enough. Since it is a bit harder to pick up the necessary background
on locally compact groups, I have included a very brief introduction in Chapter 1.
Of course, this material can also be found in many places, and Folland’s book [56]
is a good source. Rieffel’s theory of Morita equivalence is assumed, and I will
immodestly suggest [139] as a reference. Anyone interested in the details of the
proof of the GRS-Theorem will have to sort out Borel structures on analytic Borel
spaces. While some of that material can be found in the appendices, there is no
better resource than Chapter 3 of Arveson’s beautiful little book [2]. Of course, I
also assume a good deal of basic topology and functional analysis, but I have tried
to give references when possible.

I have adopted the usual conventions when working in the subject. In particu-
lar, all homomorphisms between C*-algebras are assumed to be *-preserving, and
ideals in C*-algebras are always closed and two-sided. Unless otherwise stated, a
representation of a C*-algebra on a Hilbert space is presumed to be nondegenerate,
and our Hilbert spaces are all complex.

I have tried to use fairly standard notation, and I have provided a “Notation
and Symbol Index” as well as the usual index. The canonical extension of a rep-
resentation 7 of an ideal I in an algebra A to A is usually denoted by 7. When
using the notation sH for the cosets becomes too cumbersome, I will use $ instead.
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If X is a locally compact Hausdorff space, then C(X), C*(X), Co(X), Ce(X) and
CF(X) denote, respectively, the algebra of all continuous complex-valued continu-
ous functions on X, the subalgebra of bounded functions in C'(X), the subalgebra of
functions in C®(X) which vanish at infinity, the subalgebra of all functions in Co(X)
which have compact support and the cone in C.(X) of nonnegative functions.

In general, I have not made separability assumptions unless, such as in the
case in the proof of the GRS-Theorem, they cannot be avoided. With the possible
exception of Section 4.5, this causes little extra effort. Some arguments do use
nets in place of sequences, but this should cause no undue difficulty. (I suggest
Pedersen’s [127, §1.3] as a good reference for nets and subnets.)

Reader’s Guide

Chapter 1 provides a very quick overview of the theory of locally compact groups
and Haar measure. As we will repeatedly want to integrate continuous compactly
supported functions taking values in a Banach space, we review the basics of the
sort of vector-valued integration needed. More information on groups can be found
in Appendix D, and for those who want a treatment of vector-valued integration
complete with measurable functions and the like, I have included Appendix B.
Anyone who is comfortable with locally compact groups, and/or the integrals in
the text, may want to skip or postpone this chapter.

In Chapter 2, we define dynamical systems and their associated crossed prod-
ucts. We show that the representations of the crossed product are in one-to-one
correspondence with covariant representations of the associated dynamical system.
We also prove that a crossed product A x, G can be defined as the C*-algebra gen-
erated by a universal covariant homomorphism. We talk briefly about examples,
although it is difficult to do much at this point. Working out the details of some
of the deeper examples will have to wait until we have a bit more technology.

In Chapter 3, partially to give something close to an example and partially
to provide motivation, we take some time to work out the structure of the group
C*-algebra of both abelian and compact groups. We also look at some basic tools
needed to work with crossed products. In particular, we show that if G is a semidi-
rect product N x, H, then the crossed product A x, G decomposes as an iterated
crossed product (A x|, N) xg H. We also prove that G-invariant ideals I in A
correspond naturally to ideals I X, G in A X, G.

In Chapter 4, we turn to the guts of the Mackey machine. One of the main
results is Raeburn’s Symmetric Imprimitivity Theorem, which provides a common
generalization of many fundamental Morita equivalences in the subject and implies
the imprimitivity theorems we need to define and work with induced representa-
tions. Since this finally provides the necessary technology, we give some basic exam-
ples of crossed products. In particular, we show that for any group G, Co(G) x1, G
is isomorphic to the compact operators on L?(G). More generally, we also show
that Co(G/H )G is isomorphic to C*(H)®K(L*(G/H, 3)), where 3 is any quasi-
invariant measure on the homogeneous space G/H. This result is a bit unusual, as
it requires we use a suitably measurable cross section for the natural map of G onto
G/H. This briefly pulls us away from continuous compactly supported functions
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and requires some fussing with measure theory.

In Chapter 5, we define induced representations of crossed products and develop
the properties we’ll need in the sequel. We also introduce the important concept of
inducing ideals, and we show that the induction processes are compatible with the
decomposition of crossed products with respect to invariant ideals.

In Chapter 6, we expand on our preliminary discussion of orbit spaces in Sec-
tion 3.5 and add quasi-orbits and the quasi-orbit space to the mix. A particularly
important result is the Mackey-Glimm dichotomy for the orbit space for a second
countable locally compact group G action on a second countable, not necessarily
Hausdorff, locally compact space X. Simply put, the orbit space is either reason-
ably well-behaved or it is awful. When the orbit space is awful, it is often necessary
to pass to quasi-orbits, and we discuss this and its connection with the restriction
of representations.

In Chapter 7, we get to the heart of crossed products and prove a number of
fundamental results. In Section 7.1, we prove the Takai Duality Theorem, which
is the analogue for crossed products by abelian groups of the Pontryagin Duality
Theorem. In Section 7.2, we look at the reduced crossed product and show that in
analogy with the group C*-algebra case, the reduced and universal crossed products
coincide when G is amenable. (The necessary background on amenable groups is
given in Appendix A.) In Section 7.3, we look at the special case where the algebra
A is the algebra of compact operators. Since this leads naturally to a discussion of
projective and cocycle representations (discussed in Appendix D.3), I couldn’t resist
including a short aside on twisted crossed products. This also allows us to show that,
in analogy with the decomposition result for semidirect products in Section 3.3, we
can decompose A X, G into an iterated twisted crossed product whenever G contains
a normal subgroup N. In Section 7.5, we give a very preliminary discussion of when
a crossed product is GCR or CCR. This is a ridiculously difficult problem in general,
so our results in this direction are very modest. We have more to say in Section 8.3
about the case of a transformation group C*-algebra Cy(X) X3 G with G abelian.

In Chapter 8, we take on the ideal structure of crossed products. In Section 8.1,
we see that one can obtain fairly fine information if the action of G on Prim A is
“nice”. (In the text, the formal term for nice is “regular”. In the literature, the
term “smooth” is also used.) In Section 8.2, we face up to the general case. When
(A, G, a) is separable and G is amenable, we can use the GRS-Theorem to say quite
a bit. However, the proof of this result is very difficult and occupies all of Chapter 9
(and a few appendices). In Chapter 8, we merely concentrate on some of its wide
ranging implications. In particular, we devote Section 8.3 to a detailed analysis
of the ideal structure of Cy(X) x4y G when G is abelian. Although extending the
results in Section 8.3 to cases where either G or A is nonabelian appears to be very
formidable, this section provides a blueprint from which to start.

The remainder of this book consists of appendices that are meant to be read
“as needed” to provide supplements where material is needed which is not part
of the prerequisites mentioned above. As a result, I have definitely not tried to
completely avoid overlap. Appendix A gives a brief overview of the properties of
amenable groups which are needed in our treatment of reduced crossed products,
and in the proof of the GRS-Theorem. Appendix B is a self-contained treatment of
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vector-valued integration on locally compact spaces. Although we make passing use
of this material in Chapter 9, I have included this appendix primarily to satisfy those
who would prefer to think of A x, G as a completion of L'(G, A). This material
may be useful to anyone who wishes to extend the approach here to Busby-Smith
twisted crossed products.

Appendix C is a self-contained treatment of Cy(X )-algebras. These algebras
are well known to be a convenient way to view an algebra as being fibred over X.
In addition to developing the key properties of these kinds of algebras, we prove
an old result of Hofmann’s which implies, at least after translating his results onto
contemporary terminology, that any Cy(X )-algebra is the section algebra of a bona
fide bundle which we call an upper semicontinuous-bundle of C*-algebras over X.

Appendix D contains additional information about groups — particularly Borel
structure issues. Appendices E and F give considerable background on represen-
tations of C*-algebras and on direct integrals in particular. The direct integral
theory is needed for the proof of the GRS-Theorem. In particular, we need direct
integrals to discuss Effros’s decomposition result for representations of C*-algebras,
called an ideal center decomposition, which is proved in Appendix G and which is
essential to the proof of the GRS-Theorem.

Appendix H is devoted to a discussion of the Fell topology on the closed subsets
of a locally compact space and its restriction to the closed subgroups of a locally
compact group. This material is essential to our discussion of the topology on
the primitive ideal space of Cy(X) %1y G with G abelian and to the proof of the
GRS-Theorem.

Further Reading

As I mentioned above, no book at this level, or perhaps any level, could adequately
cover all there is to talk about when it comes to crossed products. Even a modest
expository discussion of the material that I wished I could have included would in-
volve several chapters, or even a short book by itself. Instead, I will just give a short
list of topics and references to some of the major omissions. There is a good deal in
Pedersen’s classic book [126] that won’t be found here, and Green’s original paper
[66] and Echterhoff’s Memoir [38] are full of ideas and results about the Mackey
Machine for crossed products. In fact, both [66] and [38] work with twisted crossed
products A x7, GG, which are quotients of A x, G, and which get only a brief aside
in this text. There is even another flavor of twisted crossed products, called Busby-
Smith twisted crossed products, which is not dealt with at all [15,100,119-121].
One serious research question about crossed products is under what conditions is a
crossed product simple. This is particularly important today with the intense study
of separable, nuclear, purely infinite nuclear C*-algebras [89,90,128,152]. One of
the tools for this sort of question is the Connes spectrum. Its relationship to crossed
products was studied extensively in [63,114-116]. Many of the key points can be
found in [126]. The fundamental obstacle to extending many of the results for
transformation group C*-algebras to the general case is the appearance of Mackey
obstructions as touched on in Section 7.3. Understanding the ideal structure in this
case requires a subtle analysis involving the symmetrizer subgroup of the stability
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group. For example, see [42,83] and [38] in particular. We have nothing here to
say about the K-theory of crossed products. This is a difficult subject, and the key
results here are the Pimsner-Voculescu six-term exact sequence for Z-actions, the
Thom isomorphism for R-actions, and a variety of results about embedding certain
transformation group C*-algebras into AF C*-algebras. Summaries and references
for these results can be found in Blackadar’s treatise [8]. As we shall see in Chap-
ter 4, proper actions of groups on spaces are especially important and there is a
bit of an industry on extending this notion to actions of groups on noncommuta-
tive C*-algebras [79, 80,107,150, 151]. Also, there was no time to discuss Morita
equivalence of dynamical systems and its implications [16,19,20,41,79,95,122,172],
nor was there space to talk about imprimitivity theorems for the reduced crossed
product [78,131]. We have not touched on coactions, their crossed products, and
the powerful theory of noncommutative duality. An overview of non-abelian dual-
ity for reduced crossed products is provided in [40, Appendix A]. The theory for
full crossed products is less well-developed, but this is a topic of current interest
(see, for example, [85]). There is also a short introduction to the main ideas of the
subject in [135].
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Chapter 1

Locally Compact Groups

Crossed products are built from locally compact group actions on C*-algebras.
Therefore, we will need to have a bit of expertise in both of these components.
Fortunately, there are several nice introductory treatments on C*-algebras available.
As a result, this material is considered as a prerequisite for this book. On the other
hand, the background on locally compact groups needed is a bit more difficult to
sort out of the literature, and this chapter is devoted to providing a quick overview
of the material we need here. Of course, there is nothing here that can’t be found
in [71] and/or [56]. A more classical reference is [129], and much more than we
need on group C*-algebras can be found in the second part of [28].

The first two sections cover topological considerations. In Section 1.3, we talk a
bit about Haar measure and its basic properties (including the modular function).
In Section 1.4, we take a short detour to talk about harmonic analysis on locally
compact abelian groups. The primary purpose of this excursion is to provide a bit
of motivation for the constructions to come. (A secondary purpose is to provide a
bit of a break from definitions and preliminary results.) After this, we finish with
a long section on integration on groups with particular emphasis on vector-valued
integration of continuous compactly supported functions. The material in the last
section concerning integration on groups is fairly technical and may be skipped
until needed.

While it is the philosophy of this book that group C*-algebras and crossed
products should be thought of as completions of families of continuous (compactly
supported) functions, it is possible to work with L!-algebras as in classical abelian
harmonic analysis. For those interested, the details of vector-valued integration of
measurable functions are discussed in Appendix B. We have also shunted off to
Appendix D some technicalities on groups and measure theory on groups as this
material won’t be needed until much later.



2 Locally Compact Groups

1.1 Preliminaries on Topological Groups

Definition 1.1. A topological group is a group (G, -) together with a topology 7
such that

(a) points are closed in (G, 7), and

(b) the map (s,7) — sr~! is continuous from G x G to G.

Condition (b) is easily seen to be equivalent to
(b") the map (s,r) + sr is continuous, and
(b”) the map s — s~ is continuous.
It is shown in [71, §4.20] that neither (b’) nor (b") by itself implies (b).
Remark 1.2. To avoid pathologies, we’ve insisted that points are closed in a topo-

logical group.! As we will see in Lemma 1.13 on page 4, this assumption actually
guarantees that a topological group is necessarily Hausdorff and regular.

Topological groups are ubiquitous in mathematics. We’ll settle for a few basic
examples here.

Ezxample 1.3. Any group G equipped with the discrete topology is a topological
group.

Example 1.4. The groups R”, T™ and Z¢ are all topological groups in their usual
topologies.

Ezxample 1.5. If G and H are topological groups, then G x H is a topological group
in the product topology. In particular, if F' is any finite group (with the discrete
topology), then G = R™ x T™ x Z¢ x F is a topological group. If F is abelian,
these groups are called elementary abelian groups in the literature.

Examples 1.4-1.5 are of course examples of abelian groups. Our next example
is certainly not abelian, nor is the topology discrete.

Ezxample 1.6. Let ‘H be a complex Hilbert space of dimension at least two and let
UH)={UeBH):U'U=U0U"=1y4}

with the strong operator topology. Then U(H) is a topological group.

Verifying that U(H) is a topological group requires a bit of work. It is imme-
diate that U(H) is Hausdorff — in fact, B(H) is Hausdorff in the strong operator
topology. Suppose that U, — U and V,, — V. Since ||U,|| = 1 for all n, it is easy
to see that h,, — h in ‘H implies that U, h, — Uh in ‘H. Using this, it is immediate
that U, V,,h — UVh for all h € H. Thus (b’) is easy. To see that (b”) holds, we
have to prove that Uyh — U*h for any h. But

|Uxh = U*h||> = (Uph —U*h | Ujih — U*h) = 2||h||> = 2Re(Uih | U*h).

n terms of the classical separation axioms of point-set topology, a topological space X is
called a Ti-space when points in X are closed. We say that X is a Tp-space if distinct points
have distinct closures, and a Hausdorff space is said to be T». Some authors call a space which is
regular and 77 a T3-space.
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But (Uh | U*h) = (h | U,U*h) — ||h||?, and it follows that ||U*h — U*h| — 0 as
required.

The case where dim’H < oo in Example 1.6 is particularly important. Our
assertions below follow from elementary linear algebra.

Ezample 1.7. If H = C™, then we can identify U(C"™) with the set U, of invertible
n x n-matrices whose inverse is given by the conjugate transpose. Specifically, we
identify U with the matrix (u;;) where u;; :== (Ue; | €;). If we give U, the relative
topology coming by viewing U, as a closed subset of C™, then U — (uij) is a
homeomorphism of U(C™) onto U,.

Example 1.7 is merely one of many classical matrix groups which are topological
groups in their inherited Euclidean topology.

Ezxample 1.8. Let A be a C*-algebra. Then the collection Aut A of x-automor-
phisms of A is a group under composition. We give Aut A the point-norm topology;
that is, o, — « if and only if a,(a) — a(a) for all a € A. Then AutA is a
topological group.

As in Example 1.6, the only real issue involved in showing that Aut A is a
topological group is to show that a,, — « implies a;! — a~!. This is not hard
to show using the fact that any automorphism of a C*-algebra is isometric (cf.
[139, Lemma 1.3]).

Lemma 1.9. If G is a topological group, then s +— s~' is a homeomorphism of G

onto itself. Similarly, if r € G, then s — sr and s — rs are also homeomorphisms.

Proof. These statements are easy consequences of Definition 1.1 on the preceding
page; for example, s — sr~! is a continuous inverse for s — sr. [l

Although straightforward, Lemma 1.9 has important consequences. In particu-
lar, it asserts that the topology of G is determined by the topology near the identity
e. The topology near a point is usually described via a neighborhood basis.?

Definition 1.10. A family A of neighborhoods of x € X is called a neighborhood
basis at x if given a neighborhood W of x, there is a N € N such that N Cc W.

Therefore the statement that the topology on G is determined locally amounts
to the following corollary of Lemma 1.9.

Corollary 1.11. Let N be a neighborhood basis of e in a topological group G. Then
{Nr}nen and {rN }nen are both neighborhood bases of v in G. In particular,
if N consists of open neighborhoods of e, then 3 ={Vr:V e N andr € G} is a
basis for the topology on G.

Of course, rV simply stands for the elements of G that are products of r and
an element of V. More generally, if A and B are subsets of G, AB := {ab :
a€ Aand b e B}. Thus A? is the set of products ab with both a,b € A; it is not
the set of squares of elements in A. Also, A™' :={a"1:a€ A}.

2In these notes, a neighborhood of a point is any set containing an open set containing the
point.
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Lemma 1.12. Let V be a neighborhood of e in G. Then V. C V C V2.

Proof. Note that s € V' if and only if every neighborhood of s meets V. Since sV 1
is a neighborhood of s, it must meet V. Thus there is a ¢ € V of the form st
withr € V. But then s=tr € V2, and V C V2. [l

Lemma 1.13. If G is a topological group, then G is Hausdorff and regular.

Proof. Suppose that F' C G is closed and that s ¢ F. Multiplying by s~* allows us
to assume that s = e. Since F is closed, W := G ~\ F is an open neighborhood of
e, and the continuity of multiplication implies there is an open neighborhood V' of
e such that V2 ¢ W. Thus V € W by Lemma 1.12. Then U := G \ V is an open
neighborhood of F' which is disjoint from V. This shows that G is regular. Since
points in G are closed by assumption, G is also Hausdorff. O

Comments on Nets and Subnets

Before proceeding, a few comments about nets and subnets are in order. Any-
one who is willing to restrict to second countable spaces—a perfectly reasonable
decision—can ignore this discussion and continue to replace the word “net” with
sequence, and “subnet” with subsequence.

A good reference for nets and subnets is Pedersen’s Analysis Now [127, §1.3].
For now, recall that a net is formally a function x from a directed set I into a space
X. A sequence is just a net based on I = N. Just as with sequences, it is standard
to write z; in place of z(i). Except for the fact that convergent nets need not be
bounded, nets behave very much like sequences. However, subnets are a bit more
subtle than subsequences.

Definition 1.14. A net {y; },cs is a subnet of a net { x; }icr if there is a function
N : J — I such that

(a) y =z 0 N; that is y; = xn, for all j € J, and
(b) for all ip € I, there is jo € J such that j > jo implies that N; > io.

We generally write { zn, }jcs in place of {y; }jes to suggest the similarity to
a subsequence, and some authors like to replace N; with i; to further strengthen
the analogy. Generally, in this text, we prefer to dispose of double subscripts if
at all possible. When we pass to a subnet, we will usually have no more need of
the original net and so we will relabel the subnet and replace the original net, say
{z; }, with the subnet and not change the notation.

Proposition 1.15 ([54, Proposition I1.13.2]). Letp : X — Y be a surjection. Then
p is an open map if and only if given a net {y; }icr converging to p(x) in'Y, there
is a subnet { yn, }jes and a net { x; }jes indexed by the same set which converges
to x in X, and which also satisfies p(x;) = yn;.

Proof. Suppose that p: X — Y is an open map and that { y; }ics a net converging
to p(x) in Y. Let N (z) be the collection of neighborhoods of z in X and define

J={GU)eIxNE) :Unp (y)#£0}.
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Define
(,U) < (i",\U') <= i<iandUDU".

Then given (i',U’) and (i”,U") in J, p(U'NU") is a neighborhood of p(x) and we
eventually have y; in p(U’ NU"). Therefore we can find iy dominating both ¢’ and
i" with y;, € p(U' NU"). Thus (i, U' NU") € J and dominates both (i',U’) and
(@",U"). Thus J is a directed set. Let N : J — I be the obvious map: N; i) = i.
Thus { 2¢,v) }@,v)es = { YN, Hav)es 1s easily seen to be a subnet of {y; }bier.
For each (i,U), let x(; yy be an element of U such that p(z(,1)) = vi = Yn, ,,-
Now we clearly have { z; }jes converging to x, and by construction p(x;) = z; for
all j € J. This proves the “only if” portion of the proposition.

Now assume that p is a surjection with the given lifting property. Suppose that
U is an open set in X such that p(U) is not open in Y. Then there is a net { y; }ier
such that y; — p(z) € p(U) with y; ¢ p(U) for all ¢ € I. By assumption, there is
a subnet { z; },es and a net {x; },es converging to x such that p(z;) = z;. But
x; is eventually in U, and so z; is eventually in p(U). But the z; = yn, (for some
N :J — 1), so this is nonsense. It follows that p is open. [l

1.2 Preliminaries on Locally Compact Groups

Definition 1.16. A topological space is called locally compact if every point has a
neighborhood basis consisting of compact sets.

If a space is Hausdorff — such as a topological group — then Definition 1.16
can be replaced with a simpler condition that makes no mention of neighborhood
bases.

Lemma 1.17. If X is Hausdorff, then X is locally compact if and only if every
point in X has a compact neighborhood.

Proof. Suppose that K is a compact neighborhood of x in X. We’ll show that z
has a neighborhood basis of compact sets. (This will suffice as the other implication
is clear.) Thus we need to see that any neighborhood U of x contains a compact
neighborhood of 2. Let V be the interior of U N K. Then V is compact and
Hausdorff, and therefore regular. Furthermore, V ~\ V is a closed subset of V not
containing z. Thus there is an open set W in V such that x € W c W C V. Thus,
W is open in X and W is a compact neighborhood of  with W C U. |

Definition 1.18. A locally compact group is a topological group for which the
underlying topology is locally compact.

Remark 1.19. Since topological groups are Hausdorff, Corollary 1.11 on page 3
implies a topological group G is locally compact if and only if there is a compact
neighborhood of e. In fact, G is locally compact if and only if there is a nonempty
open set with compact closure.

Now some basic examples.

Example 1.20. Any discrete group G is a locally compact group.
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Example 1.21. Any elementary abelian group G = R™ x T™ x Z% x F is locally
compact. More generally, any Lie group? is a locally compact group.

Ezample 1.22. Since U, is (topologically) a closed subset of C”Q, U, is a locally
compact group. The set GL,(R) of invertible n x n matrices may be viewed as
an open subset of R™ and is easily seen to be a locally compact group. Similar
considerations apply to other classical matrix groups. (Alternatively, these are all
Lie groups, but it requires a bit more work to see this.)

Remark 1.23. In the previous example, we made use of the observation that open
and closed subsets of a locally compact Hausdorff space are locally compact in
the relative topology. It is not hard to see that the same is true in possibly non-
Hausdorff locally compact spaces, and that the intersection of an open subset and
a closed subset is locally compact. However, we will see shortly that not every
subset of a locally compact Hausdorff space will be locally compact in the relative
topology.

Definition 1.24. A subset Y of a space X is called locally closed if each point in
Y has an open neighborhood P in X such that PNY is closed in P.

Lemma 1.25. If X is a topological space and Y C X, then the following are
equivalent.

(a) Y is locally closed in X .
(b) Y is open inY.
(¢) Y =CnNO where C is closed in X and O is open in X.

Proof. (a) = (b) Fix y € Y and P as in Definition 1.24. It will suffice to see that
YNPCY. Butif z € YN P, then there is a net {z, } C Y such that z,, — z.
Since x € P and P is open, we eventually have z,, € PNY. Since PNY is closed
in P,xre€ PNY CY as required.

(b) = (c) This is clear: by definition, there is an open subset O such that
Y=0nY.

(¢c) = (a) Let Y = C' N O as above and fix y € Y. Choose P open such that
y € P CO. (We could take P = O.) Now I claim PNY is closed in P. To see this,
suppose that {z, } CY NP C C and z,, — x € P. Since C is closed, z € C. On
the other hand, z € P C O. Thus x € Y N P. O

Lemma 1.26. Let Y be a subspace of a topological space X. If X is Hausdorff
and Y is locally compact, then Y s locally closed in X. If X is a (possibly non-
Hausdorff) locally compact space and if Y is locally closed in X, then Y is locally
compact.

Proof. The second assertion follows from Remark 1.23 and Lemma 1.25. To prove
the first assertion, fix y € Y. Let U be an open neighborhood of y in X such that
U NY has compact closure B in Y. Since B is compact in Y, it is also compact in
X, and therefore closed as X is Hausdorff. It suffices to see that U NY is closed

3 A Lie group is a topological group for which underlying space is a manifold and the structure
maps are smooth.
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inU. Let {z,} CUNY C B be such that z,, — = € U. Since B is closed,
x € BCY. Therefore x € Y NU and Y is locally closed. [l

Ezample 1.27 (The az + b group). Let G = {(a,b) € R? : a > 0}. Then G is a
group with the operations (a,b)(c,d) := (ac,ad + b) and (a,b)™* = (£, -2). We

call G the ax + b group as it is easily identified with the affine transformations
x — az + b of the real line.

Ezample 1.28. If dimH = oo, then U(H) is not locally compact. If it were, then
some basic open neighborhood

V={UeUMH):|Uh; —hi|]<efori=1,2,...,n}

would have compact closure. But the span of { hi,...,h, } is certainly finite di-
mensional. Therefore there is an infinite orthonormal set { e; }$2, contained in the
orthogonal complement of the span of the h;. Then we can find unitaries U,, such
that U, h; = h; for all i and U,eq = e,,. But {Upe; } converges weakly to 0 in H, as
does any subnet. Consequently, { U,, } C V has no subnet converging to a unitary
U in the strong operator topology. Thus, V can’t be compact.

If A is infinite dimensional, then Aut A is another example of a topological group
which is rarely locally compact, but is nonetheless important to our purpose here.
We now take a slight detour to give a description of Aut A in the case A is abelian
and therefore isomorphic to Cy(X) for some locally compact Hausdorff space X.

Definition 1.29. Suppose that X and Y are topological spaces and that C(X,Y)
is the collection of continuous functions from X to Y. Then the compact-open
topology on C(X,Y) is the topology with subbasis? consisting of the sets

UK, V)={feCX,)Y): f(K)CV}
for each compact set K C X and open subset V C Y.

The compact-open topology® is usually as nice as Y is; for example, C(X,Y)
will be Hausdorff in the compact-open topology if Y is. If X is discrete, then
the compact-open topology is the topology of pointwise convergence, and C'(X,Y)
with the compact-open topology is homeomorphic to the product YX with the
product topology. If Y = C, then the compact-open topology on C(X) := C(X,C)
is the topology of uniform convergence on compacta [168, Theorem 43.7]. The
following lemma will prove useful in understanding the compact-open topology in
the examples we have in mind.

Lemma 1.30. Let X and Y be locally compact Hausdorff spaces and give C(X,Y)
the compact-open topology. Then fn, — f in C(X,Y) if and only if whenever
xn — ¢ in X we also have fn(xzy) — f(x) inY.

4 A subbasis for a topology on a set X is any collection of subsets of X. The associated topology
is the collection of all unions of finite intersections of elements of the subbasis. The whole space
arises as the union over the empty set. Thus the collection of all finite intersections of elements
of the subbasis is a basis for the associated topology which may also be viewed as the smallest
topology on X containing the subbasis.

5The compact-open topology is treated in detail in many topology books. Section 43 of
Willard’s book [168] is a nice reference.



8 Locally Compact Groups

Proof. Suppose that f, — f and 2, — x. Let V be an open neighborhood of f(z)
and let K be a compact neighborhood of  such that f(K) C V. Then f € U(K,V).
Thus we eventually have both f,, € U(K,V) and z,, € K. Therefore we eventually
have fn(x,) € V. Since V was arbitrary, this proves that f,(z,) — f(z).

Now assume that z, — x implies f,(z,) — f(z). To show that f, — f, it
is enough to show that f,, is eventually in any U(K, V') that contains f. Thus if
fn # f, then we can pass to a subnet and assume that there is a K C X and
V C Y such that f € U(K,V) and f, ¢ U(K,V) for all n. Therefore there are
xn € K such that f,(z,) ¢ V. We can then pass to another subnet and assume
that z,, — x € K. By assumption f,(x,) — f(z). Since X \V is closed, we must
have f(x) ¢ V. This is a contradiction. O

Definition 1.31. Let X be a locally compact Hausdorff space. We give Homeo(X)
the topology with subbasis consisting of the sets

UK,K'V,V'):={h € Homeo(X) : h(K) CV and h "' (K') c V'}
with K and K’ compact in X and V and V' open in X.

Remark 1.32. Notice that h, — h in Homeo(X) if and only if both h, — h and
h,;! — h~! in the compact-open topology. In particular, h,, — h in Homeo(X) if
and only if both A, (z,) — h(z) and h,,'(x,) — h~1(x) whenever z,, — .

Now it is clear that Homeo(X) is a topological group under composition; our
subbasis has been constructed so that h, — h clearly implies h,;! — h~1. If X is
locally compact Hausdorff and locally connected, then the topology on Homeo(X)
reduces to the compact open topology [12, Chap. X.3, Exercise 17a]. In general it
is necessary to add the condition on the inverse (cf. [12, Chap. X.3, Exercise 17b]°
or [23]).

Now we have the technology to consider the special case of Example 1.8 on
page 3 where A = Cy(X). This example will be of interest later.

Lemma 1.33. Let A = Cy(X). If o € Aut Cy(X), then there is a h € Homeo(X)
such that o f)(z) = f(h(x)) for all f € Co(X). The map o — h is a homeomor-
phism of Aut Cy(X) with Homeo(X).

Proof. The theory of commutative Banach algebras implies that z — ev, is a
homeomorphism of X onto the set A of nonzero complex homomorphisms from
Co(X) to C when A is given the relative topology as a subset of Co(X)* equipped

6Llet X ={z € R:xz=0o0rxz=2"forn € Z}. Then X is closed in R and therefore locally
compact. For each n € Z, let hy, be defined by

0 ifz =0,

2(k=nif ¢ = 2kn with k€ Z ~{0,1},
hn(z) = §27" if o =27,

1 if z =1, and

z otherwise.

Then h;! = h_p, each hy, € Homeo(X) and hy,, — id as n — co. However since h_p(27") = 27,
hpl=h_n 4 id as n — oo.
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with the weak-* topology. (See [127, 4.2.5] or [139, Example A.23].) The transpose
of a is a continuous map a* : Cyo(X)* — Cp(X)* defined by a*(¢) = ¢ o a.
Since the restriction of o* to A is clearly a homeomorphism, we get a commutative
diagram of homeomorphisms

A=A
X-"tsx

where h is given by evy ;) = a* o ev,. In particular,

a(f)(z) = evaoa(f) = a” o evy(f) = evi() (f) = f(h(2)).

We still have to check that a — h is a homeomorphism. Let a,, € Aut Co(X) be
given by ay,(f) = f o hy,. Suppose first that a,, — «a. If, contrary to what we wish
to show, =, — x and h,(z,) /4 h(z), then there must be a f € Cy(X) such that
f(hn(zn)) 7 f(h(z)). But then oy (f) / a(f) in Co(X). This is a contradiction
and we must have h,, — h in the compact-open topology. Since a;,! L we
also have h,;! — h~! in the compact-open topology. Thus h, — h in Homeo(X)
by Remark 1.32 on the preceding page.

Now assume that h,, — h in Homeo(X'). We need to show that given f € Cy(X),
foh, — fohin Co(X). If not, then we can pass to a subnet so that there are
T, € X such that

— o

|f (hn(zn)) = f(R(zy))| = € >0 for all n. (1.1)

Now we can pass to a subnet and assume that either {hy(z,)} or {h(z,)} be-
longs to the compact set K := {x € X : [f(z)| > % }. Suppose first that that
{hn(z,)} C K. Then we can pass to a subnet and assume that h,(z,) — y € K.
Since h,;' — h~! in the compact-open topology, Lemma 1.30 on page 7 implies that
x, — h™1(y). But the continuity of h implies h(z,) — y. Now the continuity of f
and (1.1) lead to a contradiction. On the other hand, if { h(z,) } C K, then we can
assume h(z,) — y € K. Thus x,, — h™!(y). Since h,, — h in the compact-open
topology, we also have h,(z,) — y. Thus we get a contradiction as above. [l

1.2.1 Subgroups of Locally Compact Groups

If G is a topological group, then any subgroup H of G is a topological group in the
relative topology. However, if G is locally compact, then H can be locally compact
if and only if it is locally closed (Lemma 1.26 on page 6).

Lemma 1.34. A locally closed subgroup of a topological group is closed.

Proof. Let H be a locally closed subgroup of a topological group G. Therefore,
there is an open neighborhood W of e in G such that W N H is closed in W
(Definition 1.24 on page 6). Let U and V be neighborhoods of e in G such that

VicUcCU?cCcW
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Now fix € H. Let {x, } be a net in H converging to z. Notice that ! € H as
well. Since 7'V is a neighborhood of !, it must meet H. Let y € =1V N H.
Now z,, is eventually in V and x,y is eventually in

Va(z 'VNH)cV*NnHCUNHCWNH.

It follows that xy € U € U? C W. Since WNH is closed in W, we have xy € WNH.
But then z = (zy)y~! € H. O

Corollary 1.35. If H is a subgroup of a topological group G and if either
(a) H is open, or
(b) H is discrete, or
(¢c) H is locally compact,

then H 1is closed.

Proof. In all three cases, H is locally closed and therefore closed: in (a) this is
trivial and in (c), this follows from Lemma 1.26 on page 6. In (b), there must be
an open set W such that W N H = {e}. Now use Definition 1.24 on page 6. O

Remark 1.36. That open subgroups are closed also follows from Lemma 1.12 on
page4: HC HC H?> =H.

Definition 1.37. A locally compact Hausdorff space X is called o-compact if
X = Ufil C,, where each C,, is a compact subset of X.

Note that o-compactness is a relatively weak condition. Every second countable
locally compact space is o-compact.” Note that any uncountable discrete set fails to
be o-compact; more generally, the topological disjoint union of uncountably many
locally compact spaces will fail to be o-compact.

Lemma 1.38. FEvery locally compact group G has an open o-compact subgroup
H (which could be all of G). In particular, every locally compact group is the
topological disjoint union of o-compact spaces.

Proof. Let V be a symmetric open neighborhood of e in G with compact closure.®

Let H := (J,~, V". Then H is an open subgroup of G. Since Lemma 1.12 on
page 4 implies that V" c Vin H = UV” is o-compact. Therefore, for each s € G,
sH is a clopen o-compact subset of G, and G is the disjoint union | J, ., sH. O

Corollary 1.39. FEwvery connected locally compact group is o-compact.

"To see this, let {On } be a countable basis for the topology. Since X is locally compact, the
subset consisting of those O, which have compact closure is still a basis.

8That is, V = V~!. Symmetric neighborhoods of e are easy to find. If W is any neighborhood,
let V=Wnw-L
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1.2.2 Remarks on Separability Hypotheses

In a monograph such as this, it would not be profitable to devote enormous amounts
of time and space to issues particular to locally compact spaces and groups which
are not second-countable or even og-compact. Nevertheless, we don’t want to invoke
blanket assumptions when much of the general theory can be presented relatively
painlessly without such assumptions. One price that must be paid for this is that
we must work with nets; even a compact group — such as an uncountable product
— can fail to have a countable neighborhood basis at the identity. However, with
some exceptions, nets can be treated like sequences and can certainly be replaced
by sequences if the group or space in question is assumed to have a second countable
topology.

Definition 1.40. A Hausdorff topological space X is paracompact if every open
cover of X has a locally finite refinement. (Recall that a cover is locally finite if
each point in X has a neighborhood that meets only finitely many elements of the
cover.)

A o-compact locally compact Hausdorff space is always paracompact [127,
Proposition 1.7.11]. Thus it follows from Lemma 1.38 on the preceding page that
all locally compact groups are paracompact and are therefore normal as topologi-
cal spaces [168, Theorem 20.10]. Thus we can use Urysohn’s Lemma [127, Theo-
rem 1.5.6] and the Tietze Extension Theorem [127, Theorem 1.5.8] at will.

The situation for locally compact spaces is less clean. Although a compact
Hausdorff space is always normal, a locally compact Hausdorff space need not be.
However there are suitable versions of Urysohn and Tietze available provided we
work with compact sets and compactly supported functions.

Lemma 1.41 (Urysohn’s Lemma). Suppose that X is a locally compact Hausdorff
space and that V' is a an open neighborhood of a compact set K in X. Then there is
a f € Co(X) such that 0 < f(x) <1 forallz, f(x) =1 forallz € K and f(z) =0
ifeéV.

Proof. Since X is locally compact, there is an open neighborhood W of K with
compact closure W C V. Since W is compact and therefore normal, we can find
h € C(W) such that 0 < h(z) < 1 for all z, h(z) = 1 for all z € K and h(z) = 0 if
x ¢ W. Now define
flz) = {g(:v) %fx € W, and O
ifx g W.

Lemma 1.42 (Tietze Extension Theorem). Suppose that X is a locally compact
Hausdorff space and that K C X is compact. If g € C(K), then there is a f €
Co(X) such that f(z) = g(x) for allz € K.

Proof. Let W be an open neighborhood of K with compact closure. By the usual
Tietze Extension Theorem for normal spaces, there is a k € C(W) extending g. By
Lemma 1.41, there is a h € C.(X) such that h(x) =1 for all z € K and h(z) =0
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if & ¢ W. Now let
k(x)h(z) ifx € W, and
Fla) = HOME) 0
0 ifegW.

Lemma 1.43 (Partitions of Unity). Suppose that X is a locally compact space and
that { U; }1'_; is a cover of a compact set K C X by open sets with compact closures.
Then fori=1,...,n there are ¢; € C.(X) such that

(a) 0 <gi(x) <1 foralzelX,

(b) supp ¢; C Uj,

(c) ifx € K, then Y i, ¢i(xz) =1, and
(d) if x ¢ K, then Y i ¢i(x) < 1.

Proof. Let C = |, U;. Then C is a compact neighborhood of K. Since C is
compact, there is a partition of unity { ¢; }7_, C C(C) subordinate to the cover
{C~\K,Uy,...,Up,} [139, Lemma 4.34]. Since supp ¢; C U; (i > 1) and continuous
on C', we may view ; as a continuous compactly supported function on all of X by
setting it equal to zero off U;. Now the ¢; satisfy the requirements of the lemma. [

1.2.3 Homogeneous Spaces

Suppose that H is a subgroup of a topological group G. The set of left cosets,
G/H, inherits a topology — called the quotient topology — from G which is the
smallest topology making the quotient map ¢ : G — G/H continuous. Since

7:={UCG/H:q *(U) is open in G}

is a topology on G/H, we have U C G/H open in the quotient topology if and only
if ¢71(U) is open in G.

Lemma 1.44. If H is a subgroup of a topological group G, then the quotient map
q: G — G/H is open and continuous.

Proof. Since ¢ is continuous by definition of the topology on G/H, it suffices to see
that it is open as well. If V' is open in G, then

) = U v

heH

Since V'h is open in G for all h, ¢~'(g(V)) is open in G. This shows that ¢(V) is
open in G/H. Hence ¢ is open as claimed. O

Remark 1.45 (Homogeneous Spaces). A topological space X is called homogeneous
if for all z,y € X, there is a homeomorphism h € Homeo(X) such that h(x) = y.
If H is a subgroup of G and if s € G, then ¢4 (rH) := srH defines a bijection of
G/H onto itself with inverse ¢ —1. If V is open in G, then U := {rH :r €V }isa
typical open set in G/H. Furthermore, ¢s(U) ={srH :r eV} ={aH :a€sV}
is open in G/H. Thus ¢, is an open map. Since ;' = -1 is also open, ¢ is a
homeomorphism. It follows that G/H is a homogeneous space.
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Lemma 1.46. Suppose that H is a subgroup of a topological group G and that
{s:H }icq is a net in G/H converging to sH. Then there is a subnet { s;; }jcs and
hi, € H such that s;;hi; — s.

Remark 1.47. When applying this result, we are often only interested in the subnet.
Then, provided we’re careful to keep in mind that we’ve passed to a subnet, we
can relabel everything, and assume that there are h; € H such that s;h; — s. This
allows us to dispense with multiple subscripts.

Proof. Since ¢ : G — G/H is open, Proposition 1.15 on page 4 implies that there is
a subnet { s, };es and a net { r; }cs such that r; — s and such that r;H = s;, H.
But then there are h;, such that r; = s, h;,. O

Proposition 1.48. Let H be a subgroup of a topological group G. The left coset
space G/H equipped with the quotient topology is Hausdorff if and only if H is
closed in G. If G is locally compact, then G/H is locally compact. If G is second
countable, then G/H is second countable.

Proof. Suppose that H is closed, we’ll show that G/H is Hausdorff. For this, it
suffices to see that convergent nets have unique limits. So suppose { s, H } converges
to both sH and rH. Since the quotient map ¢ : G — G/H is open, we can pass
to a subnet, relabel, and assume that s, — s (see Remark 1.47). Passing to a
further subnet, and relabeling, we can also assume that there are h,, € H such that

$phn — 7. Since we also have s, 1 — s71,

hy = 5, (8nhn) — 1.
Since H is closed, s~'r € H, and sH = rH. Therefore G/H is Hausdorff as
claimed.

On the other hand, if H is not closed, then there is a net h,, — s with s € G\ H.
Since ¢ is continuous, it follows that sH € {eH }. Thus G/H is certainly not
Hausdorff.

Suppose that { V,, } is a countable basis for the topology on G. Let U,, := q(V,,).
Let W be an open set in G/H and let sH € W. Since the V,, are a basis, there is
a n such that s € V,, € ¢ *(W). Then sH € U, C W, and the U, are a basis for
the topology on G/H.

Suppose that G is locally compact. Since G/H may not be Hausdorff, we have
to verify that Definition 1.16 on page 5 holds. However, the above argument shows
that the forward image of any basis in G is a basis for G/H. Since G has a basis
of compact sets, and since the continuous image of a compact set is compact, it
follows that G/H has a basis of compact sets. That is, G/H is locally compact. O

Corollary 1.49. If H is a normal closed subgroup of a locally compact group G,
then G/H is a locally compact group with respect to the usual multiplication of
cosets: (sH)(rH) = srH.

Proof. We only have to see that multiplication and inversion are continuous. Sup-
pose s,H — sH and r,H — rH. Since it suffices to see that every subnet of



14 Locally Compact Groups

{ $nrnH } has a subnet converging to srH, we can pass to subnets at will. In par-
ticular, we can pass to a subnet, relabel, and assume that there are h,, € H such
that sp,h, — s in G. Similarly, we can pass to another subnet, relabel again, and
assume that there are h], € H such that r,h!, — r in G. But then s,h,r,h!, — sr
and the continuity of the quotient map g implies that

sSphnrohl, H = sprpnH — srH.

Similarly, s;;*H — s~'H, and G/H is a topological group. O

1.2.4 Group Extensions

Theorem 1.50. Suppose that H is a closed subgroup of a topological group G.
Then G is locally compact if and only if both H and G/H are locally compact.

Proof. Suppose that G is locally compact. Since any closed subset of G is locally
compact, H is locally compact, and G/H is locally compact by Proposition 1.48 on
the previous page.

Now assume that H and G/H are locally compact. Since G is Hausdorff, to
show that G is locally compact, it will suffice to produce a compact neighborhood
of e in G. Let Uy be a neighborhood of e in G such that U; N H has compact closure
in H. Since e? = e, we can find a neighborhood U of e in G such that U? C Uj.
Thus U C U; (Lemma 1.12 on page 4), and U N H is a compact neighborhood of
e in H. Choose an open neighborhood V of e in G such that V* C U so that we
have (V)2 C U. Since 7(V) is a neighborhood of eH in G/H and since G/H is
locally compact, we can find a compact neighborhood C' of 7(e) = eH in G/H with
C cn(V).

Let K = 771(C)NV. Then K is a closed neighborhood of e in G and it will
suffice to see that K is compact. Since K is closed, it will suffice to see that any
net {sq} in K has a convergent subnet (in G). Since {7(so)} C C and since
C C w(V) we can pass to subnet, relabel, and assume that 7(s,) — 7(s) for some
s € V. Using Lemma 1.46 on the previous page, we can pass to another subnet,
relabel, and assume that there are t, € H such that s,t, — s in G. Since V is
open and s € V, we eventually have s,t, € V. But then

ta €5, (VNH)C(V)’NHCUNH.

Since U N H is compact, we can pass to a subnet, relabel, and assume that t, — ¢
in H. But then
Sq = (sata)t_l — st™ L O

If N, G and F are groups, then E is called an extension of NV by G if there is a

short exact sequence of groups

i J

€ N E G e.

This allows us to algebraically identify N with a normal subgroup of E, and to
algebraically identify the quotient group E/N with G. If N, G and E are topological
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groups, then we certainly are going to want 4 and j to be continuous. This forces
i(N) to be closed in E and the natural map 7: E/i(N) — G to be a continuous
bijection. However a continuous bijection between locally compact groups need not
be a homeomorphism. For example, consider the identity map from Rg — the real
line with the discrete topology — to R with the usual topology. Therefore we make
the following definition.

Definition 1.51. If N, G and E are topological groups, then an algebraic short
exact sequence

e N—=p—1sq € (1.2)
of groups is called a short exact sequence of topological groups if i is a homeomor-
phism onto its range and j is a continuous open surjection.

Note that if (1.2) is a short exact sequence of topological groups, then we can
identify N with ¢(N) and E/N with G as topological groups. In particular, we get
as an immediate corollary to Theorem 1.50 on the facing page the following.

Corollary 1.52. If

i J

e N E G e

is a short exact sequence of topological groups, then E is locally compact if and only
if N and G are.

The definition of a short exact sequence of topological groups is certainly what
we want, but it would seem that a lot of checking is required to show that a
particular algebraic short exact sequence is topological. But in the presence of some
separability, it suffices merely to check that the connecting maps are continuous. To
prove this requires some fairly hard, but very important, results showing that Borel
homomorphisms are often necessarily continuous. These “automatic continuity
results” are proved in the appendices.

Proposition 1.53. Suppose that N, G and E are second countable locally compact
groups and that

e N—=p—1sq e (1.3)
is an algebraic short exact sequence with i and j continuous. Then (1.3) is a short
exact sequence of topological groups.

Proof. We have to show that ¢ is a homeomorphism onto its range and that j is
open. Recall that a second countable locally compact group is Polish and therefore
analytic as a Borel space (Lemma D.9 on page 372). Since ¢(N) is closed in E, it
is Polish, and the generalized Souslin Theorem ([2, Corollary 2 of Theorem 3.3.4])
implies that i : N — i(N) is a Borel isomorphism. Thus i~! is a Borel homo-
morphism, and therefore continuous (Theorem D.3 on page 370). Thus i is a
homeomorphism as required.

On the other hand, F/i(N) is locally compact and therefore an analytic group.
Just as above 7 is a Borel isomorphism and 7' is a continuous homomorphism.
Since ¢ : E — E/i(N) and J are open, so is j. O
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Remark 1.54. With just a bit more work (using [2, Chap. 3] or Theorem D.11 on
page 372), we can weaken the hypotheses in Proposition 1.53 on the preceding page
to allow N, G and F to be Polish, and the connecting maps to be Borel.

1.3 Haar Measure

We concentrate on locally compact groups because they have a uniquely defined
measure class which respects the group structure. First some terminology. A
measure u on a locally compact space G is called a Borel measure if each open set
is measurable. If for each open set V C G,

u(V) =sup{ u(C): C C V and C is compact },
and for each measurable set A,

u(A) =inf{p(V): ACV and V is open },

then p is called Radon measure.® If G is a group, then we say that u is left-invariant
if
u(sA) = pu(A) for all s € G and A measurable.

Of course, if pu(As) = u(A) we say that p is right-invariant. If p is both left- and
right-invariant, we say it is bi-invariant.

Definition 1.55. A left-invariant Radon measure on a locally compact group G is
called a left Haar measure. A right-invariant Radon measure is called a right Haar
measure. The term Haar measure is reserved for left-invariant measures.

Remark 1.56. Our preference for left over right Haar measures is strictly convention.
If p is a left Haar measure, then v(E) := u(E~1) is a right Haar measure. We'll
have more to say about the relationship between left and right Haar measures in
Lemma 1.67 on page 20.

The fundamental result is the following.

Theorem 1.57. Every locally compact group G has a Haar measure which is unique
up to a strictly positive scalar.

The proof of Theorem 1.57 need not concern us here. (I suggest [56, Theorems
2.10 and 2.20] as a succinct and handy reference.) What we need to keep in mind
is that obtaining a Haar measure is equivalent to constructing a linear functional

I:C.(G)—C (1.4)
which is positive in that I(f) > 0if f(s) > 0 for all s € G, and which satisfies

I(A(r)f) =1(f) forallr € G and f € C.(G), (1.5)

9For more on Radon measures, see the beginning of Appendix B.1. For the moment, be aware
that the precise formulation of the regularity conditions (given by the supremum and infimum
conditions) varies a bit from reference to reference (if the group is not second countable).
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where

A(r)f(s) = f(r7"s).
Then the Riesz Representation Theorem [156, Theorem 2.14] implies that (1.4)
gives us a Radon measure p such that

1(f) = /G £(s) dp(s), (16)

and (1.5) implies that

L a5 dnte) = [ rs)auto)

which is equivalent to p being left-invariant.!’ A positive linear functional (1.4)
satisfying (1.5) is called a Haar functional on G.

It is not hard to see that every Haar measure assigns finite measure to each
compact set, and [56, Proposition 2.19] implies that a Haar measure assigns strictly
positive measure to each nonempty open set.

These elementary properties guarantee that

1] = /G 1£(5)] du(s)

defines a norm on C.(G). The completion with respect to this norm is L(G). T'll
generally try to avoid working with L'(G) and measure theory if at all possible.
Even so, from time to time, we’ll refer to || - ||; as the L!'-norm.

In practice, the Haar measure on a given group G is usually the natural choice.
This is especially true for the sort of groups we work with in dealing with crossed
products.

Ezxample 1.58. If G is discrete, then counting measure is a Haar measure on G.

Thus if G = Z, then
/Z Fmydu(n) = 3 £(n).

nez
Ezxample 1.59. If G is R™ or T™, then Haar measure is Lebesgue measure.

Note that the measures in Examples 1.58 and 1.59 are bi-invariant. This need
not always be true. Folland gives a number of additional examples [56, p. 41], and
several of these are not bi-invariant. In fact, Haar measure on the ax + b group is
not bi-invariant, and we look at this measure in the next example.

Ezample 1.60. Let G = {(a,b) € R? : a > 0} be the ax + b group described

in Example 1.27 on page 7. Then Haar measure on G is given by the functional
I:C.(G) — C defined by

I(f) := /_OO /OOO f(x,y)% dz dy. (1.7)

100nce we know (1.5) holds for all f € Cc(G), it then holds for all L! functions. Since left-
invariance is just (1.5) for characteristic functions, we’re in business — at least for all compact
sets. Then regularity takes care of the rest.
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Since I is clearly a positive linear functional, to verify the above assertion, we
only have to check left-invariance. But

Thus I gives us a Haar measure on (G. Note that if we have a measurable
rectangle
R={(z,y)eG:a<z<bandc<y<d},

:/Cd/abx—td:vdyz (%—%)(d—c).

To see that Haar measure on the ax + b group is not right-invariant, notice that
a Haar measure p is right-invariant exactly when

then

/ f(sr)du(s / f(s)du(s) forall r € G and f € C.(G). (1.8)

Alternatively, if we define p(r)f(s) := f(sr), then a Haar functional I yields a
bi-invariant measure when I (p(r)f) = I(f) for all r and f.
Thus to see that the Haar measure on the ax + b group is not bi-invariant we

compute
oo oo 1
:/ / flaz,br +y)— dr dy
—oo JO €

:/Oo /Oof(u,éwy)i?duady
—a/ / flu,y + u)—dydu
=al(f

Since (1.8) holds only for » = (a,b) if a = 1, it follows that Haar measure on
the ax + b group is not right-invariant.

Lemma 1.61. Let u be a Haar measure on a locally compact group G. Then there
is a continuous homomorphism A : G — R such that

/fsr (s /f ) di(s (1.9)
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for all f € C.(G). The function A is independent of choice of Haar measure and
is called the modular function on G.

Proof of all but continuity assertion: Let J,. : C.(G) — C be defined by
50y = [ rerauts).

Then a straightforward computation shows that J,. (A(t)f) = J.(f) for all f and
all t € G. The uniqueness of Haar measure then implies that there is a strictly
positive scalar A(r) such that (1.9) holds. Furthermore, on the one hand

ar) [ (ot dp(s) = [ 1(s) dts).

On the other hand,
AOAG) [ fstr)duts) = A [ far) duts)
— [ £ duto)
G

Since we can certainly find a f with nonzero integral, it follows that A(tr) =
A(t)A(r), and A is a homomorphism.!! O

To show that A is continuous, we need a bit more technology. In particular, we
need to know that functions in C.(G) are uniformly continuous.

Lemma 1.62. Suppose that f € C.(G) and that € > 0. Then there is a neighbor-
hood V of e in G such that either s~'r € V or sr~t € V implies

F(s) = F(r)] < e. (1.10)

Proof. The cases s~'r € V and sr~! € V can be treated separately; we can take
the intersection of the two neighborhoods. Here I’ll show only that there is a V' so
that sr~! € V implies (1.10).

Let W be a symmetric compact neighborhood of e and let K = supp f. Notice
that sr=! € V.C W and |f(s) — f(r)| > 0 implies that both s and 7 belong to the
compact set WK .'2 Thus if our assertion were false, there is an ¢y > 0 such that
for each neighborhood V' C W there are sy and 7y in WK such that

|f(sv) = f(rv)] = €o. (1.11)

Notice that { sy } and { 7y } are nets, directed by decreasing V, such that syry,' —
e in G. Since WK is compact, we can pass to a subnet, relabel, and assume that
sy — s and ry — s. Now continuity of f and (1.11) lead to a contradiction. O

' Many authors prefer to work directly with the measure rather than the associated linear
functional. Then one can define A by noting that v(E) := p(Er) is a Haar measure; hence,
v = A(r)u for some scalar A(r).

1270 see this, notice that we certainly have either s or r in K. If r € K, then sr—! € W implies
sEWK. Ifse K,thenr~! € s~ !W C K~'W. Then r € WK.
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Proof of continuity in Lemma 1.61: Using Lemma 1.62 on the previous page, it is
clear that if r; — rin G, then p(r;) f — p(r)f uniformly. Furthermore, the supports
are all eventually contained in the same compact subset.'® From this, it easy to
check™ that

oot ants) = [ s duts (1.12)

But by the first part of Lemma 1.61 on page 18, this implies
A [ 7(5)dnts) = A6 [ pls)auco) (1.13)
Thus if we choose f such that [, fu # 0, then A(r;) — A(r). This shows that A

is continuous and finishes the proof. O

Ezample 1.63. The modular function on the ax + b group is given by A(a,b) = 1

Remark 1.64. Notice that Haar measure on a group G is bi-invariant if and only if
A = 1. Such groups are called unimodular.

Lemma 1.65. If G is compact, then G is unimodular.

Proof. Since G is compact and A is continuous, A(G) is a bounded compact subset
of Rt = (0,00). But if A is not identically one, then there is a s € G such that
A(s) > 1. But then A(s"™) — oo. This is a contradiction and completes the
proof. O

Remark 1.66. If 11 is a Haar measure on GG, then we noted in Remark 1.56 on page 16
that v(E) := u(E~1) is a right Haar measure. Then, working with characteristic
functions, it is easy to see that

/f (s /f‘ldu

Lemma 1.67. For all f € C.(G),

[ #6796 duts) = [ 1) dus). (1.14)
G G

It follows that any left-Haar measure and right-Haar measure are mutually abso-

lutely continuous. In particular, if v is the right-Haar measure v(E) := u(E~1),
then J
39 =267,

and dv(s) = A(s™1) du(s).

130ne says that p(r;)f — p(r)f in the “inductive limit topology”. We’ll have more to say about
this unfortunate terminology later (see Remark 1.86 on page 29 and [139, Appendix DJ).

MSince {p(r;)f} is potentially a net (and not necessarily a sequence), we can’t apply the
Dominated Convergence Theorem. Otherwise, pointwise convergence would suffice and we could
have postponed Lemma 1.62 until later.
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Remark 1.68. Since we are not assuming that G is o-compact, there is no reason to
believe that Haar measure is o-finite. Hence, the usual Radon-Nikodym Theorem
does not apply.'® But once we have proved that (1.14) holds, then since the left-
hand side of (1.14) is simply

/ F(5)A(s) dv(s),
G

it certainly follows that p and v have the same null sets, and that we can obtain v
by integration against A(s~!) du(s), and we have employed the usual notation for
the Radon-Nikodym derivative.

Proof. Define J : C.(G) — C by

J(f) = /G F(s A dps).

Then J is clearly a positive linear functional, and
J(A()f) = A( )/ F((sm) ") A(sr) " dp(s)

=A(r
G
= [ HHAGT dute
= J(f).
Therefore (1.14) holds up to a strictly positive scalar ¢. But we can find a nonzero
g € C.(G) with g(s) > 0 for all s. Then

h(s) = g(s) + A(s™Hg(s™")

defines a function h in C.(G) such that h(s) = A(s~1)h(s™1). Plugging h into
(1.14) implies that ¢ = 1 and we’ve proved that (1.14) holds.
The other assertions are clear. g

Remark 1.69 (Quasi-invariant measures). Suppose that G is o-compact. Two mea-
sures that are mutually absolutely continuous are said to be equivalent, and equiva-
lence is an equivalence relation on the set of Radon measures on G. An equivalence
class is called a measure class. Lemma 1.67 on the preceding page implies that
Haar measure and right-Haar measure are in the same measure class C. Since all
measures i’ € C have the same null sets, it follows that if N is a p/-null set, then rE
and Er are p/-null for all » € G. A Radon measure on G is called quasi-invariant
if N null implies that N is null for all » € G. We will show in Lemma H.14 on
page 463 that any two quasi-invariant measures on G must be equivalent. Therefore
any quasi-invariant measure on G is in the same measure class as Haar measure.

5For a version of the Radon-Nikodym Theorem that does apply to general Radon measures,
see [71, Theorem 12.17].
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1.4 An Interlude: Abelian Harmonic Analysis

This section is meant to serve as motivation for many of the constructions and
techniques in the sequel. In this section, G will always be a locally compact abelian
group with a fixed Haar measure p. In order to appeal to the classical theory of
commutative Banach algebras, we’ll work with L!(G) rather than C.(G) in this
section.!6

Remark 1.70. If G is second countable, then its Haar measure is certainly o-finite,
and we can apply the familiar results of measure theory such as Fubini’s Theorem
without much concern. But if we allow G to be arbitrary, then questions about
Fubini’s Theorem and other results are bound to come up. However many of
these questions can be finessed provided the functions one wants to integrate are
supported on o-finite subsets of the product G x G. (A discussion of these sorts of
issues may be found in [56, §2.3].)

A situation that will arise several times in this section is the following. Suppose
that f and g are measurable L!-functions. With a little hard work, it follows that
(s,r) — f(r)g(s —r) is a measurable function with respect to the product measure
px p.t7 Then one wants to apply Fubini or Tonelli to see that F(s,r) = f(r)g(s—7)
is in L1(G x G). For this it suffices to note that f and g have o-finite supports A
and B, respectively, and that F is supported in the o-finite set A x (A + B). Then
we can apply Fubini with a clear conscience. In particular,

frgls) = /G F()(s — ) du(r) (1.15)

is in L*(G). The properties of Haar measure guarantee that

fr(s) = f(=s) (1.16)

is in LY(G) if f is, and that || f*||1 = ||f|l1, f*g = g* f and that (f xg)* = g* * f*.
Now it is a relatively straightforward matter to check that L' (G, ) is a commutative
Banach *-algebra with respect to the operations (1.15) and (1.16).

16 A nice reference for both commutative Banach algebras and applications to harmonic anal-
ysis is [101]. For example, Proposition 1.76 on page 24 essentially came from [101, Chap. VII].
Unfortunately, [101] is out of print. A modern treatment of commutative Banach algebras can be
found in [155], and all the basics (and a good deal more) about abelian harmonic analysis is to
be found in [71] (and especially [71, Chap. V]).

7The issue is to see that (s,7) — g(s — r) is measurable. Since (s,r) — s — r is continuous,
there is no problem if g is continuous or even Borel. However, in general, the composition of
a measurable function with a continuous function need not be measurable. But since g is the
pointwise limit of simple functions in Ll(G)7 we can assume g is a characteristic function. Thus
it suffices to see that

o(E):={(s,1)eGxG:s—reE}
is pu X p-measurable if E is p-measurable. As above, this is automatic if E is a Borel set. If
E is a null set, then there is a Borel null set F' with E C F. Now o(F) is measurable and
o(F)s :={r € G: (s,r) € o(F)} = s— F is a null set. It follows from Tonelli that o(F) is a
X p-null set. Since o(E) C o(F), o(E) is u X p-measurable (and a null set). But if E is any
1 X p-measurable set, E = BUN for a Borel set B and a p-null set N. Since o(E) = o(B)Uo(N),
it follows that o(E) is measurable.
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Definition 1.71. A net {u; } of self-adjoint'® elements of norm at most one in
LY(G) is called an approzimate identity for L'(G) if for all f € LY(G), fxu; = ujx f
converges to f in norm.

Lemma 1.72. L*(G) has an approzimate identity in C.(G).

Proof. If V' is a neighborhood of e in G, then let uy be a nonnegative element
of C.(@) with integral 1, suppuy C V and uy = uj.'? Now fix f € C.(G).
If € > 0, then there is a compact neighborhood W of e such that s —r € W
implies |f(s) — f(r)] < € (Lemma 1.62 on page 19). Now if V. C W we have
suppuy * f Csupp f + W and

luv * f(s) = f(s)| = [ wv(r)(f(s—71) = f(s)) du(r)

IN

T~

uy ()| (f(s =) = f(5))] du(r)

< e/GuV(r) du(r)

= €.

It follows that wy * f — f uniformly and the support of uy * f is eventually
contained in a fixed compact set. In particular, uy * f converges to f in L*(G).
This suffices since C..(G) is dense in L!(G) and each uy has norm one. O

Definition 1.73. Let A(G) be the set of nonzero complex homomorphisms of
L'(G) to C equipped with the relative weak-* topology coming from A(G) C
LY(G)*.

Definition 1.74. We let G denote the set of continuous homomorphisms from G
to T. Under pointwise multiplication, G is a group called the character group of G
or the Pontryagin dual of G.

Lemma 1.75. Ifw € G then h,, € A(G) where

/f (s). (1.17)

Proof. Since |wllco =1, |ho(f)| < ||f|l1 and h,, is certainly continuous. Now using
Fubini,

o g) = //f gls — )eo(s) dia(r) du(s)

//f 9ls — )o(s) dia(s) du(r)
//f w(s + 1) du(s) dp(r)

w(9)-

18 An element a in a Banach *-algebra is called self-adjoint if * = z.
9Let u; be any nonnegative compactly supported function with integral 1 and support in a
symmetric neighborhood contained in V. Then uy := %(ul + ui) will do.
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The rest is clear.20 O

Proposition 1.76. The map w — hy, is a bijection of G onto A(G).

Proof. 1f h,, = h,, then
/Gf(s) (w(s) —w'(s)) du(s) =0 forall f € LY(G).

Thus w and w’ must agree almost everywhere and therefore everywhere. This proves
that w — h,, is one-to-one.

To motivate what follows, note that hy, (A(r)f) = w(r)hy(f) for all f € L'(G).
Now let h € A(G). Since Haar measure is translation invariant, it is easy to check
that

Ar)ux f=ux*Ar)f. (1.18)
Let {u; } C C.(G) be an approximate identity for L'(G). Then (1.18) implies that
h()\(r)ui * f) = h(/\(r)ui)h(f) — h()\(r)f).
If h(f) # 0, then there is a wy(r) € C such that

h(A(r
h()\(?‘)ui) - (hgf))f)

Since the left-hand side of (1.19) is independent of our choice of f, wp(r) =
h(A(r)g)/h(g) provided only that h(g) # 0.

Notice that
h(A(T)f)‘ < Ifl
h(f) 17 h(f)]

= wp (7). (1.19)

fwon(r)| = | < oo,

S0 [Jwp]|eo < 0.

Replacing g by A(s)f in A(r)f xg = f * A(r)g gives

(A(r)f) * (A(s)f) = f# A(rs) f

which, after applying h to both sides and dividing by h(f)?2, gives

R(A(r)f) R(A(s)f)  h(A(rs)f)
h(f) h(f) h(f)

and this implies that

wh(rwn(s) = wp(rs).

2ONotice that he, is a *-homomorphism: that is, h(f*) = h(f). In view of Proposition 1.76, it
will follow that every h € A(G) is a *-homomorphism.
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This shows that wy, is a homomorphism of G into C ~ {0}. Since translation is
continuous in L'(G) and

1

lwn(s) — wa(r)] = mm(/\(s)f — ) )]
1

< WH)\(S)f — A7) fll1,

it follows that wy, is continuous. If |wy(s)| > 1, then wy(s™) = wi(s)™ — oco. Since
[whllso < 00, we must have wy,(G) C T. Therefore wy, is a character in G.

All that remains to show is that h,, = h. However, h € A(G) is a bounded
linear functional on L'(G), so there is an a € L>°(G) such that

:/f(s)oz(s)d,u(s).

G

Now we compute that

/f $)wn(s) du(s —hm/f s)u;) dp(s)

~tim | / F()uilr — s)a(r) duu(r) dps)
= hm/ frui(r du(r)
= hmh (f *u;)
= h(f) O

Lemma 1.77. The map (s, h) — wp(s) is continuous from G x A(G) to T.

Proof. Let (r,h) € G x A(G). Choose f € L'(G) such that h(f) # 0. Now
[h(f)] - |wk(s) — wr(r)] is bounded by

jwi(s) (h(f) = (f))l + |wr()E(f) = wn(r)h(f)]
< |h(f) = k()| + k(A()f) = h(A(r)f)]
< |h(f) = k()] + k(A(5)f) = k(M) f)]
+E(Ar)f) = (A )]
<[P = BOI+ M) F = A f Il + k(A S) = (A f)]-

The result follows. O

S

In view of Proposition 1.76 on the facing page, we can identify G with A(G)
and give G the weak-* topology coming from A(G).

Lemma 1.78. The weak-x topology on G coincides with the topology of uniform
convergence on compact sets (a.k.a. the compact-open topology).
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Proof. If wyp, — wp, uniformly on compacta, then it is straightforward to see that
hn, — hin A(G). (It suffices to check on f € C.(G).) On the other hand, if h,, — h
and if there is a compact set C' on which wy,, / wp, uniformly, then we can pass to
a subnet so that there are s,, € C and an € > 0 such that

|wh,, (8n) — wr(sn)| > € for all n.

We can pass to a subnet and assume that s,, — s in G. This leads to a contradiction
in view of Lemma 1.77 on the previous page. [l

Corollary 1.79. Suppose that G is a locally compact abelian group. Then the
character group G s a locally compact abelian group in the topology of uniform
convergence on compact sets.

Proof. Tt is clear that Gisa topological group. Furthermore, the weak-* topology is
a locally compact topology on the maximal ideal space of any commutative Banach
algebra. Since G is homeomorphic to A(G), G is locally compact. O

1.4.1 The Fourier Transform

The Gelfand transform on a commutative Banach algebra A maps a € A to the
function @ € Co(A(A)) defined by a(h) := h(a) (where A(A) is the set of complex
homomorphisms of A). In our situation, the Gelfand transform of f € L(G) is
given by the function f € Co(G) defined by

f(w) = /G £ ()w(s) du(s). (1.20)

Of course, f is also known as the Fourier transform of f, and there are libraries
full of material, both pure and applied, relating the properties of f and f.

Ezample 1.80. If G = R, then it is an exercise to show that every character on
R is of the form w(z) = e~ for some y € R. Thus we can identify R with R,
and a few moments thought shows that the topology is the usual one. With this
identification, (1.20) is written as

f) = [ st

which is the classical Fourier transform on the real line. A good deal of the residue
calculus taught in undergraduate complex analysis courses is devoted to evaluating
these sorts of integrals. For example, if f(x) :=1/(2? + 1), then

5 °° cos(xy) + isin(zy) .
fla) = [ oL gy

Ezample 1.81. If G =T, then it can be shown that the characters are of the form
w(z) = 2™ for some n € Z. Thus we can identify T with Z by associating n with
the character z — z~". (The introduction of the minus sign is a convention which
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merely allows us to tie up with the classical theory in (1.21).) Since T is compact,
it is traditional to normalize Haar measure p so that pu(T) = 1. Thus

1
T

/f(Z) du(z) = - ! f(e?)ad.
T —Tr

Then computing (1.20) amounts to computing the classical Fourier coefficients of

f:
Fm) = — [ flei®)e=m0 qo. (1.21)

~or o

1.4.2 Non Abelian Groups and Beyond

It is both proper and natural to try to generalize the results of abelian harmonic
analysis to nonabelian locally compact groups. In the abelian case, G is a locally
compact abelian group, and has its own dual group, and the content of the Pon-
tryagin Duality Theorem is that the map sending s € G to the character on G
defined by w +— w(s) is a topological group isomorphism [56, Theorem 4.31]. How-
ever, in the general case, it quickly becomes apparent that there will not be enough
characters to yield very much information about G. In fact, there may only be the
trivial character 1 : G — T mapping all elements to 1; this happens exactly when
the closure of the commutator subgroup [G, G] is all of G. Therefore, we will have
to expand the notion of a character.

Definition 1.82. A unitary representation of a locally compact group G is a con-
tinuous homomorphism U : G — U(H) where U(H) is equipped with the strong
operator topology. (We are merely insisting that the maps s — Ush be continuous
from G to H for all h € H.) The dimension of U is dy := dimH. We say that
U is equivalent to V : G — B(H') if there is a unitary W : H — H’ such that
Ve = WUW™ for all s € G.

Ezample 1.83. Let G be a locally compact group and H = L?(G). If r € G, then
A(r) and p(r) are unitary operators on L?(G) where

Ar)f(s) = f(r~ts) and  p(r)f(s) = A(r)* f(sr).

Since translation is continuous in L?(G), it follows that A : G — U(L?*(@)) and
p:G—>U (LQ(G)) are representations of G called, respectively, the left-reqular
representation and the right-reqular representation.

Definition 1.84. Let U : G — U(H) be a unitary representation. A subspace
V C 'H is invariant for U if UV C V for all s € G. If the only closed invariant
subspaces for U are the trivial ones — {0 } and H — then U is called an irreducible
representation.

Remark 1.85. As we shall see in due course (cf., Section 3.1), if G is abelian, then
the irreducible representations of G are one-dimensional and correspond to the
characters of G in the obvious way. For compact (not necessarily abelian) groups G,
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the Peter-Weyl Theorem [56, Theorems 5.2 and 5.12] implies, among other things,
that every irreducible representation of G is finite dimensional. However, there
are locally compact groups with infinite dimensional irreducible representations.
However, even for nice groups — for example abelian groups — we’ll still want to
work with infinite-dimensional representations in the sequel.

Part of the point of Remark 1.85 on the preceding page is that in the nonabelian
case, the natural analogue for characters is going to be unitary representations and
irreducible representations in particular. Thus if we want to generalize the Fourier
transform to accommodate nonabelian groups, then we are going to have to replace
w in (1.20) with U where U is a potentially infinite-dimensional representation.
However, now the integrand in (1.20) is taking values in B(H). There is work to
do to make sense of this.

1.5 Integration on Groups

In order to make sense of integrals where the integrand is a function taking values in
a C*-algebra, Hilbert space or Hilbert module, we need a workable theory of what is
referred to in the literature as vector-valued integration. In general, the properties of
vector-valued integration closely parallel those for scalar-valued functions, but the
theory is more complicated, and there are a number of subtle differences and pitfalls
that make the theory a bit more formidable. Fortunately, the theory simplifies
significantly when it is possible to restrict to Haar measure on a locally compact
group G, and to integrands which are continuous with compact support on G taking
values in a Banach space D. This was the approach taken in [139, §C.2] for C*-
algebra valued functions and we’ll modify that treatment here to accommodate
Banach space values.?!

The idea is to assign to a function f € C.(G, D) an element I(f) of D which is
meant to be the integral of f:

1) = [ ) duts) (1.22)

Naturally, we want I to be linear and be bounded in some sense. Note that if
f € C(G,D), then s — ||f(s)] is in C.(G) and

£l == /G 1 () dp(s) < [ flloo - p(supp f) < o0.

If z € C.(G) and a € D, then the function s — z(s)a is called an elementary tensor
and will be denoted by z ® a. We also want our integral to have the following
properties:

H /G F)duts)|| < 11 and /G ea)dis) =a [ ) duls). (1.23)

G

21For much of what appears here, we could replace G by a paracompact locally compact space,
and Haar measure by any Radon measure on X. Our approach is loosely based on [13, Chap. III,

§3).
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We call || - ||; the L'-norm. We claim that once we have (1.23), we have uniquely
specified our integral. To see this, notice that if { f; } C C.(G, D) is a net such that

fi — f uniformly on G, and such that (1.24)
there is a compact set K such that we eventually have supp f; C K, (1.25)

then f; — f in the L'-norm and

/ fi(s) du(s) — / £(5) du(s). (1.26)
G G

Then our assertion about uniqueness follows once we have verified that given f €
C.(G,D), there is a net { f; } of elementary tensors satisfying (1.24) and (1.25)
above.

Remark 1.86 (Inductive Limit Topology). It is common parlance in the literature
(and in this book) to say that a net { f; } satisfying (1.24) and (1.25) converges
to f in the inductive limit topology. However, there is a bona fide topology on
C.(G,D) — called the inductive limit topology — such that nets satisfying (1.24)
and (1.25) converge in that topology. This topology is discussed in detail in [139,
Appendix D.2] for the case D = C. The possibility of confusion arises as it need not
be the case that every convergent net in the inductive limit topology satisfy both
(1.24) and (1.25) (cf. [139, Example D.9]). However, in this book we usually just
want to show that a subset, such as the span of elementary tensors in C.(G, D), is
dense in the inductive limit topology, and then it clearly suffices to produce nets
with properties (1.24) and (1.25). The use of the term becomes controversial only if
we insist on making statements like “if f; — f in the inductive limit topology, then
(1.26) holds,” because we don’t know that (1.24) and (1.25) hold. Nevertheless,
if j: Co(G,D) — M is a linear map into a locally convex space M, then j is
continuous with respect to the inductive limit topology on C.(G, D) if and only if
J(fi) — 3(f) for all nets satisfying (1.24) and (1.25). This is proved in the case
D = C in [139, Lemma D.10]. Rather than prove the general assertion here, it
will suffice for the purposes of this book to use the term “f; — f in the inductive
limit topology” to mean that (1.24) and (1.25) are satisfied, and to forget about
the technical definition of the inductive limit topology altogether.

Lemma 1.87. Suppose that Dy is a dense subset of a Banach space D. Then
C.(G)®Dgy :=span{z®a: z € C.(G) and a € Dy } (1.27)

is dense in C.(G, D) in the inductive limit topology, and therefore for the topology
on C.(G, D) induced by the L*-norm.

We'll need the following assertion about the uniform continuity of functions in
C.(G,D).

Lemma 1.88. Suppose that D is a Banach space, that f € C.(G,D) and that
€ > 0. Then there is a neighborhood V of e in G such that either st~ € V or
s~ir € V implies

1f(s) = f(r)ll <e
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Proof. The proof is exactly the same as in the scalar case (Lemma 1.62 on page 19).
O

Proof of Lemma 1.87. Fix f € C.(G,D) with K := supp f. Let W be a compact
neighborhood of e in G. If € > 0, then, using Lemma 1.88 on the preceding page,
choose a symmetric neighborhood V' C W of e such that sr~! € V implies that

1£(s) = )l < 5.

Then there are r; € K such that K C (J;—, Vr;. Then K¢U{Vr; }I_, is an open
cover of G. Since all locally compact groups are paracompact (see Definition 1.40
on page 11 and following remarks), there is a partition of unity { z; }7-, such that
supp zo C K€ and suppz; C Vr; for i = 1,2,...,n (Lemma 1.43 on page 12). Let
z; € Dy be such that ||z; — f(r;)]| < €/2, and define g := Y7 | 2; ® ;. Then
g € Co(G) ® Dy and suppg C VK € WK. (Note that WK is a compact set and
does not depend on €.) Since > 1 ; z(s) =1if s € K =supp f and Y ;" zi(s) <1
otherwise,

1£G5) = g(s)ll = || 32 =) (£5) = 1)

N
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This suffices. O

We'll need the following result from Banach space theory. Recall that C' C D is
called convex if z,y € C and t € (0,1) imply that tx+ (1 —t)y € C. If A C D, then
the convex hull of A is the smallest convex set c(A) containing A. Equivalently,
¢(A) is the intersection of all convex sets containing A. The closure of ¢(A) is called
the closed convexr hull of A. Notice that aq,...,a, € A and if \; > 0 for all 4, then
> Aia; € Ae(A), where A=A 4+ -+ A,

Lemma 1.89. If A is a compact convex set in a Banach space D, then its closed
convez hull is compact.

Proof. Tt suffices to see that ¢(A) is totally bounded. Let € > 0. As usual, let B.(d)
be the e-ball centered at d € D. Since A is compact, there are dy, ...,d, € A such
that

AC OB%(dZ): Odl—i—V,
=1 =1

where V' = B¢ (0). Let C :={>, \id; : >_; i =1and each \; >0}. Then C is
convex, and as it is the continuous image of a compact subset of R", it is a compact
subset of D. Therefore there are cq,..., ¢, € C such that

m

CcC OBg(Cz):UQ‘FV

i=1 =1
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But C' 4 V is convex and contains A. Therefore ¢(A) C C' + V. It follows that

m m

c(A) ¢ |Jei+2V = Be(ci).
i=1 i=1
Since e was arbitrary, ¢(A) is totally bounded as required. [l

If f € C.(G,D) and ¢ € D*, then we can define

mww=éwq@mma

Since we clearly have
L5 ()] < Ml £ 11, (1.28)

Ly is a bounded linear functional in the double dual D** of norm at most | f]1.
Let ¢ : D — D** be the natural isometric inclusion of D into its double dual:

a)(p) = ¢p(a).

It is straightforward to check that
L.gq = t(ca) = ci(a) where c= / z(s) du(s).
G

Notice that if f; — f in the inductive limit topology on C.(G, D), then L, (p) —
L¢(¢p) for all ¢ € D*. In other words, Ly, — Ly in the weak-* topology on in D**.
Since f +— Ly is certainly linear, we can construct our integral by showing that
Ly € (D) for all f € C.(G, D), and then defining I : C.(G,D) — D by

I(f) = (Ly).
Lemma 1.90. If f € C.(G,D), then Ly € «(D).

Proof. Let W be a compact neighborhood of supp f in G, and let K := f(G)U{0}.
Also let C be the closed convex hull of K in D. Since K is compact, C' is compact
by Lemma 1.89 on the preceding page.

Fix € > 0. By Lemma 1.88 on page 29, there is neighborhood V of e in G such
that ||f(s) — f(r)|| < € provided s™'r € V. We can shrink V if necessary so that
supp(f)V C W. Let s1,...,8, € supp f be such that

n

supp f C U s; V.

i=1

By Lemma 1.43 on page 12, there are @; € CF(G) such that supp¢; C s;V and
such that ). ¢;(s) is bounded by 1 for all s, and equal to 1 when s € supp f. Let
g(s) = >, f(si)pi(s). Then suppg C W and ||g(s) — f(s)|] < € for all s € G.

Furthermore,
n

Ly =3 ([ o) auo) (7).

i=1
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Since

Z/G%'(s) du(s) :=d < p(W),

it follows that L, € di(C) which is in p(W)(C) since 0 € C.

Since ¢ was arbitrary, it follows that there are g; — f in the inductive limit
topology such that Ly, € u(W)i(C). Since L, — Ly in the weak-* topology, it
follows that Ly is in the weak-* closure of u(W)u(C). But C is compact in the
norm topology, and therefore in the weak topology. Untangling definitions shows
that this immediately implies ¢(C') is compact in the weak-* topology. But then ¢(C')
is closed in the weak-* topology, and it follows that Ly € u(W)(C) C (D). O

Lemma 1.91. Suppose that D is a Banach space and G is a locally compact group
with left Haar measure p. Then there is a linear map

f /G £(5) dia(s)

from C.(G,D) to D which is characterized by

o([ 1) = [ o) auts) foraipe.  (120)

Both formulas in (1.23) hold, and if L : D — Y is a bounded linear operator and
f e C.G,D), then

£([ s ans) = [ L(¢) dus). (1.30)

Proof. In view of Lemma 1.90 on the preceding page, we can define [ f(s) du(s) to
be t71(Ly). The formulas in (1.23) follow immediately from (1.29). If L: D — Y is
bounded and linear, then Lo f € C.(G,)Y) and ¥ o L € D* for ¥ € Y*. Therefore

V(1 [ 1)) = [ #EEE)) dus) foran v ey,

and (1.30) follows from (1.29). O

We'll need to recall the definition of the multiplier algebra M (A) of a C*-algebra
A. Loosely put, M(A) is the largest unital C*-algebra containing A as an essential
ideal. There are several ways to define M(A), but we will follow and refer to
[139, §2.3] for the definition and basic properties. Thus we define M(A) to be the
adjointable operators £(A4) on A viewed as a right Hilbert module over itself.
We view A as an ideal in M (A) by identifying A with the ideal K(A) of compact
operators in £(A) by sending a € A to left multiplication by itself.

Lemma 1.92 ([139, Lemma C.3]). Suppose that A is a C*-algebra and that G
is a locally compact group with Haar measure p. Then the integral defined in
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Lemma 1.91 has the following properties in addition to (1.23) and (1.50). Sup-
pose that f € C.(G,A). If 7 : A — B(Hy) is a representation and if h,k € H,

then
w(/cf(s)du(s))h‘k) :/G(w(f(s))h|k) dp(s). (1.31)

/f ) du(s /f ) dp(s (1.32)

and if a,b € M(A), then

Furthermore,

d b= bd . .
a/Gf(s) 1(s) /Gaf(s) 1(s) (1.33)
Proof. Let ¢ € A* be defined by

¢(a) == (m(a)h | k).

Then (1.31) follows from (1.29). The rest follows easily from (1.31). For example,
let 7 be a faithful representation of A with a,b € M(A). Then for all h, k € H,

(v(a [ s aum)n | ) = (n( | #05)dute)Jaom | 60" )i)
:/G( 7(£(3))7(0)h | 7(a*)k) dp(s)
:/G(w(af(s)b)hlk) dp(s)

which, since s — af(s)b belongs to C.(G, A), is

- (ﬂ(/Gaf( s)bdpu(s )h}k)

Since 7 is faithful and h and k are arbitrary, (1.33) follows. O

Now Lemma 1.92 on the preceding page is a fine and impressive as far as it
goes, but recall our goal was to make sense out of integrals like

/ f(s)Us dp(s), (1.34)
G

where f € C.(G), or even C.(G,B(H)), and U : G — U(H) is a unitary repre-
sentation of G. Then the integrand is not necessarily a continuous function into
B(H) with the norm topology, and Lemma 1.92 on the facing page can’t be ap-
plied. However the integrand is continuous in the strong operator topology, and
we now want to see that that is sufficient to define a well behaved integral. To do
this in sufficient generality to be useful later, we need to talk a bit more about the
multiplier algebra.
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Definition 1.93. Let A be a C*-algebra. If a € A, then let || - ||, be the seminorm
on M(A) defined by ||b||s := ||ba|| + ||abl|. The strict topology on M(A) is the
topology generated by all the seminorms { || ||, :a € A}.

Ezample 1.94. A net {b; } in M(A) converges strictly to b if and only if ab; — ab
and b;a — ba for all a € A. Since B(H) = M (K(H)), B(H) has a strict topology,
and T; — T strictly if and only if T;K — TK and KT; — KT for all compact
operators K.

We aim to show that the integrand in (1.34) is continuous in the strict topology
on B(H). At the moment all that seems clear is that the integrand is a continuous
compactly supported function into B(H) with the strong operator topology.

Definition 1.95. The *-strong operator topology on B(H) has subbasic open sets
N(T,h,e):={Se€B(H):||Sh—Th| + ||S*h—T*h|| < e}
where T' € B(H), h € H and € > 0.

Remark 1.96. A net T; — T =-strongly if and only if both 7; — T strongly and
T} — T* strongly.

The connection to the strict topology is given by the following lemma.

Lemma 1.97 ([139, Lemma C.6]). On norm bounded subsets of B(H), the strict
and x-strong topologies coincide.

This lemma is a special case of the corresponding result for Hilbert modules.
If X is a Hilbert A-module, then recall that £(X) = M (K(X)) and therefore has a
strict topology. It also has a *-strong topology defined as in Definition 1.95 in which
a net T; — T if and only if T;(x) — T'(z) and T} (z) — T*(x) for all x € X. Of
course, we can view a Hilbert space H as a Hilbert C-module and then we recover
the strict and *-strong topologies as above. Then Lemma 1.97 follows from

Proposition 1.98 ([139, Proposition C.7]). If X is a Hilbert A-module, then strict
convergence implies x-strong convergence, and the strict and *-strong topologies
coincide on norm bounded subsets of L(X).

At the moment our main interest in Proposition 1.98 is the following corollary.

Corollary 1.99 ([139, Corollary C.8]). Suppose that v : G — UL(X) is a homo-
morphism into the unitary group of L(X). Then u is strictly continuous if and only
if it is strongly continuous.

Proof. In view of Proposition 1.98, it suffices to see that s — us(z) continuous for
all z € X implies s — u*(z) is continuous. But

lug(@) —uf (@)% = (ui(z) —uj (2) , ui(@) —uf (@),

= 2fz% — (us(ui (@), 2), — (@, us(uf (@),

But s — ¢, implies ug (uf (x)) — x by assumption. O
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Remark 1.100. In [139, Example C.10], we exhibit a sequence S := {T,, } C B(H)
such that 0 belongs to the x-strong closure of S but not to the strict closure.
Therefore the strict and *-strong topologies are not the same. Notice too that the
principle of uniform boundedness implies that a strongly convergent sequence is
bounded. Therefore a *-strong convergent sequence is bounded and also strictly
convergent by Proposition 1.98 on the preceding page. Therefore there must be
a net in S converging to 0 x-strongly, but no sequence in S can converge to 0 *-
strongly. Thus the *-strong topology fails to be first countable even on a separable
Hilbert space.

We'll write Ms(A) to denote M(A) with the strict topology. Notice that if
f € Ce(G, My(A)), then s — f(s)a is in C.(G, A) for each a € A. In particular,
{f(s)a : s € G} is bounded and the uniform boundedness principle implies that
{IIf(s)|l : s € G} is bounded.

Lemma 1.101 ([139, Lemma C.11]). Let A be a C*-algebra. There is a unique
linear map f v [, f(s)du(s) from Cc(G, M(A)) to M(A) such that for any non-
degenerate representation m: A — B(H) and all h,k € Hx

(v( [ 7 due)n | ) = [ ()RR duts) 139)
We have
H/G f(s) dﬂ(S)H < |Iflloo - pt(supp f).

Equations (1.32) and (1.33) are valid is this context. If L : A — B is a nondegen-
erate homomorphism into a C*-algebra B, then

E([ 1orants)) = [ L(7) duts)

Proof. Uniqueness is clear from (1.35). Recall that M(A) = L£(Aa). For each
f € Ce(G, My(A)), define Ly : A — A by

- /G f(s)adp(s)

Then using the properties laid out in Lemma 1.92 on page 32,

(Lyf(a) b> =Ls(a)*d = /Ga*f(s)*bdu(s) = (a, Lf*(b»A'

Thus Ly € £L(A4) with adjoint L«. We define

| Fordnts) = 1.

The analogue of (1.32) follows from L} = L. Furthermore (1.31) implies
/ f(s)du(s (a)h | k) = /G(ﬂ(f(s)a)h | k) du(s)
= /G(ir(f(s))ﬂ(a)h | k) dpu(s).
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Now (1.35) follows from the nondegeneracy of m. The analogue of (1.33) is straight-
forward to check and the analogue of (1.30) follows from

L /G £(5) du(s)) La)s = L /G F(s)bdn(s))
_/GL(f(s)) du(s)L(a)b. O

Shortly, we’ll want to interchange the order of integration in our vector-valued
integrals. Since our integrands will be continuous with compact support, we can
avoid appealing to theorems about general vector-valued integrals, and appeal in-
stead to the scalar-valued version of Fubini’s Theorem. First, some preliminary
lemmas. Here we are once again working with Banach space-valued functions.

Lemma 1.102. Suppose that X is a locally compact space and that F € Co(X x
G,D). Then the function

T / F(x,s)du(s)
G
is an element of C.(X, D).

Proof. 1t will clearly suffice to prove continuity in z. So suppose that z; — = and
that e > 0. Let K and C be compact sets such that supp FF C K x C. For each
x € X, let p(x) be the element of C.(G, D) defined by ¢(z)(s) := F(x,s). We claim
that ¢(x;) — @(z) uniformly on G. If this were not the case, then after passing to
a subnet and relabeling, there would be an ¢y > 0 and r; € G such that

|F(ziyr;) — F(z,7)|| > €0 for all 4. (1.36)

But we certainly have {r; } C C, and since C is compact, we can pass to subnet,
relabel, and assume that r; — r. However this leads to a contradiction as (1.36)
would fail for large i. This establishes the claim.
Now we can assume that for large i we have
€

(i) — p(@)]loo < )

Since supp p(z;) C C for all 1,

| [ Faesiue) = [ Fasdus)]| < [ let@ots) = e@)e)l duts)
<e.

This suffices. O

The following corollary will be very useful in the sequel.

Corollary 1.103. Let H be a closed subgroup of G. Suppose that F € C(G x H, D)
is such that there is a compact set K C G such that F(s,t) =0 if s ¢ K. Then the
function

P(s) — / F(st,t)dpm(t)
H
is a well-defined element of C(G) with support in KH.
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Proof. Fix sg € G. Then t — F(sot,t) is in C.(H), and ¥(so) is well-defined. If
C' is a compact neighborhood of sg, then F’(s,t) := F(st,t) defines an element of
C.(C x H,D). Since

P(s) = / F'(s,t)dpp(t) forall s € C,
H
the continuity of follows from Lemma 1.102 on the preceding page. O
Corollary 1.104. Suppose that F € C.(G x G', D). Then the functions

5+ F(s,r)duc/(r) and rw— /GF(S,T) dug(s)

G/
are in C.(G, D) and C.(G', D), respectively.
Proof. This follows immediately from Lemma 1.102 on the facing page. O

Proposition 1.105. Suppose that F € C, (G x G, MS(A)). Then

5 / F(s,r)du(r) and r— /G F(s,r)du(s)

are in Co(G, My(A)). Then the iterated integrals

//Fsrdu Ydup(r) and //Fsrdu ) du(s)

are defined by Lemma 1.101 on page 35, and have a common value.
A similar statement holds for F € C.(G x G, D) with respect to the norm con-
tinuous integral defined in Lemma 1.91 on page 32.

Proof. To show that s — [, F(s,r)du(r) is in Cc(G,Ms(A)), it suf-
fices to see that s — a [, F(s T)du() and s — [, F(s,r)du(s)a are in
C. (G A) for all a € A Since a [, F(s,r)du(r) = [,aF(s,r)du(r) and
Jo F(s,r)du(r)a = [, F(s,r)adu(r) by Lemma 1.101 on page 35 and both
(s,r) — aF(s,r) and (s,r) — F(s,r)a are in C.(G x G, A), the first assertion
follows from Corollary 1.104.

Now it is clear from Lemma 1.101 on page 35 that both iterated integrals are
defined and take values in M (A). To see that they have the same value, let © be
a faithful representation of A in B(H). Then 7 is faithful on M (A). Then (1.35)
and the usual scalar-valued Fubini Theorem imply that

//Fsrdu ) dp(r h]k // (s,7) dp(r) dpa(s )hyk)

for all h, k € ‘H. Now the result follows since 7 is faithful.
If F € C.(G x G, D), then we proceed as above and obtain the equality

| Lot auan = [ [ o) du) duts)

for all ¢ € D* using the usual scalar-valued form of Fubini’s Theorem. The rest
follows from (1.29).
O
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1.5.1 Completions

In the sequel, we will often work with Banach spaces, and in particular C*-algebras,
which are defined to be the completion of a vector space V with respect to a given
norm or seminorm ||-||. If ||-|| is a bona fide norm, then we can realize the completion
as the closure of (V') in V**, where ¢ : V' — V** is the natural inclusion of V in its
double dual. In this case, we can identify V' with (V') and view V as a subspace in
its completion. If || - || is a seminorm, then N := {v € V : ||v| = 0} is a subspace
of V, and | - || defines a norm on the vector space quotient V/N in the obvious way.
Then the completion of V is defined to be the closure of ¢(V) in (V/N)** where
q:V — (V/N)** is the composition of the quotient map of V' onto V/N with the
natural map of V/N into its double dual. Often we will suppress the map ¢ to avoid
decorating already complicated formulas with distracting notations.

The most important sort of completion we look at in this book will be the
completion B of a function space C.(P, D) with respect to a norm || - ||, where P is
a locally compact space. Much like the L'-norm, this norm will have the property
that it is continuous with respect to the inductive limit topology.?? Recall that this
means simply that if { f; } is a net in C.(P, D) which converges uniformly to f and
if the supports of the f; are eventually contained in the same compact subset of P,
then f; — f in norm (see Remark 1.86 on page 29). Unfortunately, evaluation at
a point s € P will not make sense; that is, evaluation at s will not be continuous
with respect to || - ||. However, there will be circumstances where certain a priori
B-valued integrals will take values in q(C’c(P, D)), and then it at least makes sense
to ask if we can pass evaluation at s through the integral. We show that this is
the case in many situations in Lemma 1.108 on the next page. First, we need a
preliminary observation.

Recall that a subset U in a locally compact space is called pre-compact if its
closure is compact.??

Lemma 1.106. Suppose that U is a pre-compact open subset in P. If f € Cy(U, D),
then
f(s) ifseU, and

0 otherwise,

defines an element j(f) € C.(P, D). In particular, there is a natural linear map j :
Co(U,D) — C.(P,D), called the inclusion map, which is continuous when C.(P, D)
is equipped with the inductive limit topology. In particular, if B is the completion of
C.(P, D) with a norm that is continuous with respect to the inductive limit topology,
then g o j is continuous linear map from Co(U,D) to B.

Remark 1.107. We are only claiming that j is a linear map. If C.(P,D) has a
x-algebra structure, then j(C’O(U, D)) will, in general, not be closed under multi-
plication.

22The example we have in mind, of course, is the crossed product A X G which will be defined
to be the completion of C.(G, A) with respect to just such a norm.

23The term relatively compact is also used. We have avoided it here since, in analogy with
relatively closed or relatively Hausdorff, it suggests “compact in some relative topology”.
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Proof. We only need to see that j(f) is continuous on G (see Remark 1.86 on
page 29). Suppose z; — z. If z € U, x; is eventually in U and j(f)(z;) — 7(f)(z).
If x ¢ U, then j(f)(z) = 0. Given € > 0, then since f € Cy(U, D) it follows that
K :={xze€U:|f(z)| > e} is compact. Thus K is closed in G, K°:= G\ K is a
neighborhood of z, and z; is eventually in K€¢. Thus ||7(f)(z;)| is eventually less
than e. Since e is arbitrary, j(f)(z) = 0. O

Lemma 1.108. Let G be a locally compact group, P a locally compact space and
D a Banach space. Let || - || be a norm on C.(P,D) such that convergence in the
inductive limit topology in C.(P,D) implies convergence in || - ||. Define B to be
the completion of C.(P, D) with respect to || - ||, and let ¢ : C.(P,D) — B be the
natural map. Suppose that Q € C.(G x P,D) and that g : G — C.(P,D) is defined
by g(s)(p) := Q(s,p). Then s — q(g(s)) is an element in C.(G,B) and we can
form the element

B
bim /G a(g(s)) du(s).

Then b € q(C.(P,D)), and b = q(b) where

D
b(p) = / 9(5)(p) du(s).

G

Remark 1.109. Suppressing the ¢ in the above, the conclusion of the Lemma 1.108
asserts that b € C.(P, D) and that

B D
/ o(s) du(s)(p) = /G 9(5)(p) du(s).

G

In colloquial terms, we are “passing evaluation through the integral”.

Proof. If s; — s in G, then it is not hard to check that g(s;) — g(s) in the inductive
limit topology in C.(P, D). By assumption, this means s — q(g(s)) is in Cc(G, B).
On the other hand, Lemma 1.102 on page 36 shows that b € C.(P, D).

Let supp@ C C' x K with C' C G and K C P compact. Let U be a pre-compact
neighborhood of K. Then we can view s — g(s) as an element of C.(G, Co (U, D)).
Since evaluation at p € U is a bounded homomorphism from Cy(U, D) to D,

Co(U,D) D
/ o)l dia(s)(p) = /G 9(5)(p) dis(s). (1.37)

G

Note that the right-hand side of (1.37) is just the restriction of b to U. But the
inclusion j : Co(U, D) into C.(P,D) is continuous in the inductive limit topology
(Lemma 1.106 on the preceding page), and therefore ¢ o j is a continuous linear
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map of Cy(U, D) into B. Thus
q(b) = q o j(blv)
Co(U,D)
—aoi([ gl duls)

G

B
- / a(g(s)) du(s) = b. 0

G

Notes and Remarks

The standard reference for the basic properties and structure of locally compact
groups is [71]. The sorts of point-set topology and basic functional analysis required
for work in operator algebras is beautifully laid out in [127]. (For questions of point-
set topology outside the respectable demands of the subject, I recommend [168].)
My authorities on Radon measures, Haar measure in particular and integration on
locally compact groups are [56, Chap. 2; 71, Chap. 3 & 4; 156, Theorem 2.14]. The
approach to vector-valued integration given here is based on [13, Chap. III, §3].



Chapter 2

Dynamical Systems and
Crossed Products

A C*-dynamical system is a locally compact group G acting by automorphisms on
a C*-algebra A. A crossed product is a C*-algebra built out of a dynamical system.
In abelian harmonic analysis (cf., Section 1.4), an important principle is to recover
information about a function f from its Fourier coefficients f(w), and f — f(w)
is a representation of the group algebra on a one-dimensional Hilbert space. We
are going to study dynamical systems and their crossed products via classes of rep-
resentations called covariant representations. We define dynamical systems, their
crossed products and covariant representations in the first two sections. Just as
characters are in one-to-one correspondence with complex homomorphisms (that
is, one-dimensional representations) of the L!-algebra of a locally compact abelian
group, covariant representations of a dynamical system are in one-to-one correspon-
dence with representations of the associated crossed product. This correspondence
is developed in Sections 2.3 and 2.4. This correspondence is crucial to understand-
ing crossed products and suggests that it is very profitable to view a crossed product
as the C*-algebra generated by a universal covariant representation. We validate
this approach in Section 2.6.

2.1 Dynamical Systems

The study of dynamical systems is a subject unto itself, and good references abound.
A nice summary of the connections to physics and operator algebras can be found
in [136]. In this treatment, we’ll just concentrate on what we need to get started.

Definition 2.1. A group G acts on the left of a set X if there is a map
(s,z) — s-x (2.1)
from G x X — X such that for all s, € G and x € X

e-x=x and s-(r-z)=sr-z.

41
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If G is a topological group and X a topological space, then we say the action is
continuous if (2.1) is continuous from G' x X to X.! In this case, X is called a left
G-space and the pair (G, X) is called a transformation group. If both G and X are
locally compact, then (G, X) is called a locally compact transformation group, and
X is called a locally compact G-space. A right G-space is defined analogously.

Since we are most concerned with left G-spaces, we will assume here that group
actions are on the left unless indicated otherwise.?

Ezample 2.2 ([136, §1]). Consider an ordinary autonomous differential equation of

the form
X' = f(x)
{ x(0) = xo (2.2)

for a function f : R™ — R™. Assuming f satisfies some mild smoothness conditions,
there exists a unique solution x : R — R" to (2.2) which depends continuously on
the initial condition x(0) = x¢. If t € R and z € R", then we can define

t-z:=x(t), (2.3)

where x is the unique solution with xg = z. So we trivially have 0 - z = z. Now
s-(t-z) = y(s) where y'(s) = f(y(s)) and y(0) = ¢t -2z = x(t). Now it is
straightforward to see that y(s) = x(t+s). In other words, s-(t-z) = (s+t)-z. The
continuity of the map (t,z) — t -z is an consequence of the continuous dependence
of the solution to (2.2) on its initial conditions, and we get a transformation group
(R,R™).

Ezample 2.3. Let h € Homeo(X). Then Z acts on X by n -z := h"(z) and (Z, X)
is a transformation group.

Ezxample 2.4. Suppose that G is a locally compact group and H a closed subgroup.
Then H is locally compact and acts on G by left translation:

h-s:=hs.

Then (H,G) is a locally compact transformation group.

Now let (G,X) be a locally compact transformation group. Then for each
s € G, x — s-xis in Homeo(X). (In particular, every Z-space arises from a single
homeomorphism as in Example 2.3.) Therefore we obtain a homomorphism

a: G — Aut Cy(X) (2.4)

defined by
as(f)(x) = f(s7" - a). (2.5)

1Often we say that the action is jointly continuous to emphasize the continuity on the product
Gx X.

2Preferring left over right actions is pure prejudice. If X is a left G-space, then we can view
X as a right G-space by defining z - s := s~1 - z. The same formula may be used to convert from
right to left actions.
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We certainly have o !

asr(F)(@) = F07 570 @) = an(f) (s~ - a)
= au(ar () ()-

Therefore o, = a0, as required. (The computation in (2.6) explains the inverse
in (2.5).)

= a1 and

(2.6)

Lemma 2.5. Suppose that (G, X) is a locally compact transformation group and
that Aut Co(X) is given the point-norm topology. Then the associated homomor-
phism (2.4) of G into Aut Cy(X) is continuous.

Proof. Tt suffices to see that ||as(f) — fllec — 0 as s — e. If this were to fail, then
there would be an € > 0, s; — e and z; € X such that

|f(s;t ) — fzi)] > e for all 4. (2.7)

Since f vanishes at infinity, K := {z € X : |f(z)| > ¢/2} is compact. In order for
(2.7) to hold, we must have either z; € K or s; ' -x; € K. Since we must eventually
have the s; in a compact neighborhood V of e, the x; eventually lie in the compact
set V-K={s-z:s€V and x € K}. Then we can assume that x; — o, where
zo € V- K. But then s; - #; — z¢ and we eventually contradict (2.7). O

Definition 2.6. A C*-dynamical system is a triple (A, G, a) consisting of a C*-
algebra A, a locally compact group G and a continuous homomorphism « : G —
Aut A. We say that (4, G, a) is separable if A is separable and G is second count-
able.

We'll usually shorten C*-dynamical system to just “dynamical system”. Notice
that the continuity condition on « in Definition 2.6 amounts to the statement that
s — ag(a) is continuous for all @ € A. Lemma 2.5 simply states that a locally
compact transformation group (G, X) gives rise to a dynamical system with A
commutative. It turns out that all dynamical systems with A commutative arise
from locally compact transformation groups.

Proposition 2.7. Suppose that (Co(X),G,a) is a dynamical system (with X lo-
cally compact). Then there is a transformation group (G, X) such that

as(f)(a) = f(s™' - ). (2.8)
Proof. We saw in Lemma 1.33 on page 8 that there is a hy € Homeo(X) such that
as(f)(@) = f(hs(x)), (2.9)

and that the map s — hg is continuous from G to Homeo(X) with the topology
described in Definition 1.31 on page 8. Clearly he = idx and hg- = h;, o hs.
Therefore we get an action of G on X via

s-x:=h; (z) = he1(z).

The map (s,z) — s - x is continuous in view of Remark 1.32 on page 8. Therefore
(G, X) is a transformation group such that (2.8) holds. O
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Recall that the irreducible representations of Cy(X) correspond exactly to the
point-evaluations ev,, where ev,(f) := f(z). Furthermore, the map x — [ev,] is a
homeomorphism of X onto Cy(X)". If o : G — Aut Cy(X) is a dynamical system,
then (2.8) amounts to

evy oa;l = €Vg.g,

and the G-action on Co(X)" is given by
5 - [evy] = [evy 0ag ).

Notice that if & : G — Aut A is any dynamical system and [7] € A, then [roa ] €
fl, and depends only on the class of .

Proposition 2.7 on the preceding page admits a significant generalization which
will be used repeatedly in the sequel. A complete proof is given in [139], and we
will not repeat that proof here.

Lemma 2.8 ([139, Lemma 7.1]). Suppose that (A,G,«a) is a dynamical system.
Then there is a jointly continuous action of G on the spectrum A of A given by
s [r] := [r o agl] called the action induced by a.

Since [rr] — ker is a continuous, open surjection of A onto Prim A and ker(r o
1) = as(ker ), there is jointly continuous action of G' on Prim A given by

s P=as(P):={as(a):a€ P}. (2.10)

(0%

Remark 2.9 (Degenerate Examples). It will be helpful to keep in mind that groups
and C*-algebras are by themselves degenerate examples of dynamical systems.
Since the only (algebra) automorphism of C is the identity, every locally compact
group G gives rise to a dynamical system (C, G,id). Similarly, every C*-algebra A
is associated to a dynamical system with G trivial: (A, {e},id).

2.2 Covariant Representations

From our point of view in these notes, C*-dynamical systems are a natural algebraic
framework in which to view and to generalize classical dynamical systems. The
physical significance of these systems and their representations is described in [136].
Here we will limit the motivation to the idea that C*-algebras and groups are
profitably studied via representations on Hilbert space. The next definition gives a
reasonable way to represent a dynamical system on a Hilbert space.

Definition 2.10. Let (4, G, a) be a dynamical system. Then a covariant repre-
sentation of (A,G,«a) is a pair (m,U) consisting of a representation 7 : A — B(H)
and a unitary representation U : G — U(H) on the same Hilbert space such that

m(as(a)) = Usm(a)U?. (2.11)

We say that (7, U) is a possibly degenerate covariant representation if  is a possibly
degenerate representation.3

3Recall that by convention, all representations of C*-algebras are presumed to be nondegener-
ate.
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Ezample 2.11 (Degenerate examples). Obviously, covariant representations of de-
generate dynamical systems such as (4, { e },id) correspond exactly to representa-
tions of A. Covariant representations of dynamical systems (C, G, id) correspond
to unitary representations of G.

Ezample 2.12. Let G act on itself by left translation, and let It : G — Aut Cy(G)
be the associated dynamical system. Let M : Co(G) — B(L?*(G)) be given by
pointwise multiplication:

M(f)h(s) := f(s)h(s),
and let A : G — U(L*(G)) be the left-regular representation. Then (M, )) is a
covariant representation of (Co(G), G, 1t).
FEzample 2.13. Let h € Homeo(T) be “rotation by 6”: that is,

h(z) := >,

)

and let (C(T),Z, ) be the associated dynamical system:

an(f)(2) = f(e7™"2).

(Although it might seem natural to think of h as “rotation through the angle 276”,
the crucial feature is that h is rotation through 6 of the circle. This action, as
we shall see, has a very different character depending on whether 6 is rational or
irrational.)
(a) Let M : C(T) — B(L*(T)) be the representation given by pointwise multi-
plication:
M(f)h(z) == f(2)h(2).
Let U:Z — U(L2 (T)) be the unitary representation given by
Unh(z) := h(e™2m0 ),
Then it is not hard to check that (M,U) is a covariant representation of
(C(T),Z,a).

(b) Now fix w € T and let A be the left-regular representation of Z on L*(Z).
Define 7, : C(T) — B(L?(Z)) to be the representation

T (f)E(n) = f(¥™ " w)é(n).
Then (my, A) is a covariant representation for each w € T.

In general, it is not obvious that there are any covariant representations of
a given dynamical system. However, we know from the GNS theory (see [139,
Appendix A.1]) that C*-algebras have lots of representations. Given this, we can
produce covariant representations of any system.
Ezample 2.14. Let p: A — B(H,) be any (possibly degenerate) representation of
A on H,. Then define Indec p to be the pair (p, U) of representations on the Hilbert
space L?(G,H,) = L*(G) @ H,,* where

p(a)h(r) == p(a;'(a)) (h(r)) and Ush(r) := h(s~'r).

4See Appendix 1.4.
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Now compute:

Thus, Ind% p := (5,U) is a (possibly degenerate) covariant representation.
Ezample 2.15. The representation in part (b) of Example 2.13 on the previous page
is Indf EVy.

Remark 2.16. The representations constructed in Example 2.14 on the preceding
page are called regular representations of (A, G, a)). The notation Indg is meant to
suggest that a regular representation is induced from the system (4, {e},alrc}).
We will discuss a general theory of induced representations in Section 5.1 and make
this suggestion formal in Remark 5.7 on page 156.

Lemma 2.17. Indf p is nondegenerate if p is nondegenerate.

Proof. Let (p,U) = Ind® p as above. Let {e; } be an approximate identity in A.
It suffices to see that p(e;)¢ — € for all £ € L?(G,H). Since p is norm decreasing
and p is nondegenerate, we can assume that £(s) = (f ® p(a)h)(s) := f(s)p(a)h for
f€C(G),a€ Aand h € H. Since

pled)e(r) = f(r)p(ar " (ei)a)h,
it suffices to see that given € > 0 we eventually have
o, (ei)a —al| < e for all r € supp f.

If this is not true, then there is an ey > 0 and a subset of {¢; } and r; € supp f
such that after relabeling
ey (ei)a — al| > eo. (2.12)

Since supp f is compact, we can assume that r; — r. But then

|
< llei(ewr, (@) — ar(a)) [+ (2.13)
leiar(a) — ar(a)]| + [|ar(a) — ar (a)].

But (2.13) goes to 0 since a subnet of {e; } is still an approximate identity. This
contradicts (2.12) and finishes the proof. O

Definition 2.18. Suppose that (A, G, «) is a dynamical system and that (m, U)
and (p, V') are covariant representations on H and V respectively. Their direct sum
(m,U) @& (p, V) is the covariant representation (7w @& p,U & V) on H @ V given by
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(r®p)(a) :=7(a)®pla) and (UDV),s :=Us ®Vs. A subspace H' C 'H is invariant
for (m,U) if w(a)(H') € H and Us(H') C H' for alla € A and s € G. If H' is
invariant, then the restrictions 7’ of m to H’ and U’ of U to H’ are representations
and the covariant representation (7/,U’) on H' is called a subrepresentation of
(m,U). We call (m,U) irreducible if the only closed invariant subspaces are the
trivial ones: {0} and H. Finally, we say that (7,U) and (p,V) are equivalent if
there is a unitary W : H — V such that

pla) = Wr(a)W* and Vs;=WUW* forallae€ AandseG.

Remark 2.19. If V C H is invariant for (7, U), then it is not hard to check that V* is
also invariant. Thus if (7", U’) and (7", U") are the subrepresentations correspond-
ing to V and V*, respectively, then (7,U) = (7/,U’) @ (z”,U"). In particular,
(m,U) is irreducible if and only if it is not equivalent to the direct sum of two
nontrivial representations.

2.3 The Crossed Product

When G is abelian, we used the x-algebra L!(G) in Section 1.4 to recover the char-
acters — that is, the irreducible representations of G. Here we want to construct
a *-algebra — a C*-algebra called the crossed product of A by G — from which
we can recover exactly the covariant representations of a given dynamical system
(A,G, ). This will include a special case, the group C*-algebra as described in
[139, Appendix C.3].

Ezample 2.20. Suppose 1y € A C B(H) and that u € U(H) is such that vAu* C
A. For example, we could start with any automorphism of A, take a faithful
representation of A and proceed as in Example 2.14 on page 45. Then a(a) = uau*
is an automorphism of A and (A, Z, @) is a dynamical system. (Here o, := a™.) In
this case, it would be natural to associate the C*-subalgebra C*(A,{u }) of B(H)
generated by A and u to (4,Z,«). I claim that

B = {Za(z)ul ca € Ce(Z,A) }

i€z

is a x-subalgebra of B(H) and that C*(A, {u}) is the closure of B.> For example,
keeping in mind that all the sums in sight are finite, we can consider the product

(S at0) (00 = St
=D ali)as (b)) u' ™

51f 1 ¢ A, then B is the subalgebra generated by products au with a € A.
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which, letting k = j + ¢, equals

ZXI; — i)’

%

et

where we have defined a « b € C.(Z, A) by
axb(k) = a(i)a;(b(k — ). (2.14)

This shows that B is closed under multiplication. Since a similar computation shows
that the adjoint of Y, a(i)u’ is given by >, a*(k)u* where

a* (k) == ap(a(—k)*), (2.15)

B is closed under taking adjoints, and B is a %-algebra as claimed. Since 1y € A,
it follows easily that C*(A, {u }) is simply the closure of B.

The previous example, and some experience with the group C*-algebra con-
struction, suggests we might be able to construct a crossed product by starting
with a #-algebra based on C.(G, A) with the multiplication and involution compat-
ible with (2.14) and (2.15). If f,g € C.(G, A), then (s,7) — f(r)a,(g(r~'s)) is in
C.(G x G, A), and Corollary 1.104 on page 37 guarantees that

Frats)i= [ Fwar(als) dutr (2.16)

defines an element of C.(G, A) called the convolution of f and g. Using the prop-
erties of Haar measure, our “Poor Man’s” vector-valued Fubini Theorem (Propo-
sition 1.105 on page 37) and Lemma 1.92 on page 32 it is not hard to check that
(2.16) is an associative operation: f * (g *h) = (f * g) x h. Similarly, a little more
computation shows that

F(5) i= Al (£57)") (27)
is an involution on C.(G, A) making C.(G, A) a x-algebra. For example:

/ () (g7 (r15)) dpu(r)
AGs™) /G o (F(r) ) (957" du(r)
— A5 /G ar (£ 5™ ) ) (9(r)*) dp(r)

= A6 o ([ aror (167157) dutr))

— A(sfl)as (g * f(sfl))*
= (g* f)"(s).
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Furthermore

1] = /G 1£()1] dya(s) (2.18)

is a norm on C,.(G, A), and the properties of Haar measure guarantee that || f*||; =
£l and [1f* gl < [[fll2llgllx-

Definition 2.21. A s-homomorphism 7 : C.(G, A) — B(H) is called a *-represen-
tation of C.(G, A) on ‘H. We say 7 is nondegenerate if

{n(f)h:feC.(G,A) and h e H}
spans a dense subset of H. If |7 (f)|| < ||f|l1, then 7 is called L'-norm decreasing.
Ezxample 2.22. Since a locally compact group G is a degenerate dynamical system,

C.(G) is a x-algebra with operations

fgls) = /G F(gG sy du(s) and  f*(s) = A(s~F(ED).

Proposition 2.23. Suppose that (7w, U) is a (possibly degenerate) covariant repre-
sentation of (A,G,«a) on H. Then

mxU(f) = /Gw(f(s))Us du(s) (2.19)

defines a L'-norm decreasing *-representation of C.(G,A) on H called the inte-
grated form of (m,U). Furthermore, m x U is nondegenerate if w is nondegenerate.
We call m x U the integrated form of (mw,U).

Proof. Notice that s +— Ug is strictly continuous by Corollary 1.99 on
page 34, and s — w(f(s)) is in CC(G,B(H)). Consequently, the integrand
in (2.19) is in C.(G,Bs(H)), and m x U(f) is defined by Lemma 1.101
on page 35. If h and k are unit vectors in H, then (1.35) implies that
(w3 U(f)h | k)| < [51(x(f(s))Ush | k)| du(s). The Cauchy-Schwarz inequality
implies that | (7 (f(s))Ush | k)| < || f(s)||l. Thus |(7 x U(f)h | k)| < || f]l1. Since h
and k are arbitrary, |7 x U(f)|| < ||f|l1-

To see that m x U is a *-homomorphism, we compute using Lemma 1.101 on
page 35:

TR U(f) = /G ((F(s)Us)" du(s)
— [ Uo7 duts)
G
= [ o)A duts)

[ el a6 )t
=7 xU(f").
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Similarly,

TxU(f*g) = m(f(r)aw (g(r~'s)))Us du(r) dp(s)

T
T~

T(f(r)Upr(g(r="s)) Up—1s du(r) dp(s),

which, by Fubini (Proposition 1.105 on page 37) and left-invariance, is

7 (f(r)Upm(g(s))Us du(s) dp(r)
(f)omxU(g).

Now assume that 7 is nondegenerate. Let h € H and € > 0. Then if {e¢; } is
an approximate identity for A, we have 7(e;)h — h in H. Thus we can choose an
element u of norm one in A such that ||7(u)h — h|| < €/2. Let V be a neighborhood
of e in G such that ||Ush — h|| < ¢/2if s € V. Let ¢ € C.(G) be nonnegative with
supp ¢ C V and integral one. Let f(s) = (¢ @ u)(s) := ¢(s)u. Then f € C.(G, A)
and if k is an element of norm one in H,

G
X

I
ST

Il
3

[(x x U | k) = (b | k)| = )/G<p(s)(w(u)vsh_h | k) ds

< / <p(s)}(7r(u)(Ush —h)| k)}ds—l—
G
/Ggp(s)| (ﬂ'(u)h —h| k) | ds

<<

= €.

N
N

Since k is arbitrary, it follows that |7 x U(f)h — h|| < € and therefore 7 x U is
nondegenerate. (|

Ezxample 2.24. Notice that the map in Example 2.20 on page 47 sending a €
C.(Z,A) to Y, a(i)u’ is simply the integrated form of (id, u) where id is the identity
representation of A and u is viewed as a representation of Z in the obvious way:
U = uk.

Ezxample 2.25. In the case of a locally compact group G and a unitary representation
U, the integrated form is:

idxU(z) := /GZ(S)US du(s) for all z € C.(G).

Traditionally, id xU is shortened to just U. That is, the same letter is used both
for a unitary representation and its integrated form.

The following maps will be of considerable importance in Section 2.4 and in

Proposition 2.34 on page 54 in particular. For each r € G let ig(r) : C.(G, A) —
C.(G, A) be defined by

ic(r)f(s) == ar(f(r~'s)). (2.20)
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Note that if (7,U) is a covariant representation of (A, G, a), then

70U (i) = [ (il f()Uedu(s)

G

_ / 7 (o (f(r=1))) Us dpa(s)
G

= Lﬁ(ar(f(S)))Urs d,UJ(S)
=U,om xU(f).

(2.21)

Lemma 2.26. Let p be a faithful representation of A on H and let Indec p=(p,U)
be the corresponding regular representation. Suppose that f € C.(G,A) and f #
0. Then px U(f) # 0. That is, the integrated form of a regular representation
corresponding to a faithful representation of A is faithful on C.(G, A).

Proof. There is a r € G such that f(r) # 0. Since (2.21) implies that [|[px U(f)| =
5> U(ic(r=')f)|l, we can replace f by ic(r~')f and assume that r = e. Since p
is faithful, there are vectors h and k in H such that

(p(f(e))h | k) #0.
We can find a neighborhood V' of e such that s,r € V' implies

(s (PR 1 8) = (p(r) | )| < LT TON

Choose ¢ € CF(G) with support contained in symmetric neighborhood W of e such
that W2 C V, and such that

/ / (s~ r)p(r) du(r) du(s) = 1.
¢Ja
Now define ¢ and 1 in L?(G,H) by
&(s):=p(s)h and n(s) := @(s)k.
Then
[(p = UHE ) = (p(f(e))h | F)]
= | [ [ oo (r))els ) [n(r)) dus) dutr
aJa
— (p(f()n | B)]
s e(r ot (f(s -
< [ [ et e (olor (re)n 1 1

(p(F(e))h | £))|duls) dur)
(o) | B)]

< —F.
2

Now it follows that p x U(f) # 0. O
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We define the crossed product associated to (A,G,a) as a completion of
C.(G, A) as described in Section 1.5.1.

Lemma 2.27. Suppose that (A,G,«a) is a dynamical system and that for each
f € C.(G, A) we define

[£1F:= sup{[[x 3 U] : (x,U) is a
(possibly degenerate) covariant representation of (A, G,a)}. (2.22)

Then || - || is a norm on C.(G, A) called the universal norm. The universal norm is
dominated by the || - ||1-norm, and the completion of C.(G, A) with respect to || - ||
is a C*-algebra called the crossed product of A by G and is denoted by A x, G.

Remark 2.28. Some might find the supremum in (2.22) suspicious because the col-
lection of covariant representations is not clearly a set. Various finesses for this
apparent defect are employed in the literature. For example, it would be possible
to consider only covariant representations on a fixed Hilbert space of suitably large
dimension and argue that all representations are equivalent to a (possibly degen-
erate) representation on this space. However, the collection of values in (2.22) is
a subclass of the set R of real numbers and the separation axioms of set theory
guarantee that a subclass of a set is a set and that we are taking the supremum of
a bounded set of real numbers [84, §1.1]. Thus here, and in the sequel, we will not
worry about taking such supremums.

Proof. Once we are satisfied that we have made sense of the supremum in (2.22),
Proposition 2.23 on page 49 and Lemma 2.26 on the previous page imply that
0 <|Ifll €< IIfllh < oo (provided f # 0). Now it easy to see that || - || is a norm on
C.(G, A) such that ||f*x f|| = || f||>. Therefore the completion is a C*-algebra. O

Remark 2.29. Since the universal norm is a norm on C..(G, A), we can view C.(G, A)
as a #-subalgebra of Ax,G. Therefore we will rarely distinguish between an element
of C.(G, A) and its image in A x, G.

Remark 2.30. Let B C C.(G, A) be a x-subalgebra which is dense in the inductive
limit topology. This means that given f € C.(G, A) there is a compact set K such
that for all € > 0 there exists a b € B such that suppd C K and ||b — f]|co < €. This

immediately implies that B is || - ||;-norm dense in C.(G, A) and therefore dense in
A X, G as well.

Lemma 2.31. Let (m,U) be a (possibly degenerate) covariant representation of
(A,G,o) on H. Let

V :=span{n(a)h:a € A and h € H}

be the essential subspace of 7w, and let ess be the corresponding subrepresentation.
Then V is also invariant for U, and if U’ is the corresponding subrepresentation,
then (essw,U’) is a nondegenerate covariant representation on V. For all f €
Ce(G, A),

[(essm) < U'(f)I| = llm x U(f)Il-
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In particular,

1f1l = sup{ [l > U(f)] -

(m,U) is a nondegenerate covariant representation of (A, G, ). }

Proof. Since Usm(a)h = w(s(a))Ush, it is clear that V is invariant for U, and that
(essm,U’) is a nondegenerate covariant representation. Note that m = ess7 @ 0.
Thusif U = U'@U”, then n x U = (essm) x U’ @0, and the rest is straightforward.

O

It should come as no surprise that crossed products in which the algebra A is
commutative are considerably more tractable than the general case. Since there
is a one-to-one correspondence between dynamical systems with A commutative
and transformations groups, such crossed products are called transformation
group C*-algebras. Moreover, it is possible to describe the x-algebra structure on
Ce(G,Cy(X)) in terms of functions on G x X. If we agree to identify a function
on GG x X with the obvious function from G to functions on X, then it is not hard
to prove that we have inclusions

Ce(G x X) C Ce(G,Ce(X)) C C(G, Co(X)). (2.23)

If f € Cc(G,Co(X)), then since point evaluation is a homomorphism from Co(X)
to C,

/ £(5) du(s) () = / £(5) (&) du(s). (2.24)
G G

Using (2.24) and the formulas for convolution and involution on C(G, Co(X)), it
is not hard to see that C.(G x X) is a #-subalgebra. It follows easily (using the
first inclusion in (2.23) and Lemma 1.87 on page 29) that C.(G x X) is dense in
C.(G,Cy(X)) and therefore in Co(X) %o G. The formulas for convolution and
involution on C.(G x X) are

Frglsa) = [ gl s, ) dulr), and (2.25)
G —_—
£7(5,2) = Als ) FL, 57T ). (2.26)

(In particular, the formula for convolution is a scalar valued integral.)

Remark 2.32. We mentioned the inclusion of C¢(G x X) into C..(G, C.(X)) only to
make applying Lemma 1.87 on page 29 a bit easier. It would be tempting to guess
that this inclusion is always an equality. But this is not the case. Let G = T and
X =R. Let ¢ : R — R be defined by

0 if 2| > 1,
pl@):=<1+2 if -1<zx<0,and
1—2 if0<x<1.
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Then it is not hard to check that f(z + iy)(r) := |yle(|y|r) is in C.(T,Ce(R)).
Since
{0} if y =0, and

supp f(x +1y) = {[—1/|y|, 1/ly|] otherwise,

the support of f as a function on T x R is unbounded and therefore not compact.

Example 2.33. In the degenerate case where our dynamical system reduces to
(A,{e},id), then the crossed product gives us back A. In the case (C,G,id),
then covariant representations correspond exactly to unitary representations of G,
and the crossed product is the group C*-algebra C*(G) as defined in [139, C.3]. (We
took a slightly different approach in [139, C.3], but [139, Corollary C.18] shows the
approaches arrive at the same completion of C.(G).)

2.4 Representations of the Crossed Product

Except in special cases, the crossed product A x, G does not contain a copy of
either A or G. However, the multiplier algebra M (A x, G) does. Recall that if A is
a C*-algebra, then M (A) is £L(A4) — that is, the collection of adjointable operators
from A to itself [139, §2.3]. When convenient, we will view A as a subalgebra of
M(A) — a € A is identified with the operator b — ab. The unitary group of M(A)
is denoted by UM (A).

If we view C.(G, A) as a x-subalgebra of M (A x, G), then a T € M (A %, G)
may, or may not, map C.(G, A) into itself. In practice however, a multiplier T
is usually defined by first defining it as a map from C.(G, A) to itself, and then
showing it is bounded with respect to the universal norm so that it extends to a
map also called T from A X, G to itself. It defines a multiplier provided we can
find an adjoint T which is characterized by

T(a)b= <T(a) , b>

AXaQ G

=(a,T*V), =a'T"(b)

for all a,b € A. The next proposition is case in point.

Proposition 2.34. Suppose that o : G — Aut A is a dynamical system. Then
there is a nondegenerate faithful homomorphism

in: A— M(Ax,GQG)
and an injective strictly continuous unitary valued homomorphism
ic:G—>UM(AxyG)
such that for f € C.(G,A), r,s € G and a € A we have
ic(r)f(s) = o (f(r7's)) and ia(a)f(s)=af(s).
Moreover (ia,iq) s covariant in that

ia(ar(a)) = ig(r)ia(a)ic(r)*.
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If (m,U) is nondegenerate, then
(mxU) (iala)) =m(a) and (7 xU) (ia(s)) = Us.

Proof. We already considered ii(r) in Section 2.3 and it follows from (2.21) that
forallr e G

lic(r) Il = 1£1I-

Thus we can extend ig(r) to a map of A x4, G to itself, and

(1)) *90) = [ aur (761 Al o (gls0) du(s)

G

which, since A(s™1)du(s) is a right Haar measure on G, is

= [ (™)) A ag (glrs 1) dus)

G S
/G £ (8)axs (i )g(s~ 1)) du(s)
= fwic(r V().

Thus each ig(r) is adjointable with adjoint ig(r)* = ig(r~1). Since we certainly
haveig(rs) = ig(r)oig(s) andig(r)™t =ig(r~!), ig is a unitary-valued homomor-
phism into UM (A x,, G). To show that i¢ is strictly continuous, fix f € C.(G, A),
a compact neighborhood W of e in G, and let K := supp f. Notice that as long as
r € W, then

suppig(r)f C WK.

If € > 0, then the uniform continuity of f implies that we can choose V' C W such
that » € V implies

If(r—ts) — f(s)| < m for all s € G.

Since f has compact support, we can shrink V' if need be so that r € V also implies

llar (f(s)) = f(s)]l < VE) for all s € G.

Since
lic(r)f(s) = F()I < llew(f(r"s) = F())Il + Nl (f(5)) = F(s)I,

it follows that ||ig(r)f — f|l < llig(r)f — fll1 < e. Therefore r — ig(r) is strongly
continuous, and ¢¢ is strictly continuous by Corollary 1.99 on page 34.

The argument for i4 is similar. If (7w, U) is a covariant representation of
(A, G, a), then for f € C.(G, A),

T3 U(ia(a)f) =m(a)om x U(f), (2.27)
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and it follows that ||ia(a)f|| < |la||||f]]. Therefore i4(a) extends to map from
A X4 G to itself. An easy computation shows that

(ia(a)f) % g = f**ia(a*)g.

Therefore i 4 (a) is adjointable with adjoint i4(a*), and i4 is a homomorphism of A
into M (A x4 G). The covariance condition can be checked by applying both sides
to f € C.(G, A).

If (7,U) is nondegenerate, then (2.27) implies that (7 x U)~ (ia(a)) = w(a),
and the corresponding assertion for ig(s) follows from (2.21).

To see that i 4 and i are injective, let p : A — B(H) be a faithful representation
of A, and set (p,U) = Ind® p. Then  is faithful and certainly U, # id if s # e.
Since p(a) = (p x U)~ oiala), it follows that ix(a) is faithful. Similarly Us =
(pxU)” oig(s) shows ig(s) #id if s # e.

To see that i 4 is nondegenerate, note that elementary tensors of the form ¢ ® ab

span a dense subalgebra of A x, G by Lemma 1.87 on page 29, and are also in
1a(A) - Ax, G. O

Lemma 2.35. There is a homomorphism ig : C*(G) — M(A x4 G) such that

c(z) = /Gz(s)zg(s) du(s) for all z € C.(Q).

Just as for unitary representations (c.f., Example 2.25 on page 50), we write ig(z)
in place of ig(z).

Proof. If z € C.(G), then ig(z) is a well-defined element of M(A x, G) by
Lemma 1.101 on page 35. Just as in Proposition 2.23 on page 49, ig is a
homomorphism on C.(G). For example,

(e w) = /zw()' (s) dp(s)

= [ 2068 dutwyic () aus)

which, by our Fubini result Proposition 1.105 and using Lemma 1.101 to move ig(s)

through the integral, is
- / / 2(r)w(rs)ic(s) du(s) du(r)

/ / $)ic(rs) du(r) du(s)

All that remains to show is that 7 is bounded with respect to the universal norm
on C*(G). But if 7 is a nondegenerate faithful representation of A x, G, then 7
is faithful on M (A xq G). Let Uy := 7(ig(s)). Then s — U, is a unitary-valued



2.4 Representations of the Crossed Product 57

homomorphism into U(H). To see that U is a unitary representation of G, we
need to see that s — Ugh is continuous for all h € H,. Since 7 is nondegenerate,
it suffices to consider h = w(f)k for f € Co(G, A). Then Usn(f)k = m(ic(s)f)k.
Since ig(s) f is continuous in s, it follows that U is strongly continuous and therefore
a representation. Therefore Lemma 1.101 on page 35 implies that

7(i6(2)) = 7( | 2ot duts)
— [ 2(5)U. duts)
G
=U(z).
Thus
i@ = I7(ia@)| = [UEI < 1), O

Corollary 2.36. Suppose that o : G — Aut A is a dynamical system. Let a € A,
z € Ce(G) and g,h € Ce(G, A). Then iaa)ia(z), [ia(g9(r))ia(r)(h)du(r) and
Joia(g(r)ia(r) du(r) are in Co(G,A) C Axq G C M(AxyG). In fact,

iala)ig(z) =2®a, (2.28)
/Gz'A (9(s))ic(s)(h) du(s) = g* h, and (2.29)
/G ia(g(s))ic(s) du(s) = g. (2.30)

Proof. Notice that if T € M(A x4 G) and (7 x U)™(T) = 0 for all nondegenerate
covariant pairs, then 7' = 0. (For example, T'f = 0 for all f € Ax,G by Lemma 2.31
on page 52.) But if (m,U) is nondegenerate,

(mnU) ([ ialo(s))ic(s) dnts)) = [ #(a(s)Vednts) = 7 2 U(a).

This proves (2.30), and (2.28) is a special case. Finally,
gih= [ ialo)icts)dutsh = [ ialal)ic()0) du(s

by Lemma 1.101 on page 35. [l

Definition 2.37. Suppose that « : G — Aut A is a dynamical system and that X
is a Hilbert B-module. Then a covariant homomorphism of (A, G, «) into L(X) is a
pair (m,u) consisting of a homomorphism 7 : A — L(X) and a strongly continuous
unitary-valued homomorphism u : G — UL(X) such that

m(as(a)) = usm(a)us. (2.31)

S

We say that (7, u) is nondegenerate if 7 is nondegenerate.
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Remark 2.38. If X is a Hilbert space H, then a (nondegenerate) covariant homomor-
phism into L(H) = B(H) is just a (nondegenerate) covariant representation. Corol-
lary 1.99 on page 34 implies that the strong continuity of u in Definition 2.37 on
the previous page is equivalent to strict continuity as a map into £(X) = M (K(X)).
In fact, a covariant homomorphism can equally well be thought of as maps into
M (B) for a C*-algebra B. Since M (B) = L(Bg) and L(X) = M (K (X)) there is no
real difference.

Proposition 2.39. Suppose that o : G — Aut A is a dynamical system and that
X is a Hilbert B-module. If (m,u) is a covariant homomorphism of (A, G, a) into
L(X), then Lemma 1.101 on page 35 implies that the integrated form

mocu(f) = [ w(f)uduls)

is a well-defined operator in L(X), and m X u extends to a homomorphism of Ax,G
into L(X) which is nondegenerate whenever m is nondegenerate. In this case, (m »
u)” (ia(a)) = 7(a) and (7 x u)” (ic(s)) = us.

Conversely, if L : Axo,G — L(X) is a nondegenerate homomorphism, then there
is a nondegenerate covariant homomorphism (m,u) of (A, G, a) into L(X) such that
L =7 xu. In fact, if L is the canonical extension of L to M(A x, G), then

us = L(ig(s)) and w(a):= L(ia(a)). (2.32)

Proof. The map s — us is strictly continuous into £(X) = M (K(X)) by Corol-
lary 1.99 on page 34, and so s — w(f(s))us is a strictly continuous map for each
f € C.(G,A). Thus m x u(f) is an operator in £(X) by Lemma 1.101 on page 35.

Let p : K(X) — B(H,) be a faithful nondegenerate representation of [C(X),
and let p be the canonical (and faithful) extension to £(X). Let I(a) := p(m(a))
and U, := p(us). We claim that s — U is strongly continuous from G into U(H,,).
Since p is nondegenerate, it suffices to show that s — U (p(T)h) is continuous when
h € H,and T € K(X)). But s — u,T" is continuous since u is strictly continuous,
and U (p(T)h) = p(usT)h is continuous in s. It now follows easily that (IL U) is a
covariant representation and Lemma 1.101 on page 35 implies

I ) = (| () dits))|

= | [ v dns)|
= 1= ()
< /1.

It follows that m x uw = p~! o (Il x U) is a homomorphism of C.(G, A) into £(X)
which is bounded with respect to the universal norm. Therefore m X u extends
to a homomorphism of A x, G into £(X) as claimed. The proof that = x u is
nondegenerate when 7 is proceeds exactly as in Proposition 2.23 on page 49, and
the statements about (7 x u)~ follow as in Proposition 2.34 on page 54.
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To prove the converse, suppose that L : A x, G — L£(X) is a nondegenerate
homomorphism, and let = and u be defined as in (2.32). Since i¢ is strictly continu-
ous, it is straightforward to check that u is strongly continuous. Since i4 and L are
nondegenerate it follows that if {e; } is an approximate identity in A, then i4(e;)
converges to strictly to 1 in M (A x4 G). Therefore 7m(e;) = L(ia(e;)) converges
strictly to 1x in £(X), and 7 is nondegenerate. Since the covariance condition is
straightforward to check, it follows that (m,u) is a nondegenerate covariant homo-
morphism, and the first part of this proof shows the integrated form 7 x w is a
nondegenerate homomorphism into £(X). Since both 7 x v and L are nondegen-
erate, we can apply Lemma 1.101 to conclude that for each a € A and z € C.(G)
that

T xu(ia(a)ic(z)) =m(a) o (1 xu) (ic(2))

zf/(iA(a))/Gz(s)usdu(s)
/ z(s)L(ic(s)) du(s)
G

)

(ic(z)

Now Lemma 1.87 on page 29 and Corollary 2.36 on page 57 imply that the span
of elements of the form i4(a)ig(z) are dense in A x,, G, and it follows that L and
T X u are equal. |

Proposition 2.40. If o : G — Aut A is a dynamical system, then the map sending
a covariant pair (w,U) to its integrated form w x U is a one-to-one correspondence
between nondegenerate covariant representations of (A,G,«) and nondegenerate
representations of Ax,G. This correspondence preserves direct sums, irreducibility
and equivalence.

Proof. Proposition 2.39 on the facing page shows that the map (7,U) — 7 x U is
a surjection. It’s one-to-one in view of Equations (2.21) and (2.27).
The statement about equivalence is straightforward. Let (m,U), (p,V) and W

be as in Definition 2.18 on page 46. Then
(W(r s U)()h | k) = (x x U(f)h | W*E)
- /G ((£(5))Ush | WE) du(s)
_ /G (W (f(s)Ush | k) dpa(s)
= [6UeWwn | 1) duts)
= (0% V(/)Wh| k).
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And it follows that m x U and p x V are equivalent. Conversely, if W intertwines
mx U and p x V, then

WU % U(f)h = Wr x Ulia(s)f))h
=pxV(ic(s)f)Wh
= V,Wr x U(f)h.

Since w x U is nondegenerate, it follows that WU, = V,W for all s € G. A similar
argument shows that W(a) = p(a)W for all a € A.

The other assertions will follow once we show that a closed subspace V is in-
variant for a nondegenerate (7, U) if and only if V is invariant for 7 x U. Suppose
first that V is invariant for (7,U). Let h € V and k € V+. Then

(w3 UHR I #) = [ (=(7(6))Uh | E),

G

and since 7 (f(s))Ush € V for all s € G,

(r x U(f)h | k) =0.

It follows that V is invariant for 7 x U.

Now assume V is invariant for 7 x U. Since 7w x U is nondegenerate, m x U(e;) —
13 strongly for any approximate identity {e; } for A x, G. If h € V and k € V+,
then m x U (ic(s)e;) € V and

(Ush | k) =1lim(Us (7 x Ule;)h) | k)
=lim(m x U(ic(s)ei)h | k)
=0.

It follows that V is invariant for Us and a similar argument works for 7(a). O

Remark 2.41. We can now identify the spectrum of C*(G) with the set G of ir-
reducible unitary representations of G. We give G the topology coming from the
spectrum of C*(G) and refer to G as the spectrum of G. We should check to see that
this usage is consistent with that for abelian groups. Since C*(G) is commutative
if G is abelian, its irreducible representations are one-dimensional complex homo-
morphisms [139, Example A.16], and the characters of G correspond exactly the
irreducible representations of G. Since a pure state on C*(G) must be of the form
f = (w(f)h | k) =w(f) for the integrated form of a character w and a unimodular
scalar h, the pure states also correspond exactly to the characters. [139, Theo-
rem A.38] implies that the weak-* topology on é, viewed as the set of pure states,
is the same as the topology obtained by viewing G as the spectrum of C*(G). The
proof of Lemma 1.78 on page 25 implies that this topology is the compact-open
topology.
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Remark 2.42. If u : G — UL(X) is a strongly continuous homomorphism, then we’ll
use the same letter u for the integrated form of u viewed either as a homomorphism
of C.(G) into L(X) or C*(G) into L(X). If L = (m,U) is a covariant representation,
we'll often write L(f) in place of m x U(f).

Definition 2.43. A x-homomorphism 7 : C.(G, A) — B(H) is continuous in the
inductive limit topology if whenever we're given h,k € H and a net f; — f in the
inductive limit topology on C¢(G, A), then we also have (7(fi)h | k) — (7(f)h | k).

Example 2.44. If © is L'-norm decreasing, then 7 is continuous in the inductive
limit topology.

The following clever argument is due to Iain Raeburn.

Lemma 2.45. Suppose that © : C.(G, A) — B(H) is a x-homomorphism which is
continuous in the inductive limit topology. Then m is bounded with respect to the

universal norm on Co(G, A) C AxoG. That is, |7(f)|| < || f]l for all f € C.(G, A).

Proof. By reducing to the essential subspace of 7, we may assume that 7 is nonde-
generate. The equation

(fohlg@k):= (r(g"« )l | k)

defines a sesquilinear form on the algebraic tensor product C.(G, A) ®H. This form
is positive since

(Zﬁ@h ]Zfl@)h) Z( (Fr * fihi | hy)
Z (fidhi | 7(£5)h;)
= (Z w(fi)hi | Zﬂ'(fz’)hi)

> 0.

Thus we can complete C.(G, A) ® H to get a Hilbert space V. The map (f,h) —
w(f)h is bilinear and therefore extends to a map U : C.(G, A) ®H — H which has
dense range since 7 is nondegenerate. Moreover

(U(f@h)|U(gek)) = (x(f)h]|x(g)k)
= (7(g* * f)h | k)
=(feh|g®k).

It follows that U extends to a unitary operator U : V — H. Now for each b € M (A),
we define an operator on C.(G, A) ® H by

M(b)(f ®h) =7a(b)f ® h.

Since an easy calculation shows that

(M@)(foh) |gok)=(f@h| MO )(g®k),
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we can let ag := ([la]|?1 — a*a)2 and compute that

lal*(f @ h | f@h) = (M(a)(f @h) | M(a)(f @ h)) =
(M(ao)(f @ h) | M(ap)(f & h)) > 0.

It follows that ||[M(a)| < ||| and that M extends to a representation of A on V.
Similarly, we define a map from G into operators on C.(G,A) ® H by

Vi(f @ h) =ig(s)(f) @ h.

Easy calculations show that Vi, = V; o V;.. Since we can also check that ig(g)* *
ic(f) = g* = f, it follows that

(Va(f@h) | Vilg@ k)= (fOh|gk).

Therefore it follows that V' is a unitary-valued homomorphism from G into U(V).
To see that V is strongly continuous, notice that

IVa(f @ h) = f @hl|* = 2(a(f" * b [ h) = 2Re(n (f* *ic(s)(f))h] h). (2.33)

Since ig(s)(f) — f in the inductive limit topology as s — e and since 7 is contin-
uous in the inductive limit topology, it follows that (2.33) goes to zero if s — e in
G. Thus V is a unitary representation of G, and it is easy to see that (M,V) is
covariant. We will prove that m and M x V are equivalent representations.

Now let f,g € C.(G,A). Then (s,r) — f(s)ig(s)(g)(r) has support in
(supp f) x (supp f)(supp g). Therefore if U is a pre-compact open neighborhood
of the compact set (supp f)(suppg), then we can view q(s) := f(s)ig(s)(g) as
defining a function in C¢(G,Co(U,A)). Then we can form the Co(U, A)-valued
integral

Co(U,A)
/ F(8)ia(s)(g) duu(s). (2.34)

G

Since evaluation at r € U is a continuous homomorphism from Cy(U, A) to A, we
have

Co(U.,A) A
/ F(8)ic(s)(g) du(s)(r) = / F(8)ic(3)(@)(r) dpu(s) = f * g(r).
G G

Thus (2.34) is the restriction of f * g to U. If h,k € H and j is the inclusion of
Co(U, A) into C.(G, A), then the continuity of m and j (Lemma 1.106 on page 38)
allows us to define a continuous linear functional

L:Cy(U,A) —C
by
L(f) = (7 (i () | k).
Now on the one hand,

Co(U,A)
L([ 7 £l o) du(s)) = ((F <g)h | ) = (=(NV(g 0 )| K). (235)

G
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On the other hand, since L is a continuous linear functional, the left-hand side of
(2.35) equals

LL(f(s>iG<s>(g>) dp(s) = / (m(f()ic(s)(9))h | k) dp(s)

G

_ /G (U (f(8)ic(s)(g) @ h) | k) dpu(s)
- /G(f(s)ig(s)(g) ®h | U k) du(s)

= [Qr(r)Vila e )| UF) duts)

=M xV(f)lgoh)| U k)
=(UoMxV(f)(g®h)|k).

This proves that m(f) oU = U o M x V(f), and that ||x(f)|| = ||M x V(NI < || f]I
as desired. O

It follows that every *-homomorphism L : C.(G, A) — B(H) which is L!'-norm
bounded or just continuous in the inductive limit topology is bounded with respect
to the universal norm and extends to a (possibly degenerate) representation of
A X, G. Thus every such representation is the integrated form of a covariant pair.

Corollary 2.46. Suppose that (A,G,«) is a dynamical system and that
feCG,A). Then

£l = sup{ |L(f)|| : L is a L'-norm decreasing representation. }

= sup{ ||L(f)|| : L is continuous in the inductive limit topology. }

Corollary 2.47. Suppose that (A, G, a) and (B, H,3) are dynamical systems and
that ® : C.(G,A) — C.(H,B) is a *-homomorphism which is continuous in the
inductive limit topology. Then ® is norm-decreasing with respect to the universal
norms and extends to an homomorphism of A o G into B x5 H.

Proof. Suppose that L is a representation of B xgH. Then Lo® is a representation
of C.(G, A) which is continuous in the inductive limit topology. Thus Lemma 2.45
on page 61 implies that L o ® is bounded for the universal norm, and thus for each
f e CAG,A), |L(®(f)|] < |Ifll. Since L is arbitrary, it follows that ||®(f)| <

I£1I- O

Corollary 2.48. Suppose that (A,G,a) and (B, G, ) are dynamical systems and
that ¢ : A — B is an equivariant homomorphism. Then there is a homomor-
phism ¢ xid : A xq G — B xg G mapping C.(G,A) into Cc(G,B) such that
e xid(f)(s) = ¢(f(s))-

Proof. Define ® : C.(G, A) — C.(G,B) by ®(f)(s) = ¢(f(s)). Then ® is norm
decreasing for the L'-norm and therefore continuous in the inductive limit topology.
Now we can apply Corollary 2.47 on the previous page. O



64 Dynamical Systems and Crossed Products

2.5 Comments on Examples

Having worked hard just to define a crossed product it would be natural to want,
and to provide, a few illustrative examples other than the degenerate examples in
Example 2.33 on page 54. It is a bit frustrating to admit that we still need more
technology to do this in a systematic way. (We’ll deal with the group C*-algebras
of abelian and compact groups in Section 3.1 and Section 3.2, respectively.)

However, we can work out some simple and provocative examples when we
assume that (A, G, a) is a dynamical system with G finite. To begin with, suppose
that G = Zy := Z/2Z. This means we are given o € Aut A with o? = id. Then
Co(Z2,A) = C(Z2, A) and elements of C(Zy, A) are simply functions from Z, =
{0,1} to A. Let

=] <a?b) a(ba)> € My(4):abe A}

It is easy to check that D is a C*-subalgebra of M3(A) and that

f(0) f(1) )
d(f) =
D= (it alio
defines an injective *-homomorphism of C(Zg, A) (with the x-algebra structure
coming from (A4, Zs,)) into D. In fact, ® is clearly surjective. Since we can
faithfully represent D on Hilbert space, it follows that the universal norm of f €
C(Zs, A) satisfies
11l = eIl

On the other hand, if L is any representation of A x4 Z, then Lo ®~! is a *-homo-
morphism of D into B(Hy). Since s-homomorphisms of C*-algebras are norm
reducing,

IZOT = L@ (@) < @)l

Therefore,

1= e CHII-

In particular, C(Zy, A) is already complete in its universal norm, and ® is an
isomorphism of A X, Zs onto D. Although this situation is rather atypical —
normally A x, G is going to be a genuine completion of C.(G,A) — it will be
useful to record the general principle we used above so that we can use it in some
other examples of finite group actions.

Lemma 2.49. Suppose that (A, G, «) is a dynamical system with G finite and that
L : C(G,A) — D is a x-isomorphism of C(G,A) onto a C*-algebra D. Then
Ax,G=D.

It is an interesting exercise to use Lemma 2.49 to study A x, G for various finite
groups G — for example, compare G = Z4 with G = Zs x Zs. Here we specialize
to transformation groups.
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Lemma 2.50. Suppose that G is a finite group with |G| =n. Then G acts on itself
by left translation and
C(G) xiy G =2 M,

where M,, denotes the C*-algebra of n X n-matrices (with complex entries).

Proof. Of course, we give G the discrete topology and use counting measure for Haar
measure on G. Let L = M x X be the natural representation as in Example 2.12
on page 45. Let G = { s; }7_; with s; := e. Then L?*(G) is a n-dimensional Hilbert
space with orthonormal basis { e; }sc¢ where ey is the function §; which is 1 at s
and zero elsewhere. We view operators on L?(G) as n X n matrices calculated with
respect to { e }. If f € C(G x G) and h € L*(G), then

L(f)h(s) := Z f(r,s)h(r~ts) = Z f(sr~t s)h(r).

reG reG

It follows that L(f) is given by the matrix M7 with (s, r)™ entry M, = f(sr™1,s).
If M = (ms,)srec is any n x n matrix, then

f(S, ’f‘) =My =1

satisfies '
Msj,r = f(ST717 5) = Ms,r-

Thus L is a surjective x-isomorphism of C'(G x G) onto M,,. The result now follows
from Lemma 2.49 on the facing page. O

Lemma 2.50 can be extended to arbitrary groups.

Ezxample 2.51. Suppose that G is a locally compact group acting on itself by left
translation. Then Co(G) ¢ G is isomorphic to the compact operators on L?(G).

Verifying Example 2.51 is a good exercise if G is discrete. In general, some work
is required and there are a number of ways to proceed. In this book, we’ll eventually
prove this in Theorem 4.24 on page 133 using the Imprimitivity Theorems developed
in Section 4.3.

Now we suppose that A = C(X) for a compact Hausdorff space X.5 To get
a Zg-action we need a homeomorphism o € Homeo(X) such that ¢ = id. For
convenience, we’ll assume that the Zs-action is free so that o(z) # « for all z € X.
We'll let (C(X),Za,a) be the associated dynamical system (so that a1 (f)(z) =
f(co(x))). For example, we could let X be the n-sphere S = {x € R""! : [|x| =
1}, and o the antipodal map o(x) := —x.

However, for the moment, we let ¢ be any period two homeomorphism of a
compact space X (without fixed points). We’ll view operators on L?(Zz) as 2 x 2-
matrices with respect to the orthonormal basis { eg,e; } where e; is the function
0; as above. Let L¥ = m X A = Indf ev, be the regular representation on L?(Z3)
coming from evaluation at . Thus A is the left-regular representation and

T(p)h(s) = eva(a' () h(s).

61t isn’t really necessary to take X compact, but it makes the examples a little easier to digest.
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Therefore 7(p) is given by the matrix

(s@(:v) 0 )
0 ¢(o(x))
If f € C(Z2 x X), then

T ) =Y w(f(s.))As)

s=0,1

(5 )+ (5 0) 43

~(fen, )
f(l,a(:v)) f(O,o(x)) ’

In this way, we can view L* as a *-homomorphism of C(Zs x X ) into Ms. Since
o(x) # x, L* is surjective. Let
0 1
)

A={feC(X ,My): f(o(x)) =W [f(x)W*}.

Then A is a C*-subalgebra of C (X, Mz). Since each L* is onto My, it is not hard to

see that the irreducible representations of A correspond to the point evaluations 7.

Since A is a C(Z2\ X )-algebra, we have 7, equivalent to 7, if and only if y = o(x).

Thus the spectrum of A is naturally identified with Zo\ X .7 Since all the irreducible

representations of A are 2-dimensional, A is called a 2-homogeneous C*-algebra.
Now define @ : C(Z2 x X) — C(X, M) by

i £(0,2) f(1,z)
O(f)(x) = L*(f) = (f(l,cr(:z:)) f(O,G(fE)))

Since each L* is a *-homomorphism, so is ®. Furthermore, ® is injective and

and let

w(Not) = (TG TG —wasamw,

Thus ® maps into A. On the other hand, if a € A, say

a(z) = (all(x) (112(:10)) 7

agl(I> ag9 (I)

and if we define f € C(Z2 x X) by f(i,z) := a1,1+i(z), then we have ®(f) = a.
After applying Lemma 2.49 on page 64, we have proved the following.

Tt is not hard to see that Z2\ X is compact and Hausdorff. This also follows from Corollary 3.43
on page 100.
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Proposition 2.52. Suppose that X is a compact free Zo-space determined by a
period two homeomorphism o. Then C(Zy x X) is complete in its universal norm

" 0.0 g0
0,z 1,z
206 = (s rloo)
defines an isomorphism of C(X) Xo Zy = C(Zy x X) with the 2-homogeneous
C*-algebra with spectrum Zo\X

A= {feCX,M): f(o(z)) = Wfx)W*},
where W = (9}).

We will have more to say about examples provided by Proposition 2.52 later
(cf. Proposition 4.15 on page 127).

As sort of a preview of coming attractions, I also want to mention a few non-
trivial examples that we’ll take up in due course. An obvious question to ask is
what happens if the G-action on A is trivial. It turns out that this isn’t too different
than allowing the G-action to be implemented by a homomorphism into the unitary
group of the multiplier algebra of A.

Ezample 2.53 (Trivial Dynamical Systems). Suppose that (A, G, «) is a dynamical
system and that there is a strictly continuous homomorphism v : G — UM (A)
such that that as(a) = usau? for all s € G and a € A. Then it is a straightforward
corollary to Lemma 2.73 on page 76 that A X, G is isomorphic to A ®uax C*(G)
(see Lemma 2.68 on page 74 and Remark 2.71 on page 75).

Another natural example is to let a closed subgroup H of a locally compact
group G act by left translation on the coset space G/H. The imprimitivity theorem
(Theorem 4.22 on page 132) implies that Co(G/H) x4 G is Morita equivalent to
C*(H). With considerably more work (Theorem 4.30 on page 138), we can sharpen
this to an isomorphism result.

Ezample 2.54. Co(G/H) x4 G is isomorphic to the tensor product of C*(H) with
the compact operators on L?(G/H, i) where u is any quasi-invariant measure on
G/H.

Example 2.54 is more generally applicable than one might think at first. We’ll
show later that in many cases — namely when the action of G is “nice” in a sense
to made precise later — Cy(X) x G is fibred over the orbits in X with fibres of the
form Cy(G/H,) x1, G where H,, depends on the orbit w (see Section 8.1).

Example 2.55. Let Z act on T by rotation through 6 as in Example 2.13 on page 45.
The resulting crossed product Ag := Co(T) X, Z is called a rational or irrational
rotation algebra depending on whether 6 is rational or irrational.

The structure of the rotation algebras, both irrational and rational, is surpris-
ingly intricate and was a hot research topic in the early 1980’s. These algebras
continue to be of interest to this day. For example, just seeing that Ay and Ay are
not isomorphic for different irrational # and ¢ in [0, ] involves more than we're

'3
prepared to undertake in this book.®

8 A proof is given in Davidson’s text [21, §VI.5].
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Proposition 2.56. If 0 is irrational then the irrational rotation algebra Ay is
stmple and is generated by two unitaries u and v such that uv = pvu where p =
e2™® - Furthermore, if H is a Hilbert space and if U and V are unitaries in B(H)
such that UV = pVU, then there is a representation L : Ag — B(H) such that
L(u)=U, L(v) =V and L is an isomorphism of Ag onto the C*-algebra C*(U, V)
generated by U and V.

Remark 2.57. One often summarizes the final assertion in Proposition 2.56 by
saying that Ay is the “universal C*-algebra generated by two unitaries U and V
satisfying UV = pVU”.

Remark 2.58. In the proof, we will need to know that { p"z },cz is dense in T for
all z € T. This will be proved in Lemma 3.29 on page 96.

Proof. Recall that Ag = C(T) x, Z is the completion of the %-algebra C.(Z x T)
where the convolution product is given by the finite sum

Frgmz)i= 3 flm,2)gn—m,p "),

m=—0o0

and the involution is given by
f*(na Z) = f(_na pinz)

If o € C(T) and h € C.(Z), then ¢ ® h is the element of C.(Z x T) given by
© ® h(n,z) = p(z)h(n). As usual, let d,, be the function on Z which is equal to 1
at n and zero elsewhere. In particular, Ay has an identity in C.(Z x T) given by
1® dp. Furthermore, u = 1 ® 47 is a unitary in C.(Z x T), as is v = v ® §y where
vr(2) ==z forall z € T. If ¢ € C(T), then let ic(1)(p) := ¢ ® do. Then ic(r) is a
homomorphism of C(T) into C.(Z x T) C Ap (and is therefore bounded). Notice
that ic (1) () xu"™ = @ ®46, for all n € Z, and that u*ic(r)(@) *u* =ic(T) (7'1 (<p))
It follows from Lemma 1.87 on page 29 that

{ic)(p) xu" e C(T)andn € Z }

spans a dense subalgebra of C.(Z x T).
The Stone-Weierstrass Theorem implies that ¢ generates C(T) as a C*-algebra.
In particular,

{v":neZ}

spans a dense subalgebra of i¢(T) (C (T)) It follows that v and v generate Ay, and
it is easy to verify that uv = pou.

Now suppose that U,V € B(H) are as in the statement of the proposition. Since
U and V are unitaries, their spectrums o(U) and o(V') are subsets of T. I claim
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that o(V) = T.? Note that

A €o(V) <=V — Al is not invertible
<= U"™(V — Al) is not invertible
< (p"V — AI)U™ is not invertible
<=V — p~ "I is not invertible
= p "Aea(V).
Since o (V) must be nonempty, o(V') contains a dense subset of T by Remark 2.58
on the preceding page. Since (V) is closed, the claim follows.
Thus the Abstract Spectral Theorem [110, Theorem 2.1.13] implies that there is
an isomorphism 7 : C(T) — C*(V) C C*(U, V) taking tr to V. Let W : Z — U(H)
be given by W,, := U"™. Since UV = pVU, it follows that

Wam (o)W, = W(Tn(LT)) .

Since vr generates C(T), (m, W) is a covariant representation of (C(T), Z, 7). Fur-
thermore,

X W(u) = Z m(u(m, ) )Wy, = n(lo(m)Wi = U, and
X W(v) = Z m(v(m, )Wy, = w(1x) = V.

Since u and v generate Ag and since U and V generate C*(U, V), it follows that
mxW(Ap) = C*(U,V) and L := 7 x W is an homomorphism of Ay onto C*(U, V)
taking u to U and v to V.

Now it will suffice to see that Ay is simple. However, proving that is going to
require more work.

For each w € T, let 7, : Co(Z x T) — C.(Z x T) be defined by 7,(f)(n,z) =
w" f(n, z). It is not hard to check that 7, is a *-isomorphism which is continuous in
the inductive limit topology. Therefore 7,, extends to an automorphism of Ag (with
inverse 75 ). Since w — 7,(f) is continuous from T to C.(Z x T) in the inductive
limit topology for each f € C.(Z x T), it is not hard to see that w — 7,(a) is
continuous from T to Ag for all a € Ag.'? Therefore we can define ® : Ag — Ag by

B(a) = /T%w(@ dw.

It is easy to see that ® is linear and ||®|| < 1. Since for each w € T, 7,(v) = v and
7.(u) = wu, we have for each k,m € Z,

(vF % u™) :/ 7o (UF 5 u™) dw = v x (/ wm dw)um.
T T

90f course, we also have o(U) = T.
10The automorphism group 7 : T — Aut Ag is an example of the dual-action which will re-
appear in Section 7.1.
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Therefore,

(v« u™) = v" ifm =0, and (2.36)
0 otherwise. '

Now let E,, : Ag — Ay be defined by

n

1 _ .
E,(a):= G Z vl xaxvY.

j=-n

Since v is a unitary, E, is linear with || E, || < 1. Furthermore,

E,(v* xu™) = Z vl P xum x v = oF x ™ Z o (2.37)

Thus if m = 0, (2.37) is equal to v*. Otherwise, notice that the usual sort of
manipulations with geometric series gives

i im pm(nJrl) _ pfmn
.
j=n =

p3@nt1) _ =B (2nt1)

p% —p-
ei7'n9m(2n+1) _ efiTer(QnJrl)

m
2

m
2

etmmb _ g—imrnmé
B sin((2n + 1)mmb)

sin(rmb)

Thus if m #£ 0,

n
lim E, ("« u™) = % x 4™ lim Z P =0.
n—oo n—oo

j=—n

It follows that
®(a) = lim E,(a) (2.38)
for all a in the dense subalgebra Ag := span{u* * v™ : k,m € Z}.

We want to see that (2.38) holds for all a € Ag. Fix € > 0 and a € Ag. Then
there is a b € Ag such that |ja — b|| < €/3, and a N € Z™T such that n > N implies
|®(b) — E,(b)|| < €/3. Since ® and E,, each have norm 1, it follows that if n > N,

[®(a) = En(a)]| < [|2(a = b)[| + [[@(b) = En(D)[| + [[En(b — a)|

<cfLE ¢
P i
-3 3 3

Therefore (2.38) holds for all a € Ay.
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Now suppose that I is a nonzero ideal in Ay. Let a be a nonzero positive element
in I. Let p be a state on Ag such that p(a) > 0. Then w — p(ﬁu(a)) is a nonzero
continuous nonnegative function on T. Thus

p(®(a)) = /rp(ﬁ‘,(a)) dw > 0,

and ®(a) > 0.

It follows from (2.36) that ®(a) € ic(r)(C(T)) and from (2.38) that ®(a) € 1.
Thus there is a nonzero nonnegative function » € C(T) such that ic((h) € I.
Let O be a neighborhood of zy € T such that h(z) > 0 for all z € O. Since
{pFz0 : k € Z} is dense in T (Remark 2.58 on page 68), there is a n such that
Ur—_,, p*V covers T. Then

n

g:= Z Tr(h)

k=—n

is positive and nonzero on T. Hence g is invertible in C(T) and i¢(1)(g) is invertible
in Ay (with inverse ic(1)(g~")). However,

n

icery(9) = Y icm(mh) = > uFxicm(h)xu*

k=—n k=—n

clearly belongs to I. Thus I contains an invertible element and must be all of Ay.
Thus Ay is simple. O

Ezxample 2.59. To obtain a more concrete realization of Ag for irrational § we can
let H = L?(T). Define U and V as follows:

U(f)(z) = 2f(z) and V(f)(2) = f(p2).

Then its not hard to see that U and V are unitaries on H. Furthermore, VU (f)(z) =
U(f)(52) = p=f(p2) and UV(f)(z) = 2V(f)(2) = 2f(p2). Thus, UV = pV'U and
C*(U,V) = Ay.

Remark 2.60 (The Whole Story). Since C*(U, V) = C*(V,U), it is not so hard to
see that Ay is isomorphic to Ay, whenever either 8 — 6" or 6 + 6’ is an integer; that
is, whenever #/ = # mod 1. In fact, Ag = Ay if and only if &/ = 6 mod 1. This
was proved for 6 irrational by Rieffel in [147]. The same result for rational rotation
C*-algebras was proved later by Hgegh-Krohn and Skjelbred [74] (see also [149]).
Rieffel also showed that the rational rotation algebras are all Morita equivalent to
Co(T?) [149],'! and that two irrational rotation C*-algebras Ag and Ay are Morita
equivalent if and only if § and ¢’ are in the same GLy(Z) orbit [147].12

1 See also footnote 11 on page 255.

121f o is an irrational number and (¢ %) € GL2(Z), then (¢ 5)(a) = ‘ZSIZ
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2.6 Universal Property

The notion of a universal object can be a powerful one. Good examples are the
direct limit (see [139, Appendix D.1]), the maximal tensor product (see [139, The-
orem B.27]) and graph C*-algebras (see [6]); it is often easiest to exhibit such
objects by verifying a particular representation has the required universal property,
rather than working directly with the definition. Starting with [133] it has become
apparent that the crossed product constructed in Section 2.3 can often profitably
be thought of as a universal object for covariant representations of the dynamical
system.

Theorem 2.61 (Raeburn). Let (A, G, a) be a dynamical system. Suppose that B
is a C*-algebra such that

(a) there is a covariant homomorphism (ja,ja) of (4, G, «) into M(B),

(b) given a nondegenerate covariant representation (w,U) of (A,G,a), there is
a (nondegenerate) representation L = L ) of B such that Lo js = m and
Lojg=U, and

(¢) B=span{ja(a)jc(z):a € A and z € C.(Q) }.

Then there is an isomorphism
ji:B—=Ax,G

such that
Joja=1tia and jojg=1gqg, (239)

where (ia,ic) s the canonical covariant homomorphism of (A, G, «) into M (A X4
G) defined in Proposition 2.34 on page 54.

Remark 2.62. Notice that the crossed product A x, G is an example of a C*-algebra
B satisfying (a), (b) and (c) above where (ja, ja) = (ia,ig) and L ) := 7 x U.
Property (a) follows from Propositions 2.34 on page 54, and Property (b) from
Proposition 2.39 on page 58. Property (c) follows from Lemma 1.87 on page 29
together with Equation (2.28) of Corollary 2.36 on page 57.

Lemma 2.63. Suppose that (B,ja,jg) satisfies (a), (b) and (c) as in Theo-
rem 2.61. Then js : A — M(B) is nondegenerate, and if { e; } is an approximate
identity in A, ja(e;) — 1 strictly in M(B).

Proof. Tt is easy to see that A? is dense in A.'* Therefore, {ja(ab)jc(z) :
a,b€ Aand z € C.(G) } is dense in B by property (c¢). Thus j4 is nondegenerate.
The last assertion follows easily. O

Proof of Theorem 2.61. Suppose that (B, ja, jq) satisfies (a), (b) and (c) as above.
Let p: A xq G — B(H,) be a faithful representation of A x, G. Let

m:=poiy and u:=poig

131n fact, A2 = A by the Cohen Factorization Theorem [139, Proposition 2.33].
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Then (m,u) is a nondegenerate covariant representation of (A,G,a) (Propo-
sition 2.39 on page 58). Property (b) implies that there is a nondegenerate
representation L : B — B(H,) such that Lojs=mand Lo jg=u. Note that if
a € A and z € C.(G) then

L(ja(a)jc(2)) s)us dp(s)

I
A
S

T

I

2(s)p(ic(s)) du(s)
plic(2))
(2))

It follows that j := p~!oL is a homomorphism from B to Ax,G mapping generators
to generators; thus j is surjective and clearly satisfies (2.39).

To finish the proof, we provide an inverse for j. We could do this by reversing the
roles of B and A X, G above, and noticing we used nothing about (4 x, G,i4,1¢)
except that it satisfies (a), (b) and (c¢). Alternatively, we can invoke Proposition 2.40
on page 59 to conclude that there is a nondegenerate homomorphism j4 X jg :
Axq G — M(B) = L(Bp) such that

Il
Y
—
~.

hS

—~
Q

=

ja % ja(ia(a)ic(z)) = jala)jc(2)-

Then it follows that ja % jg(A o G) C B. To see that ja X jg is the required
inverse, just note that j4 X jgoj and joja X jg are the identity on generators. [

Definition 2.64. Two dynamical systems (A, G, «) and (D, G, d) are equivariantly
isomorphic if there is an isomorphism ¢ : A — D such that ¢(as(a)) = 6, (¢(a))
for all s € G and a € A. We call ¢ an equivariant isomorphism.

Lemma 2.65. Suppose that ¢ is an equivariant isomorphism of (A,G,a) onto
(D,G,0). Then the map ¢ xid : C.(G, A) — C.(G, D) defined by

@ 2 id(f)(s) := ¢(f(5))
extends to an isomorphism of A X, G onto D x5 G.

The result follows immediately from Corollary 2.48 on page 63. However, it
might also be instructive to see a proof using Theorem 2.61 on the facing page.

Proof. We’ll produce an isomorphism j : A X, G — D X5 G using Theorem 2.61
(with A x4 G playing the role of B). Let (ia,ig) and (kp, kg) be the canonical
covariant homomorphisms for (A, G,«) and (D, G, d), respectively. Then define
(jp,je) from (D, G, 6) into M(Ax,G) by letting jp(d) := ia (¢~ (d)) and jo = ic.
It is easy to see that (jp,jq) is covariant. If (w,U) is a covariant representation
of (D,G,9), then (7o ¢,U) is a covariant representation of (4, G, «) and we can
define L = Ly to be (1o @) x U. Clearly

((rop)xU) ojp(d)=n(d) and ((mrop)xU) ojg="Us.
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Thus conditions (a) and (b) of Theorem 2.61 on page 72 are satisfied. Since
ip(d)jc(z) =ia(¢7'(d))ic(z), it is clear that condition (c) is also satisfied. There-
fore there is an isomorphism j : A X, G — D x5 G such that

j(ia(a)ic(z)) = j(ip(v(a))ic(2)) = kp(p(a)) ke (2).
It follows that j = ¢ x id. O

Definition 2.66. Two dynamical systems (4, G,«) and (A, G, 3) are called ez-
terior equivalent if there is a strictly continuous unitary-valued function v : G —

UM (A) such that
(a) as(a) = usfs(a)u’ for all s € G and a € A, and
(b) wes = usfBs(ug) for all s,t € G.

The map u is called a unitary 1-cocycle.

Remark 2.67. It should be noted that Definition 2.66 is symmetric in « and :
Vs = u} is a unitary l-cocycle implementing an equivalence between 3 and a.

Lemma 2.68. Suppose that (A,G,a) and (A, G, ) are exterior equivalent via a
1-cocycle u as in Definition 2.66. Then the map sending f € C.(G,A) to o(f),
where

p(f)(s) = fls)us
extends to an isomorphism between A xo, G and A x5 G.
Remark 2.69. As with Lemma 2.65 on the preceding page, this result could be

proved using either Theorem 2.61 or Corollary 2.47. Instead, we give a proof using
only the properties of covariant homomorphisms.

Proof. Let (ia,ic) be the canonical covariant homomorphism of (A,G,a) into
M(Ax4G), and let (k4, kg) be the canonical covariant homomorphism of (A, G, 3)
into M (A xg G). Let

Since

Il
ol
>
N~~~
e
w

I
.
Q

Jja is a strictly continuous unitary-valued homomorphism. Furthermore

Il
B!

ja(s)ja(a)ja(s)” = ka(us)ka(s)ka(a)ka(s) ka(us)
Alug)ka(Bs(a))ka(uy)

A(as(a)).

I
Eoall
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and (ja,ja) is covariant. Therefore j4 X jg is a nondegenerate homomorphism of
A x4 G into M (A xg G). Furthermore if f € C.(G, A), then

ja i da(f) = /G ja(£(s))da(s) duls)

- /G ka(J (5)us) e (s) du(s)
=ka x ke (p(f)).

This proves that ¢ extends to a homomorphism of A x, G into A g G. Reversing
the roles of a and 3 shows that ¢~ 1(f)(s) := f(s)u? is an inverse for ¢, and ¢ is

S
an isomorphism as claimed. O

Definition 2.70. A dynamical system « : G — Aut A is unitarily implemented or
just unitary if there is a strictly continuous homomorphism v : G — UM (A) such
that as(a) = usau? for alla € A and s € G.

Remark 2.71. A dynamical system « : G — Aut A is unitary if and only if it is
exterior equivalent to the trivial system ¢ : G — Aut A where s := id4 for all
seq.

Before continuing further, we need some remarks on tensor products and the
tensor product of two dynamical systems.

Remark 2.72 (Tensor Products of C*-algebras). The theory of the tensor product
of C*-algebras has some subtleties which impact the study of crossed products.
All that we need, and more, can be found in [139, Appendix B]. For convenience,
we mention some properties we’ll need here. Usually, the algebraic tensor product
A ® B of two C*-algebras is not a C*-algebra. Instead, one looks for a norm || - ||«
(called a C*-norm) on A ® B so that the completion A ®, B is a C*-algebra. It
is a fact of life that there can be more than one C*-norm on A ® B. The spatial
norm || - ||, has the property that given two representation ps : A — B(Ha) and
pB : B — B(Hp) there is a representation pg ® pp : A®, B — B(Ha ® Hp) such
that pa ® pp(a®b) = pa(a) ® pp(b). If pa and pp are faithful, then

[Saveo

On the other hand, the mazimal norm || - ||max has the property that if 74 : A —
B(H) and 7p : B — B(H) are representations with commuting ranges — that is,
wa(a)tp(b) = np(b)ma(a) for all a € A and b € B — then there is a representation
TA @max TB : A Qmax B — B(H) such that m4 ®umax 75(a ® b) = ma(a)wp(b). In

=X patar @ ps(v)
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fact,'4

HZ a; @ b;

= SUP{ HZWA(ai)WB(bi) ‘ :

74 and mp have commuting ranges }

max

It is nontrivial to show that if || - || is any C*-norm on A® B, then || - [|o < || [|a <
I - lmax- For this reason, the spatial norm is often called the minimal norm. For
a very large class of C*-algebras A the spatial norm coincides with maximal norm
on A ® B for every C*-algebra B and there is a unique C*-norm on A ® B. By
definition, A is called nuclear when A ©® B has a unique C*-norm for all B. The
class of nuclear C*-algebras includes all GCR C*-algebras.

As illustrated by our next result and Lemma 2.75 on page 78, it is the maximal
tensor product which seems to play the key role in the study of crossed products.'®
In fact, the next two results motivate the assertion that a crossed product can be
though of as a twisted maximal tensor product of A and C*(G).

Lemma 2.73. If 1 : G — Aut A is trivial, then
A X, G2 AQmax C*(G).
Proof. We’ll use Theorem 2.61 on page 72 to produce an isomorphism
J:iA®max C*(G) - Ax,G.

Let ja: A > M(A®maxC*(G)) and jg : C*(G) — M(AQmaxC*(G)) be the natural
commuting homomorphisms defined, for example, in [139, Theorem B.27]. Since
ja is certainly nondegenerate, it is the integrated form of the strictly continuous
unitary-valued homomorphism jg : G — UM(A ®max C*(G)), where jg(s) =
Ja(ic(s)). Note that

Jja(s)ja(a)(b @ 2) = ja(s)ja(z)jalab)
= ja(ia(s)z)ja(a)ja(b)
= ja(a)ja(s)(b @ z).
Thus je(s)ja(a)ja(s)* = ja(a) and (ja,je) is a covariant homomorphism of
(A, G, 1) into M (A Qmax C*(G)).

If (m,U) is a nondegenerate covariant representation of (A,G,t), then
Ust(a)UF = m(a) for all s € G and a € A. But if z € C.(G), we also have

m(a)U(z) = / z(s)m(a)Us dp(s) = U(z)m(a).

G

14 As with the definition of the universal norm in Lemma 2.27 on page 52, we have to be a bit
careful to see that we are taking the supremum over a set. There are ways to define the maximal
norm which avoid this subtly (cf. [139, Proposition B.25]), but the supremum definition gives a
better flavor of the properties of the maximal norm, and can be justified with a bit of set theory:
see Remark 2.28 on page 52.

I5When we get around to defining reduced crossed products in Section 7.2, it will turn out that
the appropriate norm for reduced crossed products is the spatial norm.
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Therefore m and U are commuting representations of A and C*(G), respectively,
and we can define a representation of A ®pax C*(G) by

L= L(Tr,U) =T Omax U

as in [139, Theorem B.27(b)]. We also have Lo ja(a) = 7(a) and Lo jg(z) = U(z)
for a € A and z € C.(G). Then

Thus Lo jg(s) = Us, and we've established conditions (a) and (b) of Theorem 2.61
on page 72. But the elementary tensors a ® z = ja(a)jg(z) are certainly dense in
A @max C*(G), so we're done. O

Remark 2.74 (Tensor product systems). If A and B are C*-algebras with a €
Aut A and 8 € Aut B, then [139, Lemma B.31] implies that there is a @ ®max
B € Aut(A ®max B) such that & @max f(a ® b) = a(a) ® G(b). Similarly, [139,
Proposition B.13] implies there is a a® 5 € Aut(A®, B). If (4,G, «) and (B, G, )
are dynamical systems, then we clearly obtain homomorphisms

A ®@max f: G — At(A ®max B) and a®f:G — Aut(A ®, B).

To see that these are also dynamical systems, we still have to verify that the actions
are strongly continuous. However, since automorphisms are isometric and since
A ® B is dense in any completion, this follows from estimates such as

[(a® B)s(t) — (@ ® ). (1),
< [oom(1-Suen),
[ X ast@) @ 80 — vl 0 8,0
T H(oz@ﬂ)r(Zai ® b; —t) )
< ZHt - Zai ® b; , + ZHQS(Gi) ® Bs(bi) — ar(ai) ® Br(bi)]],-

Furthermore, if py and pp are faithful representations of A and B, respectively,
then the same is true of py o @ and pp o 8. As in Remark 2.72 on page 75, if
K:A®max B— AR, B is the natural map,

o

ker k = ker((pA ®1) Omax (1® pB))
= ker((pA & 1) Qmax (1 & PB) © (OZ ®max 6))

Consequently, ker k is & @ pax S-invariant and a ®  is the induced action, (@ @max
B)keTE on A®, B2 A®mnmax B/ kerk (see Section 3.4). Except when confusion is
likely, it is common practice to simply write o ® 3 in place of @ ®uax 5
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At this point, we only want to consider the product of the trivial action with
an arbitrary dynamical system. Although an apparently straightforward example,
it has a number of interesting applications such as Corollary 7.18 on page 203.

Lemma 2.75. Suppose that (C,G,~) is a dynamical system and that D is a C*-
algebra. Then there is an isomorphism

(C @max D) Xygid G = C Xy G @max D

which carries (¢Qmaxd) R f +— (¢® f) @maxd, and which intertwines the representa-
tion (mc X V) @maxTp 0f C Xy G Qmax D with the representation (1¢ @maxmp) XV
Of (C Rmax D) Xy @id G.

Proof. We want to apply Theorem 2.61 on page 72 to the system (C Qupax D, G, ¥®
id) and the C*-algebra C Xy G ®@max D. For any C*-algebras A and B, we’ll use
the letter ‘k’ for the natural nondegenerate maps k4 : A — M(A ®max B) and
kp : B — M(A Qmax B) as in [139, Theorem B27]. First we need a covariant
homomorphism (jcg,... 0 jc) of (C @max D, G,y ®id) into M ((C x4 G) @max B).
Let (i¢,i¢) be the canonical covariant homomorphism of (A4, G, ) into M (C %, G),
and define jo to be the composition

2 k Xy
C—S M(C %y G) =L M (C %y G @max B).

Let jp :=kp : D — M((C Xy G) @max D). Then jo and jp have commuting
ranges and we can let jog,...D = jc @max jp. We let jg be the composition

i k Xy
G -S> M(C %y G) =M ((C %y G) @max D).

Since (i¢, i) is covariant, it is not hard to check that (jog,...D,Jq) is covariant
and we’ve established (a) of Theorem 2.61 on page 72.

Now suppose that (7, U) is a nondegenerate covariant representation of (C' ®pax
D,G,v®1id). Then 7 = 7¢ ®max *p (where m¢ and wp are characterized by
T(c®maxd) = Tc(c)mp(d)). Then it is not hard to verify that (7, U) is a covariant
representation of (C, G, ~):

Use(e)m(c @max d) = Ust(cc’ @max d)
= 7(7s(c’) Rmax d)Us
=7 (15()) 7 (Vs(¢') ®max d)Us
7o (7s(€)) Usm(€’ @max d).
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We also want to check that m¢ x U and 7wp have commuting ranges:
7o X U(c® 2)np(d)n(d @max d') = o (c)U(2)7(c @max dd')

=7c(c) /G 2(8)Usm(¢" @max dd") dp(s)
= 7c(c) /G 2($)7(Ys(¢") Omax dd')Us dp(s)
= 7o(n(d) [ H5)T(4() D &)V di(s)

G
= mp(d)rc(c) /G 2(8)Ust (¢’ @max d') dpu(s)
=np(d)me X U(c® 2)m(¢’ @max d').

Therefore we can form L = L(; ) := ¢ X U @max 7p and then verify that L o
Je®maD = T and Lo jg = U. This verifies part (b).
For part (c), consider

JC@maxD (€ Omax d)jc (2) = jo(c)jp(d)ja(2)
—Jc(C)J (2)jp(d)
(C)Z ( )®max d
=Cc® 2 Qmax d.

It follows from Theorem 2.61 on page 72 that j := jog,...p0 X jc is the re-
quired isomorphism, and that j o Li(reg,urp)xv) = (TC @max 7p) x V. Since
L((re@maxnp)xv) = (Tc X V) @max Tp, the assertion about intertwining represen-
tations follows. O

Notes and Remarks

The notion of a crossed product — at least as a purely algebraic object — dates
to the beginning of the twentieth century. For example, the basic construction ap-
pears in [22] and [166] and a nice survey of this early work can be found in [14].
(These references were pointed out by an anonymous reviewer.) The idea of associ-
ating an operator algebra to a group of automorphisms of another operator algebra
probably originates with the pioneering work of Murray and von Neumann [111].
A (reduced) C*-crossed product construction appears in [163], and the connections
to physics and covariant representations begins in earnest in [30]. A systematic
study of transformation group C*-algebras can be found in [49] and full formed
crossed products appear in [100,162,173]. The current notation of A x, G and
the terminology “C*-dynamical system” was popularized in the work of Olesen and
Pedersen [114-116]. Although viewing the crossed product as a universal object
for covariant representations is fundamental even to the early work on C*-crossed
products, the concept was formalized by Raeburn in [133].






Chapter 3

Special Cases and Basic
Constructions

It is a bit frustrating not to work out some nontrivial examples of crossed products
now that we have the definition in hand. However, rather than pausing to grind out
some ad hoc examples here, we’ll wait until Chapter 4 when we will have proved
the Imprimitivity Theorem. Before taking on the formidable technology required
for imprimitivity theorems, we’ll concentrate on some basic properties of crossed
products. Since group C*-algebras can be viewed as degenerate crossed products
and since crossed products can be thought of as analogues of group C*-algebras in
which scalar valued functions are replaced by C*-algebra-valued functions, group
C*-algebras serve as excellent sources of motivation. In this chapter, we look at
the two classes where we can say something significant in general: namely we
examine the C*-algebras of abelian and compact groups, respectively. After that,
in Section 3.3, we see that when G is a semidirect product, the crossed product
A X G can be decomposed as an iterated crossed product. (Generalizing this
result to the case where G contains a normal subgroup is discussed in Section 7.4
— although this requires a brief introduction to twisted crossed products.) In
Section 3.4 we note that G-invariant ideals in A correspond to ideals in A x,, G is
a natural way. In Section 3.5, we start the study of orbit spaces, the properties of
which will be increasingly more important as we get deeper into the book. In the
final section, we look at proper group actions and induced C*-algebras — both of
which are going to be important in Chapter 4.

3.1 Another Interlude:
The C*-Algebra of an Abelian group

In this section, we satisfy our desire for an example by considering the group C*-
algebra of an abelian group and examining what this example says about C*-
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algebras and representation theory.!

Let G be a locally compact abelian group. If f € C.(G), then Theorem A.14
of [139] implies that there is an irreducible representation = of C*(G) such that
Il = lIm(f)||- Recall that 7 is necessarily the integrated form of an irreducible
unitary representation of G (which we denote with the same letter). Since C*(G)
is abelian, it follows from [139, Example A.16] that every irreducible representation
is one-dimensional and therefore corresponds to a character w € G. Thus the
universal norm of f € C.(G) is given by

11 = 1Flloc

where f is the Fourier transform

~

f(w) = /G F(s)w(s)du(s) (e B)

of f (see (1.20) in Section 1.4.1). Even without invoking the Gelfand Theory, it is
easy to see that f is continuous on @ (using the dominated convergence theorem
for example). Since we can identify G with the spectrum of C*(G) (Remark 2.41 on
page 60), we can conclude that f vanishes at infinity on G since [7] — || (f)]| always
vanishes at infinity on the spectrum by [139, Lemma A.30]. Thus, f € Co(@), and
A:={f:f € CAG)} is a subalgebra of Cy(G) which is closed under complex

conjugation since F(w) = w(f*) =w(f) = f(w), and which separates points since
the irreducible representations of C*(G) must separate points. Thus the Stone-

Weierstrass Theorem implies that 2 is dense in Cy(G) in the sup-norm. This gives
us the following proposition.

Proposition 3.1. If G is a locally compact abelian group, then the Fourier trans-
form extends to an isomorphism of C*(G) with Co(G).

If you’re only interested in Harmonic analysis or the unitary representations of
G, it might be reasonable to ask “why bother with Proposition 3.17” For example,
suppose your goal is to describe all the unitary representations of G. Then it turns
out that Proposition 3.1 does allow us to describe the representations of GG, provided
we can invoke some standard results about representations of C*-algebras. In fact,
much of the early work on abstract C*-algebras was motivated by the fact that
C*-algebras have a nice representation theory which should shed some light on the
representation theory of groups via the group C*-algebra construction. The classic
books [28,29] are beautiful illustrations of this point of view. Another very readable
treatment, focusing on the representation theory of Type I algebras, is Arveson’s
book [2] where he works out the following.

Ezample 3.2 (]2, pp. 54-56]). Let A be a separable commutative C*-algebra. Then
we may assume that A = Cy(X) for a second countable locally compact Hausdorff
space X. Then every representation of Cy(X) on a separable Hilbert space is

LA useful and extensive survey of the “state of the art” (as of 1976) of classes of locally compact
groups and properties of their C*-algebras is given in [123].
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equivalent to one constructed as follows. Let { Xoo, X1, X2,...} be a partition of
X into Borel sets. For each n = o0,1,2,..., let u, be a finite Borel measure on
X, and let H,, be a Hilbert space of dimension n. (If n = co, then any separable
infinite-dimensional Hilbert space will do.) Let

H = LA (X, fin) @ Ho.

n=1

Now define 7 : Co(X) — B(H) by 7 := @, _ " 7, @ 1n,, where 7, : Co(X) —
B(L*(X,)) is given by pointwise multiplication:

Tun (H0(2) := f(2)h(x).

Combining Example 3.2 with Proposition 3.1 on the preceding page, we see that
if G is a second countable locally compact abelian group, then every representation
of C*(G) is given on f € C.(G) by

() = @ 7 (F) © T,

for a partition { X, } of G and measures Itn, as above. Furthermore, it is not hard
to see that 7 is the integrated form of

U= P Uiy, (3.1)

n=1
where U™ : G — U(L?*(X,)) is given by
Ulh(w) := w(s)h(w).

Notice that (3.1) is a description, up to equivalence, of all unitary representations of
G on a separable Hilbert space. This answers our original question and illustrates
the power of the group C*-algebra construction.

Our characterization of the representations of a locally compact abelian group
has a curious corollary. Recall that if H is a closed subgroup of a locally compact
abelian group G, then H is also a locally compact abelian group. It is a consequence
of the Pontryagin Duality Theorem that the restriction map from G to H induces
an isomorphism of locally compact abelian groups:

G/H' ~H,

where HY := {w € G : w(h) =1 for all h € H} [56, Theorem 4.39]. If we assume
that G is second countable, then there is a Borel cross-section

Clﬁﬁé
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such that c(c)(h) = o(h) for all 0 € H and h € H ([2, Theorem 3.4.1] will do).
Now if V' is a unitary representation of H of the form

V=@V e,

n=1
then we can define unitary representations U" : G — U (L*(X,,)) by
Ulh(o) = ¢(o)(s)h(o).

Then U™ extends V" and U := @ _° U™ ® 1y, extends V. We have proved the
following.

Proposition 3.3. Suppose that H is a closed subgroup of a second countable locally
compact abelian group G. Then every unitary representation of H can be extended
to a unitary representation of G.

3.2 Third Interlude:
The C*-Algebra of a Compact group

Now suppose that G is compact, but not necessarily abelian. The Peter-Weyl The-
orem [56, §5.2] tells us that if [7] € G, then = is a finite dimensional representation
and that 7 is equivalent to a subrepresentation of the left-regular representation
A G — U(LQ(G)). For the sake of definiteness, if ¢ € G, let 7, be a specific
subrepresentation of A such that [r.] = ¢. Note that if d # ¢ in é, then m, and my
act on orthogonal subspaces by [56, Proposition 5.3]. Since d. := dim H,, < oo,
we'll identify B(H,,) = K(Hr,) with the C*-algebra of d. x d.-matrices M,_. Note
that m.(C*(G)) = K(Hx,) = My, since an irreducible representation that contains
one nonzero compact operator in its range must contain all compact operators
[110, Theorem 2.4.9].

Proposition 3.4. Suppose that G is a compact group. Then

C*(G) = @Mdc.

ceé

The isomorphism sends f to (wc(f))cea.

To prove the proposition, we’ll need a couple of straightforward lemmas.

Lemma 3.5. If G is a compact group and f € C*(G), then A\(f) is a compact
operator on L*(G).
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Proof. Suppose first that f € C.(G) C C*(G) and h, k € C.(G) C L*(G). Then

WﬁM@z/U@MWﬂ@M@

G

= [ [ 56 R dur) du(s)
GJla
= / f# h(r)k(r) du(r).
G
Thus A(f)h = f* h in L?(G). But using the unimodularity of G,
Fentr) = [ (s auts)
= [ 15 ns) duo)
G

Thus A(f) is a Hilbert-Schmidt operator on L?(G) with kernel K (s,r) = f(s~1r),
and therefore compact. Since C.(G) is dense in C*(G), it follows that A(f) is
compact for all f € C*(G). O

Lemma 3.6. Let f € C*(G) and ¢ > 0. Then the collection F of ¢ € G such
that |me(f)|| > € is finite. In particular, the spectrum G of C*(G) is a discrete
topological space.

Proof. Let H. C L?(G) be the subspace corresponding to the subrepresentation .
Then the { H, } are pairwise orthogonal. Furthermore, we can choose a unit vector
he € H. such that |[|[A(f)he]] = ||7e(f)hel| > €. But A(f)h. € H.. Thus if F were
infinite, { A(f)he¢ }eer would have no convergent subnet. This would contradict the
compactness of A(f).

However, F' is an open subset of G by [139, Lemma A.30]. Since M,, has,
up to equivalence, a unique irreducible representation, we can identify G with
Prim C*(G). Since kerr is clearly a maximal ideal if [7] € G, {c} is closed for
all ¢ € G. However, given ¢ = [r] € G, there is a f € C*(G) such that || (f)| > 1.
The first part of this proof implies there is a finite neighborhood of ¢ in G. Since
points are closed, { ¢} is open. Since ¢ was arbitrary, G is discrete as claimed. O

Lemma 3.7. Suppose that G is a compact group, ¢ € CAv', andT € Mg,. Then there
is a f € C*(G) such that

T ifp=mc, and
m‘{o#m¢a

Proof. Since G is discrete, { ¢ } is open and is not in the closure of { ¢/ € G : ¢/ # ¢}.
Therefore
J = ﬂ ker o ¢ ker 7.
c'#c
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In particular J # {0 } and m.(J) is a nonzero ideal in M. Since matrix algebras
are simple, m.(J) = My, ,, and there is a f € J such that 7.(f) = T Since f € J,
we're done. g

Proof of Proposition 3.4 on page 84. Define & from C*(G) to the product
[I.cg Ma, by ®(f) = (ﬂ'c(f))ce@. Since the irreducible representations of any
C*-algebra separate points, ® is an isomorphism onto its range. Lemma 3.6 on the
previous page implies that the range of ® lies in the direct sum. Lemma 3.7 on
the preceding page implies that the range of ® is dense in the direct sum. Since ®
necessarily has closed range, we’re done. O

Since any representation of the compacts is equivalent to a multiple of the
identity representation and since we’ve shown that C*(G) is a direct sum of matrix
algebras if G is compact, we get following result essentially for free.

Corollary 3.8. Every representation of a compact group is the direct sum of (nec-
essarily finite dimensional) irreducible representations.

3.3 Semidirect Products

Suppose that H and N are locally compact groups and that ¢ : H — Aut N is
a homomorphism such that (h,n) — ¢(h)(n) is continuous from H x N to N.
(In other words, H acts continuously on N via automorphisms.) The semidirect
product N x, H is the group with underlying set NV x H and group operations

(n, h)(m, k) := (ng(h)(m),hk) and (n,h)~":= (p(h™ ") (n"), 7).

If N x H has the product topology, then IV x, H is a locally compact group.

Ezample 3.9. Let H := (RT,:), N := (R,+) and define ¢ : RT™ — AutR by
¢(a)(z) := ax. Then R x, RT is isomorphic to the az + b-group of Example 1.27
on page 7.

Ezxample 3.10. Let G be a locally compact group with a closed normal subgroup
N and a closed subgroup H such that NN H = {e} and G = NH. Then we can
define ¢ : H — Aut N by ¢(h)(n) = hnh~1, and (n,h) — nh is an isomorphism
of locally compact groups between N x, H and G. Conversely, if G = N x4, H,
then N’ := {(n,eg) € G : n € N} is a closed normal subgroup of G and H' :=
{(en,h) € G : h € H} is a closed subgroup of G such that G = N'H’ and
N'NnH ={e}.

In this section, we’ll assume that G = N H as in Example 3.10 so that ¢(h)(n) =
hnh~!. Let uy be a Haar measure on N and puy a Haar measure on H. Consid-
erations similar to those used to prove that the modular function is a continuous
homomorphism (Lemma 1.61 on page 18) show that there is a continuous homo-
morphism

oc:H—RT
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such that

/fhnh ) dun(n /f ) dun(n (3.2)

Then a Haar measure on G is given by

:/H/Nf(nh)g( Ydpn (n) dpg (b //fhn dpn (n) dpp (h).

Proposition 3.11. Suppose that G is the semidirect product N x, H of two locally
compact groups as above, and that (A,G,a) is a dynamical system. Then there is
a dynamical system

f:H — Aut(A xqy, N)

such that for all g € C.(N, A)
Bu(g)(n) = o(h) " an(9(h™ " nh)).

Furthermore, if v is the natural map from Ce(H, C.(N, A)) C Ce(H, A%
C.(N x H,A) C C.(G, A), then v extends to an isomorphism of (A %
with A Xo G.

aly N) into
N) ><1[3H

aln

Proof. For convenience, we’ll assume G = NH as in Example 3.10 on the facing
page. Let (ja,jn) be the canonical covariant homomorphisms for A x4, N. To
define an action of H on A x4 N, fix h € H and define 7" : A — M(A x4/, N)
and U" : N — UM (A x4/, N) by

aln

7" (a) := ja(an(a)) and UM .= jn(hnh™1).

Since ja is nondegenerate and jy is strictly continuous, it follows that (7", U") is

a nondegenerate covariant homomorphism of (A4, N, a|y) into M (A x4, N). Thus
B := 7" x U" is a nondegenerate homomorphism of A Moy NV into M(A X, N).
If f € C.(N, A), then
5u(7) = [ A () UL dun ()

_ /N ja(an (£(n))sn (hnh~Y) dpun (n)

= [ dalotan(#h k)i (n)di ()

= ja > jin("f),
where hf( ) i= o(h " Yay(f(h~'nh)). In particular, B,(f) = "f € Ce(N,A) C
A Xq|y N. Therefore ), is a homomorphism of A x|, N into itself. Since routine

computatwns show that B, = id and Brr = O o Bk, it follows that each 3, is a
automorphism with inverse §;,-1, and

B:H — Aut(A >, N) (3.3)

is a homomorphism.



88 Special Cases and Basic Constructions

Lemma 3.12. If H, N, G and (3 are as above, then (3.3) is a dynamical system.

Proof. At this point, we only have to see that 3 is strongly continuous. For this, it
suffices to show that given f € C.(N, A) and § > 0, then there is a neighborhood
V of e in H such that h € V implies that ||Br(f) — f|l1 < 6. Let K := supp f and
let W be a compact neighborhood of e in H. Then if h € W, supp Bn(f) C WKW.
Thus it suffices to show that given € > 0 there is a neighborhood V of e in H such
that h € V implies ||Br(f) — flloo < €. To this end, choose V' such that h € V'
implies |o(h™1) — 1] < €/(3||f]|oc)- Since f is uniformly continuous, the triangle
inequality implies there is a V' C V' such that h € V" implies

|uaf%my—ﬂmn<§ for all n € N.
A compactness argument implies there is a V' C V" such that h € V implies
W%U@D—f@ﬂ<§ for all n € N.
Therefore h € V implies
lo(h) ™ an (f(h™ nh)) = f(n)l| < lo(h)™" = 1fllan(f (™ nh)) |+
o (f(h™ k) = f(n)) ]| + lan (f(n) = f(n)]]
< lo(n)™" = 1llfllso + 17 k) = f(m)]| + 5
< e. [l

Lemma 3.13. Let X be a Hilbert B-module and G = NH a semidirect product as
above. IfU : N — UL(X) and V : H — UL(X) are strictly continuous unitary-
valued homomorphisms such that

VaUnVi' = Upnpt, (3.4)

then Wy, := U, V}, defines a strictly continuous unitary-valued homomorphism W :
G — UL(X).

Conversely, if W : G — UL(X) is a strictly continuous unitary-valued homo-
morphism, then Uy, := W, and V}, := W}, define strictly continuous unitary-valued
homomorphisms satisfying (3.4).

Proof. Straightforward. O

Lemma 3.14. Suppose that (w,U) is a nondegenerate covariant homomorphism of
(A, G, a) in L(X), and that T € M(A). Then

U (T)U; = 7(as(T)). (3.5)

and if (ia,ig) is the canonical covariant homomorphism of (A, G, a) into M (A X,
G), then
(m % U)~(2a(T)) = =(T). (3.6)
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Proof. Let x € X and a € A. Then

Un(T)(w(a)(z)) = Usn(Ta)(x)
— (0T, ()
= H{a (D)) Us(a)
e o)

Since 7 is nondegenerate, { m(a)(z) : a € A and = € X} spans a dense subspace of
X, and (3.5) follows.
Similarly,

(mxU) (2a(T))m x Ulia(a)f) =7 x U(1a(T)ia(a)f)
=7 xU(ia(Ta)f)
=n(Ta)mt x U(f)
=7(T)m(a)m x U(f)

Now (3.6) follows since both ¢4 and 7 x U are nondegenerate. O

Now we want to apply Theorem 2.61 on page 72 with B = (A x4, N) >3 H with
the object of showing that B is isomorphic to A x, G. Let kax, N : Axgy N —

M((AxqyN)xgH)and ky : H — M((Axqy N)xgH) be the canonical covariant
homomorphism for (A x4, N, H,3). Define maps

aln

At A > M({(Axgy N)XgH) and lg:G— M((A Xy, N)xgH)

aln aln

as follows. Let l4(a) := (kAx,a‘NN)’ (jA(a)) and lg(nh) = W, V;, where W,, =
(kANa\NN) - (]N(n)) and Vi, = ky. Of course V is strictly continuous since kg
is. The strict continuity of W follows from the strict continuity of jy and the
nondegeneracy of kANa\N ~: note that

(Kasta o N) (N (1) kas, N (FEr(2) = kas,, v (v (1) f) kR (2).

is continuous in n and the span of elements of the form kax,  ~(f)ku(2) is dense
n (Axgy N)xgH.
Now using Lemma 3.14 on the facing page we have
ViWo Vi1 = ku(h)(kax,,  ~) (in (1)) ku(h)*
= (kAxa‘NN)i(Bh(jN(n)))

which, since 3, = 7" x U", equals

= (kANa\NN)_ (]N(hnhil))
= Whnh-1.
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Therefore I is a strictly continuous unitary-valued homomorphism (Lemma 3.13
on page 88). To check that (I4,lg) is covariant, consider

lg(nh)lA(a)lg(’th)* = WthlA(a)VJU;
= Wakp (h)(kax,,  ~) " (ja(a)) ke (h) W,

which, by Lemma 3.14, is

= Wa(kax, ~) (Br(jala)) Wy
which, since 3, = 7" x U", is

= Wn(kAxa‘NN)i(jA (o (a))) Wy

= (kAxa‘NN)i(jN(n)jA (an(a))in(n)*)
= (kax,  N) " (Ja(ann(a)))

=l (oznh(a)).

All this establishes condition (a) of Theorem 2.61 on page 72.

Now suppose that (w,7) is a nondegenerate covariant representation of
(A,G,a). Define W and V as in Lemma 3.13 on page 88: T, = W, V,. Then
(m, W) is a covariant representation of (A4, N, «a|y). Moreover the computation

Vi 3 W)V = Vi /Nw(f(n))Wn dp (n)Vy'

:/ Ty (f(n))Ton-1 dun (n)
N

_ /N 7 (B(f) (1)) Wi djany (n)
=73 W(Bu(f))

shows that (7 x W, V) is covariant. Thus we define L = L, 1y to be (m x W) x V.
Using Lemma 3.14 on page 88, we have

L(la(a)) = ((m x W) x V)™ ((kas,,, ~) " (ja(a)))
= (mx W) (ja(a))
m(

—~

Similarly,

L(lg(nh)) = ((r x W) x V) ((kas,, . ~)" (v () ((x x W) x V)~ (ku(h))

aln
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Now we’ve established condition (b) of Theorem 2.61.
To verify condition (c), let z € C.(G) be defined by

z(nh) = o(h)z(n)y(h)

for functions x € C.(N) and y € C.(H). Then

(2) = / / Wi (nh) dyun (n) dpusg (h) = W (2)V (y).
Therefore

La(a)l(2) = La(@)W (2)V (y) = kax,, ~ (Ja(a)in () ku (y).

Now condition (¢) of Theorem 2.61 follows as the span of elements of the form
ja(a)jn(z) is dense in A x4, N.
Now Theorem 2.61 on page 72 implies that there is an isomorphism

(A Xy N)xgH — Axog G

aln
such that jolg = ig and jols = ia, where (ia,ig) are the canonical maps
associated to (4, G, a).

Now suppose F € C.(H,C:(N, A)) (viewed as a subspace of Co(H, A X4 N))
is of the form F(h)(n) = y(h)z(n)a. Then F = kax, ~n % kg(F) =
kasi, N (ja(a)in(2))ku(y), and j(F) = ia(a)ic(z ® y), where 2 ® y denotes
the function on G given by nh — x(n)y(h). In other words, j(F) = «(F). This
completes the proof of Proposition 3.11 on page 87. O

Ezample 3.15 (The az + b-group). Let G = R x,R™ be (isomorphic to) the az+ b-
group; thus ¢(a)(r) := ar. Then o : RT — R is defined by

a)/_z f(ax)da:_/_if(x)d:c

and o(a) = a. Then Proposition 3.11 on page 87 implies that C*(G) =2 C x, G is
isomorphic to C*(R) xg R" where 3,(f)(r) = 2 f(%£). The Fourier transform is an
isomorphism F : C*(R) — Co(R) such that F(8.(f))(y) = f(ay). Thus we get an
equivariant isomorphism of (C*(R),R™, 3) and (Co(R), R, 7), where R acts on

R via a-r:= . Thus C*(G) is isomorphic to the transformation group C*-algebra
+

Co(R) X r R .

Ezample 3.16 (Semidirect Products of Abelian Groups). Assume that N and K are
abelian locally compact groups and that G = N x, H. As usual, we assume that
G = NH with N normal in G and NN H = {e} as in Example 3.10 on page 86.
Since C*(G) = C x, G, Proposition 3.11 on page 87 implies there is an isomorphism
®: C*(G) — C*(N) xg H where

Bu(f)(n) = o(h)~ (R~ 'nh) for f € Cc(N),
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and o(h) is determined by (3.2). The Fourier transform
flw)i= [ fnyatn) duy(n)
is an isomorphism of C*(N) onto Co(N) (Proposition 3.1 on page 82), and

B () (@) = / o(h)~ F(h ) (n) da ()

N

= [ Fmyw(hnh™) dun ()
N

= f(h_l ) w)v

where, by definition, h - w(n) = w(h~nh). Therefore, as in the previous example,
we get an isomorphism of C*(N) xg H with the transformation group C*-algebra
CO(]\AI) X, H, where

mf(w) = f(h" - w).

Therefore C*(N x, H) = Co(N) x, H.

3.4 Invariant Ideals

If (A, G, ) is a dynamical system, then Zg(A) will denote the a-invariant (closed
two-sided) ideals in A. If I € Zg(A), then each aj restricts to an automorphism of I
and we obtain a dynamical system (I, G, a) as well as a quotient system (A4/1, G, a?)
defined in the obvious way:

al(a+1):=as(a)+I.

The inclusion map ¢ : I — A and the quotient map ¢ : A — A/I are equivariant
homomorphisms and therefore define homomorphisms ¢ xid : [ X, G — A X, G
and ¢ X id: A x4 G — A/I x4 G (Corollary 2.48 on page 63).

Note that C.(G, I) sits in C.(G, A) as a x-closed two-sided ideal. Therefore the
closure is an ideal which is usually denoted by Ex I. Of course, Ex I is exactly the
image of + x id. The next lemma will allow us to identify ExI and I x4 G from
now on.

Lemma 3.17. If (A,G,«) is a dynamical system and if I is a G-invariant ideal
in A, then v x id is an isomorphism of I x4 G onto ExI.

Proof. At this point, it suffices to see that ¢ x id is isometric on C.(G,I). Let
| - || be the universal norm on C.(G, A) and || - ||; the universal norm on C.(G,I).
Let @ x V be a faithful representation of A x, G. Then (m, V) restricts to a
(possibly degenerate) covariant representation of (I, G, a) denoted (77, V). Then
for all f € C.(G, 1),

1= Ml VIOI = llmwer e VIOI < [1f |-
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On the other hand, if n x V is a faithful representation of I x, G, then since 7 in
nondegenerate, 7 has a canonical extension 77 to A characterized by 7(a)n(b)h :=
n(ab)h for all a € A, b€ I and h € H,,. A quick computation verifies that (7, V) is
a covariant representation of (A, G, «). Thus

£l = ln > VOI = N> VO < [IF]-
Thus || f|| = ||f||; for all f € C.(G,I). O

Lemma 3.18. Suppose that X is locally compact, that I is an ideal in A and that
q:A— A/I is the quotient map. If g € Co(X, A/I), then there is a f € Co(X, A)
such that g = qo f. If g has compact support, then we can find f with compact
support. In particular, we have a short exact sequence

0 —> Co(X, 1) —— Co(X, A) —=> Co(X, A)T) —> 0

where i is the inclusion map and qo - sends f to qo f.

Proof. Suppose that g € C.(X, A/I) with suppg = K. Let W be a pre-compact
open neighborhood of K. Fix € > 0. Let { V; }?_; be a cover of K by pre-compact
open sets V; C W so that there is a r; € V; N K such that

llg(r) —g(r:)]| <e forall r e V.

Since W is compact, there is a partition of unity {¢;}?, in C(W) such that
supp po C W ~ K and suppy; C V; for 1 < i < n. Let a; € A be such that
q(a;) = g(r;), and let f =" | ¢; ® a;. Then f € Co(X,A) and

llgof =gl <e

It follows that f — ¢ o f has dense range in Co(X, A/I) and must therefore be
surjective since C*-homomorphisms have closed range. Replacing X by W, the
assertion about compact supports follows as well. The rest is straightforward. [

Proposition 3.19. Suppose that (A, G, ) is a dynamical system and that I is an
a-invariant ideal in A. Then 1 x id is an isomorphism identifying I X, G with
Ex I =kerq xid, and we have a short exact sequence

00— T3y G2 A, ¢ AT G——0

of C*-algebras.

Proof. Note that ¢ x id is an isomorphism by Lemma 3.17 on the facing page.
Lemma 3.18 implies that ¢ x id maps C.(G, A) onto C.(G, A/I) so that ¢ x id is
surjective. Thus we only have to show that ker(¢q x id) = ExI. Since C.(G,I) is
dense in Ex I, we certainly have

Ex I C ker(q x id). (3.7)
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Now suppose that m x V is any representation of A x, G. If I C kerw, then
C.(G,I) Cker(mxV)and ExI C ker(mx V). But m = 7’ oq for some representation
7/ of A/I and (7',V) is a covariant representation of (A/I,G,a?!) such that

(7" xV)o(gxid)=nxV.

Therefore, ker(¢ x id) C ker(m x V') as well.

On the other hand, if I ¢ kerm, then there is a a € I such that w(a) # 0. If
{u;} € C.(G) is an approximate identity for C*(QG), then for all i, a®u; € C.(G,I)
and so belongs to both Ex I and ker(q x id). But

X V(a®u;) =m(a)V(u;)

which converges strongly to w(a). Thus neither Ex I nor ker(g x id) is contained in
ker(m x V) in this case. It follows that we have equality in (3.7) as required. O

It is a useful exercise to consider the special case of Proposition 3.19 on the
preceding page in which A is commutative. In particular, let (CO(X ), G, 1t) be a
dynamical system. Then the G-invariant ideals I of A correspond to G-invariant
open sets U C X: I = Cy(U), were Cy(U) is viewed as an ideal in Cp(X) in the
obvious way. Let F' := X~ U. Then F is a G-invariant closed set and we can identify
Co(F) with the quotient Co(X)/Co(U). Notice that is identification intertwines
the quotient action It’ with the automorphism group on Co(F) induced by left-
translation. Therefore we have derived the following corollary to Proposition 3.19
on the previous page.

Corollary 3.20. Suppose that (G, X) is a transformation group, and that U is an
open G-invariant subset of X. Then we have a short exact sequence

vXid gxid

O—>Co(U) ><11tG—>Co(X) ><11tG—>OQ(X\U) ><11tG—>O

of C*-algebras.

3.5 The Orbit Space

Every dynamical system (A, G, «) gives rise to a G-action on Prim A (Lemma 2.8
on page 44). In the case of transformation groups, where A = Cy(X), the G-action
on X is the salient feature. In this section, we record some basic observations about
G-spaces and their orbit spaces.

Definition 3.21. Suppose that X is a (left) G-space and that x € X. The orbit
through x is the set G-z := {s-x € X : s € G and x € X }. The stability group at x
is Gy :=={s€G:s-x=ux}. The G-action is called free if G, = {e} for all z € X.
The set of orbits is denoted by G\X. The natural map p : X — G\X is called
the orbit map, and G\ X is called the orbit space when equipped with the quotient
topology (which is the largest topology making the orbit map p continuous).
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Remark 3.22. If X is a Hausdorff G-space, then it is straightforward to check that
each stability group G, is a closed subgroup of G. But if (A, G, «) is a dynamical
system, then Prim A is a G-space (Lemma 2.8 on page 44), and the stability groups
Gp play an important role in the theory. Since Prim A is always a Ty-topological
space, so that distinct points have distinct closures, the next lemma implies that
each Gp is a closed subgroup of G

Lemma 3.23. Suppose that (G, X) is a topological transformation group and that
X is a Ty-topological space. Then each stability group G, is closed.

Proof. Let {s; } be a net in G, converging to s in G. We want to see that s € G,.

But x = s;-© — s-x. Thus, s-x € {x }. On the other hand, s-z = ss; ' - x — .

Thus = € {s-x}. Since X is Ty, this forces s-x = x. That is, z € Gy. O

Remark 3.24. If X is a right G-space, then the orbit space is denoted by X/G and
the orbits by = - G.

It follows easily from the definition that a subset U C G\ X is open if and only
if p~1(U) is open in X. However, we can say a bit more.

Lemma 3.25. If X is a G-space, then the orbit map is continuous and open.

Proof. The continuity of p : X — G\X holds by definition. If W is open in X,
then
p tpW))=G-W:={s-z:s€GandzeW} = U s-W,
seG

which is a union of open sets. Therefore p(WW) is open. [l

Any topological space Y can arise as an orbit space. For example, let X =Y xG
and let G act by left translation on the second factor. Then G\X is naturally
identified with Y. Of course, in this example, any pathological behavior in G\ X
is already exhibited in X. However, even if we insist that X be a nice topological
space, examples show that the orbit space can vary from nice to pathological.

Ezample 3.26 (cf. Example 2.13 on page 45). Let X = T and G = Z with Z acting
by “irrational rotation”:
— e27rin02

n-z: ,

where 6 is an irrational number in (0,1). As we will show in Lemma 3.29 on the
next page, each orbit is dense in T. Consequently, G\ X is an uncountable set with
the trivial topology: 7 = {0, G\X }. Furthermore, even though for each z € T,
n +— n -z is a bijection of Z onto the orbit through z, each orbit is topologically
quite different from Z. In fact, the orbits are not even locally compact subsets of
T.

We still have to prove the claim in the above example. For this, we’ll want the
following lemma.

Lemma 3.27. If H is a proper closed subgroup of the circle T, then H is finite.
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Remark 3.28. It is possible to give a very short proof of this result using the
duality theory for locally compact abelian groups. It is a direct consequence of the
Pontryagin duality that the character group H of H is isomorphic to the quotient
T/H* where H := {y € T : y(H) = {1}} [56, Theorem 4.39]. Since T = Z,
His isomorphic to a quotient of Z by a nontrivial subgroup. Thus His finite.
The Pontryagin Duality Theorem [56, Theorem 4.31] implies that the dual of H is
isomorphic to H, and therefore H itself must be finite. However, we will give an

elementary proof using only the topology of T.

Proof. We'll assume that H is not finite and derive a contradiction. Let U be an
open set such that U N H = (. Since H is infinite and compact, there is a sequence
of distinct elements { h,, } converging to h € H. Multiplying by h~! we can assume
we have h,, — 1 with h,, # 1 for all n. Let h,, = €2 with 6,, € (0,1). Since we
also have h,;! — 1, we can replace h, by h,! whenever 6, > i and assume that
0, — 0. Choose z = €2™ € U with 6 € (0,1). Since U is open, there is € > 0 such
that €™ € U provided ¢ € (0,0 + €). But if 6,, < ¢, then there is a m € Z such
that mé,, € (0,6 + ¢). Therefore h]?' € U, which contradicts our choice of U. O

Lemma 3.29. Suppose that Z acts on T by an irrational rotation (as in Exam-
ple 3.26 on the preceding page). Then for every z € T, the orbit Z - z is dense in
T.

Proof. The orbit of 1 is an infinite subgroup H := Z - 1. Since the closure of a
subgroup is a subgroup, Lemma 3.27 on the previous page implies that H is dense.
But if z € T, then w — wz is a homeomorphism of T taking Z -1 to Z - z. Thus
every orbit is dense as claimed. [l

Ezxample 3.30. Let X = C, and let G = T act by multiplication: z-w := zw. Then
the origin is a fixed point and the remaining orbits are circles {w € C' : |w| = r}
for some r > 0. The orbit space is easily identified with the non-negative real axis
with its natural (Hausdorff) topology. In particular, each orbit is closed and all the
nondegenerate orbits are homeomorphic to G = T.

Example 3.31. Let X = C and let G = R act via r - w := €2™"w. Then the orbits
and orbit space are exactly as in Example 3.30. However, now the action is no
longer free at points on the nondegenerate orbits. Note that each nondegenerate
orbit is homeomorphic to the quotient of R by the stability group Z.

Example 3.32. Let X = R? and let G be the positive reals under multiplication.
Let G act on X by r - (z,y) := (rz,r"'y). The orbits consist of the origin, the
remaining four bits of the coordinate axes and the hyperbolas { (z,y) : 2y = b}
with b € R~ {0}. (Note that each b corresponds to two orbits.) Then the orbit
space can be identified with the union of the two lines y = +x (denoted by A) and
the four points a1 = (1,0), a2 = (0,1), ag = (—1,0) and a4 = (0,—1). Let Q;
be the right angle formed from A having a; in its interior. Given A and the Q;’s
the relative topology from R?2. Using the openness of the orbit map, it is easy to
describe the topology on G\ X = AU{ a1, az, a3, as }. Note that every neighborhood
of (0,0) contains all the a;. (In particular, points in G\ X need not be closed.) Then
a basis for the open sets in G\ X consists of the following.
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(a) {UC A:(0,0) ¢ U and U is open in A},
(b) {W CG\X:WnAisopenin 4, and (0,0),a1,...,a4 € W},
() {Vc@iu{a}:a,€V,(0,0)¢V and
{(0,0) } U(V NQ;) is a neighborhood of (0,0) in Q; }.
Note that each orbit is locally compact and homeomorphic to RT (or a
point). All orbits except those corresponding to the a; are closed and that
G\X ~ {ai,a2,as3,a4 } is actually Hausdorff.

Ezxample 3.33. Let G be the real line equipped with the discrete topology and let X
be the real line with its usual topology. Let G act on X by translation: z-y := z+y.
Then there is only one orbit — one says G acts transitively. However the natural
bijections of G onto X are not homeomorphisms.

Ezxample 3.34. Suppose that H is a subgroup of a topological group G. Then G is
a right H-space if we let H act on the right of G by multiplication: s-h := sh. The
H-orbits s - H are exactly the left cosets sH, and the orbit space is the set G/H of
left cosets equipped with the largest topology making the quotient map continuous.

Even in view of examples like 3.26 and 3.32, we still want to investigate or-
bit spaces as they will play a significant role in the structure theory of crossed
products and especially of transformation group C*-algebras. As we shall see later
(Theorem 6.2 on page 173), under mild hypotheses on G and X, there is a sharp
dichotomy in orbit space structure. Orbit spaces are either reasonably well behaved
with Example 3.32 on the facing page about as bad as it gets, or they exhibit rather
extreme pathological behavior similar to Example 3.26 on page 95.

Lemma 3.35. Let X be a G-space. If X is second countable, then so is G\X.
If X is a (not necessarily Hausdorff) locally compact space, then G\X is a (not
necessarily Hausdorff) locally compact space.?

Remark 3.36. In this work, when we speak of a locally compact space, it is tacitly
understood that the space is Hausdorff. It just seems too cumbersome to constantly
be adding Hausdorff to the statement of every other result. As a penalty, we now
have to add an annoying “not necessarily Hausdorff” when we want to look at
spaces, such as orbit spaces, which may naturally have non Hausdorff topologies.
Of course, there are difficulties to keep in mind when working with potentially
non Hausdorff spaces. We must appeal to Definition 1.16 on page 5 rather than
Lemma 1.17 on page 5 when we want to show a possibly non-Hausdorff space is
locally compact. We also have to keep in mind that compact subsets need not be
closed, and that convergent nets need not have unique limits.

Proof. Let p: X — G\X be the orbit map. Suppose that { U, } is a countable basis
of open sets for the topology on X. Let V;, := p(U,,). Let V be an open set in G\ X
with ¢ € V. Choose z € p~!(q). Since p is continuous p~!(V') is a neighborhood of
x, and there exists a U, such that z € U, C p~ (V). Thusq € V,, CV, and {V,, }
is a countable basis for the topology on G\ X.

2Notice that G\X can fail to be Hausdorff, even if X is locally compact Hausdorff to begin
with.
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Now suppose that X is locally compact. Since G\ X may not be Hausdorff, we
have to verify that Definition 1.16 on page 5 holds. However, the above argument
shows that the forward image of any basis in X is a basis in G\X. Since X
has a basis of compact sets, and since the continuous image of a compact set is
compact, it follows that G\ X has a basis of compact sets. Therefore G\ X is locally
compact. O

Lemma 3.37. Suppose that X is a not necessarily Hausdorff locally compact G-
space, and let p : X — G\X be the quotient map. If T C G\X is compact,
then there is a compact set D C X such that p(D) D T. If G\X is Hausdorff,
then T C G\X is compact if and only if there is a compact set D C X such that
p(D)=T.

Proof. Suppose that T is compact in G\ X, and that G-z € T. If V is a compact
neighborhood of z in X, then since p is open and continuous, p(V') is a compact
neighborhood of G - x. Therefore there are finitely many compact sets { V; } with
p(UV;) D T. Since JV; is compact, this proves the first assertion. If G\X is
Hausdorff, then T is closed and

D:=p (T)n|JW

is a closed subset of a compact set and therefore compact. Clearly, p(D) = T as
required. The other implication is an easy consequence of the continuity of p. O

As should be evident from the above examples and the proof of Lemma 3.35
on the previous page, the openness of the orbit map is a useful tool. Recall that if
p: X — Y is open, then convergent nets in Y have subnets witch lift to convergent
nets in X — see Proposition 1.15 on page 4. As a consequence we have the following
useful observation.

Lemma 3.38. Suppose that X is a G-space and that p : X — G\X is the orbit
map. If {x; }ier is a net in X such that p(z;) — p(x) in G\X, then there is a
subnet { xn; }jes and elements sy, € G such that sy, - xn; — .

Remark 3.39. It is often the case, as in Remark 1.47 on page 13, that when we apply
this result, we are only interested in the subnet. Then, provided we're careful to
keep in mind that we’ve passed to a subnet, we can relabel everything and assume
that there are s; € G such that s;-x; — x. The added readability resulting from the
dropping the double subscripts more than makes up for any confusion that might
result.

Proof. Proposition 1.15 on page 4 implies that there is a subnet { p(zn;) }jes and
zn, € X such that zy, — 2 and p(zn;) = p(xn,) for all j. But then there must be
a sy; € G such that 2y, = sy, - o, for all j. O
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3.6 Proper Actions and Induced Algebras

Although group actions and their orbit spaces can be very complicated, there is
nevertheless a class of actions which are both extremely well-behaved and important
to the development of the subject. If X and Y are locally compact Hausdorff
spaces, then a continuous map f : X — Y induces a map f* : C*°(Y) — C*(X) via
() (y) :=¢(f(y)). But it need not be the case that

F5(Co(Y)) C Co(X). (3.8)

In order that (3.8) hold, we need f~1(K) to be compact in X whenever K is
compact in Y. Such maps f are called proper maps. Proper maps are the natural
morphisms in the category of locally compact spaces when the latter are identified
with abelian C*-algebras. Naturally, proper maps play an important role.

Definition 3.40. A locally compact G-space P is called proper if the map (s, x) —
(s-z,x) is a proper map from G x P to P x P.

If P is a proper G-space, then we say that G acts properly on P. Of course, there
is an analogous definition for right G-spaces. Proper actions, and their connection
with principal G-bundles in particular, were discussed at the end of §4.2 of [139].

Ezxample 3.41. Let H be a closed subgroup of a locally compact group G. Then H
acts properly on the left of G. To prove this, we need to see that the map

(s,t) — (st,s) (3.9)

is proper from H x G to G x G. But, viewed as a map from G x G — G x G, (3.9)
has a continuous inverse (s,7) +— (r,7~1s). Thus (3.9) defines a proper map from
G x G — G x G. Therefore the restriction to H x G is also proper.

It is useful to keep in mind that the action of any compact group is always
proper. More generally, we have the following criteria in terms of nets.

Lemma 3.42. Let P be a locally compact G-space. Then G acts properly on P if
and only if whenever we are given convergent nets x; — x and s; - ; — vy, the net
{s: } has a convergent subnet.

Proof. Let ® : G x P — P x P be given by ®(s,z) = (s z,z). Suppose that P
is a proper G-space and that {z; } and {s; - z; } are as in the lemma. Let K be
a compact neighborhood of x and y. Then we eventually have z; and s; - z; in K.
Thus we eventually have (s;,z;) € ® (K x K). Since ®~!(K x K) is compact by
assumption, { s; } must eventually lie in a compact subset of G, and the assertion
follows

For the converse, suppose that C' is compact in P x P. Let {(s;,2;)} be a
net in ®~1(C). It suffices to see that { (s;,z;)} has a convergent subnet. But
(si - @i, x;) € C. Since C is compact, we can pass to a subnet, relabel, and assume
that x; — x and s;-x; — y. By assumption, we can pass to another subnet, relabel,
and assume that s; — s in G. But then (s;,2;) — (s,z) in G x P. O
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Corollary 3.43. If P is a proper locally compact G-space, then G\P is a locally
compact Hausdorff space.

Proof. Since G\P is always locally compact (Lemma 3.35 on page 97), we just
need to see that G\ P is Hausdorff. Suppose that {w; } is a net G\ P converging
to G-z and G - y. Passing to a subnet and relabeling, Proposition 1.15 on page 4
implies that there are z; € P such that w; = G - x; and such that x; — x. Since
G-z; — G-y, Lemma 3.38 on page 98 implies that we can pass to subnet, relabel,
and assume that there are s; € G such that s; - ©; — y. By Lemma 3.42 on the
preceding page, we can pass to a subnet, relabel, and assume that s; — s in G.
But then s; - 2; — s-x. Since P is Hausdorff, s -z =y and G- = G - y. Thus,
G\ P is Hausdorff as claimed. O

Remark 3.44. Examples such as Example 3.31 on page 96 show that we can have
G\ P Hausdorff even if the action in not proper. It is also possible, but not so easy,
to find examples of free actions with Hausdorff orbit spaces which are nevertheless
not proper actions (cf., [65, p. 95] and [151, Example 1.18]).

Corollary 3.45. Suppose that P is a proper G-space. Then for each x € P,
sGy +— s - x is a homeomorphism of G/G4 onto G - x.

Remark 3.46. When G and P are second countable, it turns out that the maps
sG; — G -z are homeomorphisms if and only if the orbit space G\X is a Tp-
topological space (Theorem 6.2 on page 173).

Proof. Since s — s -z is continuous and since the quotient map of G to G/G,; is
open, it suffices to see that N - x is open in G - x whenever N is open in G. If N -z
is not open in G-z, then thereis anet {s; } C G andn € N such that s,-z — n-x
with s; -2 ¢ N -z for all . Using Lemma 3.42 on the previous page, we can pass to
a subnet, relabel, and assume that s; — s in GG. Since P is Hausdorff, s-x =n-x
and s € n- G, C N -G,. Since N - G, is open in G, we must eventually have
si € N -Gy, and s; - x is eventually in N - x. This contradicts our assumptions.
Therefore N - x is open. O

Suppose that P is a G-space and that (A,G,«) is a dynamical system. If
f: P — Ais a continuous function such that

f(s-2) =as(f(z)) forallz € PandseQqG, (3.10)

then 2 — || f(z)|| is constant on G-orbits and gives a well-defined function on G\ P.
By definition, the induced algebra is

Ind&(A, o) :={ f € C*(P, A) : f satisfies (3.10) and
G-z ||f(2)] is in Co(G\P). }

Since Ind5 (A4, a) is a closed *-subalgebra of C*(P, A), it is a C*-algebra with re-
spect to the supremum norm. Induced algebras have been studied extensively (see
[139, §6.15]), and they will play a fundamental role in the imprimitivity theorems
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for crossed products in Section 4.1. When the context is clear, we will shorten
Ind5 (A, a) to Ind5 « or even Ind ov. If P is a right G-space, then we replace (3.10)
with
fla-s) = a7 (F(@))- (3.10')

Then z — || f(z)|| is continuous on P/G and we make the obvious modifications to
the definition of Ind5 (A4, a).

One rather important example, and an example in which a right action is more
convenient than the usually preferred left action, is the following.

Ezxample 3.47. Let H be a closed subgroup of a locally compact group G and let
(D, H,(3) be a dynamical system. Then G is a right H-space with orbit space the
set of left cosets G/H (Example 3.34 on page 97). Then

Indj (D, B) = { f € C"(G, D) : f(sh) = 3 (£(5))
for se€ G and h € H, and sH — || f(s)| is in Co(G/H). }

It should be observed that Indg [ can be nontrivial only if § can’t be lifted to an
action of G. More precisely, if § = a|y for some dynamical system (A4, G, «), then
¢ : C*(G,D) — C*(G, D) given by o(f)(s) := as(f(s)) defines an isomorphism
of Ind$(D, 8) onto Co(G/H, D) (viewed as functions on G which are constant on
orbits).

The algebra Indg 0 above is rather special to the imprimitivity theory and will
reoccur several times below. One of its attractions is that it admits a nice G-action.

Lemma 3.48. Suppose that H is a closed subgroup of a locally compact group and
that (D, H, () is a dynamical system. Let Indgﬁ be as in Example 3.47 above.
Then there is a dynamical system (Indg G, G, lt) where

It (f)(s) := f(r~'s). (3.11)

Proof. Tt is straightforward to check that (3.11) defines a homomorphism « : G —
Aut(Ind 8). The only issue is to verify that s — as(f) is continuous for each
f € Ind 3. As this will follow from Lemma 3.54 on page 106, we’ll settle for a
forward reference and not repeat the argument here. [l

In general, our definition of Ind& (A, a) does not guarantee that it contains any
functions other than the zero function. For example, if G\ P is not Hausdorff, then
Co(G\P) could consist of only the zero function. However, if the action of G on
P is proper, as in the case of Example 3.47, then we can show that Indg(A,a)
may be thought of as the section algebra of an (upper semicontinuous) C*-bundle
over G\ P with fibres all isomorphic to A. More precisely, we show that Indg(A, a)
is a Cy(G\P)-algebra. The basic properties of such algebras and their associated
C*-bundles are detailed in Appendix C and Theorem C.26 on page 367 in particular.

Proposition 3.49. If P is a free and proper G-space and if (A, G, «) a dynamical
system, then Ind o is a Co(G\P)-algebra such that

o-flz)=p(G-x)f(x) foralypeCy(G\P), feInda andz € P, (3.12)
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and such that the map f — f(x) induces an isomorphism of the fibre over G - x
onto A.

It is not hard to see that (3.12) gives a nondegenerate homomorphism of
Co(G\P) into the center of the multiplier algebra of Ind «, so the only real issue is
to see that ®(f) := f(x) defines a surjective homomorphism of Ind & onto A with
kernel

Ig.=span{p-f:o(G-z)=0and f € Inda.} (3.13)

In order to prove this, we need a few preliminary results. We state and prove
these in considerable more generality than needed for the proof of Proposition 3.49
on the previous page; the extra generality will be useful in the proof of the Sym-
metric Imprimitivity Theorem (Theorem 4.1 on page 110).

Let Ind. « be the subalgebra of Ind « consisting of those f for which G - x —
I/ (2)] is in C.(G\P). Since Inda is a Co(G\P)-module, it is easy to see that
Ind. « is dense in Ind o. Although in the following, we could work directly with
C. (Y, Ind, a), it will be more convenient to work with a smaller dense subalgebra
of compactly supported functions in analogy with Ce(G x X) C C.(G, (X)) in
the case of transformation group C*-algebras (see page 53).

Lemma 3.50. Suppose that Y is a locally compact space, that P is a locally com-
pact G-space and that (A, G, a) is a dynamical system. Let Co. (Y, Ind, a) be the
collection of functions f in C(Y x P, A) such that

(a) f(y,s-2) =as(f(y,x)) foryeY,z € PandseG, and
(b) there are compact sets C CY andT C G\ P such that f(y,x) =0 if (y,G-x) ¢
CxT.

Then y — f(y,-) is in Co(Y,Ind @) and we can identify Cec(Y,Ind. o) with a sub-
space of C. (Y, Ind a) which is dense in the inductive limit topology.

Proof. Suppose that f € C.. (Y, Ind, a) with C' and T as above. We show that
y — f(y,-) is continuous from Y into Ind «v. If not, then there is a sequence y; — y
in Y and an € > 0 such that ||f(yi,-) — f(y,)|| > € for all &. Then there must be
x; € P such that

1/ (yis i) = fy, zi)|| = € for all 4. (3.14)

Clearly, we must have { G- z; } C T, and { G - z; } must have a convergent subnet.
Using Lemma 3.38 on page 98, we can pass to a subnet, relabel, and assume that
there are s; € G such that x; - s; — x for some x € P. But then (3.14) implies

1S (is si - i) — fy,si- @)l = ||evs, (f (wir i) — fy, 23)) ]| > €.

Since the left-hand side must go to zero, we have a contradiction.

Lemma 1.87 on page 29 implies that elementary tensors z ® f, with z € C.(Y)
and f € Ind. a span a dense subspace of C. (Y, Ind a). Since each z ® f is clearly
in Cg. (Y, Ind, a), the final assertion follows. O
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Remark 3.51. Note that C.. (Y, Ind. a) has an inductive limit topology as a sub-
space of C, (Y, Ind a). If { fi} is a net in C¢. (Y, Ind, a) converging uniformly to
fonY x P, and if there are compact sets K C Y and T C G\P such that
supp fi C K x p~1(T) for all i, then f; — f in the inductive limit topology in
CCC(Y, Ind, a) cC. (Y, Ind a).

Lemma 3.52. Suppose that Y is a locally compact space, that P is a free and

proper locally compact G-space and that (A, G, «) is a dynamical system. If F €
C.(Y x P,A), then

Yy, z) = /Gas (F(y,s_1 -x)) du(s)
defines an element ¥ € Cp. (Y, Ind, a) c C, (Y, Ind a).
Proof. Let supp F' C K x C' with K CY and C C P compact. Then
as(Fy, s x)) #0 implies that y € K and stz ed.
Since the action is free and proper, s — s - x is a homeomorphism of G onto G - x

by Corollary 3.45 on page 100. Therefore {s € G : 5712 € C'} is compact, and 1
is defined for all (y,«). Furthermore,

Wiy, o) = /G oy (Fly, s~'r - 2)) du(s)
= a, (/G as(Fly,s™' - ) du(s))
= o, (Y(y, ).
Since supp v C K x G- C, it will, in view of Lemma 3.50 on the facing page, suffice
to see that 1 is continuous. So suppose that (y;,z;) — (y,x). We can enlarge C a
bit if necessary, and assume that x; € C for all i. Since the action is proper,
{(s,2) EGx P:(x,s - 2)ecCxC}
is compact. Therefore, there is a compact set C’ such that
{s€G:5' z;,€Cforsomei}CC.
We claim that given € > 0 there is an iy such that ¢ > iy implies that
| F(yi, st w) — Fly,s ' -z)|| <e forallseG. (3.15)

If the claim were not true, then after passing to a subnet and relabeling, there
would be s; € C’ such that

1F (i, 57" i) = Fly, s 2)] > e
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But after passing to a subnet and relabeling, we can assume that s; — s, and this
leads to a contradiction as F was assumed to be continuous. But if (3.15) holds,
then

1y i) — P(y,2)| < /G IF(yi, s~ - 2i) = F(y, s - @)l dp(s)
< eu(C).
Since p(C’) < oo and € was arbitrary, it follows that 1 is continuous. O

Proof of Proposition 3.49 on page 101. We still have to show that ker ® = I5.,, and
®(Inda) = A. If f € ker @, then f(z) = 0 and therefore f(s-z) =0 for all s € G.
Then given € > 0,
T:={G-y:fl =€}

is a compact set in G\ P, and since G\ P is Hausdorff, there is a ¢ € Cy(G\P) such
that o(G-2) =0, o(G-y) =11 G-yeT and 0 < o(G-y) <1 for all y € P. But
then ¢ - f € Ig., and ||f — ¢ - f|| < e. Tt follows that ker ® C I.,. Since the other
containment is obvious, we have ker & = I5.,.

Now if @ € A and € > 0, there is a neighborhood V' of e in G such that
las(a) —al| < eif s € V. Since s — s -z is a homeomorphism of G onto G - z,
V -z is an open set in G - x (Corollary 3.45 on page 100). Thus there is an open set
U C Psuch that UNG -2 =V -z. Let 2 € CH(P) be such that suppz C U and

/Gz(s_l ~x)dp(s) = 1.

Then
fa) = /G 2(s7 - 2)ars(a) du(s)

is in Ind o by Lemma 3.52 on the previous page, and

< €.

1) =all = | [ =7 o) ete) = o) duts)

It follows that ® has dense range. Since ¢ is a homomorphism, it must have closed
range, so <I>(Ind a) = A as required. O

Since it has an important role to play in the imprimitivity theory, we’ll look a
bit more closely at the algebra Indg 3 of Example 3.47 on page 101. In [139, Propo-
sition 6.16], we showed that M (s,7)(f) := m(f(s)) is an irreducible representation

of Ind§ for all s € G and 7 € D, and that the map (s,7) — ker M (s, 7) induces
a homeomorphism of Prim(Ind 8) with the orbit space (G x Prim D)/H where
(s, P) -t = (st,t71 - P). Furthermore, it is not hard to check that the induced
G-action on Prim(Ind ) is given on the class [s, P] of (s, P) by r - [s, P] = [rs, P].
Therefore [s, P] — sH is a continuous G-equivariant map of Prim(Ind 3) onto G/ H.
Notice that if (A, G, «) is any dynamical system, then any continuous map of Prim A4
onto G/H makes A into a Co(G/H)-algebra (Proposition C.5 on page 355). How-
ever, if this map is also G-equivariant, then it follows from the next result that we
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recover the situation of Example 3.47 on page 101 and Lemma 3.48 on page 101.
The statement and proof are taken from [36,37].

Proposition 3.53. Suppose that (A, G, «) is a dynamical system, that H is a closed
subgroup of G and that o : Prim A — G/H is a G-equivariant continuous map. Let

I:= ﬂ{P € PrimA :o(P)=eH},

and let D := AJI. Then I is H-invariant and (D, H,al) is a dynamical system.
Furthermore there is a G-equivariant and Co(G/H)-linear isomorphism ® : A —
Ind$ (D, al) given by

®(a)(s) == q(a7 ' (a)),

where q : A — A/ is the quotient map.

Proof. Since « is strongly continuous, we certainly have ®(a) € C*(G, D). Also

®(a)(sh) = (o, (05 ()))
= aj-1(a(05 ' (a)))
= a1 (®(a)(s)).

Therefore to see that ®(a) € Ind$(D,a’), we just have to check that sH +—

[®(a)(s)|| vanishes at infinity on G/H. However, Proposition C.5 on page 355
implies that A is a Co(G/H)-algebra. Let ¢ : A — G/H be the lift of o to A:
([r]) = o(ker7). Then & is continuous and G-equivariant. Furthermore,

[2(a)(s)]| = [[a(as"(a)) ]

= sup |[w(a;(a))]]
TeEA
kermDI

= swp[r(a;(a))]
o(m)=eH

= sup ||s-7(a)l
o(m)=eH

= sup |n(a)]|
o(m)=sH

la(sH)I

But sH +— ||a(sH)|| vanishes at infinity on G/H by Proposition C.10 on page 357.
Thus we have shown that ®(a) € Ind§ (D, a’).3

If ®(a) = 0, then the previous computation shows that a(sH) = 0 for all s € G.
Therefore a = 0 by Proposition C.10 on page 357. W still need to show that ® is
surjective and Cy(G/H)-linear. Since { ®(a)(s) :a € A} = A/I = D, and in view
of Proposition 3.49 on page 101, Proposition C.24 on page 363 and Theorem C.26

3Since the above computation shows that sH — ||®(a)(s)|| = |la(sH)|| is continuous, it follows
from part (b) of Proposition C.10 on page 357 that ¢ must be an open map.
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on page 367, it will suffice to see that ® is Co(G/H)-linear. But if 7 € A is such
that kerm D I and if p € Co(G/H), then d(n) = eH and

It follows that

or equivalently,

O(p-a)(s) = p(sH)®(a)(s) = (¢ - P)(a)(s).

Thus the range of ® is a Cy(G/H)-module and it follows that ® is surjective.
Since it is immediate that ®(a,(a))(s) = ®(a)(r~'s), ® is equivariant and we're
done. O

The next result will be of use in Section 4.1. It will also complete the proof of
Lemma 3.48 on page 101.

Lemma 3.54. Suppose that we have free and proper actions of locally compact
groups K and H on the left and right, respectively, of a locally compact space P
such that

t-(p-s)=(t-p)-s forallte K,pe P ands e H. (3.16)

Let a and B be commuting strongly continuous actions of K and H, respectively,
on a C*-algebra A. Then there are strongly continuous actions

o: K — Aut (IndZ(A,ﬁ)) and 7:H — Aut(Indl;;(A, @))
given by

ar(F)p) = o (f(t7" - p)) and T(f)(p) = Bs(f(p-5)). (3.17)

Remark 3.55. The actions o and 7 above are often called diagonal actions because,
for example, o is the restriction to Ind # of the canonical extension of 1t ®«a on
Co(P)® A to C*(P,A) C M(Co(P)® A).

Proof. By symmetry, it suffices to prove that o is strongly continuous. Suppose that
t; — tin K. Since Ind. § is dense in Ind 3, it suffices to show that o¢, (f) — o:(f)
for f € Ind 8 with supp f C D - H for D compact in P (Lemma 3.37 on page 98).
If N is a compact neighborhood of ¢, then there is an iy such that i > iy implies
t; € N. Then the functions p — ||oy, (f)(p)|| are constant on H-orbits and vanish
outside N - D - H for large i. Therefore if i > ip, then

low,(f) —oe(A)ll = sup_[lov,(f)(p) — or(f) (D).

peEN-D
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Since N - D is compact in P and f(¢t~!- N - D) is compact in A, there is an i1 > ig
such that ¢ > ¢; implies that

£t p)— f(t7 - p)|| <e/2 forallpe N-D, and
o, (a) — ap(a)|| < e/2 foralla€ f(t~'- N-D).

Then ¢ > 41 implies |0y, (f) — o¢(f)]| < € as required. O

The next two technical results will be of use in the next section.

Lemma 3.56. Let K be a locally compact group, P a locally compact G-space and
(A,G, ) a dynamical system. If f € Ceo(K,Ind. ) and € > 0, then there is a
neighborhood V of e in K such that kt=* € V implies

|f(k,z) — f(t,z)|]| <€ forallxe P.

Proof. Suppose no such V exists. Let N be a symmetric compact neighborhood
of e in K. By assumption, for each neighborhood V' C N, there are zy € P,
kv, ty € K such that kyt,' € V and

[ f(kv,zv) — f(tv,zv)| = €. (3.18)

But there are compact sets C C K and T C G\ P such that supp f € C x p~}(T).
Clearly, at least one of ky and ¢ty must be in C. Since kvt;l € V C N, both ty
and ky are in the compact set NC. Thus we can pass to a subnet, relabel, and
assume that there is a ¢t € K such that ¢ty — t and ky — ¢. Since { p(xy) } C T and
since we can replace xy by s7! -z in (3.18), we can use Lemma 3.38 on page 98
to pass to a subnet, relabel, and assume that zy — x in P. Now the continuity of
f and (3.18) lead to a contradiction. O

Lemma 3.57. Suppose that P is a free and proper G-space, and that f € CF(P).
Then given € > 0 there is a g € C.F(P) such that supp g C supp f and

7@ =90 [ o7y auts)] <

G
Proof. Define
F(G-z):= /G f(s™h-x) du(s).

A simple variation on the proof of Lemma 3.52 on page 103, shows that F €
C.(G\P). Let
C={zeP:f(x)>e}.

Since F(G-z) > 0 if € C and since p(C) is compact in G\ P, m := inf{ F(G - z) :
x€C}>0. Let
U={G-2€G\P:F(G-x)>m/2}.
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Then U is aneighborhood of p(C') and thereis a @ € C.(G\P) such that Q(G-x) =1
ifzeC, QG -z)=0if G-z ¢ U and Q(G - z) <1 otherwise. Then H(G - z) =
Q(G-2)F(G - x)"2 is in Co(G\P). Then if g(z) := f(2)Q(G - 2)F(G - x)" 2,

“Ao(s L.y ) — fx) ifG-x€G-C,and
g(x)/GA(s) g(s ) dp(s) = {f(x)Q(G-:v)2 otherwise.

Butif G-z ¢ G- C, then |f(x)| < € and

[f(2) = f(@)Q(G - 2)*| < [f(2)|[1 - Q(G - x)?|

<|f
<|f
Thus g suffices. O

Notes and Remarks

Propositions 3.1 and 3.4 are relatively straightforward observations and have been
well-known for a long time. Proposition 3.3 has also been around for a long time.
The proof given here is based on a comment in [17]. A compilation of the properties
of an extraordinary varied collection of group C*-algebras can be found in [123].
Proposition 3.11 is a relatively straightforward consequence of the axioms and is
certainly very well known in the case of group C*-algebras. Proposition 3.19 and
Corollary 3.20 are due to Green [65,67]. The importance of proper actions in the
theory was first emphasized by Green in [65]. Induced algebras derive their name
from their similarity to the space for Mackey’s induced representation. As examples
of C*-algebras, they have been around since at least [117,137,138].



Chapter 4

Imprimitivity Theorems

Originally, imprimitivity theorems, such as Mackey’s Imprimitivity Theorem, were
meant to tell us which representations of a locally compact group G are induced
from a closed subgroup H. Rieffel’s theory of Morita equivalence allows us to recast
Mackey’s theorem as the statement that C*(H) and the transformation group C*-
algebra Co(G/H) xy; G are Morita equivalent via an imprimitivity bimodule X.
As an added bonus, this new approach allows us to define induced representations
using the calculus of imprimitivity bimodules and Morita theory. In this chapter,
we want to see that Rieffel’s approach extends to dynamical systems in a deep and
highly nontrivial way. The key step is proving a Morita equivalence result called the
Symmetric Imprimitivity Theorem which is due to Raeburn. We then investigate
its consequences. In particular, this will allow us to give some nontrivial examples
of crossed products. In Chapter 5 we will use this machinery to develop a theory
of induced representations for crossed products that will play a crucial role in our
program to understand the ideal structure of crossed products in Chapters 8 and 9.

The Symmetric Imprimitivity Theorem was proved by Raeburn as a common
generalization of most of the significant Morita equivalence results for crossed prod-
ucts in the literature. We state and then take on the proof of the Symmetric Im-
primitivity Theorem in the first section. In Sections 4.2 and 4.3 we look at some
special cases of the Symmetric Imprimitivity Theorem, and these so-called special
cases constitute the centerpiece of this chapter.

In Sections 4.4 and 4.5, we tackle some interesting and nontrivial examples.
In particular, we show that Cy(G) %)y G is isomorphic to the compact operators
on L?(G) — which should be viewed as a modern version of the von Neumann
Uniqueness Theorem — and we show that Co(G/H) ;G is isomorphic to C*(H) ®
K(L*(G/H,3™)), where 8 is any quasi-invariant measure on G/H. Proving this
last assertion involves some technical gymnastics using a suitable measurable cross
section for the quotient map of G onto G/H.

In Chapter 5, we will use the material in this chapter to define and study induced
representations of crossed products.

109



110 Imprimitivity Theorems

4.1 The Symmetric Imprimitivity Theorem

There are a number of Morita equivalences that play a fundamental role in the
study of the representation theory of crossed products. These equivalences go by
the name of imprimitivity theorems as the original motivation and statements can
be traced back through Rieffel’s work [145] and from there to Mackey’s systems of
imprimitivity [102]. Most of these are subsumed by Raeburn’s Symmetric Imprimi-
tivity Theorem [132] which we reproduce here. The set-up requires two commuting
free and proper actions of locally compact groups K and H on a locally compact
space P. To reduce confusion, it is convenient to have one group, K in this case, act
on the left and the other, H, on the right. Then the fact that the actions commute
simply amounts to the condition

t-(p-h)y=(t-p)-s forallte K,pe Pandsec H. (4.1)

In addition we suppose that there are commuting strongly continuous actions «
and [ of K and H, respectively, on a C*-algebra A. Then Lemma 3.54 on page 106
implies there are dynamical systems

(Ind};(A,8),K,0)  (Indi(A, ), H,T)

as defined in (3.17). The Symmetric Imprimitivity Theorem states that the crossed
products Ind 8 X, K and Ind a x, H are Morita equivalent. As is usually the case,
it is convenient to work with dense #-subalgebras. We’ll invoke Lemma 3.50 on
page 102 and define

Ey=Ce(K,Ind.f) CInd3 %, K and By = Ce(H,Ind.a) C Inda x, H.

Therefore Eqy consists of A-valued functions on K x P, and By of A-valued func-
tions on H x P. Both By and Ej are are viewed as dense *-subalgebras of the
corresponding crossed products as indicated above.

Theorem 4.1 (Raeburn’s Symmetric Imprimitivity Theorem). Suppose that we
have commuting free and proper actions of locally compact groups K and H on the
left and right, respectively, of a locally compact space P, and commuting strongly
continuous actions o and B of K and H, respectively, on a C*-algebra A. As
described above, let Ey and By be viewed as dense x-subalgebras of Ind 8 X, K and
Inda x, H, respectively, and Zo = C.(P,A). If c € Ey, b € By and f,g € Zy, then
define

¢ f(p) = / e(t P (£ ) Drc(t) dpurc(t) (4.2)
/ Bo(F(p- )b(s ™V p+ ) Apr(5)~* dpura (s) (4.3)
A 0)tn) = / Bo(F(0- )ou (gt p-5))) dpm(s)  (44)

1

<f,g>BO(s,p)=AH(8)‘§/Kat(f(t‘1-p)*ﬁs(g(t‘l-p-S)))duK(t)- (4.5)
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Then Zy is a Eo— Bo-pre-imprimitivity bimodule. The completion Z = ZK is a
Ind %, K — Ind ax . H-imprimitivity bimodule, and Ind Bx, K is Morita equivalent
toInda x, H.

Before we begin the proof of Theorem 4.1, we need some technical preliminaries.
The most formidable of these will involve finding approximate identities of a specific
form. Fortunately, we can save ourselves a bit of work by exploiting symmetry.

Remark 4.2. At first glance, it might not seem that the statement of Theorem 4.1
on the preceding page is completely symmetric in K and H. But it is important to
keep in mind that the right action of H is purely a convention to keep the formulas
easier to digest. We could easily have H act on the left via

s:p:=p-s ! forsec HandpeP.
Similarly, we can let K act on the right via
p:t:=tt.p forte K andpe P.

Then we can swap the roles of K and H in (4.2)—(4.5), and obtain formulas for a
left Ind o x H-action and a right Ind 8 x, K-action as follows:

b: f(p) = /H b(s,p)Ba(F(5~ " 1) Arr(5)* dp () (4.6)
frep) = / ar(f(p: et p: ) A ()% dpc (1) (47)
K
960 =B [ i 08 (ol piy) du)  (43)

K
_1 _ X _

(f9), (tp)=Ak(t)™ /H Bs(f(s™h i) au(g(s™ ip:t)) dum(s).  (4.9)
Therefore if Zg is a Ey— Bo-pre-imprimitivity bimodule with respect to (4.2)—(4.5),
then it is a By — Ep-pre-imprimitivity bimodule with respect to (4.6)—(4.9). How-
ever, the symmetry runs even deeper.

Recall that if ¢ € Ey C Ind 3 X, K, then

c* (tvp) = Qg (C(t_lv t_l : p)*)AK(t_l)
If ®:Zy — Zp is defined by ®(f)(p) = f(p)*, then we can compute as follows:

D(c- f)(p) = /K ar(F(Ep) ) elt, p)* Aw ()% dpux (t)
= [l e el ) Aw(0) A t)H dc
= /K at(f(tfl -p)*c*(fl,fl -p))AK(t)fé duk(t)

= [ aulto e (¢ p 0) Ay d(t)
—0(f): ().

Similar sorts of computations result in the following symmetry lemma.
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Lemma 4.3. Define ® : Zg — Zy by ®(f)(p) = f(p)*. Then for all c € Ey, b € By
and f,g € Zy:

Ble- f)=B(f): (/b)) =1 B(f)
(), D(0)) = ([ 9}, (®(f) . (0)), =, 9)

Remark 4.2 on the preceding page and Lemma 4.3 will allow us some shortcuts
in the following. For example, if we show that for all f € Zy, (f, f) > 01in

B
Ind a %, H, then just by exchanging the roles of K and H, we know that (fo, f)E >
(0]
0 in Ind § x, K. In particular, given f € Zj, <<I>(f) , fI>(f)>E >0, then Lemma 4.3
0

then implies . (f, ) >0. We'll often use this sort of reasoning in our proof of the

Eg

Symmetric Imprimitivity Theorem.

Lemma 4.4. If c € Fy, f,g € Zy and b € By, then c¢- f and f-b are in Zo,
(f, g>B € By and (f ,9) € Ey. If fi — [ and g; — g in the inductive limit

0 0
topology on Zgy, then . (fi s gi) — . (f , g) in the inductive limit topology on Ey
9] 0
while (f; , gi>B —{f, g)B in the inductive limit topology on By.
0 0

Proof. Since (t,p) — c(t,p)oy (f(t™ - p)) is in Co(K x P, A), we have c- f € Zy by
Lemma 1.102 on page 36. A similar observation shows that f-b € Z,.
To see that . (f , g) € Eg, let Dy :=supp f and let
0

F(t,p) = f(p)as(g(t™" - p)").
Since the K-action is proper,
{te K:DynNt-Dy#0}y={teK: (p,t"'-p)€ Dy x D, for some p}

is contained in a compact set C'x C K, and supp F' C Cx x D¢. Thus Lemma 3.52
on page 103 implies that E0<f , g) € Ep.
Notice that
o\ 9)(tp) =0 if (t,p) ¢ Ok x Dy - H,

and that

(f 9)lec= " sup (f> 9Dl (4.10)

|
(t,p)GCKXDf Eo

I,
Since the H-action is proper, then there is a compact set Cy C H such that
{seH:D;NDy-s'#£0}CCh.

It follows from (4.10) that

(9o < (sup Axc(t)™%) ISl llgllooprn (o) (4.11)

I,

Since

fi ) gl> - E0<f ) g> = E0<fl - f ) gl> - E0<f )y i _g>a

ot
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and since the compact set C'x in (4.11) depends only on Dy and Dy, it is now easy
to see that _ (fi, 9i) — . (f , g) in the inductive limit topology.
(0] 0

The corresponding statements for (- | ~>B can be proved similarly, or we can
0

invoke symmetry. For example, if f; — f and g; — ¢ in the inductive limit topology,

then ®(f;) — @(f) and ®(g;) — P(g). By switching the roles of K and H, we know

that (®(f;) , ©(g9:)) — . (®(f) , ®(g)), and the result follows from Lemma 4.3
0 0

on the preceding page. O

The key technical tool for the proof of the Symmetric Imprimitivity Theorem is
the following proposition which says that we can construct approximate identities
of a very special form. The use of these sorts of constructions is now very common
in the literature. The original idea goes back at least to [66, Lemma 2].

Proposition 4.5. There is a net { ey, tmem i FEo such that
(a) for all c € Ey, ey, % ¢ — ¢ in the inductive limit topology on Ej,
(b) for all f € Zy, ey - f — [ in the inductive limit topology on Zy and
(c) for each m € M there are fI™ € Zy such that

Mm

en =Y U .

=1

The proof of the above proposition is a bit involved. In order not to obscure the
basic ideas of the Symmetric Imprimitivity Theorem, the proof of this proposition
has been exiled to Section 4.1.1 on page 117.

Proof of the Symmetric Imprimitivity Theorem. As observed in Lemma 4.4 on the
facing page, (4.2)—(4.5) take values in the appropriate spaces. We need to show that
Zy is a Ey— Bp-pre-imprimitivity bimodule. (The rest follows from [139, Proposi-
tion 3.12].) First, we check that Z is a Ey — Bo-bimodule. This amounts to checking
that for f € Zg, b,b’ € By and ¢, € Fy,

f-(bxb)=(f-b)-V, (4.12)
(dxc)-f=c-(c-f)and (4.13)
(c-f) b=c-(fb). (4.14)

Fortunately, these are all fairly routine computations. For example, to verify (4.14)
we recall that o and § commute with each other by assumption, and with integrals
by Lemma 1.92 on page 32. Then we compute that

(e 1)-8p) = [ Bule- S+ blsp-5) Arr(s) ™ dian (s
://6s(c(t,p~s)at(f(t71~p~s))b(s,p-s))
HJK

A (t)? A (s) ™ dpc (1) dpa (s)
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which, utilizing Fubini’s Theorem (Proposition 1.105 on page 37) and that ¢(¢,-) €
Ind 8 and b(s,-) € Ind «,

- / / (b p)on (Bu (f(E" - )b(s, 8" - 5))
K JH

Ak (t)? Ap(s) ™2 dpp(s) dux (t)

= c Qi s -1, .8
= [ cttmren( [ p(repes
(s, t ™" p- ) Anr(s)™H dpuna () Arc(6) dpc (1)
- /K ot p)as(f bt - p)) Ak (£)% dpurc (1)
=c-(f- D)D)

Equations (4.12) and (4.13) can be verified via equally exciting computations.

Now we proceed to verify that Zg satisfies the axioms of a pre-imprimitivity
bimodule as laid out in [139, Definition 3.9]. Specifically, we have to verify the
following;:

(IB1) The bimodule Zj is both a left pre-inner product Fyp-module and a right
pre-inner product Bg-module.

(IB2) The range . (Zo , Zp) and (Zy , ZQ>B of the inner products span dense ideals.
0 9]
(IB3) The Ep- and By-actions are bounded with respect to the norms induced by
(-, and (-,-), respectively.
B Eq
(IB4) For all fvgvh € Zo, E0<f ) g> “h= f ’ <g ) h>BD'

Verifying (IB4) amounts to a computation:

oo 9) - hp) = /

K

= /K/Hﬁs(f(p s)at(g(t—l -p- s)*))at(h(t—l p)) dMH(S) dpig ().

9 p)an (At p) A (8)% due (1)

Since the actions of K and H are free and proper, the above integrand is a con-
tinuous compactly supported function on K x H. Therefore Fubini’s Theorem
(Proposition 1.105) applies and the above

= [ 88029 [ oot p 98 (67 ) dic(9) dan o)

= [ 80 s)a ), (57 pe9) Aa(9)H dn ()
=/f-{g,h), ()

Bo

Thus (IB4) holds.
To verify (IB1), we have to check properties (a)—(d) of [139, Definition 2.1]. For
the Ey action, this means we must show
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(-, -) is linear in its first variable,
slefrg)=cx (f.q)

L0 = (g, f), and
R

Property (a) is easy to check. Properties (b) and (c) follow from straightforward
computations. For example,

E0<f ) g>*(tap) = AK(t_l>at (E0<f ) g>(t_17t_1 p))*
= 8ut) B[ A1 - 907 ol 9)) d(s))

= ’%/ Bs(g(p-s)a(f(t" - p-s)*)) dur(s)
(95 N p).

O as an element of Ind 3 x, K.

However, Property (d) is nontrivial, and we have prepared our approximate
identity { e }men in Proposition 4.5 on page 113 with this in mind. If f € Ej,
then e, - f — f in the inductive limit topology in Zy. Lemma 4.4 on page 112
implies that {(e,, - f , f)BO —(f, f)BO in the inductive limit topology in By and

therefore in the C*-norm topology as well. Thus, in the C*-norm, we have

<f7f>30:11%n<em'fuf>30

_hmz PLI LS,

Mm,

_ %nzw A, ),

= hmz i 0,

Since elements of the form b* x b are positive, and since (f , f >B is the norm limit
0
of positive elements, it follows that (f , f)B > 0. The corresponding statements
0
for the Ep-valued inner product follow by symmetry as we remarked following the
proof of Lemma 4.3 on page 112. Thus (IB1) is satisfied.

Our approximate identity also gives an easy proof of (IB2). If ¢ € Ej and if
{em }mem C Ep is as above, then e,, * ¢ — ¢ in the inductive limit topology. Since
convergence in the inductive limit topology implies convergence in the C*-norm, it
suffices to see that e, * ¢ belongs to the span of (Zo , Zp). But

0

Mm, Mm,

emxc= (f" [ we=" (fi" ¢ f").
i=1

=1
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Thus . (Zoy , Zo) is dense in Ey. Exchanging the roles of K and H implies that
(0]
. (Zy , Zo) is dense in By. Since ®(Zy) = Zy, it follows that (Zg , ZO>B is dense in
0 0

By by Lemma 4.3 on page 112.
To verify (IB3), we have to show that

(e foef, <lel®(f.f), . and (4.15)

Bo

Let Z; be the completion of Zy as a Hilbert Ind & x, H-module as in [139, Defini-
tion 2.16]. (Most of the time, we’ll suppress the map ¢q : Zg — Z;.) For each t € K,
define vy : Zg — Zy by

u(f)(p) = Axt)Fa(f(E71 - p)). (4.17)

Let E = {p € C*(P,M(A)) : ¢(p-s) = B:(e(p))}. Then E is a closed *-
subalgebra of C?(P, M (A)) and is a C*-algebra containing Ind 8 with identity given
by the function 1g(p) = 14 for all p € P. If ¢ € E, then we can define M (yp) :

ZO — ZO by
M(p)(f)(p) = #(p)f(p)- (4.18)
Then a straightforward computation shows that
(M(@)(f)+9), = (f> M(e")(9)), - (4.19)

If ¢ € Ind 3, then ||¢||?1g — ¢*p is positive in E, and therefore is of the form 1)*1)
for some ¢ € E. The positivity of the inner product together with (4.19) implies
that

lel*(F 5 ), = (M@)(F) , M)(F),, = Mlel*1e = ")), £,

= (M@)(f) . M@)(F)), =0.

B

Bo

Thus M () is bounded and extends to an operator on Z; with adjoint M (p*). Tt
is now easy to see that M : Ind 8 — £(Z;) is a homomorphism.
Another computation shows that for all k € K

(1) ula)), =(F ),

Thus v, is isometric and extends to an operator on Z;. Then it is straightforward
to check that v : K — UL(Z;) is a unitary valued homomorphism. Computations
such as in Proposition 2.34 on page 54 show that k — v (f) is continuous from K
into Zy in the inductive limit topology. Thus

lon(f) = Fllz, = IKve(f) = £ v(H) = 1), |

B

=275 1), — (on(f) Iy = (f, Uk(f)>30||

tends to zero as k — e in K. Therefore v is strongly continuous — and therefore
strictly continuous. Proposition 4.5 on page 113, applied in the case K = {e},

(4.20)
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implies that given f € Z; there is a net {¢; } C Ind. S such that ¢; - f — f in
the inductive limit topology. Since @; - f = M (;)(f) (when K = {e}), it follows
that M (Ind 3)(Z) is dense in Z in the inductive limit topology. Therefore M is a
nondegenerate homomorphism. Since

ok (M(9)(£)) (0) = Drc(k) 2 (M () (/) - p))
= Mg (k)2 g (p(k~" - p) f(E~" - p))
= ok () (p)vk(f)(p)

= M (o1(#)) (v () (0);

(M,v) is a nondegenerate covariant homomorphism of (Ind 3, K, o) into £(Z;). If
(-, ~>B is the inner product on Z;, then the integrated form M x v maps Ej into

L(Z1), and [139, Corollary 2.22] implies that

(M 0(Q)(f) M 3 o)), < 1M % v(@*(f . f),
< llel?(r . £,

Thus to prove (4.15), we just need to see that M x v(c)(f) = c¢- f. (More precisely,
we have to see that M x v(c)(q(f)) = q(c- f).) However,

Moso@) = [ M(elt.))uF) duec 0

Thus if we set Q(t,p) := Ak ( )% (t,p)ar(f(t7' - p)), then Q € Ce(K x P, A) and
g(t) == Q(t,-) = M(c(t,-))ve(f). Suppressing the map ¢ : Zg — Z;, Lemma 1.108
on page 39 implies that M % v(c)(f) € Zp and that

M 5 0(@)(f)(p) = /K (b, pan (F(E - p) Ak ()} dyurc(t) = ¢ F(p).

This establishes (4.15). To get (4.16), we use symmetry; that is, we reverse the
roles of K and H and apply Lemma 4.3 on page 112:

b f by = (8 (f - b>>E0
= (b’ L (f)),
1] <<I>< >,<1>(f)>EO
= I, (f + -
This completes the proof. O

4.1.1 Proof of Proposition 4.5

Although the real work in proving Proposition 4.5 is to construct e,, which are sums
of inner products, it is still necessary for { e,, } to form an approximate identity for
both the action on Zg and on Ey. For this, the next result is useful.
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Proposition 4.6. Let { b Yicr, be an approzimate identity for Ind%, (A, 3). Suppose
that for each 4-tuple (T, U, 1, €) consisting of a compact set T in P/H, a pre-compact
open neighborhood U of e in K, anl € L and an € > 0, there is an

e=emruie € Eo

such that

(a) e(tp) =0 if t £ U,

) [ Nt dusct) < if p- 1 € T and
K

<@HAfmmwm@—m@w<eﬁpHeT.

Then the net { e(r,u,.¢) }, directed by increasing T and l, and decreasing U and e,
satisfies (a) and (b) of Proposition 4.5 on page 113.

Before proceeding with the proof of the proposition, we need a couple of pre-
liminary observations.

Lemma 4.7. Suppose that z € Zy = C.(P, A), that {a; }jes is an approximate
identity for A, that Cy is a compact subset of H and that € > 0. Then there is a
jo € J such that j > jo implies that for all s € Cy we have

1Bs(a;)z(p) — 2(p)|| <€ for allp € P.

Proof. If the lemma were false, then we could pass to a subnet, relabel, and find
s; € Cy and p; € supp 2z such that

185, (a;)z(pj) — 2(pj)l| > € for all j. (4.21)

Since C'y and supp z are compact, we can pass to another subnet, relabel, and
assume that s; — s € H and p; — p in P. Since each 3, is isometric, the
left-hand side of (4.21) is equal to

la;B;, (2(p)) = Bs," (2(p)) -
This is bounded by

lla (85" (2(p5)) = B (2(0))) |
+la; 87" (2(p) = B (z) 1+ 18 (2(p)) = B (2(p2)

The middle term tends to zero since the a; form an approximate identity. Notice
that

185" (2(ps)) = B (=) | < 1185, (2(ps) — @) | + 1135, (2(p)) — Bs (2() I

Since z is continuous, since ( is strongly continuous and each [, is isometric, and
since |la;]| < 1, it follows that the first and third terms tend to zero as well. This
eventually contradicts (4.21). O
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Lemma 4.8. Suppose that { b, } is an approzimate identity for Indg B. Forz € Zg
and ¢ € Ey, define by - z(p) = bi(p)z(p) and by - c(t,p) = bi(p)c(t,p).

(a) For each z € Zy, by - z — z in the inductive limit topology on Zg.

(b) If ¢ € Ey, then b; - ¢ — ¢ in the inductive limit topology on Ey.

Proof. Because suppb; -¢ C supp ¢, to prove part (b), it will suffice to see that given
€ > 0 there is a [y € L such that [ > [y implies

1o - c(t,) —c(t,)|| <e forallte K. (4.22)

If (4.22) fails, then we can pass to a subnet and relabel so that the left-hand side
of (4.22) is always greater than or equal to e. Then there is a net {; } C supp(t —
c(t,+)) such that

Hbl ~c(ty,-) — c(ty, )H > €. (4.23)

Passing to a subnet and relabeling, we may assume that ¢;, — ¢ in K. But the
left-hand side of (4.23) is bounded by

Hbl : (C(tl7 ) - C(tv )) ” + Hbl : C(tv ) - C(tv )H + ||C(7f, ) - c(tlv )”

However, since ||b;]| < 1 and since ¢ — ¢(t,-) is a compactly supported continuous
function of K into Indg 0 by Lemma 3.50 on page 102, we eventually contradict
(4.23). This completes the proof of part (b).

To prove part (a), it suffices to show that given € > 0 there is a [y such that
1 > lp implies that

lb:(p)z(p) — z(p)|| < € for all p € P.

Since the H action on P is free and proper, it follows as in the proof of Lemma 3.57
on page 107, that there is a w € C.J(P) such that

/ w(p-s)dug(s) =1 for all p € supp z.
H

Furthermore, there is a compact set Cy such that
{s€eH:pesuppzand p-s € suppw } C Cx.

Lemma 4.7 on the facing page implies that there is an @ € A such that for all
s € Cy we have

18s(a)z(p) — 2(p)|| <6,
where § = min(e/3, ¢/(3]|z]|s + 1)). Define b € Ind}, 3 by

b(p) = . w(p - 5)Bs(a) dp (s).

Then

<é.

1b6)2(0) = 20l = | | wlo- 9)(B.(0)2(0) = 2(0)) dan s
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Now if Iy is such that ||bb — b|| < 6 for I > Iy, then ! > [y implies that

[b1(p)z(p) — z(P)II < llbu(p) (2(p) — b(p)z(p)) || + [ (b:(P)b(p) — b(p)) z(p)]|
+ [|b(p)z(p) — z(P)||
< 6||Z||oo + 26.

Our choice of § implies this is less than e. This completes the proof of part (a). O

Proof of Proposition 4.6 on page 118. We start with the left-action of Fy on Zj.
Let z € Z,.

Let Uy be a pre-compact neighborhood of e in K. Notice that Uy - supp z is
pre-compact in P. Let T} be a compact set containing the image of Uy - supp z in
P/H.

Claim. There is a neighborhood U; of e in K such that U; C Uy and such that
t € U; implies that

ar(z(t™" - p)) — z(p)|| < e forallpe P. (4.24)

Proof of Claim. If the claim were false, then we could produce a net {t;} C K
with t; — e and {p; } C P such that

lleve, (287" - i) = 2(pa)ll = . (4.25)

But we must have p; € Uy-supp z. Since the latter is pre-compact, we can pass to a
subnet, relabel, and assume that p; — p, However, this would eventually contradict
(4.25). This establishes the claim. O

By Lemma 4.8 on the preceding page, we can choose l; such that [ > [; implies
that
lbi(p)z(p) — z(p)|| <€ forallpe P. (4.26)

Now suppose that (T',U,l,€) > (T1,U1,l1,¢€), and let e = e(r,y,,¢). Then e - z(p) —
2(p) =01if p ¢ U -suppz. Since U C Uy C Uy, we must have p- H € Ty C T
whenever e - z(p) — z(p) # 0. Thus, if e - z(p) — z(p) # 0, then we have

-2 ==0)] < || | e(tponlz07 ) =2 duxlt)]  @21)
([ ctwndunty -vw)am] )

+ )=o) — =) (4.29)

<de+ ||z||co€ + €, (4.30)

where we used (b) and (4.24) to bound the right-hand side of (4.27), (¢) to bound
(4.28) and (4.26) to bound (4.29). Since supp(e - z) C U - supp z, this completes
the proof for the action on Z.

The proof for the left-action on Ej proceeds similarly. Let ¢ € Fy. Then there
are compact sets Cy C K and Ty C P/H such that

c(v,p) =0 ifv¢ Cyorp-H¢Ty.
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Let Uy be a pre-compact neighborhood of e in K. Then Uy - Ty is pre-compact in
P/H and we let Ty := Up - Tp. Similarly, let Cy be the compact set UpCy in K.
Since the orbit map of P onto P/H is open, there is a compact set D; C P such
that T3 is the image of D1 — and of D1 H as well (Lemma 3.37 on page 98).

Claim. There is a neighborhood U; C Uy such that ¢ € U; implies that

(et v, 67" p)) —c(v,p)|| < e forall (v,p) € K x P.

Proof of Claim. If the claim were false, then we can find { ¢; } converging to e € K,
{pi} € Dy and {v; } C C; such that

llexe, (e(t; oi b7t - pi)) = c(vi, pi) || > € (4.31)
Since D and C] are compact, we can pass to a subnet, and relabel, so that v; — v
and p; — p. This eventually contradicts (4.31). The claim follows. O

By Lemma 4.8 on page 119, there is a [; such that [ > [; implies that
[bi(p)c(v, p) — c(v,p)|| <€ forall (v,p) € K x P.
Now if (T',U,l,€) > (T1,Ur, 11, ¢€) and if e = e(r,u,1,¢), then e x c(v, p) — c(v,p) # 0

implies that p- H € Ty C T. Therefore, if € * ¢(v,p) — ¢(v,p) # 0, then we have
lexc(w.p) ~ o) < | | eltp)(anlett ot p) = clw.)) duac)|
K

(] et dmact) - o)) eto. )
K
+ lbi(p)e(v,p) — c(v, p)
<de+ ||c]|oo€ + €.
Since supp(e * ¢) C Cy x D1 H, this suffices. O

To clean up some calculations below, which would otherwise be marred by
an annoying modular function, it will be convenient to have a slight variation on
Proposition 4.6 on page 118. This approach was suggested by [148, p. 307].

Corollary 4.9. Let {é, bmem be a net as constructed in Proposition 4.6 on
page 118. For each m = (T,U,l,€), define

em(t,p) = A (t)"2é(t,p).
Then { em }men satisfies (a) and (b) of Proposition 4.5 on page 113.

Proof. Let én(t,p) := ém(t,p) — em(t,p) = (1 — A (t)"2)ém(t,p). Let Up be a
neighborhood of e in K such that |1 — Ag(t)"2| < e for all t € Uy. Then if U C Uy
and if m = (T,U,l,€), then using (b) of Proposition 4.6 on page 118, we have

lm *clloo < 4elleloc and e - 2lloo < 4e]2]loc

for all ¢ € Ey and z € Zy. Now the result follows easily from Proposition 4.6 on
page 118. (|
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Lemma 4.10. If K acts freely and properly on a locally compact space P and if N
is a neighborhood of e in K, then each p in P has a neighborhood U such that

{te K:t-UNU#0}CN.

Proof. Let W be the interior of N. If the lemma is false, then there is a p € P such
that for each neighborhood U of p there is a ty € K ~ W and a py € U such that
tv -pv € U. Then py — p and ty - py — p. Lemma 3.42 on page 99 implies that
we can pass to a subnet, relabel, and assume that ¢y — t € K ~~ W. In particular,
t # e and, since P is Hausdorff, p = ¢ - p. This contradicts the freeness of the
action. O

With these preliminaries in hand, we can turn to the construction of the ap-
proximate identity we need. The basic ideas for these constructions goes back to
[148].

Proof of Proposition 4.5 on page 113. Let {b; }ier be an approximate identity for
IndZ(A, B3). Fix a compact set T C P/H, a pre-compact open neighborhood U of e
in K,l € L and ¢ > 0. In view of Corollary 4.9 on the preceding page, it will suffice
to produce a function e = e(7,y,1,¢) € Eo which is a sum of inner products, and such
that é(t,p) := Ax(t)Ze(t,p) satisfies conditions (a), (b) and (c) of Proposition 4.6
on page 118.

Let § < min(e/3,1/2). Since the orbit map of P onto P/H is open, there is a
compact set D C P such that D - H is the pre-image of T' in P. Fix a compact
neighborhood C' of D. Let ¢ € C.f(P) be such that p(p) =1 for all p € C. Then
2(p) := @(p)bi(p)? defines an element of Zy such that z(p) = by(p)2 for all p € C.!

Claim. There is a neighborhood W of e in K such that W C U and such that
t € W implies that

lz(p)ay (z(til p)) —bi(p)]| < forallpeC. (4.32)

Proof of Claim. If the claim were false, then there would a net {¢; } converging to
ein K and {p; } C C such that

lz(pi)a, (2(t; - pi)) = bu(pi)l| = 6. (4.33)
Since C' is compact, we can pass to a subnet, relabel, and assume that p; — p € C.
But then z(p;)ay, (2(t; ' - p;)) converges to z(p)2, which equals b(p) since p € C.
This eventually contradicts (4.33), and completes the proof of the claim. O

By Lemma 4.10, each point in D has an open neighborhood V' C C such that

{teK:t- VNV #D}CW.

1

1To see that z is continuous, it suffices to see that a — a2 is continuous on AT. But this
follows from the functional calculus as t — /¢ can be uniformly approximated by polynomials on
bounded subsets of RT.
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Let {V; }_, be a cover of D by such sets. By Lemma 1.43 on page 12, there are
h; € CF(P) such that supp h; C V; and such that

Z hi(p) =1 ifpe D, and Z hi(p) <1 otherwise.

K2

Define .
H) = [ o) dua(s)
i=1 7/ H
and notice that H(p) >0if pe D- H. Let

m=_inf H(p)= inf H(p).

Since D is compact, m > 0, and
G(p) := max(H (p), m/2)
is a continuous nowhere vanishing function on P. Let
ki(p) == hi(p)G(p)~".
Then k; € CH(P), suppk; C V; and

- =1 ifpeD-H, and
Z/Mpwm@{ p
i=17H

<1 otherwise.
Since the H-action is proper, there is compact set Cy C H such that
{seH:C-sNnC#0}CCh.

By Lemma 3.57 on page 107, there are g; € CF(P) such that supp g; C V; and such
that for all p € P,

ki(p) — 9i(p) /

K

5
npr(Cr)’

gi(t™ - p) dprc ()| <
Since J;—, Vi € C, we have for all p € C,
_ 1)
’/ / gi(p-8)gi(t™ - p-8)dur(t) dug(s) —/ ki(p-s)dpm(s)| < —=. (4.34)
HJK H n

By left-invariance, (4.34) must hold for all p € C'- H. But if p ¢ C - H, then the
left-hand side of (4.34) is zero. Hence (4.34) holds for all p. Thus if we define

F(t,p) = gi(p)gi(t " p), (4.35)
=1

then our choice of the V; guarantees that

F(t,p)=0 ift¢gWorp¢C. (4.36)
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Our choice of the g; implies that

’// (t,p- ) dux(t) dum (s Z/ i(p-s)dum(s)| <.
As a consequence, we have
’/K/HF(t,p-s)duH(s) g (t) — 1] <6 ifpeD-H, (4.37)
and since § < %,
0< /K/HF(t,p ) dpm(s)dpr(t) <1406 <2 forall p. (4.38)

Define
fi(p) == gi(p)z(p).

Then compute

M:

(fi, fi)(t,p)

Eo

e(t,p) ==
1

.
Il

I

@
I
s

) / 8. (fi(p- ) (fi(t™ - p- 5)°)) dpasr(s)

CR> /H G )it p)
B (2(p - s)ewe (2t p+ ) dpem ()
=807 [ (e )8, (0000 5)) dian(s),

where F' is defined in (4.35) and we have let
0(t.p) = 2(p)ae (2(t™" - p))
to make some of the formulas below a bit easier to write. Notice that
O(e,p) =bi(p) ifpeC, (4.39)
and our choice of W implies that
10(t, ) — (e, )| = [6(t,p) — bu(p)]| <& if1 €W andp e C.

Since ||b;(p)|| < 1 for all p,

0(t,p)]| <14+6<2 ifteWandpeC. (4.40)

To finish the proof, we need only check that é satisfies properties (a), (b) and (c)
of Proposition 4.6 on page 118, where &(t,p) := Ak (t)2e(t,p). But (4.36) implies
that é(t,p) = 0if t ¢ W, and since W C U, property (a) is satisfied.
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Ifpe D-H, then
/ &t )| dyara(s) < / / F(t,p- )18 (6(¢,p - )| dase(s) dusc (2)
K KJH

which, since F(t,p-s) =0 off W x C, is

<2 [ [ Pt s dun()dux(t)
<4

where we used (4.38) for the final inequality. Thus property (b) is satisfied.
Similarly, if p € D - H, then

| [ ett.0) dusc) ~ 06|
| [ #9800 5)) s (s) ()~ )|

which, since for any s € H, we have b;(p) = s (bl (p- s)), is

<\ [ P 980000+ 5) = blo- ) dus () 1)
][] Pp- ) dun(s) o) = 1|l

Since (s is isometric and [|0(t,p-s) —bi(p-s)|| <0 if F(¢t,p-s) # 0, the first of the
integrals in the last expression is bounded by

5/K/HF(t,p-s)d,uH(s)duK(t)§25.

Since ||byi(p)|| < 1and p € D- H, (4.37) implies that the second integral is bounded
by . Since we’ve chosen ¢ so that 36 < e, we’ve shown that property (c) holds.
This completes the proof. O

4.2 Some Special Cases

There are a number of special cases of the Symmetric Imprimitivity Theorem that
deserve special mention. All of these pre-date Theorem 4.1 [132]. The easiest to
describe is the case where A is the one-dimensional algebra C of complex num-
bers. This version is due to Green and is proved in [148, Situation 10]. It follows
immediately from Theorem 4.1 on page 110 together with the observation that
Ind% (C,id) and Ind% (C,id) are easily identified with Co(P/H) and Co(K\P), re-
spectively. The K-action on Co(P/H) will be denoted by 1t and the H-action on
Co(K\P) by rt.?2

2When working with the actions on induced algebras, and in particular when working with sit-
uations derived from the Symmetric Imprimitivity Theorem, we often have to sort out a confusing
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Corollary 4.11 (Green’s Symmetric Imprimitivity Theorem). Suppose that H and
K are locally compact groups acting freely and properly on the right and left, re-
spectively, of a locally compact space P. If the actions commute®, then

Co(P/H) 1t K and  Co(K\P) xre H

are Morita equivalent via an imprimitivity bimodule Z which is the completion of
Zo = C.(P) equipped with actions and inner products given by

¢ f(p) = /K (tp- HYF(E ) A () durc(t) (4.41)

£ b(p) = /H Fp-9)b(s K -p- $)A(s)F dyug(s) (4.42)

ot

foato )= a0 [ g i) (@3
(700, (5K 1) = Aul)F [ FETmlate pes)duntt)  (444)

forallce C.(K x P/H), be C.(H x K\P) and f,g € C.(P).

Remark 4.12. By taking H = {e} in Corollary 4.11, we see that if K acts freely
and properly on P then Cy(P) X1t K is Morita equivalent to the abelian C*-algebra
Co(K\P). In particular, Co(P) x4 K has continuous trace [139, Proposition 5.15]
with trivial Dixmier-Douady class [139, Proposition 5.32]. In [65], Green showed
that if K and P are second countable and if K acts freely on P, then Cy(P) x1; K
has continuous trace if and only if K acts properly. The non-free case is a bit more
complicated and is treated in [170]. In particular, it is possible for a transformation
group C*-algebra to have continuous trace with a nontrivial Dixmier-Douady class
[137, Example 4.6].

Ezxample 4.13. There are a number of impressive applications of Green’s Symmetric
Imprimitivity Theorem. A nice source for many of these is Rieffel’s expository arti-
cle in [148]. There isn’t space to recount all of his examples here, but one example
deserves special mention. Namely, suppose that K and H are closed subgroups of
a locally compact group G. Then we can let K act by left multiplication on G and
let H act by right multiplication. Then we get immediately from Corollary 4.11
that Co(K\G) % H is Morita equivalent to Co(G/H) xy; K.

Ezample 4.14 (Rotation algebras revisited). Example 4.13 has an interesting ap-
plication to rotation algebras. Let G = R and K = Z. If a € R, then let H = oZ.
Since t +— e2™ induces the usual identification of Z\R with T, it is not hard to
see that Co(Z\R) %y aZ is isomorphic to the rotation algebra A, corresponding
to rotation by e2™ . Similarly, since ¢ — e2™% also induces an identification of

array of actions on spaces and actions on C*-algebras. Thus we have adopted the convention that
the dynamical systems associated to left group actions will be denoted by 1t (for “left-translation”)
and right actions by rt (for “right translation”). I hope that the meaning will be clear from context,
and that the total confusion will be minimized.

3That is, equation (4.1) holds.
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R/aZ with T, Co(R/aZ) 1y Z is isomorphic to Co(R/Z) x1; 1Z = A,-1. Thus
A, is always Morita equivalent to A,-1. This Morita equivalence was a bit of a
mystery when it was first discovered by Rieffel in [146,147], and plays a significant
role in determining the Morita equivalence classes of the irrational rotation algebras
described in Remark 2.60 on page 71.

Let X be a compact free Zy-space. Then the action of Zs is certainly proper, and
Corollary 4.11 on the preceding page and Example 4.13 on the facing page implies
that C(X) x4 Zy is Morita equivalent to C(Z3\X). Moreover, Proposition 2.52 on
page 67 shows that C(X) X, Zs is a 2-homogeneous C*-algebra, and it would be
natural to guess that C(X) X Z2 is isomorphic to C(Z2\X, M2). However, this
need not be the case. For example, let X be the n-sphere

S™i={(z0y..., ) ER" 12l + a4+ 422 =1},

and let o : S™ — S™ be the antipodal map o(x) = —x. The orbit space RP™ :=
Z,\S™ is known as real projective n-space.

Proposition 4.15 ([25, p. 25]). Let a : Zo — Aut C(S™) be the dynamical sys-
tem induced by the antipodal map on S™ (for n > 2). Then C(S™) X Z3 is a
2-homogeneous C*-algebra which is Morita equivalent to C(RP™) but which is not
isomorphic to C(RP™, My).

Proof. By Proposition 2.52 on page 67, C(S?) x Z2 is isomorphic to
A={feC(S* M) : f(—x) = Wf(x)W"},

where W = ((1) (1)) Suppose to the contrary that there is an isomorphism & :
A — C(RP™, Ms). Since both these algebras have spectrum identified with RP™,
and since ® must induce a homeomorphism of the spectra, we can adjust ® so
that the induced map on RP™ is the identity. In view of the Dauns-Hofmann
Theorem [139, Theorem A.34], this implies that ® is a C(RP"™)-linear map with
respect to the natural actions of C(RP™) on both algebras. Thus if f,g € A and
if f(x) = g(x), then it follows that ®(f)(Zs - x) = ®(g)(Z> - x). Therefore we can
define o : S™ — Aut M by

a(x)(f(x)) = @(f)(Z2 ).

Claim. x — «a(x) is continuous from S™ to Aut My, where Aut My has the point-
norm topology.

Proof of Claim. We need to see that x — a(x)(T) is continuous for each T' € My.
Fixy € S™ and f € A such that f(y) =T. Then

lax)(T) = a(y)(T)|| = lax)(T) — a(x)(f(x))ll
+ [le(x) (f(x)) — a(¥) (FI)) I
<|NT = fN + [[9(f)(Z2 - x) — @(f)(Z2 - y)l,

which tends to 0 as x — y. This proves the claim. O
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Since x and —x are in the same Zoy-orbit,

a(x)(f (%)) = a(=x)(f(=x)) = a(—x)(Wf(x)W").

Thus a(x) = a(—x) o AdW.

As in [139, Chap. 1], we can identify Aut My with the projective unitary group
PU, which is the quotient of the unitary group Us of unitary matrices by the scalar
unitaries TI>. Let {e; }7, be the standard orthonormal basis for R"*!. Since
n > 2, we can define a map*

Y :8' = PUy, by (e”?) = a(cos(f)eq + sin(h)ey).

Then
H(e",t) := a(tcos(B)eg + tsin(f)e; + (V1 — t2)es)

is a homotopy of ¥ to a constant path. If
SUs ::{UGUQZdetU::l}

is the special unitary group, then the natural map Ad : SU; — PUs; is a 2-sheeted
covering map. Since 9 is null homotopic, the homotopy lifting theorem implies that
there is a lift of ¢ to a map

V.St = SU,

such that ¢(z) = Ad V(z). Furthermore,

(—e”)

a(—cos(8)eg — sin(f)ey)
a(cos(f)eg + sin(f)eq) o Ad W
V(e?) o AdW.

Therefore

AdV(=2) = P(=2)
— (2) 0 AdW
=AdV(z)W.

Thus there is a continuous function A : S' — S such that
V(=z) = Az)V(2)W. (4.45)

Since det W = —1, taking determinants of both sides of (4.45) implies that \(z)? =
—1 for all z. Thus z — A(z) is constant — say, A(z) = A for all z. But then,

V(1) = AV (=)W = AAV(L)W)W = AV (1),

which is a contradiction. This completes the proof. O

4If n = 2, then we are simply restricting « to the equator. In general, we simply restricting o
to a great circle passing through ep and —eg.
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Remark 4.16 ([65, Corollary 15]). It is interesting to note that the lack of trivial-
ity in Proposition 4.15 on page 127 is less likely to occur in examples where the
fibres are infinite dimensional. That is, if G is an infinite second countable locally
compact group acting freely and properly on a second countable locally compact
space X, then there are fairly general conditions which force Co(X) x4 G to be
isomorphic to Cy (G\X, IC(L2(G))). We don’t have the technology at hand to give
precise examples. Instead, we’ll give a sketch. Since G acts freely and properly,
Co(X) xy1; G is Morita equivalent to Co(G\X). Therefore Cy(X) %y G is isomor-
phic to the generalized compact operators IC(X) on a suitable Hilbert Cy(X )-module
[139, Proposition 3.8]. In fact, X consists of the sections of a fibre bundle B over
G\ X with fibre K(L*(G)) (and structure group PU(L*(G))). If G is infinite, then
L?(G) is infinite-dimensional, and the unitary group of L?(G) is contractible in the
strong operator topology [139, Lemma 4.72]. Tt follows that if B is even locally triv-
ial, then it must be trivial [139, Corollary 4.79]. It turns out that there are many
cases where topological considerations imply that B must be locally trivial. For ex-
ample, if G\ X has finite covering dimension, then B is automatically locally trivial,
and hence trivial, whenever L?(G) is infinite-dimensional [28, Proposition 10.8.7]
(see also [65, Corollary 15]).

We turn now to another important corollary of the Symmetric Imprimitivity
Theorem.

Corollary 4.17. Suppose that H is a closed subgroup of a locally compact group G,
and that (D, H, 3) is dynamical system. Letlt : G — Aut (Indg(D, B3)) be defined by
It (f)(t) = f(r~1t) as in Lemma 3.48 on page 101. View Eg := C.o(G,Ind. 8) and
By := C.(H, D) as dense subalgebras of Indg (D, B) %14 G and D xg H, respectively.
Let Zo = C.(G, D). If c€ Ey, f,g € Zy and b € By, then define

e () = / (1) F(E ) A1)} duc(t) (4.46)
/ B (f(rs™)b(s)) A ()% dpunt (s) (4.47)

7o) ) / By (F(rs)g(t~ rs) ) dun(s)  (448)
(f ), (5) = Do) /G U Blo( ) dnalt). (4.49)
Then Zy s a FEo— By-pre-imprimitivity bimodule. The completion Z is a

d$ (D, B) x1; G — D x4 H-imprimitivity bimodule, and Ind$ (D, 8) . G is Morita
equivalent to D xg H.

Proof. To see that this situation is covered by the Symmetric Imprimitivity Theo-
rem, let o : G — Aut D be the trivial system; that is, let oy = idp for all £. Then
Ind&(D, @) consists of constant functions on G and is easily identified with D via
f — f(e). This identification intertwines 7 : H — Aut (Indg (D, a)) — defined by
7s(f)(t) := Bs(f(ts)) — with 8. Therefore we can identify md&(D, o) x, H with
D xg H. The rest follows almost immediately from Theorem 4.1 on page 110 and
the left-invariance of Haar measure. O
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Combining the above corollary with Proposition 3.53 on page 105 we get another
imprimitivity result due to Green.

Corollary 4.18 ([66, Theorem 17]). Suppose that H is a closed subgroup of a
locally compact group G and that (A,G,a) is a dynamical system. Assume that
there is a continuous G-equivariant map ¢ : Prim A — G/H. Let

Ii=(){PePrimA: o(P)=eH}.

If D := A/I and if o' : H — Aut D is the quotient system, then A x,, G is Morita
equivalent to D x,1 H.

To illustrate some of the power of the above corollary, it is instructive to consider
what it says for transformation group C*-algebras.?

Corollary 4.19. Let P be a locally compact G-space and H a closed subgroup of G.
Suppose that o : P — G/H is a G-equivariant continuous map. Let Y := o~ 1(eH).
Then'Y is a H-space, and Cy(P) xy, G is Morita equivalent to Co(Y') xy, H.

Ezxample 4.20. Suppose that H is a closed subgroup of G, and that Y is a H-space.
Let P:= G xg Y be the orbit space for G x Y with respect to the right H-action
given by (s,p) - h := (sh,h™!-p). Then P is a left G-space, the action of r on the
class of (s, p) is given by the class of (rs, p), and (s, p) — sH induces a G-equivariant
map of P onto G/H. It follows from Corollary 4.19 that Co(G x g Y') x1; G is Morita
equivalent to Cy(Y) xy; H.

Ezxample 4.21. In the previous example, we can let Y = T, and let Z act by an
irrational rotation #. In this case, (r,e?™®) — (e27" 27201} is a homeomor-
phism of R xz T onto T? which intertwines the left R action on R xz T with a
flow on T? along a line of irrational slope. Therefore the irrational rotation algebra
Ay = C(T) x Z is Morita equivalent to C(T?) x R. Notice that Ay is a simple
unital NGCR algebra, while C(T?) x R is a simple non-unital NGCR algebra.

—

4.3 Green’s Imprimitivity Theorem

Although the Symmetric Imprimitivity Theorem is an important tool in its own
right, in this book we are most interested in the special case where H is a subgroup
of K, B : H — AutA is trivial and P = K with t-k = tk and k- h = kh
for t,k € K and h € H. Then we can identify Ind% (A, 3) with Co(K/H,A) by
viewing elements of Co(K/H, A) as functions on K which are constant on orbits.
Then o : K — Aut Cy(K/H, A) is given by

ou(@)(kH) = oy (p(t 'kH)) for t,k € K and ¢ € Co(K/H, A). (4.50)

On the other hand, f — f(e) is an isomorphism of Ind%(A,a) onto A which
intertwines 7 with «|g:
(f)(e) = Bn(f(h)) = f(h) = an(f(e)).

5Corollary 4.19 can also be derived directly from Green’s Symmetric Imprimitivity Theorem
[148, Situation 7]. Examples 4.20 and 4.21 also come from [148].
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Therefore the Symmetric Imprimitivity Theorem implies that Zg = C.(K, A) com-
pletes to a Co(K/H, A) X, K— A X,,, H-imprimitivity bimodule. The dense -
subalgebras Fy and By are given by

OL‘H

C.(K x K/H,A) and C.(H,A),

respectively. The module actions and inner products on Z, are given by
F1)i= [ Flrstan(f075) Aa(r)* dua) (4.51)
o= [ fCshya (o) A () dun (1) (4.52)
(), (h) = Ap(h) /G o (£(s™) 9(s™ ) dpic(s) (4.53)
ol 9 H) = B(9)7d | Frm)as(g(s™rh)") dum (h). (4.54)

However, the modular functions decorating (4.51)—(4.54) do not quite agree with
those in treatments coming from Rieffel’s original formulas (in the case A = C) (cf
[145] or [139, Theorem C.23]). This is a minor irritation, and it not so surprising as
there are lots of bimodules giving a Morita equivalence between Co(K/H, A) X, K
and A X, H. In fact, there will even be several pre-imprimitivity bimodule
structures on C.(K, A). To explain the different formulas in the literature, we want
to show how to derive additional structures on C.(K, A), and in particular, we want
to derive the formulas we prefer to work with in Section 5.1. We start with some
general observations.

Let Xg be a Eg— Bp-pre-imprimitivity bimodule. Let u be any vector space
isomorphism of the vector space Xq onto itself. Then we can equip Xo with an new
Ey— By-pre-imprimitivity bimodule structure as follows. For f,g € X, F' € Ey and
b € By, let

F:fi=u"(F-u(f))
frbi=u""(u(f) b)
(F g, = (ulr) . ule)),

Bo

(f 9= _(ulf),ulg))

Eo Eo

It is routine to see that Xy is an Ey— Bg-bimodule with these new operations. For
example,

(Fx@): f=u"(F=G u(f)

= uil(F- (G . u(f)))
-1 Fu(u_l(Gu(f))))
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Proving that (- , )>B and (-, -) are pre-inner products is also straightforward.
0 9]
For example,

We claim that Xy is an Ey— Bg-pre-imprimitivity bimodule. As above, this follows
from easy computations. For example, to see that the Ey-action is bounded:

<<a::c,a::c>>BO =(u(a:z),u(a:x))

=(a-u(z),a u(x))

< llal*¢a , =)

Bo
Bo
By

Using such calculations, the claim follows.

To obtain the particular version we want — called Green’s Imprimitivity The-
orem — we define u : Zg — Zy by u(f)(k) := Ag(k)~zf(k). Then we obtain
formulas compatible with those in [38,145,170], rather than (4.51)—(4.54) which
are compatible with the formulas in [39,79,132,148]. To emphasize that we’ve al-
tered the formulas in Theorem 4.1 on page 110, we replace Zg by Xgo. To make the
formulas easier to use in Section 5.1, we also replace the group K by G. Then the
next result is a corollary of the Symmetric Imprimitivity Theorem and the above
discussion.

Theorem 4.22 (Green’s Imprimitivity Theorem). Suppose that (A, G, «) is a dy-
namical system, that H is a closed subgroup of G and that o = 1t ®« is the diago-
nal action of G on Co(G/H, A) defined in (4.50). For notational convenience, let
vu(s) = Ag(s)2 A (s)"2. View Ey := Ce(G x G/H, A) and By := C.(H, A) as
*-subalgebras of Co(G/H, A) x5 G and A x|, H, respectively. Let Xo := C.(G, A).
If c€e Ey, f,g € Xo and b € By, then define

e+ 116) = [ elresHan (1675) dulr (4.55)

Fv(s) = [ F(shan () (0) dia () (4.56)

(7 <), () = 7 h) [ o7 (1(6)"g(5h) () (4.57)

ST 0t = [ o (o7 )AGT ) du (). (458)

Then Xo is an Eo — Bo-pre-imprimitivity bimodule. The completion X = X is

a Co(G/H, A) x5 G~ A Xg,, H-imprimitivity bimodule, and Co(G/H,A) x5 G is
Morita equivalent to A X H.

alg
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Furthermore, in the proof of Theorem 4.1 on page 110, we introduced a covariant
homomorphism (M, v) of (Co(G/H, A),G, o) into L(Z%). The formulas for M and
v on Zy are given by (4.18) and (4.17), respectively. However, if we’re working
with Xg, and therefore with the formulas (4.55)—(4.58), the formula for v loses the
modular function. In particular, we have the following Corollary of the proof of
Theorems 4.1 on page 110 and 4.22 on the facing page. Note that as usual, we are
suppressing the map ¢q : Xg — X.

Corollary 4.23. Let X = X§ be Green’s Co(G/H,A) x, G- A Mgy H-tmprim-
itivity bimodule defined in Theorem 4.22 on the preceding page, and let Xy =
C.(G,A) C X$§. Then there is a nondegenerate covariant homomorphism (M,v)
of (Co(G/H,A),G,lt®a) into L(X) such that for each ¢ € Ce(G x G/H,A) C
Co(G/H,A) x; G and f € Xy we have

(P = as(f(s7') M) f(r) = o(rH)F(r)
M v(e)(f) =c- f.

Furthermore, if ka : A — M(Co(G/H, A)) is the natural map sending a to the
corresponding constant function and if N := M oky4, then (N,v) is a nondegenerate
covariant homomorphism of (A, G, a) into L(X) such that if g € C.(G, A) C Ax,G
and f € Xy, then

N(a)f(r) = af(r)
Nxv(g)(f) =g*f.

Proof. The assertions about M x v were detailed in the proof of Theorem 4.1 on
page 110. It is straightforward to check that (N,v) is covariant, and the proofs
that N xv(g)(f) = g* f and that N is nondegenerate are nearly identical to those
for M x v and M. O

4.4 The Stone-von Neumann Theorem

With Theorem 4.22 on the preceding page in hand, we can give a fairly short proof
of a classical result which, in the language of dynamical systems, describes the
crossed product Cy(G) Xy, G where G acts on itself by left-translation. We’'ll give
a more classical formulation as well. (This material is taken from [139, §C.6].)

Theorem 4.24 (Stone-von Neumann). Suppose that G is a locally compact group.
Then
Co(G) x1, G = K(L*(G)).

In particular, if (M,)\) is the natural covariant representation of (Co(G),G,1t)
on L*(GQ) given in Example 2.12 on page 45, then M x X is a faithful irreducible
representation of Co(G) 1 G onto K(L*(G)).

Proof. The Imprimitivity Theorem implies that Co(G) %11 G is Morita equivalent to
C. This implies Cy(G) x11 G is simple, and that M x X is faithful. Since IC(LQ(G)) is
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an irreducible subalgebra of B(H), it will suffice to see that M x X maps Co(G) X1, G
onto K(L*(G)).
If K € C.(G x G), then

fr(rys) == A(r~ts)K(s,rts) (4.59)
defines an element in C.(G x G), and if h, k € C.(G) C L*(G), then

(MG | 1) = [ (el DAGI ) oy i)

G

://fK(r,s)h(r_ls)k(s)d,u(s)d,u(r)
ala
://A(r_ls)K(s,T_ls)h(r_ls)k(s)d,u(r)d,u(s)
ala
://A(r_l)K(s,r_l)h(r_l)k(s)du(r)du(s)
ala
://K(S,T)h(r)du(r)k(s) du(s).
ala

Thus
M x M fx)h(s) = /GK(s,r)h(r) dp(r),

and M x A(fx) is a Hilbert-Schmidt operator with kernel K € C.(G x G) C
L?*(G x G) [33, Chap. XI §6]. In particular, M x A\(fx) is a compact operator.
If g,h € C.(G) C L*(G) and K(r,s) = g(r)h(s), then M x \(fx) is the rank-
one operator 6. Since Cc(G) is dense in L*(G), it follows that K(L?*(G)) C
M x X\(Co(G) 1, G).

If f € C.(G x G), then we can set

K(r,s):= A(s7 V) f(rs™t, 7).

Then fx = f, and it follows that M x A(C.(G x G)) C K(L*(G)). Since Co(G x G)
is dense in Cy(G) xy; G, we're done. O

Ezample 4.25. Let [—o00,00] be the extended reals which are obtained from R =
(00, 00) by adjoining points at +00 and —oco. We let R act on [—00, oo] by fixing the
endpoints and by translation in the interior. Then U := (—o0, 00) is a R-invariant
open subset, and the complement F' consists of two fixed-points. Theorem 4.24 on
the previous page implies that Co(U) xR is isomorphic to the compacts K (L*(R)).
Of course, C(F) xix R =2 C*(R) & C*(R) which is isomorphic to Cy(R) & Co(R)
by Proposition 3.1 on page 82. Therefore Corollary 3.20 on page 94 implies that
we have an exact sequence

0 —= K(L2(R)) — Co([~00, 50]) st R — Co(R) & Cy(R) — 0.

That is, Co([—00,o0]) x1; R is an extension of the compacts by a commutative
C*-algebra. In general, the collection of (equivalence classes) of extensions of the
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compacts by a commutative C*-algebra Cp(X) is an abelian group called Ext(X). A
nice starter reference for Ext(X) is [21, Chap. IX]. Considerably more detail can be
found in [8, Chap. VII]. In [65, §1 & §2], Green studies a variety of transformation
group C*-algebras which, as in this example, turn out to be extensions of the
compact by commutative C*-algebras and calculates their Ext classes.

To give a classical reformulation of Theorem 4.24 on page 133, we assume that
G is abelian. Let G be the dual of GG, and recall that the Pontryagin Duality
Theorem [56, Theorem 4.31] allows us to identify G with the dual of G. If i is a

Haar measure on G, then the Fourier transform
F: Co(G) — Co(G)
defined by
Fp)(s) = /A p()(s) dp ()

a
extends to an isomorphism of C*(G) onto Co(G). Let C(G) = M, (Co(G)) be
C*(G) equipped with the strict topology. Then if ¢ € Cc(é), v — p(y)y is in
C.(G,C%(G)) and we can form the C®(G)-valued integral

/ywwwwy (4.60)

G

Since evaluation at s € G is a continuous functional on C?(G), (4.60) is equal to
F(¢). If 7 is a representation of Cy(G), then we can define a unitary representation
S™ of G on H, by

ST =7(v),

and then

m(F(p)) = /A @(7)S] di(). (4.61)

G

It follows that there is a one-to-one correspondence between representations 7 of
Co(G) and unitary representations S™ of G. Since it is straightforward to see that
F (za('y)) = =, this correspondence is the usual one between representations of

C*(é) and unitary representations of G combined with the isomorphism F'.

Definition 4.26. A pair (R, S) consisting of unitary representations R : G — U(H)
and S : G — U(H) is called a Heisenberg representation if

S R, =~(s)R.S, forallse Gand~yedq.
Example 4.27. Let H = L2(G). Define V : G — U(L?(G)) by Vyh(r) = ~(r)h(r).

Then if A : G — U(L?*(G)) is the left-regular representation, then (A,V) is a
Heisenberg representation of G called the Schridinger representation.
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~

__Let ¢ € C.(G) and s € G. Then we can define s - ¢(y) € C.(G) by 5- () :=
7(s)(7). Then

thus
It (F (@) = F(r- ). (4.62)

Lemma 4.28. Suppose R and S are unitary representations of G and é, respec-
tively, on H. Let w be the representation of Co(G) corresponding to S via (4.61).
Then (R,w) is a nondegenerate covariant representation of (Co(G),G,1t) if and
only if (R, S) is a Heisenberg representation of G.

Proof. Suppose (R, S) is a Heisenberg representation of G. Then
Rer(F(e) = R [ o()S, i)
= [ e0rS, di) R,
= [ 5 et)s, i) R,
which, using (4.62), is

= m(lts (F(¢))) Rs.

Thus, (7, R) is covariant.
Now suppose (7, R) is a nondegenerate covariant representation. Observe that



4.5 Transitive Transformation Groups 137

Therefore

Since 7 is nondegenerate, S, Rs = v(s)RsS, and (R, S) is a Heisenberg representa-
tion. |

Theorem 4.29 (von Neumann Uniqueness Theorem). Suppose that G is a locally
compact abelian group. Then every Heisenberg representation of G is equivalent to
a direct sum of copies of the Schridinger representation of G on L*(G).

Proof. Let (R, S) be a Heisenberg representation of G on H. Let (w, R) be the
corresponding nondegenerate covariant representation. Then any invariant sub-
space for m x R is invariant for both 7 and R, and therefore for (R,S) (Propo-
sition 2.40 on page 59). However, m x R is a nondegenerate representation of
Co(G) xix G = K(L?*(G)), and is equivalent to a direct sum of copies of M x A.
Since M clearly corresponds to V, this completes the proof. [l

4.5 Transitive Transformation Groups

Let H be a closed subgroup of a locally compact group G. Green’s Imprimitivity
Theorem on page 132 implies that Xg := C.(G) is a Bg— Ep-pre-imprimitivity bi-
module where Fy := C.(G x G/H) is viewed a subalgebra of Co(G/H) x1; G and
By = C.(H) is viewed as a *-subalgebra of C*(H). In particular, we can complete
Xo to a Co(G/H) xy; G—C*(H)-imprimitivity bimodule X, and Co(G/H) 1, G
is Morita equivalent to C*(H). If, say, G is second countable, then the Brown-
Green-Rieffel Theorem [139, Theorem 5.55] applies, and Co(G/H) %y G is stably
isomorphic to C*(H). Our object here is to give a considerable sharpening of this
result due to Green [67]. Green’s argument is a bit surprising as it relies on factoring
G as a product of G/H and H which is usually impossible to do topologically.
Therefore, we can do this only at the expense of introducing measurable functions in
place of the continuous functions with which we are considerably more comfortable.
This will force us to deal with some issues about measurability below.

As our result involves the compact operators on L?(G/H), and our first bit of
measure theory will concern the existence of appropriate measures on G/H. Note
that G/H is always a locally compact Hausdorff space in the quotient topology. If
H isn’t normal, then G/H is not a group and need not possess a measure which
is invariant for the left action of G on G/H. If ¢ is a Borel measure on G/H,
then for each r € G, we get a new measure r - 0 on G/H defined by r - o(E) :=
o(r~t - E). If r - o is mutually absolutely continuous with o for all r € G, then
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o is called quasi-invariant. In general, G/H always has a quasi-invariant measure
(for example, see [139, Lemma C.2] or [56, Theorem 2.56 and Proposition 2.54]).6
As in [56,139], we will work with quasi-invariant measures associated to continuous
functions p : G — (0, 00) such that

 Au(h)
‘QW“Q

p(sh) = vu(h)"%p(s) for all s € G and h € H.
Such functions are constructed in Appendix H.2. Given any such p, there is a
quasi-invariant Borel measure g, g on G/H such that for all f € C.(G) we have

| 1o )= [ [ b dun ) ducn(sH). (463)
G G/HJH

Theorem 4.30 (Green). Suppose that H is a closed subgroup of a locally compact
group G. Then the imprimitivity algebra Co(G/H) %1 G is isomorphic to C*(H) ®
IC(L2(G/H, ug/H)) where i g is a quasi-invariant measure satisfying (4.63).

The proof is considerably simpler if GG is second countable. A key ingredient in
the proof is a suitable cross section s for the natural map ¢ : G — G/H. Even
in elementary examples — such as G = R and H = Z — the best we can hope
for is a Borel map ¢ : G/H — G. But if G is not second countable, even a Borel
map will be difficult to deal with. As a result, we’ll need a short detour if we
want the theorem for general groups. Anyone smart enough to settle for a proof
of Theorem 4.30 in the case G is second countable can skim this material and skip
ahead to Section 4.5.2 on page 143.

Remark 4.31. If (G, X) is a second countable locally compact transformation group
and if G acts transitively on X — that is, if given x,y € X there is a s € G such that
y = s -, then it will follow from the Mackey-Glimm Dichotomy (Theorem 6.2 on
page 173) that X is equivariantly homeomorphic to G/H for some closed subgroup
H and Theorem 4.30 applies. If G is not second countable, then the situation can be
more complicated. For example if G is a connected second countable abelian group
such as R, and if we let G4 be the group G equipped with the discrete topology,
then it can be shown that Co(G) xy; G4 is a simple NGCR. algebra.”

4.5.1 Baire Sets

If G is second countable, then it is well known (e.g., [104, Lemma 1.1] or [2, Theo-
rem 3.4.1]) that there are Borel cross sections ¢ : G/H — G such that p(c(rH)) =
rH for all r € G and which are locally bounded in that ¢(K) is pre-compact when-
ever K is compact in G/H.® However, for a number of reasons, there seem to be

61n fact, any two are mutually absolutely continuous [56, Theorem 2.59] (see also Lemma H.14
on page 463).

7This is an unpublished observation due to Dorte Olesen, Gert Pedersen and the author.

8Theorem 3.4.1 in [2] provides a Borel cross section, but does not deal with locally bounded
sections. But if G is second countable, then it is the countable union of compact sets K; such
that K, is contained in the interior of Kj 1. Then the restriction of the quotient map to K has
a Borel cross section, and we get a regular section by piecing these sections together.
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problems with Borel sections on general locally compact groups. Part of the reason
is that in non-second countable groups, there are more Borel sets than we really
want to pay attention to. The solution is to restrict attention to only those Borel
sets needed to ensure that continuous compactly supported functions are measur-
able. Recall that a subset of a topological space is called a Gs set if it is the
intersection of countably many open sets.

Definition 4.32. Let X be a locally compact space. The Borel sets Z(X) in X
are the elements of the o-algebra generated by the open subsets of X. The Baire
sets Bs(X) in X are the elements of the o-algebra generated by the compact G
subsets of X. Suppose that Y is locally compact, and that f : X — Y is a function.
We say that f is locally bounded if f(C) is pre-compact for each compact set C' in
X. We say that f is Baire measurable (Borel measurable) if f~*(E) is Baire (Borel)
in X for every Baire (Borel) set £ C Y.

Remark 4.33. If f : X — Y is a function and if X and Y are locally compact, then
f is Borel® if and only if f~1(V) is Borel for every open set V in Y. Similarly, f
is Baire if and only if f~1(C) is Baire for each compact G5 subset of Y. Since not
every open subset of Y need be Baire, a Baire measurable function f : X — Y
need not be Borel. As far as I can see, there is no reason why a continuous function
f: X — Y need be Baire. (However, see Lemma 4.41 on the next page.)

The following observations are routine.

Lemma 4.34. Suppose X is locally compact Hausdorff.
(a) Fuvery Baire set is Borel. If X is second countable, every Borel set is Baire.
(b) The Baire sets form the smallest o-algebra for which each f € C.(X) is
measurable.
(¢) A Baire measurable function f: X — C is Borel.

(d) If ¢ : Y — X is Baire measurable, and f : X — C is Baire measurable, then
f o q is Baire measurable.

We’ll use the following result of Kehlet without proof.

Theorem 4.35 ([88]). If H is a closed subgroup of a locally compact group G, then
there is a locally bounded Baire cross-section ¢ : G/H — G for the natural map
q: G — G/H. That is, ¢ is Baire measurable map such that p(c(rH)) =rH for
all r € G, and ¢(K) is pre-compact if K is compact in G/H.

Some care must be taken in citing results about Baire sets as not all sources
agree on the definition. Kehlet uses Halmos [70] as an authority on measure theory,
and Halmos defines the Baire sets to be the o-ring generated by the compact Gs’s.
That we can use o-algebras instead is guaranteed by the following.

Definition 4.36. If X is a locally compact space, then we’ll write .Z5(X) for the
o-ring generated by the compact Gg’s.

91t is common practice to shorten “Borel measurable” and “Baire measurable” to simply
“Borel” and “Baire”, respectively.
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Lemma 4.37 ([154, Chap. 13 §1]). If X is a locally compact Hausdorff space, then
a Baire set E C X is in Ms5(X) if and only if E is contained in a o-compact set.
(Such sets are called o-bounded.) If E is a Baire set, then either E € M#5(X) or
E¢:=X N FE € #s5(X). If both E and E° are o-bounded, then X is o-compact.

Corollary 4.38. Suppose X andY are locally compact Hausdorff spaces and that
[+ X =Y is a function such that f~'(B) € .#5(X) for all B € #5(Y). Then f
is a Baire function.

That is, a “Baire function” with respect to o-rings as defined in Halmos or
Kehlet is a Baire measurable function as in Definition 4.32 on the preceding page.

Definition 4.39. A function f : X — Y is locally Baire if f~1(V) N W is a Baire
set for each V € %5(Y) and each o-bounded Baire set W € #s5(X).

Lemma 4.40. A function f: X — Y is locally Baire if and only if f~1(C)N K is
Baire for each compact Gs set C C'Y and compact G5 set K C X.

Proof. The assertion follows easily from the observations that for each W € .#5(X),
the set
(VY : ffHV)NW € B5(X)}

is a o-algebra in Y, and that for all V' C Y the set
(WX (V)nW e %B(X)}
is a o-ring. O

Lemma 4.41. Suppose that [ : X — Y is continuous. Then f is Borel and locally
Baire.

Proof. The first assertion is easy. For the second, let C = () O,, be a compact G
inY and K = U,, a compact Gs in X. Then

FHe) = (0n)

is a closed Gg in X. Thus

FFHONKE = ()1 0n)NUp

is a compact Gs in X. Thus f is locally Baire by Lemma 4.40. O
Remark 4.42. If C is a compact G subset of X, then it is not hard to verify that
Bs(C)={BNC:BePHBs(X)}

On the other hand, if f : X — Y is a function, then f=*(V)NC = (f|c) (V).
Hence f is locally Baire if and only if f|c is Baire for all compact G5 sets C C X.
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Lemma 4.43. Suppose that X is locally compact Hausdorff, and that f : X — C
is a complez-valued function which vanishes off a compact Gs-set C C X. If flc
is Baire, then f is Baire. In particular, any locally Baire function f : X — C that
vanishes off a compact set is Baire.

Proof. Suppose that f|c is Baire. It suffices to verify that f=*(V) € %5(X) for V
open in C. But by assumption, f~1(V)NC € %5(C) C %B5(X). But if 0 ¢ V, then
VY=Y V)nC. If0 €V, then f~1(V) = f~1(V)NCUX \ C. In either
case, f~1(V) € %B5(X), and f is a Baire function.

The last assertion follows from the above and the observation that Urysohn’s
Lemma implies that every compact subset of X is contained in a compact Gy
subset. O

Now we must think just a bit about product spaces. If &7 and A are o-algebras
in X and Y respectively, then we’ll write &7 x 2 for the o-algebrain X xY generated
by the rectangles A x B with A € & and B € A.

Lemma 4.44. Let X be a locally compact Hausdorff space. Then

Bs(X x X) C Bs5(X) x Bs(X), and (4.64)
B(X)x B(X) C B(X x X). (4.65)

If X is compact, then equality holds in (4.64). If X second countable, then equality
holds in (4.65).

Proof. Suppose that K is a compact G5 subset of X x X. Then there is a f €
Ce(X x X) such that K = f~!(1) [31, Chap. VII Corollary 4.2]. The Stone-
Weierstrass Theorem implies there is sequence { f; } C C.(X x X) converging to f
uniformly such that each f; has the form f;(z,y) = > 12, ¢k (z)9i(y) for functions
ot € Co(X). In particular, each such f; is measurable with respect to the
product o-algebra %s(X) x Bs(X). Thus f is too, and K € Bs(X) x Bs(X). This
suffices to prove (4.64).

To prove (4.65) we need to see that A x B € #(X x X) if A,B € B(X).
However,

{CCcX:CxXeBXxX)}

is a o-algebra in X containing all open sets. Thus A x X is Borel as is X x B.
Thus A x B is Borel as required.
If X is compact and C is a compact G in X, then C' x X is a compact G in
X x X. Arguing as above, A x X € B;(X) x HBs(X) for all A € B5(X). Thus
Ax Be Bs(X x X) forall A,B € Bs(X). Thus Bs(X) x Bs(X) C Bs(X x X).
If X is second countable and O C X x X is open, then O is a countable union
of open rectangles. Therefore O € #(X) x %(X). This suffices. O

Remark 4.45. The equality B(X) x #(X) = B(X x X) can fail even if X is a
compact group [7, §2].

Lemma 4.46. Suppose that X, Y and Z are locally compact Hausdorff spaces, and
that f : X — Y is continuous. If g : Y — Z is Borel, then p:= go f is Borel. If
g:Y — Z is Baire, then p := go f is locally Baire.
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Proof. The assertion about Borel functions is standard. Let C' C Z and K C X be
compact Gs’s. Then

p ' (CO)NK =f"(g7HC)) NK.

The result now follows since g~1(C) is Baire and f is locally Baire (Lemma 4.41
on page 140). O

Proposition 4.47. Suppose that G is a locally compact group, that g,h : G — G
are functions and that f(r) := g(r)h(r). If g and h are locally bounded, locally
Baire functions, then f is locally Baire. If G is second countable and g and h are
Borel, then f is Borel.

Proof. Suppose that g and h are locally bounded, locally Baire functions. Let K
be a compact G5 subset of G. By Remark 4.42 on page 140, it suffices to show
that f|x is Baire. Since g and h are locally bounded, there is a compact G5 set K’
containing g(K) and h(K).'® But f|x is the composition

i m|grw k!

K K' x K —G,

where i(r) := (g(r), h(r)) and m is multiplication. Since g|x and h|k are Baire, i
is measurable from (K, %5(K)) to (K’ x K', 25(K') x %5(K')). By Lemma 4.44
on the preceding page, %s(K') x Bs(K') = Bs(K' x K'). On the other hand,
m: G x G — G is locally Baire (Lemma 4.41 on page 140), so m|x'x k- is Baire.
Thus f|k is Baire.

If G is second countable and both g and h are Borel, then B(G x G) = B(G) x
P(G). Now the proof proceeds as above. O

Definition 4.48. Suppose ¢ : G/H — G is a cross section for the natural map
q: G — G/H. Then we define d :=d. : G — H by d(r) := c(q(r))ilr. Thus for
all r € G,

r=c(rH)d(r).

Corollary 4.49. If ¢ : G/H — G is a locally bounded Baire cross section, then
de is a locally bounded, locally Baire function. If G is second countable, and c is a
locally bounded Borel section, then d. is a locally bounded Borel function.

Proof. If K is compact in G, then d(K) C c(q(K))_lK C c(q(K)) 1K. Thus d
is locally bounded if ¢ is. Since r — r~! is a homeomorphism, ¢/(rH) := c¢(rH)~*
defines a Baire (Borel) function if ¢ is Baire (Borel). Suppose ¢ is locally bounded
and Baire. Lemma 4.46 on the preceding page implies g(r) = ¢/(¢q(r)) is locally
Baire. Since g is locally bounded, the first assertion follows from Proposition 4.47

with h(r) = r.
If G is second countable and ¢ Borel, then f is Borel and the result follows again
from Proposition 4.47. O

10By Urysohn’s Lemma, every compact set is contained in a compact G set.
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4.5.2 The Proof

Our starting point is the Green Co(G/H) x4 G — C* (H )-pre-imprimitivity bimodule
Xo := C.(G) obtained via Theorem 4.22 on page 132 with A = C. In order to make
use of our locally bounded Baire cross section ¢ : G/H — G, we’ll need to enlarge
XO a bit.

Let B2.(G) be the collection of bounded Baire functions on G which vanish off
a compact set.!! We want to turn Xoo := B2.(G) into a pre-inner product C*(H)-
module which contains Xg := C.(G) as a dense sub-module. If f € Xy has support
contained in a compact set K and b € C.(G) has support C, then

(s, ) = f(sh)b(h™")y(h).

defines a bounded function on G x H with support contained in KC~! x C~L.
(Recall that y(h) := Ag(h)2Ag(h)"2.) Let K’ and C’ be compact Gs’s such
that KC~! ¢ K’ and C~' C C’. However, (s,h) — f(sh), is locally Baire by
Lemma 4.46 on page 141. Since b and « are continuous, it follows that |k/xcr is
Baire. We can mimic (4.56) and define

/ F(shb(h=Y)y(h) dyurt () (4.66)
- /H s, 1) dpis (1)
= [ el 1) dum ().

Then f - b has support in K’ and is bounded by ||¢||co - p(C). Therefore to see
that f-b € Xoo, we need only see that f - b is Baire. By Lemma 4.43 on page 141,
it suffices to see that the restriction of f-b to K’ is a Baire function. But ¢|x/x¢-
is measurable with respect to %s(K' x C’), and Bs(K' x C') = Bs(K') x Bs(C")
by Lemma 4.44 on page 141. Since (K’ x C', Bs(K') x Bs(C'),uc x pm) is a
finite measure space, we can apply Fubini’s Theorem (as in [156, Theorem 8.8]) to
conclude that f - b is a Baire function on K’. Now it is easy to see that Xgg is a
right Bo-module. If f € Xg, then f-b coincides with (4.56) and Xg is a sub-module
of XOO .

Next we define a sesquilinear form on Xgg using (4.57) from Theorem 4.22 on
page 132:

. 9) / T0)9(sh) dpci(s). (4.67)

It is easy to see that (4.67) defines a function on H with support in
(supp f)~*(suppg). It may come as a bit of a surprise that (4.67) is continuous in

1If @ is second countable, the Baire and Borel sets coincide and we could work with Borel
functions throughout.
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h. To see this, let g"(s) := g(sh) and compute
(£ 20l (1) = (7 ), (0] < [y = 20| [ FTash dna o)+
0| [ TG atsh) = as0) duc ()|

< |y(h) =y £ 11 llgllso + YOI f lscllg™ = g" 11

Since right translation is continuous in L!(G), the claim about continuity follows.

To show that Xgq is a pre-inner product Bp-module with the extended definitions
of the module action (4.66) and inner product (4.67), we proceed as follows. To
show that

<fag'b>30:<fug>30*b7

we compute using Fubini after restricting to compact subsets as above. To show
positivity, notice that

(f.9), (W) =7M)(g" | Nrz, (4.68)

where g"(s) = g(sh) with supp(f , g) C supp(f) !supp(g) N H. Furthermore,

Bo
using the Cauchy-Schwarz inequality we have

[, () =Lg.a), W= F=g), W+{f-g.9, M  (469)
<A = 9" 120 f 11z + 19" I211f = gll2
=1 Ac(R) "= = gll2(] ll2 + llgll2)-

Now if f € Xgo with supp f C K, then there are g; € Xy with suppg; C K such

that g; — f in L2(G). Since y(h)Ag(h)~2 is bounded on K~'K N H, it follows
that (g; , gi>B —(f, f)B in the inductive limit topology and therefore in the
0 0

C*-norm. Since each (g; , gl->B > 0, it follows that (f , f)B >0.
0 0

We'll write || f|| g for the seminorm ||(f , f)B 2. The following lemma will prove
0

useful.

Lemma 4.50. Let f € Xoo. Suppose that K is a compact set in G and that { g; }
is a sequence in Xog such that g; vanishes off K for all i and such that g; — f in
L*(G). Then |lg; — fllz — 0.

Proof. We can assume that f vanishes off K. If M := max|Ag(h)"2| for h €
K~'K N H, then we have

lgi = fIB = {9: = £, 9 =l
[ Vo= o= 1), ] durnh

IN

IN

/ 195 = £)"llallgs — Fllay(h) dus (B)
K—-1KNnH
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which, since [|g"||2 = Ac(h)~2|g|2, is

_1
lo= 0B [ An() dun(n)
K-1KNH
<llgi = fl3- M- pur(K~'K N H).
Thus if {g; } is as stated, ||g; — f||z — 0. O
As an immediate corollary, we obtain the following.

Corollary 4.51. The submodule Xo is || - || -seminorm dense in Xoo. In partic-
ular, the completion X of Xoo is the same as the completion of Xo. Thus IC(X) is
isomorphic to Co(G/H) xy, G.

We can also prove the following corollary which will be needed in the last step
of the proof.

Corollary 4.52. Let Y be the subspace of Xoo spanned by the characteristic func-
tions of compact Gs subsets of G. Then Y is dense in Xoo in the || - || g-seminorm.

Proof. Tf f € Xgo, then there is a sequence { f; } of Baire simple functions converging
uniformly to f such that |f;(s)| < |f(s)| for all s [57, Theorem 2.10(b)]. Thus the
subspace Y’ spanned by characteristic functions of Baire sets which are contained
in a compact set is dense in Xo9 by Lemma 4.50 on the facing page. Thus it will
suffice to see that we can approximate 1r where F' is a Baire set contained in a
compact set K. Since G is locally compact, we can assume that F' is contained
in the interior V' of K. If € > 0, then by regularity of Haar measure, there is a
compact set C' and an open set O such that

CcFcocV,

and such that ug(O \ C) < €2. Using Urysohn’s Lemma, there is a compact G5
set E such that C' C E C O. Then

H]].F — ]].EHQ < €.

Therefore there are g; € Y such that g; vanishes off K and such that g; — 1 in
L?(G). This suffices by Lemma 4.50 on the preceding page. O

Now we’'ll switch gears and build a new Hilbert C*(H)-module Z. Let B2 (H)
be the bounded Baire functions on H which vanish off a compact set. If b' € B (H)
and b € By, then the convolution

v xb(h) = / V (6)b(t h) dug (t)

is continuous in h and compactly supported. Thus b’ * b is certainly in B3, (H).
Now it is not hard to see that BS.(H) is a pre-Hilbert C*(H)-module containing
C.(H) as a dense submodule. (This is a special case of Corollary 4.51 with both G
and H equal to H.) In particular, the completion of B2 (H) is C*(H).
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Let Zg be the algebraic tensor product
Zy := B3.(H) © B, (G/H).
We can define a C.(H)-action on Zy by
(' @n)-b:=b xb@n. (4.70)
We define a sesquilinear form on Zy by
(a@n,b ® m>>30(h) = (m | n) 2 ma” = b'(h) (4.71)

_ / m(sH)n(H) dpic s (sH) / (O (th) dp (1).
G/H H

Note that (4.71) is just the product of the usual inner product on the Hilbert space
L*(G/H) and the inner product on the pre-Hilbert C*(H)-module BE.(H). Now
the next lemma follows easily.

Lemma 4.53. With the module action (4.70) and inner product (4.71), Zy is a
pre-inner product Bo-module. The completion Z is (isomorphic to) the external
tensor product C*(H) @ L*(G/H).

Corollary 4.54. K(Z) = K(L*(G/H)) ® C*(H).

Proof. By [139, Corollary 3.38], K(Z) = K(L*(G/H)) ® K(C*(H)), and
K(C*(H)) = C*(H) by [139, Example 2.26]. O

Lemma 4.55. Suppose that X and Z are Hilbert B-modules and that 6 : X — Z
is a Hilbert module isomorphism. Then T — 0T0~' is an isomorphism ® of K(X)
onto K(Z) such that

(7)) =, (0) . 0(y)). (4.72)

Proof. Let ®(T) := 0T0~*. Clearly ® maps £(X) into £(Z). If z,y € X and 2 € Z,
then

= \0@), 0)(2).

K(2)

This establishes (4.72). It also follows that ®(K(X)) C K(Z) and has dense range.
Thus ®(K(X)) = K(Z). This suffices as ® is clearly injective. O

Now it suffices by Corollary 4.54 and Lemma 4.55 to show that X and Z are
isomorphic Hilbert C*(H)-modules. Recall that ¢ : G — G/H is the quotient map
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and that d is defined in Definition 4.48 on page 142. If a ® n € Zg, then we define
ala®@n): G — C by

ala®n)(s) = p(s)2a(d(s))n(q(s)),

where p is as in (4.63). We want to see that a(a @ n) € Xgp. Let suppa C K and
suppn C C. Then if a(a ® n)(r) # 0, then rH € C and d(r) = ¢(rH) 'r € K.
Thus r € ¢(C)-K. Thus there is a compact G5 set K such that supp a(a®n) C K.
To see that a(a ® n) is Baire, it suffices to show that

f(s) = a(d(s))n(q(s))

defines a Baire function on Ky (Lemma 4.43 on page 141). Note that f is a com-
position

Ky —>CxC—">C,
where m is multiplication and i(s) := (a(d(s)),n(g(s))). Then if V is open in C,
F7V) =i (m (V).

Since C is second countable, m~*(V) is a countable union of open rectangles. Thus
it suffices to see that

i (VxU)=Koni '(VxU)=Kond '(a " (U))N(nog) (V)
is Baire. Since d is locally Baire and a~!(U) is Baire, Ko Nd~(a=1(U)) is a o-
bounded Baire set. Since Lemma 4.46 on page 141 implies n o g is locally Baire,
i~1(V x U) is Baire.
Now we’ve proved that we have a map
« Z() — Xoo.
To complete the proof of Theorem 4.30 on page 138 we just need to see that « pre-
serves the C*(H)-valued inner products and has dense range. Then it follows that o

extends to a unitary — which is automatically C*(H)-linear by [139, Lemma 2.18].
To see that o preserves inner products, we calculate

(a(aen) . abem)), (1) = () | T@@MEa© m)(sh)ducs)

Bo

and, noting that ~(h)p(s)2p(sh)z = p(s), this

:/Ga(d(s))n(sH)b(d(sh))m(sH)p(s)dug(s)
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and using (4.63) and d(st) = d(s)t for s € G and t € H,

:/ / a(d(s)t)n(sH)b(d(s)th)m(sH) dp (t) dpc (sH)
G/HJH
— [ AGHm(sH) ducyn(sH) [ Q00 di (1)

G/H H

= (m | m)gee/m /H ST Am(t )bt~ h) dps (1)

= (m | n)Lz(G/H)a* * b(h)
= (a@n . bom), (h).

Now all that remains to be shown is that a(Zg) is dense in Xgg. We’ll show that
we can approximate those h € Xgg of the form 1 g for a compact G5 subset E of G.
This will suffice in view of Corollary 4.52 on page 145.

Let C be a compact neighborhood of E. Given ¢ > 0, we'll find h € a(Zy) such
that supph C C and || 1g — h||3 < e. This will suffice by Lemma 4.50 on page 144.

Let O be an open set such that E C O C C and u(O — E) < e. Using normality
(of C), there is an open set P such that E C P C P C O.

Lemma 4.56. There is a neighborhood V' of e in H such that c¢(sH)Vd(s) C P for
alls € E

Proof. Tt suffices to produce a neighborhood in G with the same property. Suppose
no such neighborhood exists. Let { V; } be the family of neighborhoods of e ordered
by inclusion. For all i there exits an s; € E such that c¢(s; H)V;d(s;) ¢ P. By
compactness we may extract a subnet, relabel, and assume that ¢(s;H) — a and
d(s;) — b. But c(s;H)d(s;) € E for all i. Thus, ab € E, and by continuity there
exist neighborhoods U, @, V of a, e, and b respectively such that UQV C P. But
the c¢(s; H) and the d(s;) are eventually in U and V, respectively. Thus there is a ig
such that ¢ > i implies that ¢(s; H)Qd(s;) C P. Now take i so large that V; C Q.
This provides a contradiction. O

We'll complete the proof by producing an h such that a(h) is a characteristic
function 1 such that £ C F C O.

Choose V' as above, and let W be a Baire neighborhood of e in H such that
W =W=1 W3 CV, and W is compact. Since E is compact, d(E) has compact
closure. Thus, there are elements s; € G such that Wsy, ..., Ws,, cover d(E). Let
By, ..., By, be disjoint Baire sets covering d(F) with the property that B; C Ws;.
Since W is compact, it follows that B; is compact.

Let T, = {s€G:s5B; C P},and U; = {s € G : sB; C O}. Notice that T; C
U;, each T} is compact and that each U; is open with compact closure. In particular,
there is a Baire set V; such that T; C V; C U;.'2 Let F; = ¢ Y(Vi) = q(V;);
notice that F; is a Baire set with compact closure. Furthermore, sH € F; implies

12Simply choose f € C:r(G) which is strictly positive on 7; and which vanishes off U;. Let
Vi={f#0}
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that ¢(sH)B; C O. Also ¢(sH)B; C P implies that c¢(sH) € T}, and hence that

sH € F;. Set ay(t) = p(t)~21p,(t), and let ni(q(s)) = p(c(q(s)))_%ﬂpk (a(s)).
Note that each ar ® nx € Zo, and that since p(d(s))p(c(q(s))) = p(s), we have
a(ar @ ng)(s) = 1p, (d(s))1r, (q(s)). Moreover,

1 ifsec(sH)B;, < d(s) € B;
0 otherwise.

o) - {

In particular, a(ar ® n) is a characteristic function. Now we observe the following:

(a) If there is a s € G such that a(a; @ n;)(s) =1 = ala; @ n;)(s), then d(s) €
B; N B;. Therefore i = j.

(b) If s € E, then d(s) € B; for some i. Say B; C Ws;, so that d(s) = wps; with
wo € W. Thus, ¢(sH)B; C c(sH)Ws; C c(sH)W?s; = c(sH)W?wy "wos; C
c(sHYW3d(s) C ¢(sH)Vd(s) C P. Therefore, sH € F;, which implies that
ala; ®ng)(s) = 1.

(c) If a(a; ®n;)(s) = 1, then d(s) € B; and ¢(sH)B; C O. Thus, c¢(sH)d(s) € O.

The point is that a(} ] a; ® n;) is the characteristic function of a Baire set F
with the property that E C F C O. Hence, |1 —a(>"} a;®n;)||3 = p(F —E) <e.
This completes the proof.

Notes and Remarks

Originally, imprimitivity theorems were developed by Mackey and others to de-
termine when a given group representation was induced from a subgroup [102].
Thinking of a representation which is not induced as “primitive”, it was natural to
describe these results (telling us certain representations were not primitive) as “im-
primitivity” theorems. In the modern theory, these theorems are now formulated
as Morita equivalences. Although we consider the question of determining when a
representation is induced from a subsystem in the next chapter (where we look at
induced representations), in this chapter the focus is that imprimitivity theorems
describe important Morita equivalences exposing the structure and representation
theory of crossed products.

The Symmetric Imprimitivity Theorem is due to Raeburn [132]. Corollary 4.11
is due to Green, but it appeared in [148]. Corollary 4.18 is also due to Green [66],
as is Theorem 4.22. Our proof of the the Stone-von Neumann Theorem and its
variants in Sections 4.4 and 4.5 use the imprimitivity theorems in this chapter.
Historically, these results pre-date the machinery developed in this chapter and
have proofs which do not depend on the imprimitivity theorems given here. A nice
history of the subject is given in [153]. Theorem 4.30 is due to Green and is a
special case of the results in [67].






Chapter 5

Induced Representations and
Induced Ideals

The Morita equivalences that parade under the name of imprimitivity theorems
in the previous chapter are fundamental to the theory for (at least) two reasons.
The first we explored in the previous chapter: they provide deep insight into the
structure of crossed products. The second reason, which we explore in this chapter,
is that they form the basis for a theory of inducing representations from A %, H
up to A X, G which lies at the heart of the Mackey machine and our analysis of the
ideal structure of crossed products. The machinery also allows us to induce ideals,
and we look carefully at this process in Section 5.3. In Section 5.4, we show that
the inducing process is compatible with the decomposition of A x,, G with respect
to an invariant ideal I in A as described in Section 3.4.

5.1 Induced Representations of
Crossed Products

Suppose that (4, G, «) is a dynamical system and that H is a closed subgroup of
G. We want to induce representations L = m x u of Ax,, H on Hy, up to A %, G.
We'll follow Rieffel’s formalism as outlined in §2.4 of [139]. Therefore we require a
right Hilbert A, H-module X and a homomorphism ¢4, g of Ax,G into L(X).
The induced representation Xflndﬁi}yG(L) acts on the Hilbert space X ® axg HL
which is the completion of the algebraic tensor product X ® H, with respect to the

pre-inner product
@ohlysk) = (L(y. o), kK.
Then XflndﬁjaHG(L) is given on X ® H, by the formula
X-Ind} %57 (L)(a)(z ® h) = ax.c(a)(x) @ h.
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Note that X® 4y Hy is the internal tensor product of the right Hilbert A Ny H-
module X with the Hilbert space H, (viewed as a right Hilbert C-module) together
with the homomorphism L of A x,,, H into L(Hy) = B(Hy)."

For dynamical systems (A4,G,«), the natural choice for X is Green’s
Co(G/H, A) X1y 90 G— A Xq,, H-imprimitivity bimodule Xg. Recall that Xg was
constructed in Section 4.3, and that it is the completion of Xy = C.(G, A). The
homomorphism ¢4, is given by N x v in Corollary 4.23 on page 133.

Definition 5.1. Suppose that (A, G,«a) is a dynamical system and that L is a
representation of A 3, H. Then Indg L will denote the representation of A x, G

induced from L via Green’s imprimitivity bimodule X = Xg and the homomorphism
N xwv:Ax,G— L(X).

Remark 5.2. Since the action N x v of A x, G on X§ is nondegenerate (Corol-
lary 4.23 on page 133), it follows easily (see [139, Proposition 2.66]) that Ind$ L is
nondegenerate.

Remark 5.3. If f,g € C.(G,A), then N x v(g)(f) = g * f (Corollary 4.23 on
page 133). Therefore, on Xo ® Hp,

nd$ L(g)(f @ h) =g* f ® h.

Furthermore, it is not hard to check that the canonical extension of IndgL to
M(A x4 G) is given by the canonical extension of N x v:

(Ind§ L) “(m)(f ® k) = (N = v) (m)(f) © .

Since (N 3 v)~(ia(a)) = N(a) and (N xv) (ig(s)) = vs, it follows that md$ L =
(N®1) % (v®1), where

(N@1)(a)(f@h):=N(a)(f)
(v@1)s(f @h) =vs(f) @ h.

Even though the description of induced representations via module actions as
described above is very convenient algebraically, it still helpful to have a concrete
description of Indg L and the space on which it acts which is independent of the
bimodule X. This will also bring us into contact with the original treatments of
Mackey and Takesaki as generalized to arbitrary groups by Blattner. (Details and
references can be found in Chapter XI of [55].2)

LA little more formally, X ® 4 7 Hr, is isomorphic to X ®7, ﬁL, where ﬁL is the dual Hilbert
space with C acting on the right. Thus, if b : Hy — H, is the identity map, then b(h)\ = b(\h),
L(f)b(h) =b(L(f*)h) and (b(h) | b(k)) = (h | k).

2Blattner and Fell work with functions which transform slightly differently than ours:
1 1 _
£rt) = Aa ()2 Ac(t)” 2u; ' (£(r)).

1
The map sending the function (s — f(s)) to (s — p(s)2 f(s)) induces a unitary isomorphism of
our Lﬁ (G, HG/H>» ‘H) onto the Blattner/Fell space which implements an equivalence between the
induced representations.)
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We suppose that L = 7 x u is a representation of A x|, H on H,. Define
V1= {€€Cy(G Hy) : &(rt) = uy ' (&(r)) forall v € G and t € H }.

Notice that if & € Vq, then ||£(rt)|| = ||£(r)]| for ¢t € H, and hence rH +— ||&(r)]| is
a well-defined function on G/H. We set

V.:={&eV,:rH — ||&(r)] belongs to C.(G/H) }.

As shown in Appendix H.2 or [139, Lemma C.2], there always exists a continuous
function p : G — (0,00) such that p(rt) = (Ag(t)/Ac(t))p(r) for all » € G and
t € H. Then there is a quasi-invariant measure pg g on G/H satisfying (4.63) on
page 138 ([139, Lemma C.2]). Given g, g, it follows that

(€| n) = /G €0 100 dn 1) (5.1)

is a well-defined positive-definite sesquilinear form on V.. The completion V :=
L2(G, peym, Hy) is a Hilbert space.?
The proof of the next result closely follows that of [139, Theorem C.33].

Proposition 5.4. Suppose that (A, G, «) is a dynamical system, that H is a closed
subgroup of a locally compact group G, and that L = 7 X u is a representation
of AXg, H on Hp. Let p : G — (0,00) be a continuous function such that
p(rt) = (Au(t)/Ac(t))p(r) = ya(t)"2p(r) for allr € G and t € H. Let jgu
be the quasi-invariant measure on G/H constructed from p satisfying (4.63), and
let V = L%(G,MG/H,HL) be the Hilbert space constructed above. Then IndgL 18
unitarily equivalent to the representation I x U on V where

M(@)e(r) = (o (@)E(r), and (5.2
s7ir)y 3
vigtr) = ("5 ) et (5.3

fors,r€eG,ac A, and £ € V..

Proof. We want to define a unitary W from X® 4, g Hy, onto V. For an elementary
tensor f ® h € Xo © H, we define W(f ® h)(r) to be the element of H given by

W(f ® h)(r) = /H p(rt)~H (L (f(rt)) Yuh dps (1),

for each r € G. That W(f ® h) € V, follows from Corollary 1.103 on page 36, left-
invariance of pp and the covariance of (m,u). To see that W is isometric, and to see

3The notation V := L2(G, kG H, ML) is fairly standard because V can be realized as a space
of (equivalence classes) of functions on G. Precisely, each vector in V is a ug-almost everywhere
equivalence class of functions & : G — Hp, such that (rt) = u;l (f(r)) everywhere and such that
rH s ||€(r)|| belongs to L?(G/H, pa/m)- The details are worked out in a more general setting in
Section 9.3.
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where the formula for W comes from, recall that the inner product in X ® 4wz Hp,
is given on elementary tensors by

(feohlgek)= (L(<g , f>A>4H)h | k)
- /H(”(@ )L O)ueh | k) du (1)
= /H/C;WH(t)(W(aT1(g(r)*f(rt)))uth | k) duc (r) dug (t)

which, after decomposing p as in (4.63) and abbreviating our notation for mea-
sures in an obvious way, is

= /H/G/H/HWH(t)p(rv)—l(W(ar—vl(g(m)*f(mt)))mh k) du i dt
= [ [ [t oz (o) un | wloz2 (stre)R) vt

G/H H H

which, using left-invariance and covariance, is

- / //’YH(vflt)p(rv)*l (7 (e (f(rt)))ueh | w(a (9(rv)))uok) dv dt i

G/H H H

-2

which, since p(rt) = vy (t)~2p(r) implies p(rv) "ty (v=1) = p(rt) "z p(rv)~2, is

= /G/H (W(f @h)(r) | W(g® k)('r)) dMG/H(T'H).

Therefore it follows that W extends to an isometry from X ® 4wy Hy into V.
To show that W is surjective, and therefore a unitary, it will suffice to show that
given £ € V, and € > 0 there is a n € im W such that || — || < e. Notice that
im W is closed under multiplication by elements of C.(G/H). Let D be a compact
subset of G such that suppé C DH, and let C' be a compact neighborhood of D.
We claim it will suffice to produce for each r € D an element &, € im W such that

1€-(r) = &)l <

€
payu(9(C))
where ¢ : G — G/H is the quotient map. Then if (5.4) holds, there is a neighbor-
hood N, of r in GG such that N,. C C and

€

1€:(s) = &(s)| < ————= forall s € N, (5.5)
pa/m(a(C))*

; (5.4)

N

since the norms of functions in V. are constant on H-cosets, (5.5) holds for all
s € N.H. By compactness there are rq,...,r, in D such that D C |JI"_; N,,, and
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a partition of unity argument gives functions v; € C7(G/H) such that supp; C
q(Ny,), 0 < <1, 3, 4i($) =1 for s € DH and >, 4;(s) < 1 for all s. Then
> ¥i&r, belongs to im W, and

€

< ——— forallseG. (5.6)
pay(a(C))?

Since (5.6) vanishes off CH, we have || Y. 1§, — £|| < e. This proves the claim.
1

For convenience, let 0 := € ug/ g (q(C))_E. Fix r € D. Since 7 is nondegener-
ate, { w(e;) } converges strongly to 17y, whenever {e; } is an approximate identity
for A. In particular, there is a positive element a of norm at most 1 such that
(a1 (a))&(r) — &(r)|| < 6/2. Furthermore, since ¢ — u;h is continuous for each

h € Hy, there is a neighborhood N of e in G such that

HiW% (s) = &(s)

[lugl(r) — E(r)|| < g provided t € NN H.
Let z € CH(G) be such that supp z C rN and such that
/ p(rt)_%z(rt) dpg (t) = 1.
H
Define f € Xg by f(r) := z(r)a. Then if k € H, with ||k]| <1,
|(W(f@E(r))(r) | k) — (§(r) | k)]
<IW( @ €N |E) - (r(o @)el) | 9)] +3
= | [ oty trt) (mo @) (w00) = €0) 1 B) dn ()] +

N |

,UG/H(Q(C))% '

Since k is arbitrary, we’ve shown that (5.4) holds with & := W(f ® &(r)). This
completes the proof that W is a unitary.

As described in Remark 5.3 on page 152, IndgL is the integrated form of
(N®1l,v®1), where

N®1l(a)(f®h):=N(a)f®h and (v®1).(f®h):=v.(f)® h.
Therefore

(W(N @ La)(f@h)(r) | k) = (W(N(a)f @h)(r) | k)
= /Hp(rt)fé(w(a;l(af(rt)))uth | k) dpg (t)

)
<— —_ = =
_2+2 0

)
= (n(a; (@)W (f @ h)(r) | k)
(TT(a) (W (f @ 1)) (r) | k).
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Thus N ® 1 is equivalent to II as claimed.
Similarly, we compute that

(WL @v)s(f@h)(r)| k) = (W (vs(f) @ h)(r) | k)
- /H p(rt) ™ H (m (0 (va (F) (1)) Yuugh. | K) dpurs (1)

= /Hp(rt)fé (ﬂ'(a;}lr(f(s*lrt)))uth | k) dpm (t)
= M/ p(sflrt)f% (ﬂ'(ozs_,llr(f(s*lrt)))uth | k) dpm (t)
H

= P2 (s i) | R)

(USW(f ® h)(r) | k)
Thus (1 ® v) is equivalent to U, and this completes the proof. [l

It is important to notice that L2 (G, pa) > Hr) is independent of A and o and
depends only on G, H and the unitary representation u. The same is true for the
representation U defined by (5.3).

Definition 5.5. Suppose that G is a locally compact group with closed subgroup
H. Then a unitary representation u : H — U(H) can be viewed as representation
of C Xjq H in the usual way. Since (C,G,id) is a dynamical system, we can form
the induced representation Indg(id xu). This representation is denoted Indg U,
and is called the representation of G induced from u on H.

Notice that Ind% u is equivalent to the representation U of Proposition 5.4 on
page 153. Thus we have the following interesting corollary.

Corollary 5.6. Let (A, G, ) be a dynamical system, and suppose that L = m X u
is a nondegenerate representation of A Xy, H. Then the unitary part of Indfl L s

(equivalent to) Ind$ u.

Remark 5.7. If H = { e}, then Proposition 5.4 on page 153 shows that IndS 7 x
id equivalent to the regular representation Indg 7w of (A,G,«) associated to 7 as
defined in Remark 2.16 on page 46. This explains the notation used for regular
representations.

One of the properties of induction is that it respects the subgroup structure of
the ambient group. This is exemplified by the following two results. The first states
that induction respects the natural G-action on its subgroups. The second result
— called induction in stages — says we can proceed via an intermediate subgroup.

For each s € G, let s- H := sHs~!. If we have fixed Haar measures pg and
s on H and s - H, respectively, then the uniqueness of Haar measure implies
there is a positive number w(s, H) such that

/ g(shs™Y) dpgg () = w(s, H) / g(h) darr ()
H

s-H
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for all g € C.(G).* We will use this observation and notation in the next lemma.

Lemma 5.8. Suppose that (A,G,a) is a dynamical system, that H is a closed
subgroup of G, and that L = (mw,u) is a covariant representation of (A, H,a|m)
on H. Let s- H := sHs™', s -7 :=moa;! and s-u(h) := u(s"'hs). Then
s-L:=(s-ms-u) is a covariant representation of (A,s- H,al|s. ). Furthermore,

Indg L is equivalent to IndgH s- L.

Proof. Tt’s not hard to see that (s-m,s-u) is covariant. Recall that Ind$ L acts on
the completion of C.(G, A) ® H with respect to the inner product

(fonlgok)=(L((g.f), )hlEk).
On the other hand, Ind%; s- L acts on the completion of C..(G, A) ® H with respect
to the inner product given by the same formula, but with L replaced by s- L. (The
formulas for the A x|, H-valued inner products are given in Theorem 4.22 on
page 132.) If we define V : C.(G, A) — C.(G, A) by
VI(r) = w(s, H)? Ag(s)* f(rs)
and recall that vz (h) = Ag(h)2Ag(h)~ %, then we compute that

L. 0,0 = [ wlla . 5, 0)ulh) dua )
= [ ) [ w7 (o) 00 () ) dp )

= H”YH
_/H/G”yH(h)AG(s)w(arsl(g(rs)*f(rsh)))u(h) dpc (r) dpg ()

— / B /G et (W) Ag(s)w(s, H)
s (a7 (g(rs)” F(rhs)))s - u(h) duc (r) dus (h)

=s-L((V(g), V), ,)-

AXH

Since V is clearly onto, f ® h — V(f) ® h extends to a unitary from the space of
Ind$, L to the space of IndS; s- L. Since V(f g) = f*V(g), this unitary provides
the desired equivalence. O

Theorem 5.9 (Induction in Stages). Suppose that (A, G, a) is a dynamical system
and that K and H are closed subgroups of G with H C K. If L is a representation
of A x|, H, then the representations

d$ L and Ind% Ind% L

are equivalent.

4We have more to say about w(s, H) in Lemma H.10 on page 461.
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For the proof we’ll have to look at the imprimitivity bimodules X%, XX and X§
from Theorem 4.22 on page 132. The space of Indg L is Xg ®Raxg Hr, and the
space of Ind% Ind% L is

XG @axr (Xif @axnm HL). (5.7)

Since we can view (5.7) as an iterated internal tensor product, Lemma 1.4 on
page 481 implies that (5.7) is isomorphic to

(XSG @asr XB) @awn Hr

where the map of A %), K into £(X}7) is given by N x v defined in Corollary 4.23
on page 133 (with K in place of G). Thus the technical part of the proof of
Theorem 5.9 on the previous page is provided by the following lemma.

Lemma 5.10. Let H, K, G and « be as in Theorem 5.9. Then there is an isomor-
phism @ of Hilbert A X, H-modules XE @anr XE and X§ deﬁned by the map
sending the elementary tensor f @ b € Co(G,A) ® Ce(K,A) C XG @axux XE to
f b€ XSG where C.(K, A) acts on the right of C.(G, A) via the action of A x
on X& given by (4.56) (with K in place of H).

OL‘K

Proof. We'll write v (¢) for (A (t)/Ag(t))z. To see that the indicated map is
isometric, we compute as follows:

(Fob,god ()=, ([ g, *c) (1)

—vHo/a (<><f 0, * ) dusi(2)

/ / v, @)
_ /K /K /G B (O (w)az [b(=)"a; (£(5)"g(sw))

which, after sending s +— sz~ !, is

///”YH WE (w)Ag(z™Ha SHb(2))as (f(s2 ) g(s2 w))

et (elw ™ 28)) dpire (w) dp (=) dacs(5)

which, after sending z — 271, is

///71{ WK w)Ag(2)Ax (2~ ) o, {asz(b(z_l)*)f(sz)*

9(320)tseus (el =™ 0)) | dusc () dpc (2) dpic (5)

which, after sending w +— 2z~ 'tw, is
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(/}; g(stw)asiw (C(w_l)),ﬂg(w) duK(w)” dug(s)

— 2§ (1) /G a7 (f ()9 - elst)) duc(s)
—(fbog-a(b)

H

To see that the map has dense range, it suffices to check that
{fb:feC(G,A) andbe C.(K,A)} (5.8)

is dense in C.(G, A) in the inductive limit topology. To see this, recall that we
can view C.(G, A) as a C.(G x G/K, A)— C.(K, A) pre-imprimitivity bimodule Z,
coming from the Symmetric Imprimitivity Theorem with respect to the module
actions and inner products given in (4.51)—(4.54). If we write f : b for the right
action of b € C.(K,A) on f viewed as an element in Zy, then it follows from
symmetry and Proposition 4.5 on page 113 that there is an approximate identity in
C.(K,A), {b; }, such that f: b; — f in the inductive limit topology on C.(G, A).
However if u(f)(s) := Ag(s)~2 f(s), then u(f : b) = u(f) - b. Therefore, f-b; — f
in the inductive limit topology, and (5.8) is dense as required. [l

Proof of Theorem 5.9. We define a unitary U to be the composition Us o Uy

U
XE @ (XE @axn Hp)—=(XE @asre XE) @awn Hr

Qe Us

XSG @asn Hr,

where Us is defined using Lemma 5.10 on the preceding page, and U; is defined
using Lemma 1.4 on page 481. Thus on elementary tensors

U(fe@®oh)=f-beh
Since

U oInd§ Indfy L(g)(f® (b®@ h)) =U(g* f @ (b@ h))
=(g*f)-beh,
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and since
(g% 1) bls) = /K g% F(52)se (b=~ ))1E () durc (2)
= [ [ atr)ar (107 2 s ()18 2) dak () dc(v)
GJK
= [omar ([ 167 s2000nn (o) din(2)) dia ()
- /G g (f - b(r15)) du (r)
=g+ (f-b)(s),
we have
U o Ind% Ind% L(g) = Ind%, L(g) o U.
This completes the proof. O

Having defined induced representations of A x,, G, it is natural to ask which
representations of A 3, G are induced from A x4, H for a given closed subgroup
H of G. Such results are usually called imprimitivity theorems, and the Symmetric
Imprimitivity Theorem and Green’s Imprimitivity Theorem derive their names from
the fact that they provide the key ingredient in answering the above question. The
following remarks will be helpful.

Remark 5.11. By identifying an elementary tensor ¢ ® @ with a function on G/H in
the obvious way, we obtain a map of Cy(G/H) ® A into Cyo(G/H, A). This extends
to an isomorphism of Co(G/H) ® A with Co(G/H,A) [139, Proposition B.16].
Using [139, Corollary B.22], we note that every representation R of Co(G/H, A) is
determined by a pair (n,7) of commuting representations n : Co(G/H) — B(H)
and 7 : A — B(H) such that

R(p ©a) = n(e)m(a). (5.9)
In particular, if kc,(g/m) and ka are the natural maps of Co(G/H) and A, re-
spectively, into M(C’O(G/H, A)), then = Ro kcoa/my and m = Roky. Since
commutative C*-algebras are nuclear ([139, Theorem B.43]), Co(G/H) @ A =
Co(G/H) ®max A, and every pair (n,m) of commuting representations as above
gives rise to a representation R = 1 ®max 7 satisfying (5.9) ([139, Theorem B.27]).

To cut down on distracting notation in the sequel, let Eg(A) be the imprimitiv-
ity algebra Co(G/H, A) X1t 9o G. Suppose that L is a representation of A, H.
Let X-Ind L be the representation of Ef(A) coming from Green’s Ef(A)— A Xy,
H-imprimitivity bimodule X = Xfl. Then by definition, X-Ind L acts on the space
of Ind% L, and
X-Ind L(F)(g ® h) :== M x v(F)(g) ® h,

where (M,v) is the covariant homomorphism giving the natural action of E%(A)
on X (Corollary 4.23 on page 133). As in Remark 5.3 on page 152, it follows that
X-IndL=(M®1)x (v®1), where

(M @1)(2)(g ®h) = M(2)(g) © h.
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In view of Remark 5.11 on the preceding page, we have M ® 1 = 1) ®pax © for
commuting representations n of Co(G/H) and 7 of A. On the other hand, by
Remark 5.3 on page 152, Ind% L = (N ®1) x (v®1). Since N = M ok, it follows
that N® 1= (M ® 1) o ka. Therefore, N ® 1 = m. We have proved the first part
of our imprimitivity theorem.

Theorem 5.12 (Imprimitivity Theorem for Crossed Products). Suppose that
(A, G,a) is a dynamical system and that H is a closed subgroup of G. If L is a
representation of A Xy, H and if X-Ind L = () @max 7) x U is the corresponding
representation of Green’s imprimitivity algebra EG(A) = Co(G/H, A) X100 G,
then Tnd$ L =7 x U.

In particular, suppose that R = m x U is a nondegenerate representation of
A xo G on H. Then R is unitarily equivalent to a representation induced from
A Xq), H if and only if there is a nondegenerate representation n : Co(G/H) —
B(H) such that nn and © are commuting representations, and such that (n,U) is a
covariant representation of (Co(G/H),G,1t).

Proof. The first assertion follows from the above discussion. Let R =7 x U and 7
be as in the statement of the theorem. Then it is straightforward to see that (7®max
m,U) is a nondegenerate covariant representation of (Co(G/H, A),G,1t ®a). The
integrated form is a representation of £ (A). Since X = X§ is a EG (A) ~ Ax,, H-
imprimitivity bimodule, R is equivalent to a representation of the form X-Ind L =
(7 ®max ™) ¥ U’ for some representation L of A x4, H ([139, Theorem 3.29]).
By the above, IndgL = 7/ x U’. Using Proposition 2.40 on page 59, we must
have 17 @max T equivalent to 17’ @max 7', and U equivalent to U’. This implies that
T = (N @max ™)~ 0 ka is equivalent to @’ = (' @max ) 0 ka. Thus R =7 x U is
equivalent to Ind%; L = 7/ x U’, which is what we wanted.

On the other hand, if 7 x U = Ind$ L, then X-Ind L = () @max 7) X U for some
representation n of Co(G/H). Tt is easy to see that 1 has the required properties. [
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Remark 5.13. The relationship between IndgL and X-IndL is made
explicit by the Imprimitivity theorem on this page.  Another take is as
follows.  Let (jc,(g/mH,4),Jc) be the canonical covariant homomorphism of
(Co(G/H, A),G,lt®a) into M(E$(A)). Then j4 = Joyc/m,.a) © ka is an
nondegenerate homomorphism of A into M (E§(A)) such that (j,jc) is a
covariant homomorphism of (4, G, ) into M (E§(A)). By checking on generators,
it follows that

(X-Ind L)~ o (4 % jo) = Ind$ L. (5.10)

It is also helpful to keep in mind that the natural identification of E§(A) with
K(X$) intertwines j/4; ¥ je with N x v.

5.2 An Example

Although Proposition 5.4 on page 153 gives a fairly concrete realization of an in-
duced representation, there is still plenty of work to do to make sense of specific



162 Induced Representations and Induced Ideals

examples. A case where we can give a fairly complete description is that of inducing
a character of an abelian group. We will use this material in Section 8.3.

Suppose now that G' is abelian. Then the Fourier transform ¢ +— ¢ extends to
an isomorphism of C*(G) onto Co(G) (Proposition 3.1 on page 82), where G is the
Pontryagin dual and

B(0) == /G o(5)o(s) dua(s).

If 7 is a character on G, then since we can identify C.(G) ® C with C.(G), the in-
duced representation L := Ind$ (7|z) acts on the completion of C.(G) with respect
to the inner product

(0| ¥ = / / BV (rt)r(t) duc (r) dyus (1) (5.11)

Of course, L(s)[p] = [lts ¢].

The left-regular representation of G on C.(G) C L?(G) is given by A(r)p(s) =
©(r=ts), and as a representation of C.(G), X is given by convolution: A(¢ )(<p)
¥ . Since (p x ¥) = @i, it follows that as a representation of Co(G), A is
equivalent to the multiplication representation M of Co(G) on L2(G) given by

M(g)f =gf.

Since A = Ind?e} ¢, a modest generalization of the above discussion is the following.
Recall that if H is a closed subgroup of an abelian group G, then H+ := {0 €

G:o(t)=1forallt € H}, and that we can identify H' with the dual of G/H
[56, Theorem 4.39].

Proposition 5.14. Suppose that G is a_locally compact abelian group and that
7€ G. If H is a closed subgroup, then Indg(ﬂH) is equivalent to the representation
M7 of Co(G) on L*(H*) given by

In particular,

ker(Indg(ﬂH)) ={f € Co(G): f vanishes on TH™ }.

Since r € G is, as a representation of CO(@), simply evaluation at 7, we get the
following result as an immediate corollary.

Corollary 5.15. If 7 € G and if H is a closed subgroup of G, then
ker(Indg(ﬂH)) C ker .

Proof of Proposition 5.14. We realize L := Ind$ (r|g) on the completion of C..(G)
as in (5.11). We can choose a Haar measure pg g on G/H such that for all
f € C.(G) we have

/f ) dpici(s /G/H/fst dyure (8) dpicy 1 (5).
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Then we define U : C.(G) — C.(G/H) by
U() () = /H FOrt)yr(rt) dp ().

Using a Bruhat approximate cross section (Proposition H.17 on page 466), we see
that U is surjective. Furthermore, interchanging the order of integration as needed,
we have

(U(0) | UW)) 126y = /G L OOTE diy (4

N /G/H /H /H o(st)(sv)T(tv™ ") dpg (t) dpp (v) dpgr (3)
N / / / G(s0)@(svt)(t) dpupr (v) dg (3) dpor (¢)
G/H

//¢ (t) duc (s) dum (t)

(P [¥)L
Therefore U extends to a unitary of Hy, onto L?(G/H). Also,

UL ) = [ Ls)elrt)r(rt) du(t)

H

:/ go(s_lrt)T(rt)d,uH(t)
H

=7(s)U(p)(s" - 7).

Therefore U intertwines L = Ind$ (7|y) with the representation R on L*(G/H)
given by

R(s)F(r) = 7(s)F (s ' - 7).
Since we can identify H+ with (G/HY", the Plancherel Theorem [56, 4.25] implies

that the Fourier transform induces a unitary V : L2(G/H) — L?*(H') given on
F e C.(G/H) by

V(F)(o) = o F(#)o(r) dugu (i) == F(o).

If ¢ € C.(G), then

and



164 Induced Representations and Induced Ideals

which, after interchanging the integrals and using the invariance of the Haar mea-
sure i/ to replace sTl.r=s"1rH = s 'HrH with ¢+ = rH, is

H
(F) ().

Thus VU intertwines L = Ind% (7|z) with the representation M7. The rest follows
easily. [l

[ | el F (o tsr) ducyn () dua (s
cla/
%

= @¢(ro

5.3 Inducing Ideals

If A is a C*-algebra, then Z(A) denotes the set of (closed two-sided) ideals in A.
The set Z(A) is partially ordered by inclusion: that is, I < J means I C J. Then
Z(A) is a lattice with I A J :=INJ and IV J is the ideal generated by I and J. It
is sometimes convenient to equip Z(A) with the topology with subbasic open sets
indexed by J € Z(A) given by

O;={IeI(A):J¢I}.

(Thus the open sets are the unions of finite intersections ({Oy : J € F'}; the whole
space arises as the intersection over the empty set F'.) It is important to keep in
mind that when restricted to Prim A, the O; form a basis for a topology — the
hull-kernel or Jacobson topology. In particular, the relative topology on Prim A as
a subset of Z(A) is the natural one.

We need the following result which is essentially contained in [139, §3.3].

Lemma 5.16. If H is a closed subgroup of G, then there is a containment preserv-
mng continuous map

Ind§ : Z(A ¥4, H) = Z(A x4 G) (5.12)
such that
Ind% ker L = ker Ind$, L (5.13)
for all nondegenerate representations of A X, H. Moreover
mdG J={feAx,G:Nxv(f)(X)c X -J}, (5.14)

where X = X§ is the Co(G/H, A) X ga G~ A X,
Theorem 4.22 on page 132, and (N, v) is the natural covariant homomorphism of
(A, G, a) into L(X) given in Corollary 4.23 on page 133.

H -imprimitivity bimodule of

Remark 5.17. The Cohen Factorization Theorem [139, Proposition 2.33] implies
that
X-J:=span{z-a:z€XandaecJ}={z-a:ze€Xandac J}.

In particular, we could replace X - J with X - J in formulas such as (5.14). However,
while this observation can be useful in certain cases, I have chosen to retain the
overlines for emphasis.
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Proof. The map Indg is defined on page 61 of [139] to be the composition of the
restriction map Resn o : Z(K(X)) — Z(A x4 G) and the Rieffel homeomorphism
X-Ind : Z(A x4, H) — Z(K(X)) where

Resnwol :={f€AxqaG: N xv(f)(K(X)) CI}.

Thus
Indf J ={f € AxqG:Nxv(f)(K(X)) C X-IndJ}. (5.15)

If J := ker L, then the right-hand side of (5.15) is the kernel of Ind$ L by [139,
Proposition 3.34].

We have (X-IndJ)-X = X-.J by [139, Proposition 3.24]. Since K(X) acts
nondegenerately on X, it follows that whenever f € Indg J, we have

N xu(f)(X) € X J.

On the other hand, if f € A x, G and z € X is such that N x v(f)(x) ¢ X- J,
then we can write z = Ty for y € X and T € K(X) by [139, Proposition 2.31], and
conclude that (N x v(f)T)y ¢ X - J. Thus

N xo(f)(K(X)) ¢ X-Ind J,

and we have proved (5.14).
The continuity of Ind% is proved in [139, Corollary 3.35]. It will also follow
from the next two lemmas. |

We take a slight detour to show that induction of ideals preserves intersections.
This will be useful in Section 8.1, and together with the following observation, it
also takes care of the continuity assertion in Lemma 5.16 on the facing page.

Lemma 5.18. Let A and B be C*-algebras with ideal spaces T(A) and Z(B), respec-
tively. If ¢ : T(A) — Z(B) preserves arbitrary intersections, then ¢ is continuous.

Proof. Notice that if I € {I; } in Z(A), then (), I C I. (If not, then On, 1. is a
neighborhood of I which is disjoint from { I }.) If ¢ preserves intersections and
I C J, then o(I) = p(INJ) = o) Np(J) C p(J). Therefore ¢ also preserves
containment. If { I} is a net in Z(A) converging to I, it will suffice to see that
{¢(Ix) } is eventually in any basic neighborhood O; of ¢(I). If this fails for an
ideal J, then we can pass to a subnet, relabel, and assume that ¢(Iy) ¢ O for all
k. Since ¢(I) D J for all k and since I, — I implies that (I C I, we have

o(Il) D (p(ﬂ Ik) (since @ preserves containment)

= ﬂ ©(I) (since ¢ preserves intersections)

D J.

But this contradicts our choice of J. O
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Lemma 5.19. Suppose that (A, G,a) is a dynamical system, that H is a closed
subgroup of G and that { Iy, }rex is a (possibly infinite) family of ideals in (A x

H). Then
Indg( N Ik) = () nd§, L.
keK keK
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Proof. Let X = X% be the Co(G/H, A) X1y 00 G— A X o, H-imprimitivity bimodule
of Theorem 4.22 on page 132. Then the result will follow immediately from (5.14)
once we verify that

Xk = (X T (5.16)

Since the right-hand side of (5.16) is a closed sub-bimodule of X and since the
Rieffel correspondence [139, Theorem 3.22] establishes a bijection between closed

submodules of X and ideals in A x|, H,
X T =X,
where
Jz{(a:,y>MH ::cEXandyeﬂX-Ik}.
But

X OXT), Nk

ﬂx-—lkzﬁcx-ﬂfk.

Since the other containment is clear, we’re done. [l

and therefore

Remark 5.20. One can also prove Lemma 5.19 by showing that Indg preserves
direct sums. Then the result follows from (5.13).

5.4 Invariant Ideals and the Induction Process

If I is an a-invariant ideal in A and if H is a closed subgroup of G, then we’d like to
see that the decomposition of Ax,G given in Proposition 3.19 on page 93 is compat-
ible with the inducing process. We continue to write E§(A) for the imprimitivity
algebra Co(G/H, A) X1t 9o G, and similarly with ES (1) := Co(G/H, I) X1t o G and
EG(A/I) := Co(G/H, A/T) Xy, gqr G. Let X§ be the EG(A)— A %, H-imprim-
itivity bimodule of Theorem 4.22 on page 132. We also have a Eg([) =1 ¥y, H-
imprimitivity bimodule Y§ and a EG(A/I)— A/T X q1|, H-imprimitivity bimodule
Z%. As usual, we'll write Xo, Yo and Z for the dense subspaces C..(G, A), C.(G, I)
and C.(G, A/I) of X§, Y& and Z%, respectively.

Now suppose that L is a nondegenerate representation of I x,, H. Let
Y-Ind$ L be the representation of I x, G induced via Y&, Since Y-Ind§ L is

. . —G
nondegenerate, it extends to a representation Y-Indy L of A x4 G. On the other
hand, L has a canonical extension to a representation L of A, and we can form
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Xflndg L. Naturally, we expect that YfmgL and Xflndgli are equivalent.
Proving this requires untangling a bit of the machinery of the Rieffel correspon-
dence as described in [139, §3.3]. Recall that if X is any E— A-imprimitivity
bimodule and I € Z(A), then X - I is a closed E— A-sub-bimodule of X. The Rieffel
map X-Ind : Z(A) — Z(F) sending I to

is a lattice bijection ([139, Proposition 3.24]), and X - I is a X-Ind I — I-imprimi-
tivity bimodule with respect to the inherited actions and inner products. ([139,
Proposition 3.25]).

Proposition 5.21. Suppose that (A,G,«a) is a dynamical system and that I is
an a-invariant ideal in A. If we identify EG(I) with the ideal Ex(Co(G/H,I)) in
E$(A), then

EG(I) = X-Ind(I x,, H),
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and Xrsg = X§ - (I ¥qy, H) is a EG(I) —1 X, H-imprimitivity bimodule. The
inclusion of C.(G, I) into C.(G, A) induces an imprimitivity bimodule isomorphism
of Y§ onto Xrsm. If L is a nondegenerate representation of I Moy H, then

_G —
Y-Ind; L and X-Ind$ L
are equivalent representations of A X, G.
We need a simple observation.

Lemma 5.22. The submodule Xy g is the closure of C.(G,I) in Xg.

Proof. Using Equation (4.56) of Theorem 4.22 on page 132, it is easy to see that
f - b belongs to C.(G,I) when f € C.(G,A) and b € C.(H,I). Thus we have

X (I gy H) C Co(G,I). Let {u;} C C.(H,I) be an approximate identity for
Ixg,, H. Thus bxu; — band u; b — b in I x4, H, and therefore in A x H

forall be C.(H,I). If f € C.(G,I), then (f, f) . € C.(H,I) and

AX

alg 11

If - wi = flixg =

lwis (f 5 £), ¥ = ), xwe—wix (F ) 0,

tends to zero as 7 increases. Since each f-u; € X- (I x4, H), we have C.(G,I) C
Xism- This completes the proof. O

Proof of Proposition 5.21. Since we have identified E(I) with the corresponding
ideal in EG(A), it follows from (4.58) in Theorem 4.22 on page 132 that

(f,9) = (f,g) forall f,ge C.(G,I). (5.17)

EG (1) Bg(4)

Since

X-Ind% (I x4, H) =

EG(A)

(Xrxw > XrxmH)

alg
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and since C.(G,I) is dense in Xy, it follows from (5.17) that
X-Ind§ (I %), H) = EG(I) = Co(G/H,I) 1y ga G,

and Xyypg is a EIG{ (-1 Xl H-imprimitivity bimodule as claimed.

It now follows from Lemma 5.22 on the previous page and (5.17) that the in-
clusion map induces an isomorphism ®; of Yg onto Xy H-

Notice that each T € L(X§) is I X o), H-linear so that Xy g is an invariant
subspace for T'. Thus restriction gives us a map 7 : L(X§) — L(Xrspm). If (N4, v4)
is the covariant homomorphism of (A4, G, a) into £(X) given in Corollary 4.23 on
page 133 and if f € I X, G (which we view as an ideal in A X, G), then

N vl (f) = @7 or(N xv?(f)) o @;.

Thus Yfmg L is equivalent to the representation on Xy Q7w Hr given by the
left-action of A x4 G on Xyywp.

On the other hand, Xflndg L acts on Xfl ®AxH Hr by the left-action of Ax,G
on Xg If fl,...,fn,gl,...,gn S CC(G,A) C Xg and if bl,...,bn,cl,...,cn S
Ix H, then

OL‘H

(X i Libh | 305 @ Lieghs) = S o(L(gy -5 fi-bi), )i | )
= Z(L(<gj ¢ fi 'bi>MH)hi | kj)
- (Zfi'bi‘g’hi | Zgj'cj®kj)-

Since L is nondegenerate, it follows that
Zfi ® L(bi)h; — Zfz ~bi @ hy

extends to a unitary isomorphism of X ® 4 g Hy, onto X;wg 1y g Hy intertwining

the left A x, G-actions. This proves that Yfmg L and Xflndg L are equivalent.
O

If R is a representation of A/I x|, H and if j7 . A Moy H — AJT xor,, H is
the quotient map as in Proposition 3.19 on page 93, then Ro j¥ is a nondegenerate
representation of A x|, H. On the other hand, Zflndg R is a representation of
A/I x4 G, and we want to compare

X-Ind%(Roj) and (Z-Ind$ R)o j°,
where j¢ : Ax, G — A/Ix,1G is the quotient map. To do this, we’ll want to work
with the quotient module X"*# := X% /X; g which is a EG(A)/EG(I)— A X,
H/I x4, H-imprimitivity bimodule by [139, Proposition 3.25]. Proposition 3.19
on page 93 allows us to identify A x,, H/I x H with A/I 41, H, and
EG(A)/EG(I) with Co(G/H, A)/Co(G/H,I) X 14 ) FE D G. The latter crossed

product can then be identified with E§(A/I) in view Lemma 3.18 on page 93.

alg



5.4 Invariant Ideals and the Induction Process 169

Proposition 5.23. Suppose that (A,G,«a) is a dynamical system and that I is
an a-invariant ideal in A. If we identify EG(A)/ESG(I) with EG(A/I) as above,
then the natural map ¢ of C.(G,A) onto C.(G,A/I) given in Lemma 3.18 on
page 93 induces an imprimitivity bimodule isomorphism of XI*H onto Z$%. If R is
a nondegenerate representation of A/I 41, H and GH Axgy, H— A/l Not)y H
is the quotient map of Proposition 3.19 on page 93, then

alg

X-Ind%(Ro ) and (Z-Ind% R)o j©
are equivalent representations of A xo G. Furthermore, we always have
I % G CInd§(I x4, H)
with equality if and only if the canonical map NA/T xvA/T of A/ %1 G into L£(Z%)
is faithful.

Remark 5.24. In Section 7.2, when we define the reduced crossed product A %, G,
we will prove in Lemma 7.12 on page 199 that A/I .1, G = A/I x,: G if and only

if NA/T 5 vA/T s faithful, and therefore if and only if Ind (I x4, H) = I x4 G.

Thus it will follow from Theorem 7.13 on page 199, that Ind% (I Moy H) =10 G
whenever G is amenable.

Proof. As described above, we view X/ as a E(A/I)~ A/I %41, H-imprimi-
tivity bimodule using [139, Proposition 3.25]. If ¢ : X — X'*H is the quotient map,
then the inner products on X/*# are given by

(a(f) - a9)), ., =3i"(f9,,,) and

A/TuH
sooandf)a(9) =7 ( , (f - 9)),
where j is the composition of the maps
Ef(A) — g%((?)) gi(((é//é%) X s omyPin G — EG(A/T)
SR P
Since, for example,
i(fe), ) =) d(9)

)
AXH A/I><1QIG

¢ is isometric and induces an isomorphism of ®f : X/*H _ Zfl as claimed.

Let (NA/T vA4/T) be the covariant homomorphism of (A/I,G,a!) into £(Z$)
given by Corollary 4.23 on page 133. Since each T € L(X§) is I X, H-linear,
we get a map p : £(X) — L(X*H) given by p(T)(q(f)) := q(Tf). Then for all
feAx,G,

(@)~ o (NAT s v TY(jE(f)) 0 @ = po (N4 x v™)(f). (5.18)
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Since (5.14) of Lemma 5.16 on page 164 implies that

Indf (I x4, H) = ker(po (N* x v?)),

alg

we have
Indf (I X o), H) = ker (N x0Ty 0 j9),

and it follows that

ker j¢ = ExI =1 x4 G C nd$ (I xy,, H),

alg

with equality if and only if N4/7 x vA4/7 is faithful.
Furthermore, (5.18) implies that (Z-Ind$ R) o € is equivalent to the repre-
sentation L of A x, G on X/*H ®a/1x1 Hr given by left multiplication: that is,

L(f)(q(g) ® h) = q(f * g) @ h.
On the other hand, X-Ind% (R o j7) is the representation of A X, G acting on

Xg Raxyg Hgr by left multiplication. Since

(foh|lgok) = (Roi"((g,f), )
= (R((a(9) , a(), ,..)
= (a(f)®h|alg) @ k),

h|k)
h| k)

the map f ® h +— q(f) ® h extends to a unitary isomorphism of X§ ® g Hg onto
XIxH ®a/1xH Hr intertwining the A x, G-actions. This shows that

X-Ind%(Roj7) and (Z-Ind$ R)o j¢

are equivalent as claimed. O

Notes and Remarks

The notion of an induced representation goes back to Frobenius [58]. Our jumping
off point is Mackey’s theory for locally compact groups [102-104]. Blattner extended
the theory to general locally compact groups in [10]. Rieffel recast that theory in
terms of Hilbert modules and Morita equivalence beginning with [145]. There is
an extensive treatment of the whole subject with complete references in [55, Chap.
XTI & XII]. Using a “Mackey-like” approach, Takesaki extended the theory to crossed
products in [162]. The treatment in this chapter is based on Green’s “Rieffel-like”
theory of induced representations and ideals from [66].



Chapter 6

Orbits and Quasi-orbits

As we continue to uncover the general structure of crossed-products, we will find
that a great deal of information is encoded in the stability groups for the action of G
on Prim A, and in the topology of the orbit space G\ Prim A. This is a particularly
powerful paradigm in the case of transformation group C*-algebras. Although the
theory is more difficult in the general case, due to the appearance of projective
representations of the stability groups arising from Mackey obstructions, it is still
a central feature of the Effros-Hahn conjecture that much of the ideal structure
can be understood from the stability groups and orbit structure. Since we want to
consider general dynamical systems, we will have to pay attention to G-spaces such
as Prim A which fail to be Hausdorff.

6.1 The Mackey-Glimm Dichotomy

Earlier, we remarked that the orbit space G\X of a locally compact G-space X
was either pathological as in Example 3.26 on page 95, or enjoyed a number of
reasonable regularity conditions. It is time to address this vague assertion. There
are a number of conditions one might want to impose on a G-action. On the
one hand, we can ask that the orbit space G\X have a well-behaved topology.
However, examples show that requiring G\ X to be Hausdorff is too restrictive. As
a minimum requirement, recall that a topological space is said to be Tj (or, if you're
being formal, a topological space is said to satisfy the T axiom of separability) if
given distinct points p and ¢, there either exists an open set containing p and not
g or there exists an open set containing g and not p. (Alternatively, distinct points
must have distinct closures.) The textbook example of a Ty topological space is
the real line equipped with the topology whose nontrivial open sets are (a, o) for
a € R. The orbit space for Example 3.26 on page 95 is not Ty, while that for
Example 3.32 on page 96 is.

It should be kept in mind that the primitive ideal space Prim A of a C*-algebra
A is locally compact [28, Corollary 3.3.8], and although usually not Hausdorff,
it is always at least a Tp-topological space [110, Theorem 5.4.7]. The primitive
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ideal space of GCR or postliminary C*-algebras (see the discussion on page 221 of
[139]) always have a dense open subspace which is Hausdorff ([28, Theorem 4.4.5]
or [126, Theorem 6.2.11]).! Since quotients of GCR algebras are GCR, it will
follow from Lemma 6.3 on the next page and the correspondence between closed
subsets of Prim A with the primitive ideal spaces of the corresponding quotient,
that the primitive ideal space of GCR C*-algebras are “almost Hausdorfl” in the
sense defined below.

Definition 6.1. A not necessarily Hausdorff locally compact space X is said to
be almost Hausdorff if each locally compact subspace V' contains a relatively open
nonempty Hausdorff subset.

Note that with the exception of Example 3.26 on page 95, the orbit spaces
in our examples have all been almost Hausdorff. We’ll have more to say about
almost Hausdorff spaces in Lemma 6.3 on the next page. (In particular, an almost
Hausdorff space has a dense open Hausdorff subset as in Example 3.32 on page 96.)

Instead of focusing on the topology of G\ X, we might want the orbits themselves
to have nice properties. For example, if X is any G-space and if x € X, then
sG, +— s-x is a continuous bijection of G/G,, onto the orbit G - z, and it would be
reasonable to insist that these maps always be homeomorphisms. As Example 3.26
on page 95 shows, this need not always be the case. Another property we can
ask of the orbits is that they at least be “nice” subspaces of X (in the relative
topology). For example, we might want them to be locally compact which, at least
when X is Hausdorff, is equivalent to insisting that they be locally closed subsets
of X (Lemma 1.26 on page 6).2 (Or, more simply, we want each G -z to be open in
its closure G - z.) A generally weaker condition is that each orbit be a Baire space.?
Any locally compact Hausdorff space is a Baire space [168, Corollary 25.4], and any
G's subset of a locally compact Hausdorff space is again Baire [168, Theorem 25.3].4
It is easy to see that if a Baire space is the countable union of closed subsets, then
at least one of these sets has nonempty interior.®

As our next theorem implies, all the above properties on our wish list for the
orbits and orbit space are guaranteed provided the orbit space is tolerably nice and
that the spaces involved are second countable.® Our result is a simplified version
of results due to Glimm [59] and extended to a wider class of G-spaces by Effros
[46,48]. However, as examples such as Example 3.33 on page 97 show, some sort
of separability is crucial. Although the full results extend the dichotomy to the

1When we assert that U is a Hausdorff subspace of a space X, we are asserting that distinct
points in U have disjoint neighborhoods in U. It does not follow that distinct points in U have
disjoint neighborhoods in X.

2Tt is not hard to modify Lemma 1.26 to show that locally compact subsets of an almost
Hausdorff locally compact spaces are necessarily locally closed.

3Recall that Y is a Baire space if the countable intersection of open dense subsets of Y is again
dense.

4The result is proved for almost Hausdorff locally compact spaces in Lemma 6.4 on page 175.

5A subset A of a topological space Y is said to be of first category if can be written as a
countable union U F,, with each F,, having empty interior. Otherwise a set is said to be of second
category. A space is Baire if and only if every open subset is of second category.

6Classically, G-spaces with these regularity properties were called smooth.
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underlying Borel structure (cf. Appendix D.2 on page 374) and trace their origins
back to Mackey’s pioneering work [105], we’ll restrict to the topological issues here.

Theorem 6.2 (Mackey-Glimm Dichotomy). Suppose that X is a second count-
able almost Hausdorff locally compact G-space with G locally compact and second
countable. Then the following statements are equivalent.

(a) The orbit space G\X is a Ty topological space.

) Each orbit G - is locally closed in X .

(¢) Fach orbit is a Baire space in its relative topology in X .
)

For each x € X, the map sG, — s -z is a homeomorphism of G/G, onto
G- x.
(e) The orbit space G\X is almost Hausdorff.

Before beginning the proof we need a couple of lemmas. The first is of some
interest in its own right. It says, in particular, that almost Hausdorff spaces really
are very close to being Hausdorff. Most importantly, it says that we can always
find a dense open relatively Hausdorff subset. However, the complement has a
dense open relatively Hausdorff subset, and so on. Unfortunately, this process, at
least in theory, can continue infinitely, and, even if the number of sets involved
is countable, the structure can be too complicated to allow us to naturally index
the resulting sets by positive integers. Instead, the natural indexing is provided
by a set I' = {a < v} of ordinals. This means that I" is a totally ordered set
in which each nonempty subset S C I' has a smallest element min S € S. We let
0 := minT. Note that each element o € I' \ {v} has an immediate successor
a+1l:=min{Ae€T: A >a}. An element @ > 0 has an immediate predecessor if
there is an element o such that o/ +1 = «. An element « without an immediate
predecessor is called a limit ordinal. One says v is finite if I'p :={a: 0 < a < v}
is finite in which case v can be identified with the subset of integers 0 < k < n for
a positive integer n. We say that 7 is countable if I'y is countable. Notice that I'g
can still contain limit ordinals even if 7 is countable.

Lemma 6.3. Suppose that X is a not necessarily Hausdorff locally compact space.
Then the following are equivalent.

(a) X is almost Hausdorff.

(b) Every nonempty closed subspace of X has a relatively open nonempty Haus-
dorff subspace.
(¢) Every closed subspace of X has a dense relatively open Hausdorff subspace.
(d) There is an ordinal v and open sets { U, : a < v} such that
(i) a < B <+ implies that Uy C Ug,

(il) «a <~y implies that Uy11 \ Uy, is a dense Hausdorff subspace of X \ U,.
(iil) 4f 8 is limit ordinal, then

Us = U Uoca

a<d
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(iv) Up=0 and U, = X.
(e) FEwvery subspace of X has a relatively open dense Hausdorff subspace.

Furthermore, if X is a second countable almost Hausdorff locally compact space,
then we can take ~ to be countable in part (c).

Proof. Clearly (a) = (b). Suppose (b) holds and let F' be a nonempty closed
subset of X. By assumption there is an open subset V' C X such that V N F is
nonempty and Hausdorff in F'. A simple Zorn’s Lemma argument implies there is
a maximal such V. We claim that V' N F is dense in F. Suppose not. Then F \V
contains an open subset of F'. Thus there is an open set W C X such that WNF is
a nonempty and contained in F' \ V. By assumption, W N F' contains a nonempty
relatively open Hausdorff subset which must be of the form W’ N (W N F) for some
open subset W/ C X. T W' NWNF =0, then X ~ W’ is a closed set containing
W N F. This is nonsense as it implies W/ N (W N F) = (. Therefore W' NW NF is
nonempty open Hausdorff subset of F'. Let V' := VU (W’'NW). Since W NWNF
and V N F are disjoint, V' N F is Hausdorff. Since V' C V', this contradicts the
maximality of V. Thus V is dense and we’ve proved that (b) = (c).

(¢) = (d): We proceed by transfinite induction. Let Uy := @), and suppose
that U, has been defined for all &« < 3. Suppose that 3 is not a limit ordinal and has
an immediate predecessor B_. If Us_ = X, then we're done. Otherwise, X \ Ug_
is a nonempty closed subset and by assumption there is an open set V' C X such
that (X ~\ Ug_) NV is dense and relatively Hausdorff in X \ Ug_. Therefore we
can set Ug :=V UUg_.

If 3 is a limit ordinal, then we can set

Ug = U Ua.

This completes the induction and the proof that (¢) = (d).

(d) = (e): Let {Us }a<y be as specified in the lemma. Let S C X be
any nonempty set. Let § be the least ordinal such that SN Ug # 0. If 8 were
a limit ordinal, then SN J,.3Ua # 0 implies that SN Uy # 0 for some a < 3
which contradicts our choice of 3. Thus, 8 has an immediate predecessor S_, and
SNUz. =0. Then @ # SNUz = SN (Us~ Ug_) is an nonempty open Hausdorff
subset of S. It follows that S has a maximal open Hausdorff subset V. If V is not
dense in S, then S has a nonempty open subset S’ disjoint from V. By the above,
S’ has a nonempty open Hausdorff subset V’. Since V and V' are disjoint open
subsets of S, V' UV’ is Hausdorff. This contradicts the maximality of V. We have
shown that (d) = (e), and (¢) = (a) is trivial.

Now assume that X is a second countable almost Hausdorff locally compact
space. Let { U, }a<y be as in (c), and let { P, }22; be a countable basis for the
topology on X. Since each U, is a union of P,’s, there is at least one n such that
P, C Uyy1 while P, N (Ugpy1 N\ Uy) # 0. Let n(a) be the least such integer. If
«a < [, then Pn(a) C Uay1 C Ug so that Pn(a)ﬂ(U5+1 \Ug) = (. Thus n(a) # n(B)
and « — n(a) is a one-to-one map into N and { & < v} must be countable. O

Now we record some topological technicalities for use in the proof of the theorem.
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Lemma 6.4. Fvery Gs subset of an almost Hausdorff locally compact space X is
a Baire space in its relative topology.

Proof. We first observe that X itself is Baire. Let G,, be a dense open subspace of
X forn=1,2,3,.... By Lemma 6.3 on page 173, X has an open dense Hausdorff
subspace U. Then U is a locally compact Hausdorff space, and therefore a Baire
space. Therefore

Ao
n=1

is dense in U, and it follows that (|G, is dense in X. Thus X is a Baire space.

Now assume that U, is open in X for n = 1,2,3,..., and that A = U, is
a Gs subspace of X. Since A is an almost Hausdorff locally compact space, we
can replace X by A and U, by U, N A. Thus we can assume that A is dense in
X, and that each U, is open and dense in X. Now assume that G,, is open and
dense in A forn =1,2,3,.... Then there are open dense subsets J,, of X such that
G, = J, N A. Since X is a Baire space, (|(U, N J,,) is dense in X. But

Un N J) =(UnN ()T
=An(\Jn
= (G-
It follows that () G, is dense in A. This completes the proof. O

Lemma 6.5. A second countable locally compact Hausdorff space X is completely
metrizable; that is there is a complete metric on X inducing the given locally com-
pact topology on X.

Remark 6.6. A completely metrizable second countable space is called a Polish
space. Thus the lemma simply says that second countable locally compact spaces
are Polish.

Proof. The Urysohn Metrization Theorem [168, Theorem 23.1] certainly implies
that X is metrizable. To get completeness requires a bit more.

Let X be the one point compactification of X, and let 7 = { U, } be a countable
basis for the topology on X. We can also find compact sets K, such that K, belongs
to the interior of K1, and such that

X = K,.

1C3

Note that the requirement on the interiors implies that any compact set in X is
contained in some K,,. By definition, 3 = { X \ K, }°°; are open neighborhoods
of oo in XT. In fact, any neighborhood V of co must contain a neighborhood of
the form X \ K for K C X compact. But then there is an n such that

XtTNK,CXTNKcCV.
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It follows that 7 U 3 is a countable basis for X . Therefore X is a second count-
able compact Hausdorff space. It follows that X T is regular, and then Urysohn’s
Metrization theorem implies that X is metrizable. Since any metric on a compact
space is complete, X is completely metrizable. Since X is open in X T, it too
is completely metrizable by [168, Theorem 24.12]. To see this directly, let d be
the metric on X and define f(s) = 1/d(s,o0). Then f is continuous on X, and
s+ (s, f(s)) is a homeomorphism of X onto its image in the complete metric space
XT x R. Tt is not hard to see that this image is closed, and a closed subset of a
complete metric space is still complete. O

Lemma 6.7. Suppose that X is a second countable almost Hausdorff locally com-
pact G-space, that N is a compact neighborhood of e in G and that P and U are
open Hausdorff subsets in X such that N - P C U. If there is a x € P such that

N-zNPCG-zNP,
then there is a neighborhood V of x such that N- VNP 5 G-z NP.

Proof. Let { V4 } be a countable neighborhood basis at « of open sets with V11 C
Vi. f G-zNP C N-ViNP for all k, then given s-x € G-xN P, there exist ny € N,
v € Vi such that ng - vx = s-x. Since N is compact, there is a subsequence N,
converging to n € N. Furthermore, vy — x. Since s-x and n - x are contained in
the Hausdorff set U, it follows that n-x = s-z. This implies N-aNP =G -z N P.
The result follows. O

Lemma 6.8. Let ¢ : X — G\X be the orbit map. Then

¢ ({a(@)}) =Gz

Proof. Since ¢ *({q(z)}) is a closed set containing G - z, we clearly have

¢ '({q(xz)}) D G-x. However, X \ G-z is a G-invariant open set and

¢(X NG - z) is an open set disjoint from ¢(z). Thus { ¢(z) } C ¢(G - z) which gives
the other inclusion. O

Proof of Theorem 6.2 on page 173. We'll show that
(@) = (c) = (d) = (e) = (b) = (a).

We'll start with (a) = (¢). Fix u = ¢(x) in G\X. By Lemma 3.35 on page 97,
there is a countable basis { U,, } of open sets for the topology on G\ X. Let

] Un if u € U,, and
"TUVG\X N U, ifu ¢ U,.

Clearly, u € () B,. Suppose v # u. If there is an open set V containing u and
not v, then there is a Uy such that u € U, C V. It follows that v ¢ () B,.
Similarly, if there is a W containing v but not w, then there is a Uj such that
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v € Uy C W. Again, it follows that v ¢ (] B,,. Since G\ X is a T} space, we always
have () B,, = { u }. Consequently,

G-z=q"(u)={g "(Bn).

Since each ¢~!(B,,) is either open or closed, it follows easily that G - x is the
intersection of a G5 subset of X with a closed subset of X. Since any closed subset
of X is an almost Hausdorff locally compact space, G - x must be a Baire space by
Lemma 6.4 on page 175.

(¢) = (d): Fix x € X. Since the natural map of G — G/G, is open and
continuous, it will suffice to show that V' - x is open in G - x whenever V is open in
G. We claim it suffices to see that N - x has nonempty interior in G - £ whenever
N is a compact neighborhood of e in G. To prove the claim, let s € V. Choose
compact neighborhoods P and N of e in G such that sP C V and N"'N C P. By
assumption, there is a r € N such that r-z € int(N-x). (Here, int(N -z) will always
denote the interior of N -z in G -z.) Since multiplication by 7 and 7~! continuous,
it follows that multiplication by r~! is a homeomorphism of G - z onto itself, and
z € int(r~'N -z) C int(P - z). Similarly, this implies s -2 € int(sP-z) C V - x.
Since s € V was arbitrary, V - z is open in G - z. This establishes the claim.

Let N be a compact neighborhood of e in G. Since X is almost Hausdorff,
G - z has an open dense Hausdorff subspace V' (Lemma 6.3 on page 173). Since
multiplication by elements of G induces a homeomorphism of G - x to itself, we can
assume that x € V. Since V is a dense open subspace of a Baire space, V' is a Baire
space. As s — s - is continuous from G to G - z, there is an open neighborhood
U of e in G such that V = U - z. Since G is second countable, there are compact
neighborhoods { V,, }22; of e in G and { s, }72; in G such that each V;, C N and
U=U",5.V,." Thus

o0
V:U-x:Uann~x. (6.1)
n=1
Since each V,, is compact, each s,V, - x is compact in the Hausdorff space V.
Therefore (6.1) is a countable union of closed subspaces of V', and since V' is Baire,
at least one of these sets, say s, Vi, - x, has interior in V' — and therefore in G - x.
Multiplying by s, !, we see that V,, - @ C N - x has interior as required.

(d) = (e): In view of Lemma 6.3 on page 173, it suffices to see that every
nonempty closed subset of G\ X has a nonempty relatively open Hausdorff subset.
But if F € G\X is closed, then ¢~ !(F) is a second countable almost Hausdorff
locally compact G-space in which each orbit is homeomorphic to G/G, via the
natural map. Therefore, it will suffice to see that G\X has a nonempty open
Hausdorff subspace.

Let U be a nonempty Hausdorff open subspace of X. If x € U, then there is a
compact neighborhood N of e in G and an open neighborhood Py of x such that

"Let { Vi, } be a countable neighborhood basis for e consisting of compact neighborhoods of e
such that V;, C N. If { si } is dense in G, then given any open set W and s € W, there is a n such
that sanlV'n C W and a k such that s, € sV{l. But then s € s Vy, and s, Vi, C sV{an cw.
This suffices as the collection { s; V5 } is countable.
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N - Py C U. We make the following claim: if (d) holds and if N and P, are as
above, then there is a nonempty open set P C Py such that

N-zNP=G-zNP forallz e P. (6.2)

We prove the claim. Suppose no such set P exists. Since U is a second countable
locally compact Hausdorff space, there is a metric d on U compatible with the
topology on U (Lemma 6.5 on page 175). If A C U, then dia A := sup{d(x,y) :
x,y € A}. Following Effros’s argument in [46, p. 48], we will inductively define a
sequence { P, }22; of open subsets of Py and elements { s, }22; C G such that

(a) the closure of P41 in U is compact and is contained in P,
(b) dia(P,) < 2 for all n > 1, and
(C) Sn+1pn+1 CcP,~N- Pn+1.

Let Py be as above, and assume that we have defined { Py }}_, and {s; }}_,. By
assumption, there is at least one = € P, such that

N-zNP, CG-xzNP,.

It follows from Lemma 6.7 on page 176, that there is a compact neighborhood M
of x in P, such that G-z NP, ¢ N - M N P,. Thus there is a s,41 € G such that

Spt1-x € Py~ N - M. (6.3)

Since N and M are compact, N - M is a compact subset of U, and therefore closed
in U. Thus the right-hand side of (6.3) is open, and since G acts continuously on
X, there is a open neighborhood P, ;1 of  such that

Sn+1'Pn+1CPn\N'M.

Since U is a locally compact Hausdorff space, we can shrink P, a bit, if necessary,
and arrange that the closure of P,, ;1 in U is contained in P,NM and that dia P41 <
1

R Then we also have

Sn_;,_l'PnJ,_lCPn\N'MCPn\N'Pn+1.

Continuing in this way, we get our sequences { P, } and { s, } as required. Since
the closure of P, 41 in U is compact and contained in P,, and since dia P,, — 0, it
easy to see that there is a g € X such that

{,To}: ﬂpn

n=0

Furthermore, s,4+1 - g € P, for all n, and it follows that s, - z¢ — xg. However,
condition (c¢) implies that for all n, s, - ©g ¢ N - xo. This means N - z( is not a
neighborhood of xy which contradicts the openness of the map sG, — s-x¢. Thus
we have established the claim.

Now let N and P be as in (6.2). It suffices to see that ¢(P) is Hausdorff in
G\X. To prove this, we’ll show that a convergent sequence in ¢(P) has a unique
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limit in ¢(P). Let {p;} be a sequence in ¢(P) converging to both ¢(z) and ¢(y)
for z,y € P. Since ¢ : X — G\ X is open we can use Proposition 1.15 on page 4,
pass to a subsequence, relabel, and assume that there are x; € X with ¢(z;) = p;
and x; — xz. Since ¢q(z;) — q(y), we can apply Lemma 3.38 on page 98, pass to
subsequence, relabel, and assume that there are s; € G such that s; - z; — y. Since
P is a neighborhood of x, we can assume the z; are eventually in P. Therefore we
eventually have
N-z;"NP=G-z;NP.

Thus we can assume that the s; are eventually in the compact neighborhood N.
Thus we can pass to a subsequence, relabel, and assume that s; — s in N C G.
Thus s; - z; converges to s -z as well as y. Since N-P C N - Py C U, both y and
s -z are in the open Hausdorff set U. Therefore y = s -« and ¢(x) = ¢(y). This
completes the proof that (d) = (e).

() = (b): In view of Lemma 6.8 on page 176, it suffices to see that for each
veG\X, {v}isopenin {v}. But G\X almost Hausdorff implies { v } has a dense
Hausdorff open subset C. Since C' C m, every neighborhood of every point in C'
must contain v. Therefore v € C'. Suppose that u is a point of C' distinct from v.
Since C' is Hausdorff in its relative topology in {—v}7 there must be an open set U
in {v} which contains v and not v. But then u ¢ {v} which is nonsense. Thus
C ={wv}, and since C is open, we're done.

(b) = (a): Suppose that ¢(z) and ¢(y) are distinct points in G\X. Then G-z
and G -y are distinct orbits in X. Suppose that G-2 NG -y =0. Then X \ G -z
is an open G-invariant set disjoint from G - z. Therefore ¢(X \ G - z) is an open
set in G\ X containing ¢(y) and not containing ¢(x).

If, on the other hand, G-z NG -y # 0, then, as both sets are G-invariant, we
must have G -y C G - x. By assumption, there is an open set U C X such that
UNG - z=G-2. ThusUNG-y=0. Let

v=|JsU=G-U
seG

Since G -z, G -y and G - z are G-invariant, we still have
VNG -z2=G-xz and VNG-y=0.

Since V is open and G-invariant, ¢(V') is an open set in G\ X which contains ¢(z)
but not ¢(y). This shows that G\ X is a Tj topological space.
This completes the proof of the theorem. O

6.2 The Res Map and Quasi-Orbits

If (A,G,«) is a dynamical system, then the structure of the G-space Prim A (cf.
Lemma 2.8 on page 44) is an important tool in understanding the ideal structure.
In general, Prim A need not be almost Hausdorff so Theorem 6.2 on page 173 will
not apply without some additional hypotheses. Nevertheless, we will need to look
carefully at the orbit space G\ Prim A. Since the primitive ideal space of A x, G,
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or of any C*-algebra, is always a Tj topological space, the sort of information about
Prim A x, G we expect to glean from G\ Prim A will come from a topological Tp-
quotient of the orbit space which we call the Tp-ization (for lack of a better term).

Definition 6.9. If X is a topological space, then the Ty-ization of X is the quotient
space (X)~ = X/~ where ~ is the equivalence relation on X defined by z ~ y if
m = m We give (X)~ the quotient topology, which is the largest topology
making the quotient map ¢ : X — (X)™ continuous. A subset of X is said to be
saturated if it is a union of equivalence classes.

Naturally, we want the Tp-ization to be Tp. In fact, the (X)™~ is the largest
quotient of X which is Tjp.

~

Lemma 6.10. If X is a topological space, then (X)~ is a Ty topological space.
If Y is any Ty topological space and if f : X — Y is continuous, then there is a
continuous map f': (X)~ — Y such that

X
(le .......... >V

commutes.

Proof. Suppose that g(z) and ¢(y) are distinct elements in (X)~. If {z} C
{y}, then U = X ~ {z} is a saturated open set containing y but not z. Since
¢ '(q(U)) = U, q(U) is an open set in (X)~ containing g(y) but not g(z). If
{z} ¢ {y}, then V = X ~ {y} is a saturated open set containing z but not y.
Thus ¢(V') is an open set containing ¢(z) but not ¢(y). Thus (X)~ is Tp.

Now suppose that Y is T, and that f : X — Y is continuous. If f(z) # f(y),
then, interchanging = and y if necessary, there is an open set U in Y such that
f(z) € U and f(y) ¢ U. Thus f~}(U) is an open set in X containing = but not
containing y. Thus = ¢ {y} and q(z) # q(y). It follows that there is a well-
defined function f”: (X)~ — Y given by f'(q(x)) = f(z). If U is open in Y, then
g ((fH7HU)) = f~1(U). Thus (f')~*(U) is open and f’ is continuous. O

Definition 6.11. If (A, G, a) is a dynamical system, then the quasi-orbit space is
the Tp-ization Q of G\ Prim A. Each class in Q is called a quasi-orbit.

If G\ Prim A is Ty, then Q = G\ Prim A and quasi-orbits are just orbits. In
general, P and @ in Prim A determine the same quasi-orbit if and only if G- P =
G- Q in Prim A (using Lemma 6.8 on page 176). In view of the definition of
the topology on Prim A, P and @) determine the same quasi-orbit exactly when

mseGS'P:mseGS'Q'

Lemma 6.12. If (A,G,«) is a dynamical system, then the natural map
k: Prim A — Q is continuous and open. In particular, if A is separable, then Q is
second countable. The map k is called the quasi-orbit map.
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Proof. Note that k is the composition of the orbit map from Prim A to G\ Prim A
and the quotient map from G\ Prim A to Q. Hence k is continuous.

To show that k is open, it will suffice to see that k~*(k(Oyr)) is open in Prim A,
where Oy :={P € Prim A : P 4 I}. In fact, we will show that

k= (k(Or) = U Os.1, (6.4)

seG

where s - I = {as(a) : a € I'}. This will suffice. Let J be the a-invariant ideal
generated by (J .o s - I. Note that if P € Oy, then (),.,s- P 2 J. On the other
hand, if (), s+ Q 2 J, then there must be a s € G such that s-Q 2 I, and hence
k(Q) = k(s - Q) € k(Oy). Thus,

7 (k(Or) ={QePrimA: (| s-QBJ}
seG
={Q € Prim A : there is a s € G such that s - Q 2 I}

= J 0.

seG

which establishes (6.4).

If A is separable, then Prim A is second countable. (This follows from [139,
Theorem A.38] and [139, Proposition A.46].) Since the continuous open image of
a second countable space is second countable (as in Lemma 3.35 on page 97), the
final assertion follows. O

To see the importance of quasi-orbits, it will be helpful to pause and introduce
the restriction map. Let (A, G, ) be a dynamical system and suppose that (r,U)
is a covariant representation of (A,G,«) on H. If H is a closed subgroup of G,
then (m,Ul|y) is a covariant representation of (A, H, «|g). Since (mw,U) is, by def-
inition, nondegenerate whenever 7 is, (7w, Ul|y) is nondegenerate whenever (w,U)
is. The representation m x Ul is called the restriction of m x U, and is denoted
Res% (m x U). Since every representation of A x, G is the integrated form of a
unique nondegenerate covariant representation (Proposition 2.40 on page 59), it
make perfect sense to apply Resg to any representation of A x, G. More generally,
we make the following definition.

Definition 6.13. Suppose that X is Hilbert B-module. If (7, u) is a covariant
homomorphism of (A4, G, «) into £(X) and if H is a closed subgroup of G, then the
restriction of m X u to A X4, H is the representation Res%(m 3 u) := 7 x u|g. If

H = { e}, then we write Res in place of Res?e}.

Lemma 6.14. Suppose that (A, G, «) is a dynamical system and that L is a rep-
resentation of A X G. If H is a closed subgroup of G and if z € A % H
then

alg ’

Resg L(z) = E(Resg(m X 10)(2))7

where (ia,ic) s the canonical covariant homomorphism of (A, G, «) into M (A X
G) defined in Proposition 2.34 on page 54.
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Proof. Suppose that L = m x U. It suffices to consider z € C.(H,A). Then using
Lemma 1.101 on page 35 and Loig =7 and Loig = U,

L(Res(i4 % i:)(2)) = L( /H ia(0))ic (1) dur (1))

:/Hﬂ'(z(t))UthH(t)
= Res% L(2). O

Corollary 6.15. If (A, G, «) is a dynamical system and if H is a closed subgroup
of G, then there is a continuous map

Res$ 1 Z(A o G) — I(A x4, H)
such that for all representations L of A x4 G
Res% (ker L) = ker(Res% L). (6.5)
Proof. Let J be an ideal in A x, G. Define
Res$ J:={z€ A Mol H: Res$(ia % ig)(2)(A %o G) C J}. (6.6)

Let 2 € Axgy, H, f € Axo G and h € H. Then Lemma 6.14 on the preceding
page implies that

Res% (L)(2)(L(f)h) = L(Res$;(ia x ic)(2)(f))h- (6.7)

Thus if z € Res% (ker L), then Res$ (i4 xi¢)(2)(f) € ker L, and the right-hand side
of (6.7) is zero. Since L is nondegenerate, this implies Res% (ker L) C ker Res% L.

On the other hand, if z € kerRes$ L, then (6.7) implies that Res%(ia x
ic)(2)(f) € ker L for all f € A x, G. Thus z € Res%(ker L) and we’ve proved
that (6.5) holds. Since the right-hand side of (6.5) is always an ideal, it follows
that (6.6) is always an ideal and that Res$ maps Z(A x4 G) into Z(A Moy H)B

We want to see that Res is continuous.? It suffices to see that (Res$)~1(Oy)
is open in Z(A X, G), where I is an ideal in A x|, H, and by definition,

alg

Or={I'eZ(Axy, H): I' p1}.

Let K be the ideal in A x,, G generated by Res% (i xig)(I)(Ax,G). Since J D K
if and only if Res% J D I, it follows easily that J € (Res%)~'(Oy) if and only if
J € Og C I(A x4 G). This suffices. O

Lemma 6.16. Suppose that (A, G, ) is a dynamical system. Recall that Res :=
Res?e}. For all J € T(Ax,Q), Res J is an a-invariant ideal. In particular, if mxU
s a covariant representation of Ax, G, then ker 7 is a-invariant, and wxU factors
through A/ ker m X oxer= G. If I is an a-invariant ideal, then Res(I x4 G) = 1.

8Every ideal in a C*-algebra is the kernel of some representation.
9The continuity can also be derived from Lemma 8.35 on page 249.
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Proof. Suppose that a € ResJ. Then by definition, i4s(a)(A %o G) C J. Thus if
f € Ax, G, then since J is an ideal in M (A x, G),

ia(as(a))(f) =ia(s)iala)ia(s™')(f) € J.

Since f € A X, G was arbitrary, we have shown that a,(a) € ResJ whenever a is.
Therefore Res J is a-invariant.

Since kerm = Res(ker(m x U)) (Corollary 6.15 on the facing page), it follows
that ker 7 is a-invariant. If I is any a-invariant ideal in A, then Proposition 3.19
on page 93 allows us to identify I x, G with an ideal in A x, G, and implies that
the quotient map ¢ : A — A/I induces an isomorphism of (A Xy G)/(I %o G)
with A/I x4 G. If I = kerm, then m = 7’ o ¢ for a representation 7’ of A/I and
(7', U) is the covariant representation of (A/I, G, al) corresponding to (w, U). This
shows that m x V factors through A/I x,r G. On the other hand, if p x V is a
faithful representation of A/I x,: G, then Corollary 6.15 on the facing page implies
that p must be a faithful representation of A/I. Then (p o ¢,V) is a covariant
representation of (A, G, «) and ker(pogx V) =1 x, G. Thus

Res(I xq G) = Res(ker(pogx V)) =ker(pogq) = I. O

The connection between quasi-orbits and restriction begins to come into focus
with the next definition and remark.

Definition 6.17. A representation L = 7 x U of A x,, G lives on a quasi-orbit if
there is a P € Prim A such that

Res(ker L) = kerm = ﬂ s-P.
seG

A dynamical system (A, G, «) is called quasi-reqular if every irreducible represen-
tation lives on a quasi-orbit.

Remark 6.18. If L lives on the quasi-orbit associated to P € Prim A, then
Lemma 6.16 on the preceding page implies L factors through A/I x,r G where
I :=(),ces- P. Note that A/I is the quotient of A associated to the closed set

G- P in Prim A — this is supposed to justify the “lives on” terminology. The
concept of quasi-regularity will play a role in Sections 7.5 and 8.3.

Induced representations are examples of representations that often live on quasi-
orbits.

Lemma 6.19. Suppose that (A,G,a) is a dynamical system, that H is closed
subgroup of G and that L is a representation of A Xy, H. Then

Res(ker(lndg L)) = ﬂ s+ (Res(ker L)).
seG

In particular, if Res(ker L) is a primitive ideal P € Prim A, then Indg L lives on
the quasi-orbit corresponding to P.
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Proof. Let L = w x u. Using Proposition 5.4 on page 153, we can realize Indg L

as the representation II x U on Li(G,uG/H,HL) = V. (adopting the notations of
Proposition 5.4). Let P = Res(ker L) = kerw (Corollary 6.15 on page 182), and

define
J = ﬂs - P.

If a € J, then w(ag'(a)) = 0 for all s. Using Equation (5.2), it follows that
II(a) = 0. Therefore J C kerII = Res (ker(Indg L)).

If a ¢ J, then there is a r € G such that 7(a;*(a)) # 0. We want to see that
II(a) # 0. Since the definition of L2(G, pay > Hr) is complicated, this requires a
bit of fussing. Let h be a unit vector in Hy and € > 0 be such that

|7 (c; (@) h]| > 26 > 0.

Choose g € CJ(G) such that [, g(t)dpu(t) = 1 and such that ¢ € supp(g) N
H implies that [|us(h) — k| < e. Let f(s) := g(r~'s) and define £ € V. C
L2(G, pe/u, He) by

wwaéﬂmwmwaw

Then
letr) = nll = || [ 560wt 1) )] < </l

Therefore II(a)¢(r) = m(a; ' (a))&(r) # 0. Since I(a)¢ € Ve~{0},I(a) # 0. Thus
Res(ker(lndg L)) = kerII = J. The last statement is an easy consequence. O

Naturally, having bothered to define the term quasi-regular, we want to see that
there are conditions that force a dynamical system to be quasi-regular. As we shall
see, most systems we’re interested in will be quasi-regular and it may even be the
case that all are.'® Let L = m x U be an irreducible representation of A x, G.
Let I := Res(kerL) = kernw, and D := {P € PrimA : P D I}. Then D is
closed, and since I is a-invariant by Lemma 6.16 on page 182, D is G-invariant.
If P€ D and Q € Prim A is such that (\s- P = (s-Q, then Q € G- P and
@ € D. Thus D is saturated with respect to the equivalence relation induced by
the map k : Prim A — Q. Therefore, C := k(D) is closed in Q. We claim that C
is irreducible in that it is not possible to decompose it as the union of two proper
closed subsets. To prove the claim, we suppose to the contrary that

C=C1UCy (68)

with both C; proper closed subsets of C'. Let

L= () P

k(P)eC;

10This question is closely related to the question of whether prime ideals in a C*-algebra must
be primitive. This question was answered negatively in [165], so there may be some pathological
nonseparable systems out there which fail to be quasi-regular.
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Since k~1(C}) is closed, P D I; if and only if k(P) € C;. Since every ideal in a
C*-algebra is the intersection of the primitive ideals which contain it, I = I1 N I5.
Thus

(I1 Xa G)(I2 X0 G) C I %y G CkerL.

Since L is irreducible, ker L is primitive and therefore a prime ideal [139, Proposi-
tion A.17]. Thus for some j,

I; Mo G CkerL.
Therefore Lemma 6.16 on page 182 and Corollary 6.15 on page 182 imply that
I; =Res(I; Xoq G) C Res(ker L) = I.
But then
Ci={k(P): PDIL}>C={k(P): PDI},
which contradicts our assumption that C; is a proper subset of C. Therefore C' is

irreducible as claimed.
Note that a point closure is always an example of an irreducible closed set.

Lemma 6.20. Suppose that L is an irreducible representation of A X, G and let

C:={k(P)e Q:PePrimA and P D Res(ker L) }

be the irreducible closed set considered above. If C = { k(P)} for some P € Prim A,
then k=1(C) = G - P and L lives on the quasi-orbit associated to P.

Proof. Let Q € k~1(C). If Q ¢ G - P, then Prim ANG - P is a saturated open subset
of Prim A containing @ but not P. Thus k(Prim A \. G - P) is a neighborhood of
Q@ in Q containing k(@) but not k(P). This implies k(Q) ¢ {k(P)} which is a
contradiction.

On the other hand, if Q € G- P, then there are s; € G and a net s; - P — Q.
Since k is continuous and k(s; - P) = k(P), k(Q) € { k(P) }. O

In view of Lemma 6.20, quasi-regularity can be established by showing that all
irreducible subsets of a quasi-orbit space are point closures. There are certainly
nasty topological spaces where this fails; for example, Weaver [165] has recently
shown that there are (necessarily nonseparable) C*-algebras which contain prime
ideals which are not primitive. As in the proof of [139, Theorem A.50], if I is prime,
then C = { P € PrimA: P D I} is irreducible, and then I is primitive if and only
if C is a point closure.

To exhibit quasi-regular systems, we will want to take advantage of the fact
that the primitive ideal space of a C*-algebra is a totally Baire space. (A space is
totally Baire if each closed subset is a Baire space.) Since any closed subspace of a
primitive ideal space of a C*-algebra is the primitive ideal space of a quotient, and
since the continuous open image of a totally Baire space is totally Baire, it follows
from [139, Corollary A.47] that the primitive ideal spaces of separable C*-algebras
are totally Baire. The general case is proved in [28, Corollary 3.4.13]. Since Q is
the continuous open image of Prim A (Lemma 6.12 on page 180), Q is totally Baire.
(Since we only want to use this fact when Q is second countable, the proof in [139]
suffices.)
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Proposition 6.21. Let Q be the quasi-orbit space of (A, G, a). If Q is either second
countable or almost Hausdorff, then (A,G,a) is quasi-regular. In particular, if A
is separable, then (A, G, «) is quasi-reqular.

Proof. In view of Lemma 6.20 on the previous page, it suffices to see that every
irreducible closed subset of Q is a point closure. First suppose that Q is second
countable. If C' is an irreducible closed subset, then C is second countable and
has a basis { U, } of open sets. But any nonempty open subset of C' is necessarily
dense, and since Q is totally Baire, we have (U, # (). However, any point in the
intersection meets every open set in C' and is therefore dense in C. Therefore, C'
contains a dense point as required.

Now suppose that Q is almost Hausdorff. Then C contains a dense open Haus-
dorff subset W. But if W contains two distinct points p and ¢, then there are
disjoint nonempty open sets U and V such that p € U and ¢ € V. This gives a
contradiction as C' = (C\U)U(C \ V) is a decomposition of C into proper closed
subsets. Therefore W must be a single point and C' is a point closure.

The final assertion follows since Q is second countable if A is separable
(Lemma 6.12 on page 180). O

Definition 6.22. Let (A, G, «) be a dynamical system. An orbit G- P in Prim A is
called regular if it is locally closed in Prim A and if sGp +— s- P is a homeomorphism
of G/Gp onto G - P. We say that (A, G, ) is regular if (A, G, ) is quasi-regular
and every orbit is regular.

Remark 6.23. The word regular is over used in mathematics. I took the term and
definition from Green [66]. Unfortunately, the use described in Definition 6.22 is
not universally accepted. For example, Quigg and Speilberg have used “regular”
to describe systems in which the reduced norm coincides with the universal norm
[131]. Nevertheless, I like the term and will use it here. The next result can be
seen as partial justification for this. It says that the Mackey-Glimm Dichotomy
implies that regular systems are more common than one might suspect and have
many pleasing properties justifying the terminology. To see this, we have to appeal
to the result that the primitive ideal spaces of GCR algebras are almost Hausdorff.

Proposition 6.24. Suppose that A is a separable GCR algebra and that G is a
second countable locally compact group. Then (A,G,«) is regular if and only if
G\ Prim A is a Ty space.

Proof. Since Prim A must be second countable if A is separable, Q is second count-
able, and (A, G, a) is quasi-regular by Proposition 6.21. Since A is GCR, Prim A
is locally Hausdorff by either [28, Theorem 4.4.5] or [126, Theorem 6.2.11]. Thus
(G,Prim A) satisfies the hypotheses for Theorem 6.2 on page 173, and the result
follows. O

Notes and Remarks

Theorem 6.2 and its proof are a blend of Effros’s main result from [46] and Glimm’s
main result in [59]. Effros and Glimm’s results include important tie ins to Borel
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structures, based on Mackey’s work in [105], which weren’t necessary for the modest
goals here. The material on Res and quasi-orbits is based primarily on Green’s
treatment in [66].






Chapter 7

Properties of Crossed
Products

Now that we’ve built up a fair amount of technology for crossed products, it’s
definitely time to prove some general structure results. In Section 7.1 we generalize
the Pontryagin duality theorem for abelian groups to crossed products by abelian
groups. This result is due to Takai [161], although the proof given here is strongly
influenced by both Raeburn [133] and Echterhoff. In Section 7.2, we develop the
crossed product analogue of the reduced group C*-algebra. (The reduced group
C*-algebra is defined to be the closure in B(L?(G)) of the image of the left-regular
representation.) If G is amenable, then this is a faithful representation of C*(G).!
We give the corresponding construction of the reduced crossed product, and prove
an analogous result for actions of amenable groups.

In Section 7.3, we consider crossed products determined by projective repre-
sentations o : G — Aut(K(H)). This leads naturally to discussion of cocycle
representations in Section 7.3.2 We use this discussion as an excuse to give a brief
aside on (Green) twisted crossed products in Section 3.3. In particular, we show
that if G has a normal subgroup N, then A x, G is an iterated (twisted) crossed
product in the spirit of our results for semidirect products.

We finish this chapter with a preliminary look at the question of when a crossed
product is CCR or GCR. These sorts of questions are much easier for transformation
group C*-algebras, and we come back to the subject for transformation group C*-
algebras at the end of Section 8.3.

7.1 The Takai Duality Theorem

In these notes, the Takai Duality Theorem is a theorem about abelian groups.
There are versions for nonabelian groups involving coactions, but we’ll have little

1 Amenable groups are discussed in detail in Appendix A.
2Projective representations and cocycle representations are discussed in Appendix D.3.
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to say about that here (cf., [130,134]). So in this section, G will be an abelian group
unless specifically stated otherwise. Let (4, G, ) be a dynamical system. For each
~v € G, define a *-isomorphism by Cu(G, A) — Cu(G, A) by () (s) := v(s) f(s).
Then &, is continuous with respect to the inductive limit topology, and therefore
bounded with respect to the universal norm (Corollary 2.47). Thus &, extends to

an element of Aut(A4 x, G), and we get a homomorphism
a: G — Aut(A x, G).

If v — v in G and if f € C.(G, A), then Gy, (f) — é4(f) in the inductive limit
topology. It follows that v +— &, (f) is continuous on A x, G. Therefore (A X,
G,é,d) is a dynamical system called the dual system, and & is called the dual
action.

The Duality Theorem implies that the iterated crossed product (A x, G) X4 é,
is isomorphic to A ® K(L*(G)).3

The Pontryagin Duality Theorem allows us to identify G with the dual of G
where s € G is associated to the character v — ~(s) on G. Therefore there is a
double dual action & of G on the iterated crossed product, and it is of interest to
see what the induced action on A ® K(L?(G)) is. For this we need the following.
Let p: G — U(L?*(G)) be the right-regular representation and form the dynamical
system Adp : G — Aut K(L*(G)) where (Ad p)s(T) := p(s)Tp(s™). Then we can
form the tensor product dynamical system o ® Adp: G — Aut(A ® K(L*(@))).

Theorem 7.1 (Takai Duality). Suppose that G is an abelian group and that
(A, G, a) is a dynamical system. Then there is an isomorphism ¥ from the iterated
crossed product (A X G) Xa G onto A® K(L*(G)) which is equivariant for the
double dual action & of G on (A x4 G) x4 CAv', and the action a ® Adp of G on
A K(L*(@))).

The proof given here is a variation of Raeburn’s proof in [133] and was shown to
me by Siegfried Echterhoff. We will produce the isomorphism ¥ as a composition:

(A X o G) Xa @ L (A Xid é) xﬂ71®a G L CO(G,A) Xt @« G

///T//

Co(G,A) Xiygia G ——= Coh(G) 1 GRA —— A® IC(LQ(G)).

As usual, we want to work with dense subalgebras, and this will pose some
technical problems in the case of ®;. In general, if we have an iterated crossed
product

(Axpg K)xs H, (7.1)

3When working with crossed products, the tensor product of choice is usually the maximal
tensor product ®max. Here since one of the factors is the compacts, all tensor product norms
coincide [139, Corollary B.44], and we are free to use whatever definition we like for the tensor
product. In this situation, it is standard to use an undecorated symbol ®.
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then it is straightforward to check that C.(H x K, A) can be viewed as a dense
subspace. For example, if F' € C.(H x K, A), then

Ar(R) (k) = F(h, k)

defines an element Ap € C.(H, A xg K) and we can appeal to Lemma 1.87 on
page 29. In many cases, such as that for transformation group C*-algebras, C.(H x
K, A) will be a x-subalgebra. To ensure that this is the case here, we want to add
the assumption that C.(K, A) C A xg K is invariant for §, and that

(h, b k) = 6n(Ar(R)) (k) (7.2)

is continuous with compact support in A’ and k. In this event, we say that the
action 6 is compatible with 8. Then, if F} and F; are in C.(H x K, A), (7.2) implies
that

(s K ) = A, (1) () By (6 (A (R R)) (1))
isin C.(H x H x K x K, A). Therefore Corollary 1.104 implies that

(h,h' K") '—>/ Ary (R)(K) B (6n (Apy (R'R)) (k1K) dpuc (k)
= )\Fl( ) * Op, ()‘Fz (h_lhl))(kl)

isin C.(H x H x K, A), and that

(W, K) /H Ary (B) % 6 (A, (B R)) (K') dper (R) (7.3)

isin C.(H x K, A). To see that (7.3) really represents Ap, * Ap,, recall that the
product of the Ap, in (A x3K) x5 H is formally given by the A %3 K-valued integral

AxgK
Am % Ap, (R) = /H Ar, (B) * 6 (Ap, (R™'R)) dper (). (7.4)

However, we can apply Lemma 1.108 on page 39 — with Q(h,k) = Ap (h) *
6n(Ap, (h™'H)) (k) — to conclude that the (7.4) takes its value in C.(K,A) C
A xg K, and that

Ary < Am () = [ A () ¢ 6 (hry (0 H0) () 1)

(7.5)
//m‘ )8 (0 O\ (b)) (=2 K7)) e (k) dpur (h),

as you would expect. Therefore we can view C.(H X K, A) as a #-subalgebra of
(Axg K) x5 H with the convolution product given by (7.5) (the involution presents
no problem).



192 Properties of Crossed Products

Now we want to apply (7.5) when K =G, f=a«a, H = G and § = &. Then it
is easy to see that & is compatible with «, and we can plug into (7.5) to get

/\Fl *)‘Fz( )(
= | [ A @7 e (e (00)0 1) dutr) die). (7.6

To be a little less pedantic, we can rewrite (7.6) as

Fy * Fy(y,s / / Fi(o,r)o(r—1 )ozr(FQ(a"y, )) du(r) di(o),

which is what you would expect. R R

Now let K = G and 8 = id. In this case, A xg K = A x;q G = C*(G) ® A by
Lemma 2.73.% Let id be the dual action on C*(G) which is given on ¢ € C.(G)
by id, (©)(7) = v(s)p(y). Since G is abelian, A isan action, and we can form

~1
the tensor product action id = ® o on C*(G) ® A. We'll use the same notation
for the action on A x;q G, and note that it is given on C. (G A) C A X3 K by

(1d ®a) (f)(v) = v(s)as(f(7)). So, if we set H = Gand § =id ®a then

at ® a is compatible with id. Therefore if Fy and Fy are in Co(G x G, A) C

(A x4 G) X1 g, G then (7.5) implies

Fy % Fy(s,y) = AR, */\Fz( 5)(7)

= [ [ A0 @0), (07 15) (@) dio) dutr)
= [ [An0@atnia; (615 @) dido) dutr)
/ / Fi(r,0)a(r)y(r )aT(Fg(T_ls,ﬁv)) dii(o) du(r).

(7.7)

Lemma 7.2. Suppose that G is an abelian group and that (A, G, «) is a dynamical
system. Then there is an isomorphism

((Axg G) xg G — (AxigG) Xq1ga G

which maps the dense subalgebra C’C(é x G, A) onto the dense subalgebra C.(G x
G, A) and satisfies

®1(F)(s,7) =7(s)F(v,s) F €C.(GxG,A).

Proof. Tt follows easily from (7.6) and (7.7), together with an application of Fubini’s
Theorem (as in Proposition 1.105), that ®; defines a homomorphism from C.(G x

4Note that C*(G) is commutative and so nuclear [139, Proposition B.43].
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G, A) onto C.(G x G, A). To see that @4 is a *-homomorphism, we need to see that
Ao, (ry = ®1(Ap). But

5 (5)(7) = <i?1’1 2 a)s (A@ F>< 1) (y)

Since ®; maps a dense subalgebra onto a dense subalgebra, we only need to see
that ®; is isometric for the universal norms. We could do this using the fact that
®, is continuous with the inductive limit topology and proving a slightly fussier
version of Lemma 2.45. Instead, we’ll follow the more traditional route of examining
covariant representations.

Let L be a representation of (A xiq G) Xq-1g, G- Then L = R x U for a

PO |
covariant representation (R,U) of (A xjq G,G,id ® «), and R = 7 x V for a
covariant representation (7, V') of (A, G,id). Let j5 be the canonical map of G into
M (C*(G)). Since jg(7)¢(0) := ¢(J0), an easy computation shows that

~—1 . ~—1
id, oja(v) =(s)jg(7)oid,

Now if a € A, ¢ € Co(G) and f € C.(@), then functions which are clementary
tensors of the form ¢ ® f ® a span a dense subset of C.(G x G, A) and

UsViL(p @ f®a) = UsVym(a)V()U(f)
= Uyn(a ) V(e)U(f)
= Usm(a)V (ja(v)e)U(f)
= Ut 3V (ja(0)(p) @ a)U(f)
(

:ﬂ'(ozs ) HS_ O]@( )¢ )UU(f)

Y($)Vym(as(@) V (id, @) UU(f)
Y($)V,Usm(a)V (p)U(f)
Y($)V3UsL(p ® f @ a).

Since L is nondegenerate, it follows that

UV, = y(s)V, Us. (7.8)
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A similar computation shows that

Usw(b)m(a)V(9)U(f) = Usm(ba)V (@)U (f)
= U x V(p®ba)U(f)

= 7 (as (b)) V (id, ' () UU(f)
= 7 (as(b)) Usm(@)V (9)U ().

Thus (7, U) is a covariant representation of (A, G, a)). We also claim that (7 x U, V)
is a covariant representation of (A x, G, G, &). This is straightforward using (7.8):

VimxU(a® f) =mn( /f VWUs du(s

/f YU du(s)Vs
—WNU(av( ®f)) gl

From the above, L' = (r x U) x V is a representation of (A x4 G) x4 G and
L@1(F) = [ 75V () (5)) U (s
G
3/ﬁﬂ®wwmmumme@

// V)V U, diy) dps)

which, by Fubini (Proposition 1.105) and (7.8), is

// ) ULV, du(s) dir()

fL/

It follows that ||®1(F)| < ||F||. Reversing the above argument gives ||F|| <
[|®1(F)||, and this completes the proof. O

Now Cy(G, A) = Cp(G) ® A (e.g., [139, Propositions B.16 and B.43]), and we
can form the tensor product action It ®a on Cy(G, A):

(t@a)s(f)(r) = as(f(s7'r)).

Furthermore, since G is the dual of @, Proposition 3.1 tells us that C*(@) is iso-
morphic to Cy(G) via the Fourier transform. However if we use the formula for the
Fourier transform given in section 3.1 and the identification of G with the dual of
G given above, we don’t get quite the formula we want for the next proof: we’re
off by a complex conjugate. This is often the case when working with the Fourier
transform because the formula depends on how we identify elements in the dual



7.1 The Takai Duality Theorem 195

with actual functions on the group. For example, we think of R as being equal
to R, but this is because we make the identification of z € R with the character
y — e Y. Thus the Fourier transform becomes

= /O:o fly)e ™Y dy.

Of course, if we associate z to y — e™¥ then the formula above changes by a
conjugate. Similarly, if we identify G with the dual of G by associating s € G to
the character v — v(s), the isomorphism of C*(G) with Cy(G) is given on functions
¢ € Ce(G) by

Lemma 7.3. Suppose that G is abelian and that (A, G, «) is a dynamical system.
Then there is an isomorphism

(A ><11dG) G—>C()(G A) ><]lt®o¢G

1d®

which maps F € C.(G x G A) into C. (G Co(G, A ) by the formula

F)(s,r) = /éF(sm)TT)dﬂ(v)-

Proof. The map a ® ¢ — a ® ¢ defines a x-homomorphism from the span of ele-
mentary tensors in A x;q G & AoCr (@) into Co(G, A) = Co(G) ® A which extends
to an isomorphism @, : A xiq G — Co(G, A) satisfying

)= [ WORGIdA0) for v € C(G. )
G

Since
pr((@7 @ ). @) ) = [ @ © ). ()R i)
a
— [ ) )T di()
= au( [T d))
a

= (t®@a), (p2(4)) (1),
2 is equivariant, and ®o := @9 x id is the required map (cf. Corollary 2.48 on
page 63). O

Lemma 7.4. Suppose that G is an abelian group and that (A, G, «) is a dynamical
system. Then there is an isomorphism

(1)3 : OO(G,A) Xt @a G — Co(G,A) Xt ®id G
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which satisfies
O3(F)(s,7) = a; ! (F(s, r))

for F € C.(G,Co(G, A)).
Proof. We can define an isomorphism @3 : Co(G, A) — Cy(G, A) by

e3()(r) = oz (F(r)-

Then
3 (1t ®)o(£)) (r) = a; " (s (F(s7'7)))
=a ., (f(s7')
= (t@id)s(ps(f))(r).
Therefore 3 is equivariant and ®3 := 3 x id is the required isomorphism. O

Let rt denote right-translation on Cy(G): rt.(f)(s) := f(sr). Since right and
left translation commute, rt,. is equivariant on (CO(G), G, lt) for each r € G, and it
is not hard to see that we get a dynamical system rt ® id : G — Aut(Co(G) »1, G).

Lemma 7.5. If G is a (possibly nonabelian) locally compact group, then there is
an equivariant isomorphism w4 from

(Co(G) 1 G, G, rt®id) onto (K(L*(G)),G,Adp)
defined on f € Co(G x G) C Co(G) ¥y G and h € C.(G) C L*(G) by

() (r) = /G F(s,r)h(s™ ) dia(s).

Proof. We proved that ¢4 is an isomorphism in Theorem 4.24 on page 133. But

pW)pa(N(A)(r) = A(v) 2¢4(f)(h)(r0)
= A(v)% : f(s,70)h(s™ rv) du(s)

—/G(rt®id)v(f)(5ﬂ”)0(v)(h)(817”) dp(s)
= [ ealt i (N)a@m).
It follows that p(v)es(f)p(v™) = @4 ((rt ®@id),(f)) as required. O

Combining Lemma 7.5 with Lemma 2.75, we obtain the following.

Lemma 7.6. If G is an locally compact group and (A, G, ) is a dynamical system,
then there is an equivariant isomorphism @4 := ¢4 ® id from

(Co(G,A) ¥ g1 G, G, (it ®a) ®id)  onto  (A® K(L*(G)),G,a® Adp).



7.2 The Reduced Crossed Product 197

Proof of Theorem 7.1. In view of Lemmas 7.2, 7.3 and 7.4, there is an isomor-
phism @ := ®3 0 Py 0 &y from the iterated crossed product (A X, G) x5 G onto
Co(G, A) 1 gia G mapping F € C, (G x G, A) to the element in C. (G, Co(G, A))
given by
D(F)(s,r) = P30 Py 0Py (F)(s,7)
=a! (@2 o &y (F) (s, r))

= a;l(/ <I>1(F)(S,’Y)Wd/l(7))

G

— /@ar_l(F(% $))v(s~1r) dia().

Now & is given on Cy(G x G, A) C (A x4 G) x4 G by

&U(F)(F)/a S) = ’Y(U)F(’Yv S)

Therefore
D(&u(F)) (5.7) = /éa:l(éw)w,s))_v(s—lr‘) dii()
= ao( [ (FO )76 i)

G
= oy (P(F)(s,7v)).

Thus ® o &, = (rt ®a), ® id o®, and the Theorem follows from Lemma 7.6. O

7.2 The Reduced Crossed Product

Since it can be very difficult to pin down the universal norm, it can be useful to
exhibit an concrete realization of A x, G. This is done via regular representations
which give rise to the reduced norm on C.(G,A). The completion of C.(G, A)
in the reduced norm is called the reduced crossed product. The reduced norm is
dominated by the universal norm, but agrees with the universal norm at least when
G is amenable. We formalize this discussion in this section. Amenable groups are
discussed in Appendix A.

An important consequence of Lemma 5.16 on page 164 is that the kernel of
Indfl L depends only on the kernel of L. Thus if J :=ker L and f € A X, G, then

15 L(A)I| = ||f + kerInd§; L] = [|f + Indg J|
in the quotient A x, G/ Indg J. Therefore if ker L = ker L', then
I ndf; L(f)[| = | ndf; Z'(f)]|-

In particular, if p and p’ are both faithful representations of A, then the associated
regular representations Indf p and Indg p’ have the same kernel, and

| IndS p(£)] = | Ind? o/ (f)]| for all f € A G. (7.9)
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This insures that the following definition is independent of the choice of a faithful
representation p.

Definition 7.7. If (A,G,«) is a dynamical system, then the reduced norm on
C.(G, A) is given by

1 £llr:= | TdS p(f)]],
where p is any faithful representation of A. The completion A X, G of C.(G, A)
with respect to || - || is called the reduced crossed product.

If 7 is any representation of A, then we certainly have Ind% (ker 7) > Ind9{ 0 }.
Thus for any f and 7,

Indg 7 (£)| < 1 f]]r-

Recall that a representation m of A is said to “factor through” a quotient A/I
when I C kerm. Such a representation determines a representation 7 of A/I by
w(a+I):= 7(a). We can summarize some of the above discussion as follows.

Lemma 7.8. Suppose that (A, G, a) is a dynamical system. Then the reduced cross
product A X o G is (isomorphic to) the quotient of A x4 G by the kernel of Indg s

for any faithful representation w of A. Every regular representation Indf T factors
through A x4 G, and for each f € C.(G, A),

I £1l,- = sup{ || IndS = (f)| : 7 is a representation of A}.

Ezxample 7.9. As always, the group C*-algebra is an important example. If A = C,
then the reduced crossed product C X4, G is denoted C(G) and is called the
reduced group C*-algebra. The only regular representation of C.(G) is the left-
regular representation, and C;(G) is (isomorphic to) the closure in B(L*(G)) of

{A() : feC(G) CCH(G) },
where
Mf)(g)=fxg forall ge C.(G) C L*(G).
In particular, || f]|, = ||A(f)]]-

Ezample 7.10. If G is compact, then the Peter-Weyl Theorem [56, Theorem 5.12]
implies that each u € G is equivalent to a subrepresentation of the left-regular
representation A. In particular, [|[u(f)| < ||A(f)]| for all f € C.(G). Since [139,
Theorem A.14] implies that

[f1l = sup [lu(H)I],
u€G
it follows that || f]| < [|A(f)]]. Since we always have || A(f)|| < ||f]|, it follows that
I-1I- =11, and C*(G) = C*(G) for compact groups.

Ezample 7.11. If G is an abelian group, then the Plancherel Theorem [56, Theo-
rem 4.25] implies that for each f € C.(G), ||fll2 = ||f|l2, where f is the Fourier
Transform defined in (1.20). But it is straightforward to check that
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and it follows that R
[ £l = 1IAHI = 11 flloo = I £l

where the last equality follows from Proposition 3.1 on page 82. Thus we again
have C*(G) = C*(G).

There are groups, and therefore crossed products, for which the reduced C*-
algebra is a proper quotient of the universal one. However, there is a complete
description of those groups for which the universal norm and reduced norm coin-
cide: these are the amenable groups discussed in Section A.2. The main result
is Theorem A.18 on page 326 which verifies that the left-regular representation of
G is faithful on C*(G) if and only if G is amenable. Although abelian, compact,
nilpotent and solvable groups are amenable, there are many groups which are not.
An important example is the free group on two generators [Fo; therefore the reduced
norm on C¢(F3) does not agree with the universal norm.

If (A, G, ) is a dynamical system, then the equality of the reduced and uni-
versal norms can be decided by looking at the natural map N x v of A X, G into
L(X), where X = X& is the Cy(G, A) X1t 9o G — A-imprimitivity bimodule of Green’s
Imprimitivity Theorem on page 132. Let p be a faithful representation of A. Since
X is an imprimitivity bimodule, the Rieffel correspondence implies that X-Ind p is
a faithful representation of the imprimitivity algebra ES(A) = Cy(G, A) X1t 9a G-
Therefore the canonical extension X-Ind p of X-Ind p to £(X) is also faithful. It
follows easily that Indf p = X-Ind po N xv. Hence it follows that Indf p is faithful
if and only if V x v is. We summarize this observation below.

Lemma 7.12. Suppose that (A,G,«) is a dynamical system. Then the reduced
norm on C.(G, A) coincides with the universal norm if and only if the canonical
embedding N x v of A x, G into L(XS) is faithful.

Unlike the situation for group C*-algebras, for crossed products, there is no
definitive characterization of the dynamical systems (A, G, «) for which N x v is
faithful. It is clear that any such characterization will have to involve more than just
properties of the group. For example, for any locally compact group G, amenable
or not, Cp(G) x1; G is simple (Theorem 4.24 on page 133), and any nonzero regular
representation is necessarily faithful. However, the remainder of this section will
be devoted to proving A X4 G = A X4, G when G is amenable. The proof given
here is taken from [66]. (We give a variation of this result, using EH-regularity, in
Theorem 8.19 on page 240).

Theorem 7.13. If G is amenable, then the reduced norm || - ||, coincides with the
universal norm on Co(G, A) and Axy, G = AXoG. In particular, if w is a faithful
representation of A, then ™ X \ = Indf w18 a faithful representation of A X, G.

Proof. Let m x U be a faithful representation of A x, G on H. Since it suffices
to produce a faithful regular representation (Lemma 7.8 on the facing page), it
will suffice to produce a regular representation L of A X, G containing 7 x U as a
subrepresentation.

Let A : G — U(L?*(G)) be the left-regular representation, and let w : Co(G) —
B(L?*(G)) be given by pointwise multiplication: w(g)(s) := g(s)&(s) for all g €
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Co(G) and € € L*(G). Let W be the unitary representation of G on the Hilbert
space tensor product L?(G) ® H given by Wy (£ @ h) := A& @ Ush. (W is called the
internal tensor product of A and U, and is often denoted by A ® U.) Let p be the
representation of Cy(G, A) = Cy(G) ® A on L?(G) ® H given by w ® w. That is, if
g ® a is an elementary tensor in Cy(G, A), then p(g ® a)(€ @ h) := w(g)¢ ® m(a)h.
Since

Wip(g @ a)(§ @ h) = Asw(g)§ @ Ust(a)h = w(lts )A€ @ W(O‘S(a)) Ush,

it follows that (p, W) is a covariant representation of (C’O(G, A),G 1t ®a). Since
ES(A) = Co(G, A) X1y 50 G is Morita equivalent to A via X, every representation
of ES(A) is of the form X-Ind 7 for a representation 1 of A. In particular,

pXW =(w@m) x W =X-Indn

for some 7. Since w @ T = (W ® 1) @max (1 @ ), it follows from the Imprimitivity
Theorem on page 161 that L := 7' x W = Indf 7 is a regular representation, where
7(a) = 1@ m(a). We can complete the proof by showing that L is faithful.

Let D be the concrete spatial tensor product

AMC*(@) @ x U(Axq G) C B(L*(G) ® H);
that is,
D :=span{ A(z) @ m x U(f) € B(L*(G) ® H) : z € C.(G) and f € C.(G, A) }.
By [139, Proposition 2.53], we can identify M (D) with the operators
{TeB(L*(G)®H):TSeDand ST€D forall S € D}. (7.10)

Since '(a) = 1®@m(a) = 1@ (7xU) (ia(a)) and Wy = A, @Us = A;@(7xU) (ic(s))
clearly belong to (7.10), we can view (7', W) as a nondegenerate covariant homo-
morphism of (4, G, «) into M (D). Thus L = «’ x W is a nondegenerate homo-
morphism of A x, G into M (D) (Proposition 2.39 on page 58 and Remark 2.38 on
page 58).

Let + : G — C be the trivial representation of G. Since G is amenable, A\ is
faithful on C*(G) (Theorem A.18 on page 326), and the integrated form of ¢ must
factor through A(C*(G)). Therefore we can define a representation S’ of D on
(L*(G) ® C) @ H by S’ = (id; ®!/) ® id2, where id; is the identity representation
of A(C*(G)) and idy denotes the identity representation of 7 x U(A xo G), and /
is the representation of A(C*(G)) induced by t: A(2) — u(2). Identifying (L*(G) ®
C) ® H with (L?(G) ® H) & H in the obvious way, we see that S’ is equivalent to
a representation S defined on elementary tensors by

SAz)@rxU(f) = (AMz)@rxU(f)) & () - mxU(f)).

Since S is nondegenerate, we can extend S to S on all of M (D). Notice that

SAs@Us) =N @Us)@U, and S(1®@7(a)) = (1®7(a)) ® n(a).
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Thus if R := So L, then R is a representation of A %, G having a subrepresentation
(on the invariant subspace 0 @ H) equivalent to 7w x U. Since m x U was assumed
to be faithful, it follows that R and hence L must be faithful. This completes the
proof. O

Suppose that (A, G, «) is a dynamical system with I an o-invariant ideal in A.
Let p: A — B(H) be a faithful representation. Then p|; is a faithful representation
of I — although it may be degenerate. If ess(p|s) is the essential part, then realizing
Id€ pon L(G, H,), we easily see that IndS’ (ess(plr)) = ess((IndS p)|rx.c). Thus
for any f € C.(G,I),

Jind€ (ess(ol)) (/)] = (o)1)

It follows that we have an injection ¢ X, id of I X4, G into A X4, G.

Remark 7.14. If (A, G, a) is a dynamical system, if I is an a-invariant ideal of A,
if g: A — A/I is the natural map and if p’ is a representation of A/I, then it is
not hard to check that IndS (o’ o ¢) = (Ind% p') o (¢ x id).

If p is a faithful representation of A/I and if f € C.(G, A), then using Re-
mark 7.14,

lgo fllasra, ;. =|mdg (0" (go f)

= |mdS (o' o q)(f)]]
< fllaxa..c-

Thus ¢ x id induces a surjection g %, id of A x4, G onto A/I %41, G. In view of
Proposition 3.19 on page 93, it is reasonable to suspect that ker(g x,id) = I x4 G
(viewed as an ideal in A x4, G) so that we would get an exact sequence

X id gX,pid

0——>=I X0y G—"5AXq,G—A)] ><1a17TG—>(), (7.11)

However, the exactness of (7.11) is a subtle question. Groups for which (7.11) is
exact for all dynamical systems (A4, G, «) with I a-invariant in A are called ezact.
Of course amenable groups are exact, but Gromov has announced the existence
of finitely generated discrete groups which fail to be exact. However, no other
examples of non-exact groups are known as this is written. See [92] for further
discussion and references.

In Section 2.6, we observed the important role of the maximal tensor product
in the theory of crossed products. Here we want to observe that the spatial tensor
product plays a similar role for reduced crossed products.

Remark 7.15. If A and B are potentially non-nuclear C*-algebras, then, since the
maximal norm dominates the minimal norm, we can identify the spatial tensor
product A®, B as a quotient of the maximal tensor product A ®max B. We do this
as follows. Let ps : A — B(Ha) and pp : B — B(Hp) be faithful representations
so that pa ® pp is a faithful representation of A ®, B on ‘H := Ha ® Hp. Then
w4 = pa®1 and 7p := 1 ® pp are commuting faithful representations and we
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get a representation m4 ®max T Whose image is isomorphic to A ®, B. In fact, if
Kk:=kKaAB A ®max B— AR®, B is the natural map, then
TA @max T = (pA ® pB) © KA, B-

Suppose that (A, G, «) is a dynamical system and that B is a C*-algebra. Let
pa:A— B(Ha) and pp : B — B(Hp) be faithful representations, and let w4 and
wp be the corresponding commuting representations on H4 ® Hp as above. As in
Example 2.14 on page 45, let (74, U) be the covariant pair such that

FaxU=IndS(ps ® 13,)
on the Hilbert space L?(G,Ha ® Hp). If we identify L*(G,Ha ® Hp) with
L?(G,Ha) ® Hp, then its straightforward to check that
Indg(pz‘\ ® 1HB) = Indg(pz‘\) @ 1y,

If 7p :=112(G,14) ® pB, then as in Remark 7.15 on the preceding page, we have

(7~TA X U) ®max TB = ((Indg PA) ® PB) O R,
where k := Kax,c,B 1 A Xq G @max B = A Xq G ®, B is the quotient map. Thus
we can identify the range of (74 X U) ®@max T with (A X4, G) ®, B.

On the other hand, the kernel of k' := k4 p : A @®max B = A®, B is a ® id-
invariant (Remark 2.74 on page 77). Thus in view of Remark 7.14 on the preceding
page, we have

Indf (pa ® pp) o (k' x id) = Ind{ ((pa @ p) o ')
= Indf(m ®max TB)
- (7TA O max 7"'B)N x U

= (ﬁ'A ®maxﬁ'3) x U.

(7.12)

Thus we can identify the range of (T4 ®max 78) X U with (A ®, B) Xagid,r G-
Lemma 2.75 on page 78 implies there is an isomorphism L : (A ®max B) Xagid G
onto (A Xy G) ®max B which intertwines (74 X U) Q@max T and (T4 Qmax T5) X U.
Thus, with our identifications, we obtain a commutative diagram

(A Qmax B) X a®id G = > (A Ao G) Qmax B
(ﬁA®max7~TB)><lUl/ l(ﬁAX‘U)(@maxﬁ'B (713)
(A®y B) Magidr G —> (A %o, G) ®, B.

We can summarize this discussion in the following result which is an analogue for
reduced crossed products to Lemma 2.75 on page 78.

Lemma 7.16. Suppose that (A, G, ) is a dynamical system and that B is a C*-
algebra. Then the isomorphism of Lemma 2.75 on page 78 between (AQmaxB) X agid
G onto (A Xg G) @max B induces an isomorphism of

(A®y B) Xogidr G onto (Axg,G) Qs B
taking (a @5 b) @ f to (a® f) ®y b as in (7.13).
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Corollary 7.17. If . is the trivial action of G on A, then Ax,,G= AQ, CH(G).

As with the question of when the reduced crossed product coincides with the
universal one, there is no known characterization of which crossed products are
nuclear C*-algebras. Even for group C*-algebras the situation is nontrivial and
not completely understood. Guichardet has noticed that if G is amenable, then
C*(@) is nuclear [69] (this also follows from Corollary 7.18). Lance has proved that
for a discrete group G, C*(G) is nuclear if and only if G is amenable [97]. Since
quotients of nuclear C*-algebras are nuclear, C*(G) nuclear implies that C*(G) is
too. Thus Lance’s result also holds for the universal group algebra. Naturally, the
situation is muddier for crossed products. As an example, notice for any group G,
Co(G) x1; G is isomorphic to the compacts (Theorem 4.24 on page 133) and hence
nuclear. Nevertheless, the following result is very useful. This result goes back
to at least [66, Proposition 14], and the proof given here is based on an idea of
Echterhoft’s.

Corollary 7.18. If (A,G,«a) is a dynamical system with A nuclear and G
amenable, then A X, G is nuclear.

Proof. If A is nuclear, then, by definition, &’ := k4 p is an isomorphism as is £’ xid.
Since G is amenable, Ind (ps ® pp) is faithful (Theorem 7.13 on page 199). This
forces (m4 X U)@max7p to be an isomorphism in (7.13). In particular, k 1= kax,G.B
is an isomorphism. Since this holds for any C*-algebra B, A X, G is nuclear. [

Remark 7.19. Note that in proving Corollary 7.18, it would not suffice to use
Lemma 2.75 on page 78 and Lemma 7.16 on the preceding page to show that
(A Xy G) @max B and (A 1, G) ®, B are merely isomorphic. We have to see that
the minimal norm and the maximal norm coincide — which happens exactly when
K is injective.

Remark 7.20 (Exact Groups). It follows from Corollary 7.17 that if G is exact, then
C#(G) is an exact C*-algebra (cf. [164]).> A great number of properties of exact
groups can be found in [91,92].

7.3 Crossed Products Involving the Compacts

In this section, we want to consider dynamical systems (K(H),G,a) where K(H),
as usual, denotes the compact operators on a complex Hilbert space H. A strongly
continuous homomorphism « : G — Aut K(H) is also called a projective represen-
tation of GG, and as we shall see, the material in this section is closely related to
projective and multiplier representations. These notions are discussed briefly in
Appendix D.3, and we will make some use of that material here.

5A C*-algebra A is called exact if

is exact for all C*-algebras B and every ideal I C B. A C*-algebra is exact if and only if it can
be embedded in a nuclear C*-algebra [89].
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It is well known (cf. [139, Chap. 1]) that any automorphism « of I(H) must be
of the form AdU for some unitary U € U(H); that is, each such « must be inner.
Furthermore, if AdU = AdV on K(H), then there is a unimodular scalar z € T
such that V = zU. Let G’ be the group

G ={(s5,U)e GXxU(H):a,=AdU}

equipped with the relative topology from G x U(H) (where U(H) has the strong
operator topology). Then we get an algebraic short exact sequence

i J

1 T le’ G e, (7.14)

with i(z) := (e,z1ly) and j(s,U) = s. Clearly, ¢ and j are continuous. To see
that (7.14) is a short exact sequence of topological groups, we also need to verify
that j is open and that ¢ is a homeomorphism onto its range. To see that j is
open, we’ll use Proposition 1.15 on page 4. Suppose that s, — so in G, and that
(s0,Up) € G'. By Lemma D.24 on page 380, there is a neighborhood N of g, in
Aut K(H) and a continuous map ¢ : N — U(H) such that Adc(as) = a; for all
as € N and such that c(as,) = Up. Since @ : G — Aut K(H) is continuous, we
eventually have a,, € N, and for large n, (sn,c(asn)) € G'. Thus j is an open
map by Proposition 1.15 on page 4. A much more straightforward argument shows
that ¢ is a homeomorphism onto its range. Thus (7.14) is a short exact sequence of
topological groups, and since both T and G are locally compact, Corollary 1.52 on
page 15 implies that G’ is too.

To state the main theorem in this section, we need to work with a natural
quotient C*(G’, 1) of C*(G"). The construction is a special case of the one described
on pages 383-385 in Appendix D.3, and we’ll only sketch the particulars here.

Notice that if f € C.(G’) and if (s,U) € G’, then the integral

[I‘f(s,zU)dz

depends only on s and that we get a Haar integral on G’ by

G/f(s,U)duG/(s,U) :z/G/rf(s,zU)dzdu(s).

Let 7 : T — T be given by 7(z) = z. Then a representation 7 of G’ is said to
preserve T if
m(e,z1p) = zlyy, for all z € T.

We let I be the ideal of M (C*(G')) generated by {ic:((e,21%)) — Zlg: : 2 € T},
and define
L :=1INnC*G").

Then it is not hard to see that 7 preserves 7 if and only if I, C kerw. Thus the
representations of C*(G’) which factor through the quotient

C* (G, 1) :=C"(G)/I,
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are exactly those which preserve 7. Proposition D.30 on page 385 implies that we
can realize C*(G’, ) as the completion of the %-subalgebra

C(G',7):={feC(G): f(s,2U) =2f(s,U) forallzeT}
of C.(G") C C*(G") with respect to the norm
| f1l+ := sup{ ||w(f)| : 7 is a representation of G’ which preserves 7 }.

Note that if f and g are in C.(G',7) and if (r,V) and (s,U) are in G’, then
(r, V) f(r,V)g(r~1s,V*U) is constant on T-cosets. It follows that

frglsU) = /G £, Vg5, VEU) du(r).

Similarly, if = preserves 7, then f(s,U)n(s,U) depends only on s and

w(f) = /G £ (s, U (s, U) da(s).

We also have a surjective *-homomorphism Q; : C.(G') — C.(G’, 7), given by

Q- (f)(5.1) = /T f(s, 20z dz,

which satisfies
m(Q-(f)) = =(f)

provided 7 is a representation of G’ preserving 7.

Theorem 7.21. Suppose that (IC('H)7 G, a) is a dynamical system, that G’ is the as-
sociated extension (7.14) of T by G and that 7(z) = z forallz € T. If f € C.(G', 1)
and T € K(H), then (s,U) — f(s,U)TU* is constant on T-cosets. Identifying G
with G' /T, the map

P Co(G7) O K(H) — CC(G,/C(H))

given by Y(f@T)(s) = f(s,U)TU* extends to an isomorphism of C*(G',7) @ K(H)
with KK(H) x4 G.

Remark 7.22. If G is second countable and if H is separable, then C*(G’,7) is
isomorphic to C*(G, @) where [w] is the Mackey obstruction for . Thus the repre-
sentations of C*(G’, 7) on separable Hilbert spaces are in one-to-one correspondence
with w-representations of G. See Appendix D.3 for further details and definitions.

Proof. Tt is not too hard to check that if U(H) has the strong operator topology,
then the map U — UT is continuous from U(H) into K(H) for each compact oper-
ator T'.5 Since unitaries have norm one, it follows that (U, T) — TU is continuous

61t’s enough to check for T finite rank. Alternatively, we could observe that the strong topology
on U(H) is the strict topology [139, Corollary C.8].
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from U(H) x K(H) into K(H). Hence, if f € C.(G',7), then (s,U) — f(s,U)TU* is
continuous on G’ and constant on T-cosets. Thus ¢(f®T) is a well-defined element
of C.(G,K(H)). We want to see that the image of ¢ is dense in C..(G,K(H)) in the
inductive limit topology. We begin by defining ¢ : Co(G') ©K(H) — C.(G', K(H))
by

P (he@T)(s,U) := h(s,U)TU".

Then a quick calculation shows that the diagram

C(G) @ K(H) — > C.(G',K(H))

QT@idl lﬁ

C.(G',7) ® K(H) —2— C.(G, K(H))

commutes when 3 is defined by

B(g)(s) ZZ/Fg(s,zU)dz.

Since @ ® id is surjective, we can establish that 1) has dense range by showing
that 3 o1’ has dense range. In view of Lemma 1.87 on page 29, we can view
Ce(G') ® K(H) as a dense subspace of C.(G’,K(H)). We can easily extend ¢’ to
all of C.(G',K(H)) by
V(s U) = f(s, VU™
Since supp ' (f) = supp f and |9 (f)|lcc = ||f]loo, it follows that ¢’ is continu-
ous with respect to the inductive limit topology. Since ¢(g)(s,U) = g(s,U)U is
clearly an inverse for ¢/, ¢’ is surjective. Therefore ¢'(C.(G') ® K(H)) is dense
in Cc(G',K(H)). Since 3 is onto and easily seen to be continuous in the inductive
limit topology, 8 o1’ has dense range. Thus v has dense range.
To see that 1 is multiplicative, consider

B(f & T) * (g ® T')( /¢f®T<mAwf®Tx*>wm>
= /G V)TV a (g(r~'s, V*U)T'U*V) dp(r)

= /G fr,V)g(r=ts, V*U) du(r)TT'U*

=p(fxgRTT"(s).
On the other hand,
D(f@T)(s) = Als™Das (p(F @ T)(s™)"
=A(s s (f(s7h,U” )TU)
=A(sHf(s— L UNTU*

PR T)(s).
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Thus % is a *-homomorphism.

Therefore it only remains to show that v is isometric. Let m be a representation
of G’ which preserves 7 and let p be a representation of K(H) that commutes with
(the integrated form of) w. Thus n(s,U) and p(T") commute for each (s,U) € G’
and each T € K(H). Since 7 preserves 7, 7(s,U)p(U) depends only on s, and

'(s) = m(s,U)p(V)
defines a representation of G = G’/T. Furthermore,

7 (5)p(T) = (s, U)p(UT)
p(UT)m(s,U)
PUTU)3(U (s, U)
= p(as(T)) 7 (s, U)p(U)
(T))m ()

Thus (p, ') is a covariant representation of (K(H),G,a), and

pxa (. fieT)) = Zﬂ(fi)p(Ti) =r@p(d_fioT).

It follows that
o> s
On the other hand, if (p,7’) is a covariant representation of (IC('H), G, a), then

Qs

= pas

(7.15)

7 (s)p(U) = p(as(U))n'(s) forall s € G and U € U(H).
It follows that
m(s,U) :='(s)p(U”)
is a representation of G':

(s, U)m(r, V) = 7'(s)p(U" )7’ (r)p(V")

Furthermore,

Therefore m and p are commuting representations of G’ and KC(H), respectively,
satisfying

7 (s) = (s, U)p(V).
Since 7 clearly preserves 7, we must have equality in (7.15), and 1 is isometric.
This completes the proof. O
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7.4 Aside on Twisted Crossed Products

Suppose that (4,G,«) is a dynamical system with a normal subgroup M. In
Section 3.3 we saw that if G is a semidirect product, say G = M x, H, then we can
decompose A x,, G as an iterated crossed product (A x, M) xg H (Proposition 3.11
on page 87). In Section 7.3, and in more detail in Appendix D.3, we introduced
a C*-algebra C*(FE, ) associated to a locally compact group F having T as a
central normal subgroup. We want to think of C*(E,7) as a “twisted group C*-
algebra” for G := E/T with respect to a character 7 : T — T (cf. Remark 7.22
on page 205). In this section, we want to generalize this twisting construction to
exhibit A X, G as a twisted crossed product of A X, M by G/M. However, as in
our treatment of C*(E,7), G/M does not appear explicitly. Instead, we exhibit
the iterated crossed product as a quotient of a crossed product of A x, M by G.
This approach is due to Green [66] and Dang Ngoc [112]. Tt is also possible to
build a iterated crossed product using G/M explicitly — in analogy with C*(G,w)
as defined in Appendix D.3 — using cocycles taking values the the unitary group
of the multiplier algebra of A x, M. Although this is done elegantly in [119-121]
(based on work in [15] and [100]), we will not discuss this approach here.”

7.4.1 Twisted Systems

If (A, G, «) is a dynamical system, then a twisting map, or a Green twisting map,
is a strictly continuous homomorphism 7 : N, — UM (A) from a normal subgroup
N, of G into the unitary group UM (A) of the multiplier algebra of A such that for
alne N,,a€ Aand s € G

7(n)at(n)" = an(a) (7.16)
as(t(n)) = 7(sns™). (7.17)

Then (A, G, a,7) is called a (Green) twisted dynamical system. A covariant repre-
sentation (m,U) of (4, G, «) is said to preserve 7 if

7(r(n)) =U(n) for alln € N;. (7.18)

The goal is to define the twisted crossed product, A x7, G, to be the quotient of
A x,, G whose representations are exactly those which preserve 7. To see that there
is such a quotient, we proceed as follows. Let I be the ideal of M (A x,,G) generated
by

{ig(n) —7a(7(n)) :n € N, },
and let I, :=TNAx,G.

Proposition 7.23. Let (A, G, a,T) be a twisted dynamical system, and let I, the
ideal of Ax G defined above. Then a representation mx U preserves T if and only if

"Because there are two approaches to twisted crossed products, the term “twisted crossed
product” is slightly ambiguous. In the literature, the type we are interested in here are often called
“Green” twisted crossed products. Twisted crossed products defined on G/M using cocycles are
called “Busby-Smith” twisted crossed products.
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I. Cker(m xU). In particular, the set of irreducible representations which preserve
T 18 the closed subset of the spectrum (A X4 G)A corresponding to the quotient

AXL G :=Ax, G/I.
We call A X7, G the (Green) twisted crossed product associated to (A, G, a,T).

Proof. Tt suffices to prove the first assertion. Suppose that 7w x U is a representation
of A x, G. Then

(mxU) (ig(n)) =U(n) and (7 xU) (1a(r(n))) = 7(r(n)).
Therefore, if (7,U) preserves 7, we must have (m x U)7(I) = {0}. Thus
I. C ker(m x U). (7.19)

On the other hand, if (7.19) holds, then since m x U is nondegenerate, it follows
that (m x U) (I) = {0}, and m x U preserves 7. O

Instead of working with the quotient A x, G/I., it is often preferable to realize
A %7, G as the completion of a #-algebra of functions on G. Let C.(G, A, T) be the
set of continuous A-valued functions on G such that

f(ns) = f(s)t(n)* for all s€ G and n € N, (7.20)

and such that there is a compact set K C G such that supp f C KN,. Since any
Haar measure is unique up to a positive scalar, we can assume that we have fixed
Haar measures on G, N, and G/N, such that

Jats)duts) = | . /. glom) dux. (1) i, () for il g € C(G).

If f,g € Co.(G, A, T), then for each s € G,
r— f(r)a, (g(rils))
is constant on N,-cosets: using (7.20)
Frm)ar (g(n=1715)) = £()r(rmr ) arn (g 9) (01 )")
= f(r)T(rn_lr_l)am(g(r_ls))T(rn_lr_l)*

which, using (7.16), is

= f(r)ar (g(r™"s)).

Therefore (7, s) — f(r)a,(g(r~'s)) is continuous on G/N; x G, and has compact
support in the first variable. Using Lemma 1.102 on page 36, we can define fxg €
Ce(G, A, 7) by

fxg(s) = /G/N f(r)en (g(r's)) dugn, (7). (7.21)
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We can also define f* € C.(G, A, T) by

f(s) = Ag/NT(Sfl)ozs(f(sfl)*). (7.22)

Rather than verify directly that these operations turn C.(G, A, 7) into a *-algebra,
we proceed as follows. If f € C.(G, A), then (n,s) — f(sn)7(sns™!) is continuous
on N, x GG, and if we restrict the second variable to a compact neighborhood of s,
it has compact support. Thus Lemma 1.102 on page 36 implies that

(f)(s) == . (sn)7(sns™") dpn, (n) (7.23)

is continuous in s and defines an element of C.(G, A, 7):

O(f)(ms) = N (msn)T(msns™ ') dun. (n)7(m)*

1

which, after replacing n by s~'m™'sn, is

= /N f(sn)r(sns™ ) dun, (n)7(m)*
= @(f)(s)r(m)".

If g € C.(G, A, 7) and if b is a Bruhat approximate cross section for G over N, (as
defined in Appendix H.3), then f(s) := b(s)g(s) is in C.(G, A) and

¢(17(8)==L[; b(sn)g(sn)r(sns~) duw, ()
::g@>j/ b(sm) dyuy, (n)

T

=g(s).

Thus @ : C.(G, A) — C.(G, A, T) is surjective.

We'll need the following observation concerning how the Haar measure of a
normal subgroup behaves under the action of G. If M is a normal subgroup of G
and s € G, then the uniqueness of Haar measure implies that there is a positive
scalar Ag,a(s) such that

[ gtsms™) duas(m) = Acas(s) [ glm)diaas ) (7.24)
M M

for all g € C.(M). If f € C.(G), then for an appropriate choice of Haar measure
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on G/M,

/f ) dp(r /fsrs ) dyu(r)

=[] rrms™) dias(m) dis e 6)
a/M
=Ag m(s /G/M/ f(srs™ m)dpnr(m) due a (7)
= Ag,m(s)Aq/nm(3) /G/M /M f(rm) dpne(m) dp (1)

— B8 (d) [ 1) dutr)
G
Therefore, we must have

Aaum(s) = Ac(s)Ag/m(371). (7.25)

It follows that Ag, as is a continuous homomorphism into the multiplicative positive
reals.

Lemma 7.24. With the operations defined by (7.21) and (7.22), C.(G, A, T) is a
x-algebra, and (7.23) defines a surjective x-homomorphism

O :C.(G,A) — C.(G, A, T).

Proof. Since C.(G, A) is a *-algebra and since ® is surjective, it suffices to show
that ®(f xg) = ®(f) * ®(g) and ®(f*) = ®(f)*. So compute that

D(f+g)(s / f*g(sn)T(sns™1) dun, (n)

/T/f ar(g(r~"sn))7(sns™") du(s) dun, ()

= / / flrm)arm (g(m_lT_lsn))T(sns_l)
. Ja/N, JN,
dp, (m) dpg, () dpy, (n)

which, after using Fubini’s Theorem and replacing n by s~ 'rmr~1sn, is

= [ L semem (ot m)remetns )

dpn, (n) dpn, (m) dug /N, (7)
= [ ([ st e o  du, 00)

dpc)n, (1)
— [ aDman(@(0)6 ) duam, ()
G/N,

= O(f) * 2(g)(s)-



212 Properties of Crossed Products

Similarly, we compute that
(f)"(s) = Agyn, ('_1)%(‘1’(]”)( _1)*)
= Ag/n, (5 Dag / f(s7'n “Ins)dun., (n)>*

= Ag/n, (3 1)/N as(T(s7 7 ts) f(s'n)*) dpw, (n)
which, by (7.17), is

Ao 67 [ 7 e (57 w) dy, ()

-

which, by (7.16), is

— B (7 [ (7)) di, (1)

T

which, using (7.24), is

= Ao, () AN, (57) /N tan— (F(ns™1) (501571 daw, (n)

-

which, using (7.25), is

:Ag(sfl)/ asn(f(nilsfl))*r(snsfl)ANT(nil)duNT(n)

T

= / f*(sn)7(sns™) dun, (n)

N,
=O(f*)(s).

This completes the proof. [l

Now suppose that (7, U) is a covariant representation of (A, G,«) on H which
preserves 7. If g € C.(G, A, 7), then

5= ﬂ'(g(s))U(s)

is constant on N -cosets. Thus we can define an operator on H by
Ul = [ wlg(e)U ) dngyy, ()
G/N
In fact if f € C.(G, A), then

77 U(8(f)) /G T iy

[ wlrenr(ons ) dux, (n)Us) diy, (9
G/N, JN
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which, since (7, U) preserves 7, is

- / / w(f(sn))U(sn) dpn, (n) dpg)n. (8)
a/N. I,
=7axU(f).

It follows from this computation that if (7, U) preserves T, then m x7 U defines a
w-representation of C.(G, A, 7), and that

llgll :== sup{ ||= x" U(g)|| : (7, U) preserves T } (7.26)

is a C*-norm on C.(G, A, ) such that ||®(f)|| is the norm of the image of f in the
quotient A %7 G. We can summarize the discussion to this point in the following
lemma.

Lemma 7.25. Suppose that (A,G,a,T) is a twisted dynamical system. Then we
can identify the completion C.(G, A, T) of Co(G, A, 1), with respect to the norm || -||
defined by (7.26), with A X7, G. Then, after this identification, the x-homomor-
phism ® of Lemma 7.24 on page 211 extends to the quotient map from A X, G onto
AL G.

The following analogue of Corollary 2.46 on page 63 will be useful in the next
section.

Lemma 7.26. Suppose that (A,G,a,7) is a twisted dynamical system, and that
R:C.(G, A,7) is a nondegenerate || - ||1-norm decreasing x-representation. Then R

is norm decreasing for the universal norm on Ax],G and extends to a representation
of Ax] G.

Proof. Tt is not hard to check that ||®(f)||x < ||f]l1 (with respect to the L'-norms
on C.(G, A) and C.(G, A, 1), respectively). Therefore R’ := Ro® is a || - ||;-norm
decreasing representation of C.(G, A) which must be bounded with respect to the
universal norm on A %, G by Corollary 2.46. Since (74 (7(n)) f) = ®(i¢(n)f) for
all f € Co(G, A), it follows that R'(i(7(n))) = R'(i¢(n)) for all n € N,. Therefore
R’ = 7 x U for a covariant pair (7, U) which preserves 7. Thus R = 7 X" U is norm
decreasing with respect to the universal norm as required. O

7.4.2 Decomposition with Respect to a Normal Subgroup

Suppose that (A, G,a,7) is a twisted dynamical system® and that M is a normal
subgroup of G such that N, C M. We want to build a strongly continuous G-action

v:G — Aut(A %] M).

8The decomposition result is most germane to our discussion of ordinary crossed products
when 7 is trivial and N = {e} so that A X7, G = A Xo G. However, even in this case, the
conclusion involves a twisted crossed product. Starting with a possibly nontrivial 7 adds a little
extra generality and doesn’t significantly complicate the proof, so we include it for reference.
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We'll need the modular function Ag/n, ay/n, defined in (7.24). Since the notation
is getting a bit unwieldy, let

§(s) == Ag/n, /N, (8) = Agyn. (8)Agn (571),

where the last equality comes from (7.25). (We’ve identified (G/N.)/(M/N,) with
G/M.) If f € C.(M, A, T), then define

¥s(F)(m) = d(s)as (£ (57 ms)).

Note that if n € N; and m € M, then

thus, vs(f) € Ce(M, A, 7). Furthermore, if (p, V') is a covariant representation of
(A, M, ) which preserves 7, and if s € G, then a straightforward computation
shows that we get another covariant T-preserving representation (s- p, s - V') where

s-p(a) :==p(ag'(a)) and s-V(m):=V(s 'ms).

Moreover, if f € C.(M, A, 1), then

PV (D) = 006) [ pleas(7(s ms)) Vo) dag . )
M/N.
= [ plan(rm))V(sms) du, ()
M/N,
=s1pxTsTHV(S).
Since (p, V) is arbitrary, the above computation shows that ||vs(f)|| < || f| for all

feCe(M, A,).
Now we compute that

— [ s (fmanlotn s ) duas, ()
M/N,

= 5(5)2a5 (f(sflns))ozns (g(sflnflms))) dpag/n, (1)
M/N,

= 'YS(f) * 78(9)(m)

To check that 4 is *-preserving, we need to know that if M is normal in G, then
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for all s € G, Ap(sms™1) = Ap(m). But

AM(sns_l)/

[ gmsns™)dyon(m) = / 9(m) duns (m)

M

= AG7M(3_1) /M g(sms_l) dppr(m)

= B Au(m) | glsmns™)duns(m)

:AM(n)/Gg(msns_l)d,uM(m).
Now

Vs (f*)(m) = 8(s)axs (f* (s~ 'ms))
=6(s)Anm/n, (s_lm_ls)ams (f(s_lm_ls)*)

which, since M /N is normal in G/N,, is

=6(s)Anmyn, (m™YHam (ozS (f(silmfls)*))
= Apgyn, (M~ (35 (F)(m 1))
=7s(f)"(m).

Thus v, defines an endomorphism of A x7, M. Since we certainly have vs, = v5 07,
and v, =id, s — 75 is a homomorphism of G into Aut (A X7, M)
We’ve made a good start on the following result.

Lemma 7.27. If M is a normal subgroup of G and if (A,G,«,T) is a twisted
dynamical system, then there is a dynamical system

v G—»Aut(A ><1;M)
such that ~s(g)(m) = 6(s)as(g(stms)) for g € Co(M, A,7). Let
™ M — UM(A x], M)

be the composition of the natural map iry : M — UM (A xq M) with the quotient
map ® of A xo M onto A XL, M; thus if g € Co.(M, A, 1), then

™(n)(g)(m) = an (g(n"'m)). (7.27)

M s a twisting map for v and (A x7, M,G,v,m™) is a twisted

Furthermore, T
dynamical system.

Proof. Given the above discussion, in order to show that (A x7, M,G,~) is a
dynamical system all that remains is to show that 7 is strongly continuous. If
g € Ce(M,A,7) and if s; — s in G, then it will suffice to see that

5. (9) = vs(9)]l = ©.
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Let K C M be a compact set such that suppg C KN,. Let C be a compact
symmetric neighborhood of both K and s. We can assume that each s; € C'. Since
N, is normal in G, (CKN,C~Y)NM = (CKC~*N M)N,, and

m — 7s,(g)(m) —7s(g)(m)
vanishes off the saturation of the compact set K’ := CKC~' N M in M. Since

lall < gl i= [ llgtm)l duasy, 1),
M/

.

it suffices to see that s, (g) — 7s(g) uniformly. If this were not true, then we could
pass to a subnet, relabel, and assume that there is an ¢ > 0 and m; € M such that

[175: (9) (mi) = 7s(g)(ma)[| = € for all 4. (7.28)

Since ||v-(g)(m)|| = [|7r(g)(mn)|| for all m € M and n € N, we can assume that
each m; € K'. Since K’ is compact, we may as well assume that m; — m in M.
But then the left-hand side of (7.28) tends to zero. This is a contradiction and
completes the proof that ~ is strongly continuous.

Now let 7™ = ®oiy,. Since iy is strictly continuous, 7 is a strictly continuous
homomorphism of M into M (A7, M). To verify (7.27), notice that if f € C.(G, A),
then by Lemma 7.25 on page 213 and by definition,

™M n)®(f)(m) = ®(in(n)f)(m)
B / it () (f)(m)T(mom™") dpn, (v)

T

= [ anlt 0 mo) r(mom ) duy, ()
N

M

:/ o (f(n 'mo)r(n™'mom™'n)) dun, (v)

— an(B() (0 m)).

Since ® is surjective, this suffices. To verify (7.16) we use (7.27) to compute that
forn € N; and f,g € C.(M, A, T) we have

M) fril(n)* « g(m') = M (n) f x 7M (071 g(m)

- / 0t (J (0 1)) 1 (g™ m)) dpag v, (1)
M/N,

which, since the integrand is constant on N,-cosets and since ¢ is identically one
on N,, is

N / an (f (0™ mn)) am (g(m ™" m")) dpagyn, (1)
M/N,

= (f) * g(m).

To check (7.17) we use (7.27) to compare the values of (7 (n)f)(m) and
M (sns™1) (1s(f)) (m). O
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Proposition 7.28. Suppose that (A,G,a,T) is a twisted dynamical system, and
that M is a normal subgroup of G with N, C M. Then there is an isomorphism

U:AX,G— (Ax, M)« G
such that if f € C.(G, A, 1), then for each s € G, ¥(f)(s) € Co.(M, A, T) and
U(f)(s)(m) = 6(s)f(ms). (7.29)

Furthermore, W intertwines a covariant representation (mw,U) of (4, G,«a,T) with
the covariant representation (m x Ulnr, U) of (A %7, M, G, ~, 7).

We will need the following technical lemma for the proof.

Lemma 7.29. Let (A, G, a,T) be a twisted dynamical system. Then for each s € G,

{g(s): g €Ce(G, A7)}

is dense in A. Conversely, if B is a subspace of Cc(G, A, T) such that { g(s) : g € B}
is dense in A for all s € G and such that B is closed under pointwise multiplication
by elements of C.(G/N.), then B is dense in A X7, G.

Proof. To prove the first statement, consider a € A, s € G and ¢ > 0. Since
n +— 7(n) is strictly continuous, there is a neighborhood V of e in G such that
n € V implies ||ar(sns™!) —al| < e. Choose ¢ € CF(G) such that suppy C sV
and such that

[ elomyduy () = 1.

-

Let f(s) = ¢(s)a and g := ®(f). Then

lo)=al = || [ elsm(ar(sns™) =) den,

<e [ elomdun, () =
This proves the first assertion.

Now assume that B is as in the statement of the lemma and that g € C.(G, A, 7).
Let K C G be a compact set such that suppg C KN,. Let K’ be a compact
neighborhood of K. Fix € > 0. By assumption, for each s € K, there is a g € B
such that

lg(s) = gs(s)]| <€

By continuity, there is a neighborhood V; of s such that V; C K’ and r € V; implies

lg(r) = gs(r)ll <e. (7.30)
Since g and g5 are in C.(G, A, 7), (7.30) holds for all » € V;N,.. Since K is compact,
there are s1,...,s, € K such that Vs,,...,V, cover K. Let ¢1,..., ¢, be elements

of CF(G/N-) such that supp ¢; C Vi, N, and

D pi(s)=1 forallseK.

=1
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Then we let g. := > ¢; - g5, By assumption g € B and

9= gello < e

Therefore
lg = gelli < engyn, (K').

Since € is arbitrary, this suffices. (|

Proof of Proposition 7.28 on the preceding page. If f € C.(G,A,7) and ¥ is de-
fined as in the statement of the proposition, then it is straightforward to check that
U(f)(s) € Ce(M, A, 7). A similar argument to that in the beginning of the proof
of Lemma 7.27 on page 215 shows that s — ¥(f)(s) is continuous from G into
AxT M. If g€ C.(M, A, 7), then by expanding g * 7™ (n)* f, we see that

g™ (n)*(m) = Apgyw, () g(mn).

Since M/N; is normal in G/N-, Ayyn, (7)) = Agn. (), and if n,m € M and
s € G, we have

U(f)(ns)(m) = é(ns)f(mns)
= AG/NT (1)8(s) f(mns)

)f
—AM/NT(n U (f)(s)(mn)
U(f)(s)r™ (n)*(m).

Therefore, U(f) € C.(G, A x7, M, ™), and we get a map
U:C(G, A7) — C(G, A X7, M, 7).
To see that ¥ is a x-homomorphism, we calculate as follows.
U(f*g)(s)(m) = d(s)f * g(ms)
=3) [ Frar (gl ms) diy, ()
G/N,

which, after identifying (G/N,)/(M/N;) with G/M, and choosing Haar measures
consistently, is

=0(s TN) ey n " 'rlms
ST I GO )
dpnrN, (7) dpgyar (1)

=4(s) /G/M 5(r) /M/N f(nr)am(g(rflnflms))
d,UM/NT (12) d,UG/M (1)

=[] whmman e (¥ )0 )
G/M JM/N,
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dpar/n, (1) dig ()

=] wnmmen (e ) 0 m)
G/M JM/N,

dpnr/n, (1) dpgyn (1)

- / B(F)(r) 7 (P(9) () () dacaar (7). (7.31)
G/M

Now, as in the discussion on pages 190-192, we can apply Lemma 1.108 on page 39
to conclude that U(f)* U (g)(s) € C.(M, A, 1), and that (7.31) is

= W(f) = W(g)(s)(m).

To see that ¥ is x-preserving, we first compute

On the other hand,

W(f*)(s)(m) = 6(s)f" (ms)
= 6(8)ms (f(s_lm_l)*)Ag/NT (1hs) ™!
= AN, (3)Aa/m (8 Hams (F(sTIm™1)*) Agn, (m3) ™!

which, since Ag/n, and Ay n, agree on the normal subgroup M/N, is

= A/ (3 Avyn, (1 ams (f(s~Im ™)),

Therefore, ¥ is *-preserving.
Also,

M= | MLGICIEze
</ D i)
= [ Il s, () ducae 9
G/M JM/N,
= [ [ )l s, () ducyae 9
G/M JM/N,

= [ s Cm) dangy, () duyna(5)
a/M JM/N,

= [I£1x-
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It follows that if R is any representation of (A X7 M) NTYM G, then Ro VU is a
representation of A 7 G (Lemma 7.26 on page 213). Thus, [|T(f)| < ||f]l-

On the other hand, if (7, U) is a covariant representation of (A, G, «, 7), then
we shall see that (m x7 U|as, U) is a covariant representation of (A x7 M, G, v, 7).
Let g € Co(M, A, 7). Then

U(s)(m x" Ula)(g) = /M/N U(s)m(g(m))U(m) dpag, (112)

= / (s (g(m)))U(sm) dpngn, ()
M/N,

/ §5(s)m (s (9(s~'ms)))U(m) dpngn, (m)U(s)
M/N,

=7ax" U|M(75(g))U(s).

Therefore, (m x7 Uy, U) is a covariant representation of (A x7, M, G,~). To see
that it preserves 7 as well, we need to check that

(m %7 Ular) (7" (m)) = U(m);

but this follows immediately as 7 = ® o (m).
Now we compute that

(%7 Ulag) % U ((f)) = / 750 Ul (W(F)())U () dpcng (8)
a/M
=[] AU ) duag, () ducyse ()
G/M JM/N,
- / / 5(s)m (£(ms)) U (ms) dpas. (1) dpics s (3)
G/M JM/N.

= /M w(f(sm))U(Sm) dpn /N, () dpe g (8)
U

In particular,

I %™ U ()l = (w7 Ular) x UEN)I < 1A

Since (mw, U) was arbitrary, ||f|| < |[¥(f)|| and ¥ is isometric. We can complete the
proof by showing that ¥ has dense range.
If s € G, let

B:={VU(f)(s): feCA(G,AT)} CC.(M,A,T).

The first part of Lemma 7.29 on page 217 implies that { f(ms) : f € C.(G, A, 1)}
is dense in A for each m € M. Since B is closed under pointwise multiplication by
elements in C.(M/N,),° B is dense in A x7, M by the second part of Lemma 7.29.

91f ¢ € Ce(M/N;) and if @ is an extension of ¢ to C.(G/N), then since N, is normal, we can
define ¥(rN;) := @(rs~IN.). If g(r) := (rN;)f(r), we have g(ms) = p(mN.) f(ms).
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On the other hand, the range of ¥ is closed under multiplication by elements of
C.(G/M). Therefore the range of ¥ is dense by Lemma 7.29. Thus ¥ is an
isomorphism. [l

7.5 The Type Structure of Regular Crossed Prod-
ucts

C*-algebras are naturally divided into types based on their structure and the be-
havior of their representation theory. Such matters are discussed in detail in the
standard references on C*-algebras such as [110, §5.6] or [126, Chap. 6]. In this
section, we want to look at CCR and GCR algebras. A C*-algebra is called CCR
or liminary'® if w(A) = K(H,) for every irreducible representation 7 € A. In this
text, we define a C*-algebra A to be GCR or postliminary if m(A) D K(H) for all
TeA [110, p. 169]. This definition is best suited for the results below, and it has a
pleasing resemblance to the CCR definition. However, we should acknowledge that
it is not the classical one — although it is equivalent to the classical definition. The
essential feature that a GCR algebra A must possess is that it have a composition
series { I Yo<a<a, Of ideals such that Iy = {0}, I, = A, and such that I,41/1, is
CCR. (Thus the “G” in GCR is probably meant to suggest that GCR algebras are
“generalized” CCR algebras.) Many classical texts [2,28,126] say that A is GCR
if every quotient A/J (with J # A) contains a nonzero CCR ideal. This version
of the definition has the advantage that it follows without too much difficulty that
it is equivalent to A having a composition series as above [2, Theorem 1.5.5]. To
see that our definition is equivalent to either of the above conditions requires in-
voking some of the outstanding results in the subject. In the separable case, these
conditions, and many others, are shown to be equivalent in the centerpiece results
[126, Theorem 6.8.7] or [28, Theorem 9.1]. In the possibly nonseparable case, it
is shown in [157] that A has a composition series as above if and only if A is a
type I C*-algebra. This means that 7(A4)” is a type I von Neumann algebra for
all representations of A.'' In [158], it is shown that A is of Type I if and only if
every irreducible representation of A contains the compacts in its image (as in our
definition for a GCR algebra). Thus our definition is equivalent to the classical
ones.

If A is GCR, then all ideals and quotients of A are GCR [110, Theorem 5.6.2].
Furthermore, if A is GCR and P € Prim A, then A/P is a primitive GCR algebra.'?
Consequently, it must contain a canonical minimal ideal K(P) isomorphic to the
compact operators on some Hilbert space. Since a C*-algebra isomorphic to the

10The acronym “CCR” is supposed to suggest “completely continuous representations” as com-
pact operators once went by the term completely continuous operator. The term “liminary” is
meant to be an English equivalent of the French word “liminaire” meaning “preliminary”. The
spelling “liminal” is probably more common (cf., [28,110]), but I prefer to follow Pedersen’s
spelling in [126]. In these notes, we’ll stick to the CCR and GCR. designations despite Pedersen’s
admonition in [126, Remark 6.2.13].

HThe terminology is classical, but unfortunate. A type I von Neumann algebra is usually not
a type I C*-algebra.

12 A C*-algebra is called primitive if it has a faithful irreducible representation.



222 Properties of Crossed Products

compacts on some Hilbert space is called elementary, we call K(P) the elementary
ideal determined by P.

In general, trying to determine conditions on a crossed product that force it
to be CCR or GCR is very difficult. However, if we assume that (A,G,«) is
separable and regular and that A is GCR, then we can say something.!3 Even
with these restrictions, the discussion will get fairly complicated. To make the
general discussion a little easier to digest, it will be helpful to first look at the
situation for regular transformation groups. (We will look at possibly non-regular
transformation groups in Section 8.3.) We call a group G either CCR, or GCR when
the group C*-algebra C*(G) is either CCR or GCR, respectively.

Let (Co(X),G,1t) be a regular system in which each orbit is locally closed.™
These hypotheses are automatically met if (G,X) is second countable and the
orbit space G\ X is a Ty topological space (Theorem 6.2 on page 173). Let L =
7 x u be an irreducible representation of Co(X) i G. Since (Co(X),G,1t) is
quasi-regular, there is a # € X such that kerm = J(G - z), were J(F) is the ideal
of functions in Cy(X) vanishing on F. By Lemma 6.16 on page 182, L factors
though a representation L = 7 x u of Co(G - x) ¥y G. By assumption, G - z is
an open subset of G -z. Therefore, we can view Cy(G - z) x1; G as an ideal in
Co(G - x) ¥y, G (Corollary 3.20 on page 94). Since ker7™ = {0}, L does not vanish
on Co(G - x) x1; G, and it follows that the restriction L’ of L to Co(G - ) xy; G is
irreducible. Furthermore, L is the canonical extension of L’. Since (CO (X),G, lt)
is regular, the map sG, +— s -z is an equivariant homeomorphism of G/G, onto
G - z. Therefore Cy(G - x) Xy, G is isomorphic to Cy(G/Gy) X1 G. Thus, by Green’s
Imprimitivity Theorem, Co(G - z) 3, G is Morita equivalent to C*(G).*

Proposition 7.30. Suppose that (G, X) is a second countable transformation group
and that G\X is a Ty topological space. Then Co(X) X1 G is GCR if and only if
G, is GCR for all x € X.

Proof. We adopt the notation from the preceding discussion. Suppose that G,
is GCR for all  and that L is an irreducible representation of Cp(X) xy; G.
Since Morita equivalence preserves the property of being GCR (Proposition 1.44
on page 507), it follows that Co(G - z) x3x G is GCR for all 2. Hence if L is an irre-
ducible representation of Cy(X) x; G, then the representation L’ described above
contains the compacts in its image. Hence so does L, and therefore L. This shows
that Co(X) 1, G is GCR.

Suppose that Cy(X) x1; G is GCR, and that * € X. Let U := X \ G- .
Then Co(G - ) %3¢ G is isomorphic to the quotient of Cy(X) x; G by the ideal
Co(U) x1; G (Corollary 3.20 on page 94). Therefore Co(G - ) x1x G is GCR as
is its ideal Co(G - x) x1x G ([110, Theorem 5.6.2]). As we saw in the preceding
discussion, Co(G - x) xy; G is Morita equivalent to C*(G). Therefore C*(G,) is
GCR by Proposition 1.44 on page 507. (|

13The case where (A4, G, a) is not regular and A is not GCR is rather mysterious, and very few
general criteria are known. Certainly sweeping characterizations seem well out of reach.

14Recall that a subset of a topological space is locally closed if it is open in its closure
(Lemma 1.25 on page 6).

151n fact, by Theorem 4.30 on page 138, Co(G-z) X1 G is isomorphic to C*(G4) @ K(L? (G /Gx).



7.5 The Type Structure of Regular Crossed Products 223

Notice that if instead of insisting that orbits are merely locally closed, we insist
that orbits be closed, then in the above analysis, each irreducible representation
L of Cy(X) 13 G actually factors through some Co(G - x) X3y G — rather than
possibly being lifted from an essential ideal. Since Morita equivalence also preserves
the property of being CCR, (Proposition 1.43 on page 507), we have the following
analogue of Proposition 7.30 on the facing page for CCR transformation group
C*-algebras.

Proposition 7.31. Suppose that (G, X) is a second countable transformation group
and that each orbit is closed in X. Then Co(X) ;s G is CCR if and only if every
G, is CCR.

We now expand our discussion to allow for possibly noncommutative coefficient
algebras A. We still insist that A be GCR, and even then we will sketch some of
the details. As above, we also require that (4, G, ) be a regular dynamical system
and that each G-orbit is locally closed in Prim A. It will be helpful if we review
how closed, open and locally closed subsets of Prim A correspond to quotients,
ideals and subquotients of A, respectively, and verify that these identifications are
equivariant with respect to a strongly continuous action on A. It is well known, see
[139, Proposition A.27] for example, that open subsets of Prim A are in one-to-one
correspondence with ideals in A. If U C Prim A is open, then the corresponding
ideal is

Iy = ker(Prim AN\ U) := ﬂ{P €PrimA: P¢U}.

Furthermore, there is a homeomorphism
hy : U — PrimIy given by hy(P)=PnNIy. (7.32)

If V is also open in Prim A, if V C U and if 7 : Iy — Iy /Iy is the quotient map,
then there is a homeomorphism

huyv :UNV — Prim(Iy/Iy) given by huv(Q) =7(Q). (7.33)
Often, we’ll suppress the map 7 and write /Iy in place of w(Q).

Lemma 7.32. Suppose that (A,G,«a) is a dynamical system and that U and V
are G-invariant open subsets of Prim A with V' C U. Then the maps hy and hy,yv
defined in (7.32) and (7.33) are G-equivariant for the induced G-actions on Prim A,
Prim Iy and Prim Iy /Iy .

Proof. Note that Iy and Iy are G-invariant ideals so that « induces actions on Iy
and Iy /Iy. If s € G and P € U C Prim A, then

s - hy(P) = as(hu(P))
=a,(PNlIy)
=as(P)Nly
= hy(s- P).
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On the other hand, if Q € U \ V, then

s-hov(Q) = alv (7(Q))
=7(0s(Q))
=7(s-Q)
=hyv(s-Q). 0

_ Recall that a subset F' C Prim A is locally closed if F' is open in its closure
F. Therefore F' \ F' is closed and we can form the ideals corresponding the the
complements of F' and F \ F":

J = ker(F)zm{PePrimA:PEF} and
I'=ker(F\F)=|{PePrimA: P F\F}.

Then the subquotient I/J has primitive ideal space naturally identified with F' as
in (7.33). It will be convenient to denote I/J by A(F). For example, if P € Prim A
and G- P is locally closed, then we can let A(G-P) be the corresponding subquotient
of A. Then in the above discussion, J := [, P, and Q — Q/J is a G-equivariant
homeomorphism of GG - P onto Prim(A(G . P)) Similarly, A(W) is the quotient
A/J, and Q — Q/J is an equivariant homeomorphism of G- P = {Q € Prim A :
Q D Nyeq s+ P} onto Prim(A(G - P)).

With these conventions and notations in place, let L = 7 x u be an irreducible
representation of A x, G. By quasi-regularity, there is a P € Prim A such that

kerm = ﬂ s-P.
seG

Note that A(G-P) = A/kerm is a GCR algebra and that Q — Q/kerr is a

homeomorphism of G - P onto Prim(A(W)). By Lemma 6.16 on page 182
and Corollary 3.20 on page 94, L factors through a representation L = 7 X u
of A(W) X rerx G with ker© = {0}. By assumption G - P is open in G - P so
A(G - P) is an invariant ideal in A(G - P). Thus A(G - P) = I/ ker where

I'=({PePrimA:PeG-P~G-P}.

Now we can view A(G-P)X yier = G as anideal in A(G - P) X yxer » G (Proposition 3.19
on page 93). Since 7 is faithful, L does not vanish on A(G - P) X kern G, and it
follows that L is the canonical extension of an irreducible representation L’ of
A(G - P) Xxeer G. Since Q — @/ ker7 is an equivariant homeomorphism of G - P
onto Prim(A(G . P)), and since by assumption sGp — s P is a homeomorphism
of G/Gp onto G - P, there is a continuous equivariant bijection of Prim(A(G - P))
onto G/Gp matching up eGp with P/kerm. Since

AG-P)  I/kern
P/kerm  P/kerw

~J/P,
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Corollary 4.18 on page 130 implies that A(G - P) X xer= G is Morita equivalent to
I/Px,rGp. Since G- P is Hausdorff (it is homeomorphic to G/Gp), I /P is simple
and must be the canonical elementary ideal K(P) in the primitive GCR algebra
A/P. Theorem 7.21 on page 205 implies that I/P x,r Gp is Morita equivalent
to C*(G'p, T) where G’ is an extension of Gp by T determined by the projective
representation o : Gp — Aut K(P).16

Now we can state analogues of Proposition 7.30 and Proposition 7.31. The
proofs follow from the the above discussion and reasoning similar to the transfor-
mation group case. Proposition 7.33 is part of [162, Theorem 6.1].

Proposition 7.33. Suppose that (A, G, «) is a separable dynamical system with A
GCR, and G\ Prim A a Ty topological space. For each P € Prim A, let K(P) be
the canonical elementary ideal of A/ P as described above, and let C*(G'p, T) be the
corresponding twisted group C*-algebra associated to the projective representation
of Gp on K(P) as above. Then A x4 G is GCR if and only if each C*(G'p,T) is
GCR.

Proposition 7.34. Suppose that (A,G,«) is a separable dynamical system such
that A is CCR and such that the G-orbits in Prim A are closed. Let C*(G'p,T) be
as in Proposition 7.33. Then Axo G is CCR if and only if each C*(G'p,T) is CCR.

Remark 7.35. As is clear from the discussion preceding Proposition 7.33, it would
suffice to assume merely that A is GCR in Proposition 7.34. However, the hypothe-
ses of Proposition 7.34 imply that each orbit is closed and homeomorphic to G/Gp.
This implies that points are closed in Prim A. Since A is GCR, this implies that
A is actually CCR. Hence we have assumed A is CCR in Proposition 7.34 rather
than GCR. Assuming the later gives an extra generality which could none-the-less
be misleading.

Notes and Remarks

Theorem 7.1 is due to Takai [161]. The proof given here is adapted from Raeburn’s
proof in [133] and some comments of Echterhoff’s. Reduced crossed products, and
Theorem 7.13, were first introduced by Zeller-Meier for discrete groups in [173].
The extension to general crossed products is due to Takai [161]. Theorem 7.21 is
from Green’s [66] as is most of Section 7.4. Propositions 7.30 and 7.33 are due to
Gootman [62] and Takesaki [162], while Propositions 7.31 and 7.34 are due to the
author [169]. (The converses of these results will be considered in Section 8.3.)

161n Appendix D.3, we remark that G’ is determined by a class [wp] € H?(Gp,T) called the
Mackey obstruction for a at P. Furthermore, C*(G',7) = C*(Gp,wp) whose representations
correspond to wp-representations of Gp. There has been lots of work done on the structure of
these twisted group algebras. For example, see [42].






Chapter 8

Ideal Structure

The theme of this chapter, and indeed of the book, is that the fundamental structure
of a crossed product A x, G is reflected in the structure of the orbit space for
the G-action on Prim A together with the subsystems (A4, Gp,alg,), where Gp
is the stability group at P € Prim A. In Section 8.1, we see that this paradigm
is particularly effective for regular (separable) systems. It is a remarkable and
deep result that we can push the envelope to include arbitrary separable systems
with G amenable. The principle difference is that we have to work with primitive
ideals rather than irreducible representations. This result was conjectured by Effros
and Hahn — hence systems for which the conjecture holds are known as EH-
regular. The proof that the Effros-Hahn conjecture holds is the work of many
hands, but the final step is due to Gootman and Rosenberg — building on work of
Sauvageot. The proof of the GRS-Theorem (Theorem 8.21 on page 241) is rather
lengthy and we devote all of Chapter 9 to it. In Section 8.2 we look at EH-regular
systems and investigate some of the powerful implications of EH-regularity. In
Section 8.3, we give a detailed discussion of the implications of the GRS-Theorem
for transformation group C*-algebras. In particular, we give a complete description
of the primitive ideal space and its topology for the transformation group C*-algebra
Co(X) X1 G when G is abelian. We also give a fairly complete characterization of
when Cy(X) 33, G is GCR or CCR for abelian G which completes the preliminary
discussion in Section 7.5. One of the key tools required in Section 8.3 is the Fell
topology on the closed subgroups of a locally compact group G as developed in
Appendix H. With this material in hand, it is straightforward to introduce the
Fell subgroup crossed product in Section 8.4 which gives a coherent way of working
with the subsystems (A, H, «|g) as H varies. The Fell subgroup crossed product is
used in the proof of the GRS-Theorem in Chapter 9.

8.1 Fibering Over the Orbit Space

Many C*-algebras are naturally fibred over a base space, and as a consequence, a
good deal of information about the algebra can be obtained from an understanding

227
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of the structure of the fibres and how the fibres are “glued” together. A straightfor-
ward example is A = C' (X , IC(H)) for a compact Hausdorff space X and a complex
Hilbert space H. Certainly A can be thought of as being fibred over X with con-
stant fibre IC(H). Since K(H) has a unique class of irreducible representation, it is
not surprising to see that the spectrum of A can be identified with X as a topolog-
ical space (cf. [139, Example A.24]). An essential ingredient in proving this is the
existence of a nondegenerate homomorphism of C(X) into the center ZM (A) of
the multiplier algebra M (A) of A. It should be kept in mind that a clear picture of
the spectrum or primitive ideal space, together with its topology, gives a complete
description of the ideal structure of the algebra (cf. [139, Remark A.29]).

In general, a C*-algebra is called a Cy(X)-algebra when there is a nondegenerate
homomorphism ® 4 of Cy(X) into the center ZM (A) of the multiplier algebra (Def-
inition C.1 on page 354). A summary of the properties of Cy(X )-algebras needed
here is given in Appendix C. We'll just recall some of the important terminology and
notation. In particular, A is a Cy(X)-algebra if and only if there is a continuous map
o4 : Prim A — X (Proposition C.5 on page 355). If U4 : C®(Prim A) — ZM(A) is
the Dauns-Hofmann isomorphism (cf. [139, Theorem A.34]), then &4 and o4 are
related by

DA(p) =Ta(pooa). (8.1)

The assertion that Cy(X)-algebras are fibred over X is justified by the result stating
that A is a Cy(X)-algebra if and only if there is an upper semicontinuous C*-bundle
p: A— X (Definition C.16 on page 360) such that A is Cy(X)-isomorphic to the
algebra T'g(A) of sections vanishing at infinity (Theorem C.26 on page 367). Thus
elements in a € A are (up to isomorphism) functions on X with a(z) taking values
in the fibre algebra A, := p~*(z) of A over z. We can identify A, with the quotient
A(z) == AJI;, where I, :={p-a:a€ Aand p(x) =0} ={ac€ A:alx) =0} is
the ideal in A of sections vanishing at x. An upper semicontinuous C*-bundle is
called simply a C*-bundle (or a continuous C*-bundle when we want to emphasize
the difference) if the map a — ||a|| is continuous (cf. Definition C.16 on page 360).
Although C*-bundles are more common in the literature than upper semicontinuous
C*-bundles, the properties of upper semicontinuous bundles will be quite sufficient
for most of what we want to say here. In particular, the main property we want to
invoke is that every irreducible representation must live on a fibre A(z). Specifically,
if p is an irreducible representation with kernel P € Prim A and if o4 : Prim A — X
is the continuous map satisfying (8.1), then o4 (P) = z if and only if P D I, so that
p “factors through” A(z) = A/I, (Proposition C.5 on page 355). When working
with Cy(X)-algebras, we will normally suppress the map ® 4 and write ¢-a in place
of ®4(¢)(a) and view A as a Cy(X)-bimodule such that

pra=a-p (a-pb=a(p-b) and (p-a)"=@-a".

Throughout this section it will be important to keep in mind that if (4, G, «) is a
dynamical system, then both the spectrum A and the primitive ideal space Prim A
are (not necessarily Hausdorff) locally compact G-spaces (Lemma 2.8 on page 44).
If [7] is the class of an irreducible representation 7 in A, then s- [r] := [s- 7], where
s-mi=moa;!. If P€PrimA, then s- P := ay(P) ={as(a) :a € P}.
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Lemma 8.1. Suppose that (A, G, ) is a dynamical system. Let A be a Cy(X)-
algebra with associated map o : Prim A — X. Then the following statements are
equivalent.

(a) o is G-invariant; that is, o(s - P) = o(P) for all P € Prim A and s € G.
(b) For all p € Co(X), s€ G anda € A, as(p-a)=¢-as(a).
(¢) Each ideal I, C A is a-invariant.
Proof. Let W : C*(Prim A) — ZM(A) be the Dauns-Hofmann isomorphism, and

recall that
v-a=T(poo)(a) forall p € Cy(X)anda € A.

Moreover, for all f € C®(Prim A), [139, Lemma 7.1] implies that

s (¥(f)(a@) = ¥(7s(f)as(a),
where 75(f)(P) := f(s7! - P). If (a) holds, then

CVS(SD a) = CVS( (po U)(a))
=V (TS poo) )045
= V(poo)as(a)
= - as(a).
Therefore (a) = (b).
Since I, is the closed linear span of elements of the form ¢ - a for a € A and
¢ € Cy(X) satisfying ¢(z) = 0, we clearly have (b) = (c).
If (a) fails, then thereis a sg € G and a Py € Prim A such that o(so-Po) # (P

Then there is a f € Co(X) such that f(o(Py)) = 1 while f(o(so - Fo))
Proposition C.5 on page 355 implies that prop-gen-arv2.2.1

la(e@P)] = sw ().

TEA
o(ker m)=0c(P)

0)-
0.

Furthermore, the Dauns-Hofmann Theorem implies that for every 7 € A,
m(U(f)(a)) = f(kerm)m(a) for all f € C*(Prim A).
Thus if 7 € A is such that kerm = so - Py and a is such that (s, (a)) # 0, then
m(as, (f - a)) = 7 (s, (L(f 0 0)(a))
7 (U (7 0 0)) 1 (@)
fo(Po))m (050 ()

— (e (a) #

Therefore o, (f - a) & I,(s,.py) While f-a € I,(,.p,). Thus

aS() (IU(S()-P())) ¢ IU(S()'PO)?
and (c) fails. Thus (¢c) = (a) and the proof is complete. O
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Definition 8.2. If A is a Cy(X)-algebra, then a dynamical system (4, G, «) is said
to be Co(X)-linear if as(p-a) = ¢ - as(a) for all p € Cp(X), a € A and s € G.

Recall that we think of M(A) as the collection £(A4) of adjointable operators
on A viewed as a right Hilbert module over itself. Thus A sits inside M (A) as left
multiplication operators: Lo (b) = ab.

Lemma 8.3. Suppose that A is a C*-algebra and T € M(A) is such that T (ab) =
aT'(b) for all a,b € A (alternatively, TL, = L,T for alla € A). Then T € ZM(A).

Proof. Let S € M(A) and a,b € A. Then

This suffices as A2 is dense in A. O

Theorem 8.4. Suppose that A is a Co(X)-algebra and that (A, G, ) is a Co(X)-
linear dynamical system. Then for each x € X there are dynamical systems

(A(z), G, a®) where
of(a(z)) = as(a)(z).

Furthermore, A xq G is a Cy(X)-algebra such that
v-iala) =1ia(p-a) forallac A and ¢ € Cp(X), (8.2)

and we have

(A X G)(x) 2 AZ) Noe G.

Proof. Since « is Cp(X)-linear, Lemma 8.1 on the previous page implies each I,
is a-invariant. Then we can form the quotient system (A(z), G,a’*) as described
in Section 3.4. Thus we can let o® = a’s. Then Proposition 3.19 on page 93
implies that A(x) = G is isomorphic to the quotient of A x, G by I, X, G.
Let @4 : Co(X) — ZM(A) be the structure map ®4(¢)(a) := ¢ - a. Define
P pw,c: Co(X) = M(AxaG) by ®aw,c(p) :=74(Pa(p)). Since @4 and i are
nondegenerate, so is ® 45, . Thus to see that A x, G is a Cp(X)-algebra satisfying
(8.2), it suffices to see that ®ax,c(Co(X)) C ZM (A%, G). Let f € Ce(G, A) and
recall that Corollary 2.36 on page 57 implies

f= [ ialr)ics) duts) (83)
G
It follows that ® 4w, (p)(f) € C.(G, A) with

D as,c(0)(f)(5) = ¢ (f(s)),
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and if f, g € C.(G, A), then

B 1senc(9)(f % 9)(5) = Bale) /G F(F)an (g(rLs)) dpu(r)
- /G o Fr)ar(g(s)) du(r)

= f*Paxn.c(p)(g)(s).

Thus P4y ¢ : Co(X) = ZM(A x4 G) by Lemma 8.3 on the facing page.

Now (Ax,G)(z) is the quotient of Ax,G by the ideal K, generated by elements
of the form ¢ - f such that f € A x, G and ¢ € Cy(X) with p(z) = 0. We can
restrict to f belonging to any subset of A X, G which spans a dense subspace of
A x, G. Letting f € C.(G, A), we clearly have K, C Ex(I;). Now let f be of
the form i4(a)ig(z) with a € A and z € C.(G). Thus, as an element of C.(G, A),
f=2z®a where z ® a(s) = z(s)a. Since ¢ -ia(a) = ia(p - a), and since elements
of the form z ® ¢ - a are dense in Ex(I,;) = I, X, G by Lemma 1.87 on page 29, it
follows that K, = I, Xq G. Thus (4 %, G)(x) 2 A(z) Xae G as claimed. O

Remark 8.5. Condition (8.2) is equivalent to
(0 f)(s) = (f(s)) forall p€Co(X) and f € Cc(G, A).

Corollary 8.6. Suppose that A is a Co(X)-algebra and that (A, G, a) is a Co(X)-
linear dynamical system. Then A X, G is the section algebra of an upper semicon-
tinuous C*-bundle B over X with fibres B, isomorphic to A(z) Xa= G (where o*
is as defined in Theorem 8.4 on the facing page). If in addition, A is the section
algebra of a continuous C*-bundle A over X and if G is amenable, then B is also
a continuous C*-bundle over X.

Proof. The first assertion follows immediately from Theorem 8.4 on the preceding
page and Theorem C.26 on page 367. The second assertion will follow once we
show that the associated map o : Prim A x, G — X is open. Recall that o(P) = x
if and only if P D I, X, G. Let U be an open neighborhood in Prim A x, G and
suppose that z, — z in X with z, ¢ o(U) for all n. It will suffice to see that
z ¢ o(U). Since z € {z, } and since A is a C*-bundle, I, D (2, I, . It follows
from Proposition 5.23 on page 169 (see Remark 5.24) that if G is amenable, then
Ex(I,) := I, x4 G is equal to IndS I, := Ind I,. Thus Lemma 5.19 on page 166
implies that

ﬁ (I, %0 G) = ﬁ mdl,, = Ind(ﬁ Iwn) CIndl, =I, ¥, G.  (84)
n=1 n=1 n=1

If we had « € o(U), then there would be a P € U such that P D I, X, G and a
J € I(A x4 G) such that

PecO;={QePrimAx,G:QpJ}CU.
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Since P 2 J, it follows from (8.4) that there is a n such that

Iy, Xo G D J.
Then there is a @ € Prim A x, G such that Q D I, %, G and Q 5 J. Thus
Q € Oy and 0(Q) = x, € o(U) which is a contradiction. O

Naturally, Theorem 8.4 on page 230 and Corollary 8.6 on the preceding page
are most useful when we can say something specific about the fibres. We will show
that we can often reduce to the case that the action of G on Prim A is transitive
and then invoke Corollary 4.18 on page 130.

Proposition 8.7. Suppose that (A, G, a) is a dynamical system and that G\Prim A
is Hausdorff. Then A X, G is the section algebra of an upper semicontinuous C*-
bundle B over G\Prim A with fibres A(G - P) Xqc.p G. If G is amenable, then B
is a continuous C*-bundle. If (A, G, ) is regular (Definition 6.22 on page 186),
then each fibre A(G - P) X4c.p G is Morita equivalent to A/P x,r Gp, where
Gp={s€eG:s-P =P} is the stability group at P.

Proof. The natural map o : Prim A — G\Prim A4 is continuous and open. Since
G\Prim A is Hausdorff, Lemma 8.1 on page 229 and Theorem C.26 on page 367
imply that A is a Cyo(G\Prim A)-algebra and that (A, G,«) is a Co(G\Prim A)-
linear dynamical system. Thus A X, G is a Cy(G\Prim A)-algebra with fibres
A(G- P) x4c-p G by Theorem 8.4 on page 230. Since A(G-P) = A/Iq.p, it follows
from Lemma 7.32 on page 223 that the map

Q+—Q/lg.p

is a G-equivariant homeomorphism of G - P C Prim A onto Prim A(G - P). Since
(A, G, ) is regular, there is a G-invariant homeomorphism of Prim A(G - P) onto
G/Gp taking Q := P/Ig.p to eGp. Since

AG - P)/Q = (A/lc.p)/(P/lg.P)

is equivariantly isomorphic to A/P (with respect to the induced G p-actions),
Corollary 4.18 on page 130 implies that A(G - P) X4c-» G is Morita equivalent
to A/P x,r Gp. The final assertion follows from Corollary 8.6 on the preceding
page. [l

Notice that if A is commutative, then each primitive quotient A/P is isomor-
phic to the complex numbers and each fibre is actually Morita equivalent to the
group C*-algebra C*(Gp) of a stability group. Since the irreducible representa-
tions of a Cp(X)-algebra come from the fibres, it follows that in set-ups like that of
Proposition 8.7, the irreducible representations are determined by the irreducible
representations of the stability groups. We want to look at this process in greater
detail.

We get representations of A X, G from representations associated to the sta-
bility groups via induction. Fix P € Prim A. Rather than start with an arbitrary

representation L of A Nala, Gp, we want to assume that

Res(ker L) D P. (8.5)
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Then if L = 7 x W, this implies ker 7 O P and that L factors through A/P x,r Gp.
That is, L = L’ o ¢ x id where ¢ : A — A/P is the natural map, ¢ 3 id : 4 x4,
Gp — A/P x,r Gp is the induced map (Proposition 3.19 on page 93) and L' is
a representation of A/P x,r Gp. Notice that if A is abelian, then A/P is the
complex numbers, so that the representations satisfying (8.5) correspond exactly
to representations of the stability group Gp. In any event, we can form

g, (L)

as defined in Definition 5.1 on page 152, which is the representation on X® 4 xa, Hr
given by

Indg, (L)(f)(g@h) =N xv(f)(g)®h=fxg®h.

We can also induce L’ to a representation of Inng (A/P,af) xy G via the im-
primitivity bimodule Z of Corollary 4.17 on page 129. If (A, G, ) is regular and
G\Prim A is Hausdorff, then we get a representation RgP (L) of Ax4G by compos-
ing this induced representation with the quotient map g x id from A x,, G to A(G -
P) %46 G with the isomorphism ® xid : A(G-P)X4cp G — Indgp (A/P,aP)x,, G
induced by the covariant isomorphism ® : A(G - P) — Inng(A/P, a®’) of Propo-
sition 3.53 on page 105 (where we have identified A(G - P)/I with A/P as above).
Thus R, (L) acts on Z ®a/Px_pcp Hi by

RE,(L)(f)(z®h) = (®oq) xid(f) - 2@, (8.6)

where (® o q) x id(f) - z is given by (4.46). A little untangling shows that ® o
q(a)(r) = q(a;*(a)), where ¢ : A — A/P is the natural map. Note that RE (L)
is essentially the representation of A(G - P) x,6-r G corresponding to L’ under the
Morita equivalence of Corollary 4.18 on page 130.

Lemma 8.8. Suppose that (A, G, «) is a reqular dynamical system with G\Prim A
Hausdorff. Let P € Prim A. If L is a nondegenerate representation of A x Gp

with Res(ker L) D P. Then Inng L and RgPL are equivalent representations of
Ax,G.

OZ\GP

Proof. Let Xo = C.(G, A) and Zg = C.(G, A/ P) be dense subspaces of the imprim-
itivity bimodules X and Z, respectively. Define

w:Xo—Zy by u(f)(s)=Ac(s)2q(azt(f(s))),

where ¢ : A — A/P is the natural map. Define U : Xg ® Hr — Zo ® Hp by
U(f ® h) = u(f) ® h. To keep the notation from becoming distracting, let By :=
A/Px,rGp and By := AX Gp. Let L=nxW =L ogxidwith L' =7’ xW

OZ\GP
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and m = 7’ o q. Therefore
UG @R | UGOR) 10, 0 = (L (o) u(F), i 1K)

Z/G (7' ((ulg) , u(f), () Wa(h) | k) ducy(s)

B

N /c /C;V(S)Ac(t—l)(ﬂ'(q(at (9(t™))"
af (q(e 1 (F(E19)))))Weh) | k) duc(t) duc, (s)

which, after sending ¢ +— ¢t~1 and recalling that 7 = 7’ 0 ¢ while af 0 ¢ = qo ay, is
= [ (x(3) [ o 610 12)) dc())W.(0) | &) daip (5
Gp G
= [l 1, ) Wh) | F) dio ()

P
= (f®h|g®k)x®B2HL.

Since 1® q : C.(G, A) — C.(G, A/ P) is surjective by Lemma 3.18 on page 93, so is
u. It follows that U extends to a unitary from X ®p, Hy, onto Z ®p, Hr.
Now we compute that

(®oq) xid(f)-2(r) = / (@ 0q) xid(f)(t;r)2(t 1) A (1) ? dug(t)

G
- /G a(07 (F(8))=(7 1) Ac ()} dua(t).
While
(N o(£)(9) (1) = ulf * 9)(r)
= Ac(r)g(a;t(f * g(r)))

00a; ([ ot 'n) ductt))
= /G (o, (F(1))) Ac(r)2 q(am1 (gt 7)) duc(t)

(
= Ag(T‘)

[N

= [ alor (10D Aatt ) Eala ™, (6070) Ac ()} duc(r)
= (®oq) xid(f) - u(g)(r).
Thus U intertwines Indg, L and RS L. O

We can summarize much of the preceding as follows.

Corollary 8.9. Suppose that (A,G,a) is a regular dynamical system with
G\Prim A Hausdorff. Then every irreducible representation of A x,G is equivalent
to one of the form Indgp L where L is an irreducible representation of A Malap Gp
with Res(ker L) D P.
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Proof. Proposition 8.7 on page 232 implies that A x,, G is the section algebra of an
upper semicontinuous C*-bundle with fibres A(G - P) x,c.» G Morita equivalent
to A/P x,p Gp. Therefore every irreducible representation is lifted from a fibre
(cf., Proposition C.5 on page 355 and Theorem C.26 on page 367). The Morita
equivalence of A(G - P) X4c-» G with A/P x,r Gp implies that any irreducible
representation of A x, G must be form RgPL as in (8.6). The result follows from
Lemma 8.8 on page 233. [l

The previous lemma and the preceding discussion motivates the following ter-
minology.

Definition 8.10. Suppose that (A, G, «) is a dynamical system. A representation
R of Ax,G is induced from a stability group if there is a primitive ideal P € Prim A
and a representation L of A Xalg, Gp satisfying Res(ker L) D P such that Inng L
is equivalent to R. We say that a primitive ideal J € Prim(A x,, G) is induced from
a stability group if there is a P € Prim A and a K € Prim(A Xalgp Gp) such that

Res K = P and Ind&, K = J.

We want to generalize Corollary 8.9 on the facing page to deal with regular
crossed products where the orbit space G\Prim A is only almost Hausdorff. Al-
though the extension to this case is actually fairly straightforward, the argument
is obscured by a number of unfortunate technicalities. Nevertheless, the result,
and especially some of its special cases, make it worth expending the effort to sort
through the constructions. The first tool we have to recall is the notion of a com-
position series in a C*-algebra A.! Although the idea is rather simple, the general
statement is a bit much to take at one sitting. Since the finite case is what usually
occurs in practice, we can start there. Let

LCLGC--Clh g

be nested proper ideals in a C*-algebra A with I = {0} and I, = A. Then we call
{Ir }}_, a finite composition series for A. The philosophy is that the subquotients

Ik+1/Ik fOI‘k:O,l,...,n—l

carry lots of information about A. For example, if n = 2, then A is simply an
extension of I = I by A/I. Notice that if I C J are ideals in A and if p is an
irreducible representation of the subquotient J/I and if ¢ : J — J/I is the quotient
map, then the canonical extension 7 of pog to A is an irreducible representation of
A which is said to live on J/I. Now if 7 is any irreducible representation of A and
if { I;; } is a finite composition series, then there is a k < n such that 7(I) = {0}
and m(Ix41) # {0}. That is, 7 must live on some subquotient Iy /I; and we can
recover the spectrum A of A from the spectra of the subquotients.

In what follows, it will be necessary to look at possibly infinite composition
series. That is, we want to allow for a possibly infinite increasing family of ideals

LComposition series usually arise in the classification of GCR or type I C*-algebras. For
example, see Theorems 6.2.6 and 6.8.7 in [126], or [28, Proposition 4.3.4]
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inside our algebra A. It will be necessary to index this family a bit more subtly
than by nonnegative integers. In fancy terms, our index set A will be a segment
0 < a < ag of ordinals.?

Definition 8.11. A composition series in a C*-algebra A is a family { I, }aea if
ideals I, € Z(A) indexed by a segment A of ordinals 0 < a < ag such that

(a) I ={0} and I, = A,

(b) a <~ implies I, C I, and if

(¢) v is a limit ordinal, then

L= L.

a<y

We say that the composition series if finite or countable, respectively, if «q is finite
or countable, respectively.

Remark 8.12. Although any composition series that arises in practice is likely to
be finite, the general theory requires that we put up with the possibility of infinite
ones. Fortunately, if A is separable, then any composition series { I, }aep for A
can be at most countable. To see this, note that if o < g, then Joi1/Jy # {0}
and there is a a, € Ju41 such that ||ag41 —al| > 1 for all @ € J,. Since 8 # «
implies either a < § or § < «, we must have ||aq — ag| > 1. Therefore { a, } must
be countable, and «p must be countable. (However, we can still have limit ordinals
A< Oéo.)

Lemma 8.13. Suppose that { I, }aea is a composition series for a C*-algebra A.
Then every irreducible representation of A lives on a subquotient Iny1/1, for some
a€A.

Proof. Let 7 be an irreducible representation of A. Let S be the set of @ € A such
that w(I,) # {0}. If 5 = min S is a limit ordinal, then it follows from part (c) of
Definition 8.11 that w(Ig) = {0}. But this contradicts that fact that 5 € S. Thus
0 has an immediate predecessor « and 7 clearly lives on I441/1,. O

A subset F' C Prim 4 is locally closed if F' is open in its closure F (Lemma 1.25
on page 6). Therefore F' \ F is closed _and as in Section 7.5 we can form the ideals
corresponding to the complements of F' and F' \ F"

J :=ker(F) = m{P €PrimA: PeF} and
I'=ker(F\F)=(|{PecPrimA: PEF\F}.
Then the subquotient I/J has primitive ideal space naturally identified with F' as
in (7.33) on page 223. As in Section 7.5, it will be convenient to denote I/J by

A(F). Note that if G\Prim A is Hausdorff — as in Corollary 8.9 on page 234, for
example — then we can think of G - P as either an element of G\Prim A or as a

2There is a brief description of the properties of ordinals needed here preceding Lemma 6.3 on
page 173.
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closed subset of Prim A. Thus in the first case, A(G- P) is the fibre of the associated
upper semicontinuous C*-bundle, and in the second, A(G - P) is the quotient of A
by the ideal Ig.p corresponding to the complement of G - P in Prim A. Thus both
interpretations for A(G - P) coincide in this case, so our notation should not be
misleading.

More generally, if G- P is locally closed as a subset of Prim A — or equivalently,
as a point in G\Prim A — then A(G - P) is the quotient by a G-invariant ideal
and admits a strongly continuous G-action which we denote by a% . Let Qp
be the primitive ideal in A(G - P) corresponding to P under the identification of
Prim A(G - P) with G- P. Then A(G- P)/Qp corresponds to an ideal in A/P which
can be proper when A/P is not simple.

Ezample 8.14. Suppose that A = Cy(X) and that F C X is locally closed. Then
using the notation above, J = ker(F) is the ideal of functions vanishing on F and
I = ker(F \ F) is the ideal of functions vanishing on F'\. F'. The map g — g|r is a
surjection of I onto Cy(F') with kernel J. Thus A(F) = I/J is naturally identified
with Cy(F) in this case.

Remark 8.15. Suppose the C' and F' are locally closed subsets of Prim A with
F c C. Then A(C)(F) = A(F). To see this, suppose that A(C) = I/J. Then the
image F’ of F' in Prim A(C) = C is a locally closed subset and

AC)F)=T1")T
where I’ and J' are ideals in A(C) given by
J' =({QePrimA(C): Qe F} and
I'=({QePrimA(C): Qe F \ F'}.
Thus I’ =I"/J and J' = J"/J where A(F) =1"/J". But then

I///J
JI//J

ACYF)=T1")J = >~ ") J" = A(F).

With the terminology and notation developed above, we can now state a ba-
sic decomposition result, and also verify that in the regular case, all irreducible
representations of A X, G are induced from stability groups.

Theorem 8.16. Suppose that (A,G,«a) is a dynamical system with G\Prim A
almost Hausdorff. Then each orbit is locally closed and A X, G has a compo-
sition series { Ix }acn such that each subquotient Iny1/Ix is the section algebra
of an upper semicontinuous C*-bundle with fibres equal to A(G - P) Xqa.p G for
G-P € G\Prim A. If, in addition, (A, G, a) is regular, then let Qp be the primitive
ideal in A(G - P) corresponding to P under the identification of Prim A(G - P) with
G- P. Then A(G- P) Xyar G is Morita equivalent to A(G - P)/Qp X ap Gp, and

every irreducible representation of A x4 G is induced from a stability group.

Proof. Since G\Prim A is almost Hausdorff, part (d) of Lemma 6.3 on page 173
implies that there are open sets { Uy }aea satisfying properties (i)—(iv) on page 173.
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It follows that points in G\Prim A are locally closed. Thus each orbit is locally
closed and the subquotients A(G - P) are defined for each P. Let ¢ : PrimA —
G'\Prim A be the orbit map, and let .Jy be the ideal in A corresponding to ¢~ 1(Uy) C
Prim A. Since ¢~*(U,) is G-invariant, so is J and we can form

I)\ = J)\ ><1aG.

Clearly, { I } satisfies axioms (a) & (b) of Definition 8.11 on page 236. Thus we
need to see that
U 7x %0 G isdensein Jpxa G (8.7)
ALB

for all limit ordinals 0 < 8 < agp. Since the Jy are totally ordered by inclusion,

U

A<

is a G-invariant ideal in A. Since a primitive ideal P contains Jy if and only if
P ¢ q~1(U,) and since

¢ (Us) = |J ¢ (O,

A<pB
it follows that
Jp = Jx.
A<pB
Thus |J Jy is dense in Jg, and
span{ z® a € C.(G,Jg) : a € UJ,\ and z € C.(G) } (8.8)

is dense in Jz x4 G by Lemma 1.87 on page 29. But (8.8) is contained in the
left-hand side of (8.7). This proves that { I } is a composition series as claimed.
Clearly, Jy is a G-invariant ideal in Jy41, and Proposition 3.19 on page 93
implies that
D1 Xa G
J)\ Ao G

We can identify Prim Jy;1/Jy with ¢~ (Uxy1\Uy) and G\Prim(Jyy1/Jy) with the
Hausdorff space Ux11 \ Uy (using Lemma 7.32 on page 223). Thus Proposition 8.7
on page 232 implies that (8.9) is the section algebra of an upper semicontinuous
C*-bundle over U1 \ Uy with fibres

12

I)\_H/I)\ = (J)\_;,_l/J)\) X Ix G. (8.9)

(I)\_H/I)\)(G-P) = A(GP) Xoap G for G- P € Uyyq N Uy

(see Remark 8.15 on the previous page).

Now suppose that (A, G, «) is regular, and that p is a irreducible representation
of A x4 G. Then Lemma 8.13 on page 236 implies that p lives on some Iyi1/Iy.
Thus p is the natural extension R’ for an irreducible representation R’ on Iy i
lifted from an irreducible representation R of In41/Ix. If (A, G, a) is regular, then
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s0 is (Jxt1/Jx) %, G (the orbit space is Hausdorff, so quasi-regularity follows).
As in Proposition 8.7 on page 232 and Corollary 8.9 on page 234, A(G - P) Xqc.r G
is Morita equivalent to A(G - P)/Qp X,er Gp, and R must be equivalent to

X'-Indg L

where K € Prim Jyy1/Jy, L is an irreducible representation of (Jxt1/Jx) X s
Gr with Res(ker L) D K. Here, X' is Green’s imprimitivity bimodule between
EgK(Jk-i—l/J)\) and (J>\+1/J>\) DA GK.

Of course, K corresponds to a @ € Prim Jy;; and Lemma 7.32 on page 223
implies G coincides with the stability group G for the G-action on Prim Jyy; =
¢ (Uxg1). If L' is the lift of L to Jyx41 o Gg, then Res(ker L) D @ and Propo-
sition 5.23 on page 169 implies that R’ is equivalent to X”-Ind$ o L' where X" is
Green’s imprimitivity bimodule corresponding to EgQ (Jx+1)- Furthermore, @ cor-
responds to a P € ¢~ *(Uxy1 ~ Uy) C Prim A4 such that PN Jy;1 = Q. Again,
Lemma 7.32 implies that Gp and Gq coincide and Proposition 5.21 on page 167
implies that R’ is equivalent to

X-Indg&, T’

where I’ is the extension of I’ to Axo,Gp ,_and Xis Green’s imprimitivity bimodule
corresponding to EG_ (A). Since Res(ker L’) O P, we're done. O

Remark 8.17. The statement of Theorem 8.16 on page 237 simplifies significantly
with some additional assumptions. The most significant is that we want A be
type I or GCR. Secondly, we want A to be separable and G second countable. The
type I hypothesis allows us to identify Prim A with A [110, Theorem 5.6.4]. Thus
if (A4, G, a) is regular and G\Prim A is almost Hausdorff, then A(G - P) is type I
with Hausdorff spectrum and each primitive quotient A(G-P)/Qp is an elementary
C*-algebra. Thus each fibre A(G - P) X,c.» G is actually Morita equivalent to a
crossed product of the form K(H) x Gp for some complex Hilbert space H. It can
be shown that the irreducible representations of I(H) x Gp correspond exactly to
certain irreducible projective representations of Gp (cf. Section 7.3). Furthermore,
since every quotient of A is also type I, every closed subset of Prim A has an
open dense Hausdorff subset (cf., [126, Theorem 6.2.11] or [28, Theorem 4.4.5]).
Thus Prim A is almost Hausdorff and we can apply the Mackey-Glimm dichotomy
(Theorem 6.2 on page 173) to (G, Prim A). Thus (4, G, «) is regular with G\Prim A
almost Hausdorff if and only if G\Prim A is a Ty topological space (or any of the
other conditions (a)—(e) of Theorem 6.2 on page 173 are satisfied). See [171] for
more details.

8.2 EH-Regularity and the GRS-Theorem

In the previous section, we showed that in the case of separable, regular dynamical
systems, every irreducible representation is induced from a stability group (Theo-
rem 8.16 on page 237). Of course this means that every primitive ideal is induced,
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and we are well on our way to one of our main goals: describing the ideal structure
of a crossed product. However, in the non-regular case it is reasonable to expect
non type I behavior. Therefore, we do not expect to be able to describe all irre-
ducible representations in a coherent manner. However, it still may be possible to
describe the primitive ideals. Consequently, we make the following definition. (The
terminology will be justified shortly.)

Definition 8.18. A dynamical system (A4,G,«) is EH-regular if given
K € Prim(A x4 G), then there is a P € Prim A and a J € Prim(A4 x, Gp) such
that ResJ = P and such that Inng J = K. That is, (A, G, «) is EH-regular if
every primitive ideal in A X, G is induced from a stability group.

Of course, Theorem 8.16 on page 237 shows that if the G action on Prim A is
nice — in particular, if (A4, G, «) is a separable regular dynamical system — then
(A,G,a) is EH-regular. A few examples should suffice to show that EH-regular
systems are the ones were “Mackey-Machine”-type methods are likely to uncover
significant information about the structure of the corresponding crossed products.
The following observation is due to Echterhoff.

Theorem 8.19. Suppose that (A, G, ) is EH-regular, and that the stability group
Gp for the action of G on Prim A is amenable for all P € Prim A. Then the reduced
norm || - || on C.(G, A) coincides with the universal norm || - | and A x4, G =
AxoG. In particular, Indg 7 is a faithful representation of A X G for any faithful
representation m of A.

Proof. Let p <V be an irreducible representation of A x, G and let 7 be a faithful
representation of A. By assumption (A, G, «) is EH-regular so we have

ker(p x V) =Indg  J
for some P € Prim A and some J € Prim(A x,Gp). Since Gp is amenable we have
Jo{0}= ker(IndSP ).
Therefore
G Gp
ker(p x V) D Indg,, (ker Indg'” )

= ker(Inng Inng ﬂ')
which, by induction in stages (Theorem 5.9 on page 157), is

= ker (Indf 7T).

Since this holds for any irreducible representation p x V', we have ker(IndfP 7T) =
{0}, and the result follows. O

As another example, consider the most basic of ideal structure questions: when
is A X, G simple? This question was the inspiration for a significant amount of
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work [114-116] — even before the interest in simple C*-algebras inspired by the
work of Kirchberg and Phillips on the classification of separable purely infinite
nuclear simple C*-algebras by their K-theory [89,90,128]. However, the simplicity
of crossed products is extremely subtle, and we won’t be able to do more than
consider special cases here.

Note that if I is a non-trivial G-invariant ideal in A, then I x, G a non-trivial
ideal in A x4 G, and A x,, G is certainly not simple. Therefore if we want A x, G
to be simple, a necessary condition is that A be G-simple; that is, we assume that
A has no non-trivial G-invariant ideals. Assume also that the G-action on Prim A
is free. If A is G-simple, for each P € Prim A we must have

(s-P={0}. (8.10)

seG

Note that (8.10) is equivalent to saying that the G-orbit of each P € Prim A is
dense in Prim A. Thus if P and @ are primitive ideals in Prim A, then there are
s; € G such that s; - P — (@ in Prim A. Since Indf is continuous (Lemma 5.16
on page 164), Indg s$i- P — Indg @. On the other hand, Indg s - P is equivalent

to Indg P by Lemma 5.8 on page 157, and it follows that Indf Qe {Indf P}; or
more simply, Indf PcC Indf Q. By symmetry, Indg P= Indg Q. Since (A, G, ) is
presumed to be EH-regular, every primitive ideal is induced; thus, Prim(A x, G) is
a single point and A x,, G must be simple. We can summarize the above discussion
as follows. (Recall that a transformation group is called minimal if each orbit is
dense.)

Theorem 8.20. Suppose that (A,G,«) is a EH-regular dynamical system such
that the induced action on Prim A is free. Then A X, G is simple if and only if the
G-action on Prim A is minimal.

If (G, X) is a second countable locally compact transformation group and if the
G-action is minimal, then either the action is transitive or the action fails to be
regular (Theorem 6.2 on page 173). Therefore in the latter case, the results in the
previous section do not apply. Naturally, we want to see what can be said in the
non-regular case.

In their 1967 Memoir [49], Effros and Hahn conjectured that if (G, X) was a
second countable locally compact transformation group with G amenable, Cq(X) x4
G should be EH-regular. In Chapter 9, we give the proof that their conjecture,
and its natural generalization to dynamical systems (the generalized Effros-Hahn
conjecture), is true:

Theorem 8.21 (Gootman-Rosenberg-Sauvageot). Suppose that (A, G, a) is a sep-
arable dynamical system with G amenable. Then (A, G, a) is EH-regular.

Then a fundamental corollary of Theorem 8.20 and Theorem 8.21 is the follow-
ing.

Corollary 8.22. Suppose that (G, X) is a second countable locally compact trans-
formation group with G amenable and freely acting. Then Co(X) x4 G is simple if
and only if G acts minimally on X .



242 Ideal Structure

Remark 8.23. A direct proof of Corollary 8.22 on the preceding page in the case
where G = Z is given in [21, Theorem VIIL.3.9].

As a particularly poignant application of EH-regularity, we can generalize Corol-
lary 8.22 on the previous page for abelian G, and give a tidy description of the
primitive ideal space of Cy(X) xy; G for any second countable locally compact
transformation group (G, X). The proof of this result requires a bit of technology
of its own, and is given in Section 8.3.

8.3 The Ideal Structure of Cy(X) xy G

It is clear from Sections 7.5, 8.1 and 8.2 that the stability groups Gp for the action
of G on Prim A play a significant role in the theory of crossed products. Naturally,
the way the Gp vary with P is often an important consideration. Fortunately, there
is a natural compact Hausdorff topology, called the Fell topology, on the set ¥ of
closed subgroups of a locally compact group G. We give a detailed discussion of
the Fell topology in Appendix H.1. For now, it suffices to have just an intuitive
notion of what it means for a net { H; } C ¥ to converge to H. If H; — H and if
t; € H; is such that t; — ¢, then we must have t € H. Furthermore, if ¢t € H, then
after passing to a subnet and relabeling, we can assume that there are ¢t; € H; such
that t; — ¢t. These two properties actually characterize convergence (Lemma H.2
on page 454). By looking at simple examples, it quickly becomes evident that
the map P — Gp is often not continuous — even in situations where the action
is otherwise extremely well behaved. Proposition H.41 on page 477 implies that
P — Gp is always a Borel map, and this will be important in our proof of the
Gootman-Rosenberg-Sauvageot result in Chapter 9. In this section we want to say
something significant about the ideal structure of transformation group C*-algebras
Co(X) x1, G with G abelian. A key idea is to see that the stability map x — G is
“continuous enough” for our purposes.

Throughout this discussion, (G, X) will be a locally compact transformation
group, and (Co (X),G, lt) the associated dynamical system. We will shortly restrict
to the situation where G is abelian, but for the moment, we allow G to be arbitrary.

Fix z € X. Let H be a subgroup of the stability group G, = {s€ G:s-x =
x }. Using Green’s Imprimitivity Theorem (page 132), we can make C.(G) into a
Co(G/H) »y G—C*(H )-pre-imprimitivity bimodule. Let X = X% (Co(G/H)) be
the completion. Let w be a representation of H on H,. (As usual, we use the
same letter to denote a unitary representation or its integrated form on C.(H) or
C*(H).) The induced representation R = X-Ind% w, or simply X-Indw, acts on
the the completion Hp of the algebraic tensor product C.(G) ® H,, with respect to
the inner product

(p@h|vek) =¥, ¢) . Ik
/ W o) (O (wOh | ) dun ()
v (

C*(H)
/ / (P () (W) | k) dpac () dpura (2).
HJG

T
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Then X-Indw is the integrated form of (x,U) where
Rl @h] = [M(E)p@h] with M()p(s) = E(sH)p(s), and  (8.11)
U(r)lp ® bl = [It-(p) © hl.

After identifying C*(G) with C x G, the representation of G induced from H,
Ind% w, is given by the unitary part, U, of X-Indw; that is Ind (w)(s)[¢ ® k] =
[1ts () © h] and Indf (W) (¥)[p @ h] = [ * ¢ @ h].

Let ev, be “evaluation at 27 on Cy(X): ev,(§) := &(x). Let p, = ev, ®1 be the
corresponding representation on H,: pz(&)h := &(x)h. Then (p,,w) is a covariant
representation of (Co (X),H, lt), and we can form the induced representation L :=

d$ (p, X w) on Hy, which is the completion of C.(G x X) ® H,, with respect to
the inner product?

Fonlaor) = [ e (o, . ,0) @O E) du
//'YH (ryr - x)f(rt r- x)(w(t)h|k) duc(r) dug (t).

Then L = np, x Up where, by definition,
mL(E)[f @ h] = licox)(€)f @h] and UL(r)[f @ h] = [ic(r)f © h].
(Recall that ic,(x)(€)f(s,x) = &(x) f(s,z) and ig(r) f(s,z) = f(r~ts,r™1 - 2).

)
We can define U : C.(G X X) ®H,, — C.(G) ©H, by U(f @ h) = ¢(f) ® h,
where ¥(f)(s) := f(s,s-x). Then

U(foh) |Ugek),,

/ / i (B@ V() ) ()R | K) dacs(r) dpura (1)
— (f@h|g® k),

Therefore U is isometric, and since U clearly has dense range, it extends to a unitary
of Hy, and Hpg. Therefore Indg(pw X w) is equivalent to a representation L% (z,w)
on the space of Indg w. We can summarize this discussion as follows.

Proposition 8.24. Suppose that (G, X) is a locally compact transformation group,
that H C G, and that w is a representation of H. Then Indg(pm X w) is equivalent
to a representation LG (z,w) = m x Indfl w where

m(&)le @ h] = [M(&)¢ © hl,
with M(£)g(s) = &(s - )p(s).

Remark 8.25. If j, m) : Co(X) — C°(G/H) is given by ji, m)(&)(sH) := &(s - @),
then M = M © j(a, ;) Where M is given in (8.11).

3Formally, H, is the completion of C(G,Co(X)) ® Hy, but it is not hard to see that C.(G x
X) ® Hy is dense in Ce(G, Co(X)) ® He-
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Proof of Proposition 8.24. Since 1 (icyx)(6)(f))(s) = icyx)(§)f(s,s - x) =
E(s - 2)Y(f)(s), U clearly intertwines my and w. Similarly, we compute that
V(ic(r)f)(s) =1t (¢(f))(s), and U intertwines Uy, with Ind$ w. O

Let (joo(a/H),Ja) be the natural covariant homomorphism of (CO(G/H), G, lt)
into M(Co(G/H) X1t G) Let k = JCo(G/H) Oj(w)H) :Co(X) — M(Co(G/H) X1t G),
that is, k(&) f(s,tH) = &(t - x) f(s,tH). Then it is easy to check that (k,jg) is a
covariant homomorphism of (Co(X), G, 1t) into M (Co(G/H) 1 G).

Lemma 8.26. Suppose that (G, X) is a locally compact transformation group, and
that w is a representation of H C G, for some x € X. Then the diagram

kxXjc

Co(X) ><11tG M(Co(G/H) At G)

Lm A

B(HRr)

commutes. In particular, if kerw C ker 7 (as representations of C*(H)), then
ker(Indg(pw X w)) C ker(Indg(pm X T)).

Proof. On the one hand, L% (z,w) = 7 x Ind§w. On the other hand, L/ :=
(X-Indw) o (k % jg) = 7 x Urs. Then

mr(€) = L' (icy(x) (€))
= XfInd’(jco(G/H) (j(x,H) (f)))

where checking the last equality is facilitated by Remark 8.25 on the preceding
page. Similarly, Uz (s) = L' (ic(s)) = X-Ind(je(s)) = Ind$ w(s). Therefore L' =
L$ (7,w) as claimed.

Since X is an imprimitivity bimodule, X-Ind preserves containment ([139, The-
orem 3.22]). Thus kerw C kert implies the kernel of L% (r,w) = (X-Indw) o
(k  jg) is contained in the kernel of LG (x,7) = (X-Ind7) o (k x jg). There-
fore ker L% (v, w) C ker L% (z,7), and the last assertion now follows from Proposi-
tion 8.24 on the previous page. O

Proposition 8.27. Let (G, X) be a locally compact transformation group. Suppose
that w is an irreducible representation of G. Then Indgz (pz X w) is an irreducible
representation of Co(X) Xy G.

Proof. 1t will suffice to see that LE (z,w) =7 Indgz w is irreducible. For this, it
suffices to see that any operator that commutes with 7(€) for each & € Cy(X) and
that also commutes with Indgz (w)(s) for each s € G must be a scalar operator.
However, since X is an imprimitivity bimodule, X-Indw = & x Indgm w is irreducible
([139, Corollary 3.32]). Therefore any operator commuting with each x(¢) and each
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Indgz (w)(s) is a scalar operator. Hence it will suffice to show that each x(¢), with
¢ € Co(G/Gy), can be approximated in the weak operator topology by operators
of the form 7 (§), with £ € Co(X).

Let C C G/G, be a compact set. Since sG, — s -z is a continuous injection
of G/G, onto G - x, it restricts to a homeomorphism of C' onto a compact set
(since X is Hausdorff). The Tietze Extension Theorem implies that there is a
éc € Ce(X) whose image (under j, ¢.,)) in C°(G/G,) agrees with ¢ on C. Then
{m(&c)} is a net in B(HRg), and it suffices to see that m({c) — k(¢) in the weak
operator topology. Since {7 ({¢)} is bounded, it suffices to show convergence on
a dense subset of Hr. In particular, we can look at elements of the form ¢ ® h
in Co(G) ®Hy. f o @ h and ¢’ @ B’ are in C.(G) ® H,, with supp¢’ C K, then
provided C D K,

(r(éc)(p @ h) | (s@ ®h')) (K@ h) [ (¢ ®1))
= [ [ 0. 0F )0t - M) (O 1) dic(r) doc. (1)
/ / v, ( 5@(7‘ z) — ((rGy))e(rt) (w(t)h | B') duc(r) duc, (t),
which equals zero since {c(r - ) = ((rG,) on the support of ¢'. This completes
the proof. O

Using Proposition 8.27 on the facing page, we aim to prove the following.

Proposition 8.28. Let (X, G) be a locally compact transformation group with G
abelian. Define ® : X x G — Prim(Co(X) X1t G) by

O(z,7) = ker(Indgz (po ¥ Tlc,)).
Then ® is continuous.

We'll need a bit of machinery to prove Proposition 8.28. In particular, if we
let ¥ be the compact Hausdorff space of closed subgroups of G endowed with the
Fell topology (Corollary H.4 on page 455), then we have to cope with the fact that
the stability map = — G is rarely continuous. The following simple observation is
sometimes a useful substitute for this lack of continuity.*

Lemma 8.29. If (G, X) is a locally compact transformation group, then
P={(x,H)e XxX:HCG,;}

1s closed in X x 2.

4The proof of this result, and a number of others in the sequel, require that convergent nets in
X have unique limits. Of course, this is true since X is Hausdorff. But in the case of dynamical
systems (A, G, a) where A is not commutative, and A fails to have Hausdorff spectrum or primitive
ideal space, then these techniques fail. This is just one of many reasons that the ideal structure
of general crossed products is considerably more mysterious than that of transformation group
C*-algebras.
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Proof. Suppose that (x;, H;) is in P for all i, and that (x;, H;) — (z, H). If t € H,
then we can pass to subnet, relabel, and assume that there are t; € H; such that
t; — t (Lemma H.2 on page 454). Then z; = t; - x; — ¢ - x. Since X is Hausdorff,
t-x==x,and t € G,. Then H C G, and P is closed. O

We begin by defining ¥ : P x G — Z(Co(X) »1y G) by
U(x,H,7):= ker(Indg(pz X T|H)).

Recall that a subbasis for the topology on Z (CO (X)) ¢ G) is given by sets O; where
J is an ideal in Cp(X) »y; G, and

Oy := {IEI(C@(X) ><11tG) IZS J}
Lemma 8.30. V¥ is continuous.

Remark 8.31. It seems natural that Indg should depend continuously on H (see
Remark 8.58 on page 260). To work out the details the tool needed is a continuous
choice of Haar measures on % as defined in Lemma H.8 on page 458. If fo € CF(G)
is such that fo(e) > 0, then we can fix a Haar measure pgy on H such that

[ ) dua(s) = 1.
H
Then Lemma H.8 on page 458 implies that
1 [ 5) du(s)
H

is continuous for all f € C.(G).

Proof. Let { (z;, Hi,7;) } be a net in P x G converging to (z, H, 7). It will suffice to
see that if ¥(z;, H;,7;) D J for all 4, then ¥(x, H,7) D J. Fix a continuous choice
of Haar measures py on ¥ as in Lemma H.8 on page 458. By Proposition 8.24
on page 243, Indgi (pe; ¥ 7ilm,) is equivalent to L§ (i, 7|m,) which acts on the

completion of C,(G) with respect to the inner product®

(1) = [ 4" = o(Ome) dun. (1) (312)

(Let (- | -)o be the inner product for LG (z,7|x) = nd$ (ps % 7|p).) Furthermore,
Lgi(:vi,TﬂHi) = m; % V;, where V; = Indgi(ﬁ-m) and m; is given by m;(§)p(s) =

i
~

&(s - x;)p(s). By definition of the topology on G, 7; converges to 7 uniformly on
compact subsets of G. Therefore part (b) of Lemma H.9 on page 460 implies that

(p ) — (¢ ] ) for all p and ¢ in C.(G).

5Since we’re assuming G is abelian, there are no modular functions to worry about. In partic-
ular, vy, is identically one and has been omitted from our formulas.
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Claim. Let A C Cy(X) x14 G be dense. Then it will suffice to show that

(Lgl (I’iv Ti

1) (F)e | v), — (L (@, 7lm)(F)e [ v), (8.13)
for all F € A and all p,¢ € C.(G).

Proof of Claim. Let F' € J. Since Ind%(p, x 7|g) is equivalent to LG (x,7|x)
and since C.(G) is dense in the space of L% (z,7|n), it suffices to see that
(LG (2, 7|a)(F e | ¢)0 = 0 for all ¢ and ¢ in C.(G). Fix ¢ > 0. Since
J C ker(Indgi(pxi X T
Lgi(xi;Ti

m;)) and since Indgi (pz; X 7i|m,) is equivalent to
m)(F)e | ¢), = 0 for all i. Since

1
(o | ¥)i — (¢ | ¥)o implies that [[¢|; = (¢ | ¢)? converges to |¢|o for all
¢ € C.(G), we can find F € A such that

m,), we have (LY (zi,7

’(L% (@i, il 1, ) (F)e | w)z‘ < % for large 4, and such that
(L, 7l) (F)e | 4), = (LG mlm) (F)e | 9), | < 5.

It follows from (8.13) that |(L% (z, 7| )(F")¢ | 1/))0| < €. Since € was arbitrary, the
claim follows. |

Let A = span{ p®¢ : ¢ € C.(GQ) and & € Cy(X) }, where o®&(s, z) = @(s)&(z).
Then A is dense in Cy(X) x4 G (Lemma 1.87 on page 29). Note that

) @&y | ¢), = (mi(§)Vile)g' | ), = (m:(&)p x @' | ¥),.

Therefore it will be enough to show that

()¢ [ ¥), = (7(&)e | ¥),,

(Lgl (I’L » Ti

where LG (z,7|y) =7 x V.
Recall that

(m:(©)p | ¥), = / T (£ i () p(t) dpusr, (1):

i

Since, by definition of the topology on é, 7; — 7 uniformly on compact sets,
it will suffice, by Lemma H.9 on page 460, to see that v * m;(§)y converges to
Y x 7(€)e in the inductive limit topology on C.(G). Clearly, we just need to see
that 7;(§)p — 7(£)p in the inductive limit topology. Since the supports are all
contained in supp ¢, it will suffice to see that the convergence is uniform. If not,
then after passing to subnet and relabeling, there are s; € supp ¢ and an € > 0 such
that

|€(si - @) p(si) — E(si - )p(si)| = e >0 for all i.

Since we can pass to another subnet, relabel, and assume that s; — s, we arrive at
a contradiction. Thus, ¥ must be continuous as claimed. O
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Proof of Proposition 8.28 on page 245. Suppose that (z;,7;) — (x,7) in X X é,
and that J is an ideal in Cy(X) x1; G such that ®(x;,7;) D J for all i. Then as in
Lemma 8.30 on page 246, it will suffice to see that ®(x,7) D J. Since ¥ is compact,
we can pass to a subnet, relabel, and assume that G, — H € ¥. If t € H, then
(possibly after passing to another subnet and relabeling) there are t; € G, such
that t; — t. Then x; = t; - x; — t-x. Since X is Hausdorff, x =¢-z and t € G,.
Therefore H C G, and (z, H) € P. Since ®(z;,7;) = ¥(2, Gs,, ;) and since VU is
continuous, we have

U(x,H,7) D J.
However, using “Induction by Stages” (Theorem 5.9 on page 157), we have
Ind% (pe  7|g) = IndG (Ind “(pz X T|H))-
Using Proposition 8.24 on page 243 (with G = G), we have
mdSe (pe % 7|H) = pa ¥ (Indﬁ,m lH).

Therefore
Ind%(px X T|H) & Indgz (pz X (Indgm 7'|H))

On the other hand, Corollary 5.15 on page 162 implies that ker(Indg’” 7| H) C
ker 7|c, . Therefore the last part of Lemma 8.26 on page 244 implies that

O(x,7) = ker(Indgz (pe ¥ Tla,)) D ker(Indgm (pa % Ind$e )
= ker(Ind%(pm X 7|m))
— Wz, H,7) O J.

Therefore, ®(x,7) D J, and we're done. O

Lemma 8.32. Suppose that (G, X) is a locally compact transformation group with
G abelian, that H C G, and that 7 € G. Then Tnd$(p, x 7|m) is equivalent to
d% (ps.e X 7|1).

Remark 8.33. Lemma 8.32 is a special case of Lemma 5.8 on page 157, but it seems
reasonable to give a separate proof in this special case.

Proof. In view of Proposition 8.24 on page 243, it suffices to show that L% (z,7|x)
is equivalent to L% (s -z, 7|x). Both these representations act on the completion of
C.(G) with respect to the inner product

(ply) = /w * o()7(t) dum (t //w 7(t) dpc (r) dps ().

Furthermore, LG (z,7|u)(f)e(r) = [of(v,r - z)p(0™'r)duc(v). Define
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U:C.(G) — C.(G) by U(p)(r) = ¢(sr). Then, recalling that G is abelian,
U(LS (@, 71m)(f)e) (r) = L (z, 7|m) (f)e(sr)

= / fv,sr-2)p(vsr) dug(v)
el

- /Gf(v,rs -2)U(p) (v ') duc (v)
= LG(s - 2, 7|m)U(#)(r). H

It follows immediately from Lemma 8.32 that ®(z,7) = ®(s-z,7) for all s € G.
The continuity of ® implies a bit more.

Lemma 8.34. Suppose that (G, X) is a locally compact transformation group with
G abelian, and that G- = G -y. Then G, = Gy, and if T and o are in G and are
such that 75 € G-, then ®(z,7) = ®(y,0).

Proof. Since y € G - x, there are s; € G such that s; -z — y. But if ¢t € G, then
since G is abelian, s; -« =ts;-x — t-y. Since X is Hausdorff, ¢t -y = y and t € G,,.
This shows that G, C G. By symmetry, G, C G, and the first assertion follows.

Let s; - — y, as above. By Lemma 8.34, ®(s; - x,7) = ®(x,7). Since &
is continuous, we have ®(y,7) € ®(z,7). Thus, by definition of the hull-kernel
topology, ®(x,7) C ®(y, 7). By symmetry, we must have ®(x,7) = ®(y,7), and a
moments reflection shows that ®(y, ) = ®(y, o). O

The continuity assertions in Corollary 6.15 on page 182 and Lemma 5.16 on
page 164 are also a consequence of the following general observation from [66,
Proposition 9].

Lemma 8.35. Let B and D be C*-algebras and let ¢ : B — M (D) be a homomor-
phism. Define ¢* : Z(D) — Z(B) by

e (J)={be B:yp)deJ forallde D}.
Then ©* is continuous.

Proof. Since D and J are an ideals in M (D), we clearly have ¢*(J) € IZ(B).
Suppose K € I(B) and let Ox = {I € I(B) : I 7 K}. We need to see that
(¢)~1(Ox) is open.

If o*(J) 7 K, then thereisab € K and a d € D such that ¢(b)d ¢ J. Therefore
o(K)D ¢ J. Let K’ be the ideal in D generated by ¢(K)D. Then K’ ¢ J. On
the other hand, if K’ ¢ J, then as J is an ideal, it follows that p(K)D ¢ J, and
hence ¢*(J) » K. Summarizing,

(0) ' (Ok) ={J € I(D): p"(J) DK}
={JeI(D):p(K)D ¢ J}
= Ok.

Therefore ¢* is continuous. (|
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Lemma 8.36. Suppose that (A, G, ) is a dynamical system. There is a continuous
map ig; : Z(A xo G) — Z(C*(G)) such that given a representation L = 7 x u of
A xg G, iG(ker L) = keru (where u is viewed as a representation of C*(Q)).

Proof. Let i¢ : C*(G) — M(A x4 G) be the integrated form of the natural map.
Then iy, is continuous by Lemma 8.35. Moreover,

ig(ker L) ={f e C"(Q) :ig(f)d eker L for all d € A xo G }.

Since L(ic(f)d) = u(f)L(d) and since L is nondegenerate, u(f) = 0 if and only if
feig(kerL). O

Lemma 8.37. Suppose that (G, X) is a locally compact transformation group, and
that J(F) is the ideal in Co(X)corresponding to the closed set F C X. Let (G\X)™
be the To-ization of G\X (see Definition 6.9 on page 180). Define 7 : (G\X)~ —
Z(Co(X)) by n(G - x) := J(G-x). Then 7 is a homeomorphism onto its range.

Proof. Define 7 : X — Z(Co(X)) by #(z) = n(G - z) Since Lemma 6.19 on page 183
implies that 7(z) = Res(fb(x, 1))7 7 is continuous by Proposition 8.28 on page 245.
Since 7 is clearly injective, it will suffice to see that 7 is open as a map onto its
range.

Let U be open in X, and let K := J(X \ G -U). Then if z € U,

J(G-x)= ﬂ J(s-z) p K.
seG
Thus, 7(z) € Ox ={I € I(Co(X)) : I p K }.
On the other hand, suppose that 7(z) € Ok. If s-x ¢ U for all s € G, then
z ¢ G-U, and since G - U is open, G-z NG -U = (). This would imply that

() J(s-2)=J(G ) DK,

which contradicts our assumption that 7(z) € Og. Therefore there must be a s
such that s- 2 € U. Since 7(z) = (s - z), we have 7(z) € 7(U). In other words,
7(U) = Og N7 (X). Since Ok is a subbasic open set in Z(Cy(X)), this proves that
7 is open onto its range. The result is proved. [l

There is a one-to-one correspondence between closed subsets F' C Prim A and
ideals I € Z(A):

I(F):= (P

PeF

for a closed set F' C Prim A [139, Proposition A.27]. The following lemma is helpful
when using the topology on Z(A).

61t is possible to describe the topology on Z(A) as a topology on the closed subsets of Prim A.
However, this is definitely not Fell’s compact Hausdorff topology discussed in Appendix H, and it
seemed best not to introduce a second topology on the closed subsets of Prim A. In any event, it
is interesting to contrast Lemma 8.38 with Lemma H.2 on page 454.
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Lemma 8.38. Suppose that A is a C*-algebra. For each closed set F' C Prim A,
let I(F) be the corresponding ideal in T(A). Then a net { I(F;)} converges to I(F)
in Z(A) if and only if given P € F, there is a subnet { I(F},)} and Py € Fj, such
that P, — P in Prim A.

Proof. Suppose that I(F;) — I(F) in Z(A) and that P € F. Let U be a neigh-
borhood of P in Prim A, and let J = I(U¢) be the ideal corresponding to the
complement of U. Then I(F) 5 J. Therefore

Oy={IecT(A):15J}

is a neighborhood of I(F). Thus there is a jo such that j > jo implies that
I(Fj) € O;. In particular, if j > jo, then U N F;j # 0. Then if we let

M :={(U,j) : U is a neighborhood of P and UNF; # 0 },

then M is directed by decreasing U and increasing j. Let F(y ;) = Fj;. For each

= (U,j) € M, we can pick P,, € F;NU. Then { P,, } converges to P as required.

For the converse, suppose that { I(F;) } has the property given in the lemma,
and that I(F;) 4 I(F). After passing to a subnet, and relabeling, we can assume
that there is an open set U C Prim A such that UNF # () and such that F;NU = 0
for all j. But if P € FNU, then we can pass to a subnet, relabel, and find P; € Fj
such that P; — P. Then P; must eventually be in U, which is a contradiction.
This completes the proof. O

We can form the quotient space

X x G/~,

where (z,7) ~ (y,0) if G-z = G -y and 75 € GL. We give X x G/~ the quotient
topology.

Theorem 8.39. Let (G,X) be a locally compact transformation group with G
abelian. Then ® : X x G — Prim(Co(X) 1 G) is open as a map onto its
range, and factors through X X é/ ~. Furthermore, ® defines a homeomorphism
of X x é/w onto its range. If (CO(X),G,lt) is EH-regular, which is automatic
if (G,X) is second countable, then ® defines a homeomorphism of X x é/w onto
Prim(Co(X) X1t G).

Remark 8.40. The openness of ® is very important. It implies that the quotient
map of X X G onto X x G/~ is open, and as a result, it is very easy to describe
the quotient topology. For example, the forward image of a basis for the topology
in X x G is a basis for the quotient topology in X X G/~

Remark 8.41. We are working with the primitive ideal space because we are not
assuming that Cy(X) xy; G is GCR, so that there is little hope of describing the
spectrum in any meaningful way. However, since the topology on the spectrum is
pulled back from the topology on the primitive ideal space, the map

Bz, 7) = Indgz (pz X Tla,)
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is always a continuous map into the spectrum (Co(X) xy; G)". If the orbit space is
Ty, then Proposition 7.30 on page 222 implies that Cp(X) x3; G is GCR,” and the
primitive ideal space is homeomorphic to the spectrum. In this case, we actually
get a complete description of the spectrum, and every irreducible representation is
equivalent to one of the form ®(z, 7).

Proof of Theorem 8.39. If (Co(X),G,1t) is EH-regular, every primitive ideal in
Prim (Co(X) %1t G) is of the form ker(Indgz (pxw) for an irreducible representation
p X w of Cy(X) Xy Gy, where ker p is the ideal in Cy(X) of functions vanishing at
z. In particular, p = p, and w must be an irreducible representation of G,. But
every irreducible representation of G, is a character, and every character of G, is
the restriction of a character on G [56, Corollary 4.41]. Therefore ® is surjective
when (Co(X),G,1t) is EH-regular.

If (G, X) is second countable, then (Co(X),G,1t) is a separable dynamical sys-
tem with G amenable. Therefore, (CQ(X ), G, lt) is EH-regular by Theorem 8.21 on

page 241. Also, ® factors through X x é/w in view of Lemma 8.34 on page 249.
Thus it suffices to see that ® is an open map onto its range, and that it is injective
on X x G/~.

If F is a closed subset of X, let J(F') be the corresponding ideal in Cy(X).
Lemma 6.19 on page 183 implies that Res(®(z,7)) = N,eq J(s-x) = J(G - z).
Similarly, if I(C') is the ideal in CO(CAv') corresponding to a closed subset C' C G, then
Lemma 8.36 on page 250 and Proposition 5.14 on page 162 imply that if, (fl)(x, 7')) =
I(rGy). It follows that if ®(z,7) = ®(y,0), then G-z = G-y and 7G5 = 0G5
Since Lemma 8.34 on page 249 implies G, = Gy, ® is injective on X x é/w

To show that ® is open, we will use Proposition 1.15 on page 4. Thus if
{®(zs,7)} is a net converging to ®(x,7), then it will suffice to see that, after
possibly passing to a subnet and relabeling, that there is a net { (y;,0;) } converg-
ing to (x,7) (in X x @) such that G- z; = G - y; and such that 7;5; € GL. Since
Res is continuous (Corollary 6.15 on page 182), J(G - z;) — J(G - x) in Z(Co(X)).
Lemma 8.37 on page 250 implies that G- x; — G -z in (G\X)~. Since the nat-
ural map of X onto (G\X)~ is open (Lemma 6.12 on page 180), we can pass to
a subnet, relabel, and assume that there is a net y; — = such that G-y; = G - z;
(Proposition 1.15 on page 4).

At the same time, the continuity of ¢f, (Lemma 8.36 on page 250) implies that
I(1;G%) — I(tG%). Then, after possibly passing to another subnet and relabeling,
Lemma 8.38 on the preceding page implies there are o; € Gi}- such that 7,0y — 7

in G. Then (yi,0:7i) — (x,7), and this shows that ® is open onto its range which
completes the proof. O

Remark 8.42 (Alternate description of Prim(Co(X) xi; G)). Let (G\X)~ be the
“To-ization” of the orbit space G\X (Definition 6.9 on page 180). We will abuse
notation slightly and use G - z for both the closure of G - x in X, and for the class
of G-z in (G\X)~. (Since G -z and G -y define the same class in (G\X)™ if

7Also see Theorem 8.43 on the next page.
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and only if they have the same closure, this should cause little harm.) In view of
Lemma 8.34 on page 249, we can also define the quotient space

(C\X)~ x G/~

where (G- x,7) ~ (G-y,0) if G- = G-y and 760 € GL. Of course there is a
bijection 6 on X x G/~ onto (G\X)~ x G/~. We want to observe that 6 : X x
G/~— (G\X)~ x G/~ is a homeomorphism for the respective quotient topologies.®
Consider the commutative diagram

~ id ~
X x 0 —"> (\X)~ x @

X % Gfm —2 (G\X)™ x G/,

where ¢, qg1 and g2 are the natural quotient maps. Since g and ¢ are continuous,
the dotted diagonal arrow is continuous which shows that ¢ is continuous. Suppose
that V C X x G/~ is open. Since 0 is a bijection, ¢ x id(q; " (V) = g5 (6(V)).
Therefore it will suffice to see that ¢ xid (qf1 (V)) is open. However, ¢; * (V) is open,
and therefore is the union of basic open rectangles. Since ¢ is open (Lemma 6.12
on page 180), it follows that ¢ x id(ql_l(V)) is open, and the assertion follows.
Therefore, when convenient, and when (CO (X),G, lt) is EH-regular, we can identify
Prim(Co(X) iy, G) with (G\X)~ x G /~.

With Theorem 8.39 on page 251 in hand, we can provide the promised converses
to Proposition 7.30 on page 222 and Proposition 7.31 on page 223.

Theorem 8.43. Suppose that (G, X) is a locally compact transformation group with
G abelian. If Co(X) xy G is GCR, then the orbit space G\X is To. In particular,
if (G,X) is second countable, then Co(X) Xy, G is GCR if and only if G\X is Tp.

Proof. Suppose that Cy(X) x4 G is GCR, and that G-z = G -y. We want to see
that G-x = G-y. Let H = G, = G, and let ¢ denote the trivial character. The
continuity of ® (Lemma 8.34 on page 249) implies that

ker(Indg(pm X)) = ker(Indg(py 1)),

Since Cy(X) »1; G is GCR, this implies that Ind% (p, x ¢) and Ind$(p, x ¢) are

equivalent. Using Proposition 5.4 on page 153, we can realize Indg(pm X)) = M,xU
on L3(G, pg,m; C) = L*(G/H) where

M (§)h(3) = (s - 2)h(3).

Of course, we must have M, equivalent to M,. If G-z # G-y, then G-2NG-y = 0.
Let Y =7 = G/H, and define i : Y — X by i(sH) =s-zand j : Z — X by

8Since Theorem 8.39 on page 251 implies that latter quotient embeds into a primitive ideal
space, this description helps to explain the reason that the quasi-orbit space (G\X)™~ plays a key
role in the proof of Theorem 8.39 on page 251
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j(sH) =s-y. Since ¢ and j have disjoint images, Lemma 1.42 on page 505 implies
that M, is not equivalent to M,. This is a contradiction and completes the proof of
the first assertion. The second assertion follows from the first and Proposition 7.30
on page 222 (together with the observation that, since G is abelian, G, is CCR for
all x). O

Theorem 8.44. Suppose that (G, X) is a locally compact transformation group
with G abelian. If Co(X) xy G is CCR, then the G-orbits in X are closed. In
particular, if (G, X) is second countable, then Co(X) 1y G is CCR if and only if
the G-orbits in X are closed.

Proof. Suppose that Cyp(X) x; G is CCR. Then Theorem 8.43 on the previous
page implies that G\X is Tp. Thus (G\X)~ = G\X. Then Theorem 8.39 on
page 251 (together with Remark 8.42 on page 252) implies that z — ®(z,t) =
ker(Indgz (pe % 1)) defines a continuous injection of G\ X into Prim(Co(X) »y G).
Since Cp(X ) 14 G is CCR, points in Prim(Cy(X) %1, G) are closed. Therefore points
in G\ X are closed; that is, each G-orbit in X must be closed as required.

The last statement now follows from Proposition 7.31 on page 223. O

Ezample 8.45 (Irrational Rotation Algebras). Let Ap be the rotation algebra
C(T) %o Z where « is determined by rotation through the angle 276 with 6
irrational. Then the action of Z on T is free. Thus Theorem 8.39 on page 251
implies that Prim Ay is homeomorphic to the Tp-ization (Z\'T)™ of the orbit space.
However, by Lemma 3.29 on page 96, each Z-orbit is dense. Therefore Z\T is not
a To-space, and (Z\T)"~ is reduced to a point. It follows that Ay is simple.® By
Theorem 8.43 on the preceding page, Ay is not GCR. Therefore if 6 is irrational,
then the irrational rotation C*-algebra Ay is a simple NGCR algebra.®

FEzample 8.46 (Rational Rotation Algebras). Let Ay be the rotation algebra
C(T) %o Z where « is determined by rotation through the angle 276 with 6
rational. Say 8 = p/q with p and g relatively prime. Then the stability group at
each point of T is ¢Z. The orbits are finite, and hence closed. Furthermore,

z\r = (U2)\(®/2) > R/éz ~

Therefore Theorem 8.39 on page 251 implies that
Prim Ag =2 T x (2/(qZ)J‘) ~ T x qZ = T2

Since the orbits are closed, Ag is CCR by Proposition 7.31 on page 223 (or The-
orem 8.44). Furthermore, every irreducible representation of Ay is of the form
Indgz (p. x w) for some z € T and w € (¢Z)" (Remark 8.41 on page 251). Since we

can realize Indgz (p» ¥ w) on the g-dimensional Hilbert space L*(Z/qZ), it follows

91t is interesting to compare this “short” proof of the simplicity of Ag with our earlier proof in
Proposition 2.56 on page 68. Of course, this proof is only “short” because we are able to invoke
the machinery of this section — which includes the GRS-Theorem.

10A C*-algebra is called NGCR if it has no nonzero CCR. ideals.
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that when @ is rational, Ag is a g-homogeneous C*-algebra with spectrum T?2. (As
we pointed out in Remark 2.60 on page 71, the rational rotation algebras are even
Morita equivalent to C(T?).1!

Ezample 8.47. Let R be the group of positive real numbers under multiplication.
Let R} act on R? by

s-(a,b) == (a/s,b/s).

The origin is a fixed points and all other orbits are rays originating at the origin.
The action is free except at the origin. Since the orbits are all locally closed, but
not all closed, Cy(R?) x4, RY is GCR, but not CCR (Theorems 8.43 and 8.44 on the
facing page). Thus the primitive ideal space can be identified with the spectrum,
and the induced representations are (up to equivalence) given by inducing from
stability groups. The spectrum can be identified with the the set T URT. Since
the natural map of R x R? onto T UR™ is open, the open sets in T UR™T are
given by

{UCT:Uisopenin T}U{TUV :V is openin R }.

In particular, T is open and corresponds to the ideal I := Co(R?~.{(0,0) }) xoRY,
and R is closed and corresponds to the quotient Co(R2) x, RY/I = C*(RY).

Example 8.48. The situation in Example 8.47 changes dramatically if we alter the
action so that

s- (a,b) := (a/s, sb).

We described the orbit space F' in Example 3.32 on page 96. Since the R -action is
free everywhere except at the origin, we may identify the spectrum of Co(R?) xsRY
with a set identical to F' except that the origin has been replaced by R™. The open
sets in the spectrum are given by

{U:UcCF~{(0,0)} and U open in F } U
{UUV :U is a open neighborhood of (0,0) in F with (0,0) deleted,
and V is open in R™ }.

Ezample 8.49 (Semidirect Products of Abelian Groups). Suppose that G = N x, H
is the semidirect product of two locally compact abelian groups N and K. As in
Example 3.16 on page 91, C*(G) is isomorphic to the transformation group C*-
algebra Co(N) x H, where h - w(-) := w(h~' - h). By Theorem 8.39 on page 251,
the primitive ideal space of C*(G) is homeomorphic to

(H\N)~ x H/~

as described above.

Since g-homogeneous C*-algebras are always locally trivial [50], A9 must have continuous
trace. Since its spectrum is T? and since H3(T?) = {0}, it follows that Ay has trivial Dixmier-
Douady class. Therefore Ay is Morita equivalent to C(T?) by [139, Proposition 5.33].
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Ezample 8.50 (The axz + b group). To continue with the previous example, we
consider the specific case of the ax+ b group. Then, as in Example 3.15 on page 91,
C*(G) is isomorphic to the transformation group C*-algebra Co(R) x, R} where
the action of RY on R is given by

s-a=afs.

There are just three orbits: the origin, and the two half lines p_; := R¥ - (=1)
and py := RT - 1. The orbits are all locally closed, but not all closed. Hence
C*(@) is GCR (but not CCR). The action is free except at the origin — which
is a fixed point. Therefore we can identify the spectrum of C*(G) with the set
{p_1 JURT U{p1}. The sets {p; } are open (for i = —1,1) as are sets of the form
UU{p_1,p1}, when U is open in RT. Since the irreducible representations are
all equivalent to an induced representation, it is a straightforward matter to write
down representatives for the infinite-dimensional representations corresponding to
each p;, as well as the complex homomorphisms corresponding to each point in R™.

8.4 The Fell Subgroup Crossed Product

If (A, G, ) is a dynamical system and if ¥ is the compact Hausdorff space of closed
subgroups of G, then for each H € %, we have a crossed product A x|, H. Our
study of EH-regular systems, and regular systems in particular, suggests that a good
deal of the ideal structure of the crossed product A x, G is contained in the crossed
products by subgroups. One way to encode this information is in an analogue of
Fell’s Subgroup Algebra [52], which we call Fell’s subgroup crossed product. Fell
used the subgroup algebra to study the continuity of the induction process, and the
subgroup crossed product can be used similarly (cf., for example, [170]). However,
we introduce its construction here primarily so that we can use it in the proof of
the Gootman-Rosenberg-Sauvageot Theorem on page 241 in Chapter 9.

Let { g} be a continuous choice of Haar measures on ¥ (Lemma H.8 on
page 458), and let

GxYX={(s;,HHeGxX:s€ H}.

Using Lemma H.2 on page 454, it is easy to see that G x X is closed in G x X, and
therefore it is locally compact.

Proposition 8.51. Suppose that (A, G, ) is a dynamical system. Then C.(G *
3, A) is a x-algebra with respect to the operations defined by

fxg(s,H) ::/ fr H)ozr(g(rfls,H)) dug(r) and
H
[ (s, H) = Ap (s~ s (f(s™ H)Y).

Most of the proof of Proposition 8.51 are routine; after all, for H € X, the
“fibre” over H is C.(H, A) with the x-algebra structure coming from A x|, H. We
do have to work a bit to see that the above formulas define elements in C.(G*X, A).
For this, the following lemma is useful.
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Lemma 8.52. Let GxG*X ={(s,r,H) e GXGxX:s,r € H}. Then GxG*X
is locally compact and if f € C.(G*xG x X, A), then

Fy(s,H) ::/Hf(s,r,H)d,uH(r)

defines an element Fy € C.(G % X, A).

Proof. Clearly, G « G x X is closed in G x G x ¥. Hence it is locally compact, and
given f as above, there is a compact set K C G such that f(s,r, H) =0if s ¢ K or
r¢ K. Let n(K) € R be such that ug (KNH) < n(K) for all H € ¥ (Lemma H.9
on page 460). Then Fy(s, H) is a well-defined element of A and

15 (s, )| < || flloon(K).

It follows that if f; — f in the inductive limit topology on C.(G % G x X, A), then
F;, — Fy uniformly. If ¢ € C.(G* G« X) and if a € A, then we can define
pRa€C(GxG+X,A) by p®a(s,r,H) = ¢(s,r, H)a. Since G * G * X is closed
in G xGxX, thereis a ® € C.(G x G x X) extending ¢. Since

Foga(s,H) = / O(s,r, H)dpp(r)a,
H

Foa € Co(G 3, A) by Lemma H.9 on page 460. Since the span of elements of the

form ¢ ® a is dense in C.(G * X, A) in the inductive limit topology (Lemma 1.87

on page 29), this suffices. O

Proof of Proposition 8.51 on the preceding page. The continuity of f* follows im-
mediately from the continuity of (s, H) — Ap(s) which is proved in Lemma H.9
on page 460. On the other hand,

(s.r, H) = f(r,H)ew (9(r™"s, H))
isin C.(G x G * X, A). Therefore the continuity of f * g follows from Lemma 8.52.

The rest is routine. O

We can define a norm || - ||s on C.(G * 2, A) by

19 = sup [ 170 H)l dura(s),
Hex JH

A nondegenerate *-homomorphism L : C.(G % £, A) — B(Hy) is called a || - ||z-
decreasing representation if |L(f)| < ||f||s for all f € C.(G %%, A). The universal
norm on C¢(G x 3, A) is given by

[£1l :==sup{ |L(f)]| : L is a || - ||z-decreasing representation }.

Remark 8.53. As usual in this sort of construction, the class of ||-||z-representations
is not necessarily a set. But the values ||L(f)|| form a subclass of the set R of real
numbers. The separation axioms of set theory imply that a subclass of a set is a
set. Hence the supremum is well-defined [84, §1.1]. Alternatively, we could restrict
to the set of cyclic representations on a Hilbert space of suitably large dimension,
but this hardly seems to clarify anything.
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The completion of C.(G* X, A) in the universal norm is denoted by A X, ¥ and
is called Fell’s subgroup crossed product.

Lemma 8.54. Suppose that A is a C*-algebra and that F is a closed subset of
a locally compact space X. Then the restriction map r : Co(X, A) — Co(F, A) is
surjective. In particular, if g € C.(F,A), then there is a f € C.(X,A) such that

r(f)=g.

Proof. To see that r is surjective, it suffices to see that it has dense range (since r
is a homomorphism between C*-algebras). However, C.(F, A) is dense in Cy(F, A),
and the span of functions of the form ¢ ® a(s) = @(s)a, with ¢ € C.(F) and
a € A, are dense in C.(F,A) in the inductive limit topology (and hence in the
I - l|loo-norm) by Lemma 1.87 on page 29. If ¢ € C.(F'), then the Tietze extension
theorem implies that there is a 1) € C.(X) which extends ¢. Since (¥ ®a) = ¢ ®a,
it follows that r has dense range.

If g € C.(F, A), then by the above, there is a f € Co(X, A) such that r(f) = g.
If ¢ € C.(X) is such that ¢(z) = 1 for all € suppg, then r(¢p - f) = ¢ and
Y- f € Cu(X,A) as required. O

Lemma 8.54 implies that the restriction map
kp : Co(G*xX,A) — C.(H,A)

is surjective for each H € ¥. If R is a representation of A x|, H, then Ro ry is
a || - ||z-decreasing representation of C.(G * X, A). Thus kp extends to a surjective

homomorphism, also called rp, of A x4 X onto A x4, H.

Proposition 8.55. Suppose that (A, G, «) is a dynamical system and that X is the
compact Hausdorff space of closed subgroups of G. Then A x4, % is a C(X)-algebra.
The C(X)-action on f € C.(G x X, A) is giwven by ¢ - f(s,H) = o(H)f(s,H).
The fibre A x4 X(H) over H is (isomorphic to) A x4, H, and every irreducible
representation of A X, X is (equivalent to one) of the form Ro kg, where H € ¥
and R is an irreducible representation of A Xy, H.

Proof. In view of Lemma 8.3 on page 230, to see that A X, ¥ is a C(X)-algebra it
suffices to see that ||¢ - f|| < ||¢lleollfl| for ¢ € C(XE) and f € C.(G * X, A). Let

¥ = (lell%1s — |¢|?) . Then ¢ € C(X), and

(- ) =(p-f)=lol - f=f
= llelZes™ = f = (lelZls = lel?) - f* = f
= llellsaf* * f =@ ) @ f).
Therefore (o« f)* * (- f) < |lol|2%f* * f in A x4 %, and
le - fIIP = 1l1(e - /)" * (- O < lellZ N f * = lellZ 11>

It follows that A x4 X is a C(X)-algebra as claimed.
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Let Iy be the ideal of A x, X spanned by Co g(2) - Co(G X, A). Then A xq
Y(H)=AxoX/Iy. Clearly Iy C ker k. To see that A x, X(H) is isomorphic to
A X, H, it will suffice to prove that Iy = kersy. Let L be a representation of
A X X with Iy C ker L. Tt follows that if ¢ € C(X) is such that ¢(H) = 1, then
L(f)y=L(p- f) for all f € C.(Gx*X,A). On the other hand,

e / 1F (s, H) || dpara (5) = Il ()]
H

is continuous on ¥ (since { g } is a continuous choice of Haar measures). Therefore,
given f € C.(G*X,A) and € > 0, there is a ¢ € C(X) such that ¢(H) = 1 and
such that

le- flls < llka ()]l + e

Since ¢ is arbitrary, it follows that

ILOI < Nlwe (-
Since kg (Ce(G* X, A)) = Ce(H, A), L defines a || - ||1-decreasing representation L’
on C.(H,A) by

L'(ku(f)) = L(f)-
Therefore, ||L(f)|| < ||ku(f)|l1- Since L is any representation with Iz in its kernel,
we must have Iy = ker kg7 as required.

The last assertion follows as every irreducible representation of a C'(X)-algebra

must factor through a fibre (Proposition C.5 on page 355). O

Remark 8.56. If r = (m,u) is a representation of A x|, H, then there is a natural
representation 1’ := rokgy of A x,X. Often, we will not distinguish between r and
r’ and trust that the meaning will be clear from context.

The following observations will be needed in Chapter 9. Suppose that (7, ) is
a covariant representation of (A, H,a|g). If s € G, let s- 7 and s - u be defined by

s-m(s):=m(a;'(a)) fora€ A and s-u(t):=u(s"'ts) fortes-H.
Then a short computation shows that (s - m,s - u) is a covariant representation of
(A,s-H,alsg). Let L:= (m,u) and s- L := (s -m,s-u). If € C.(G*X) and if

we define
s ®(t,H) :=w(s, s H)o,(®(s s, s - H)), (8.14)

where w is as in Lemma H.10 on page 461, then
L(s7h-®) = / m(s™t @t H))u(t) dum(t)
H
=w(s ™t s- H)/ m(og (®(s™ s, s - H)))u(t) duu(t)
H

= /H s m(®(t,s- H))s u(t) dus.u(t)
=s- L(D).
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Lemma 8.57. Suppose that (A, G, ) is a dynamical system and that A X, ¥ is
Fell’s subgroup algebra. Then there is a dynamical system

0:G— Aut A x, % (8.15)
such that Bs(®) = s- @ for all ® € C.(G x 3, A).

Proof. The preceding discussion shows that G5 is isometric on C.(G * X, A) so that
(8.15) is a homomorphism. However, if s; — e, then it is not hard to check that
5; - @ — ® in the inductive limit topology. It now follows easily that 3 is strongly
continuous and therefore a dynamical system. [l

Remark 8.58. As mentioned at the beginning of this section, we have introduced
A X, ¥ primarily because it is needed in the proof of the Gootman-Rosenberg-
Sauvageot Theorem in Chapter 9. Unfortunately, there isn’t space to develop some
of its other applications to crossed products. Nevertheless, we want to at least
describe Fell’s original motivation for introducing the subgroup algebra C5(G) :=
C xiq X in [52]. Let

S (G) ={(H,n) : H € ¥ and 7 is a representation of C*(H) }.

We can, and do, view .(G) as a collection of representation of Cx(G), and topol-
ogize it by pulling back the topology from Z(C%(G)). Therefore (H;,m;) — (H, )
in .7(G) if ker(m; o k) — ker(m o ky) in Z(C%(G)). We already know that
T Indg 7 is continuous in this sense; that is, if ker m; — ker 7 in I(C’* (H)), then
Lemma 5.16 on page 164 implies that ker(Indg T) — ker(Indg T) in Z(C*(@G)).
More generally, let

X ={(K,Hnr)eXxx(G): K D>DH},

and give X the relative topology as a subset of ¥ x .#(G). Then we get a map of
X into (@) defined by
(K,H,n) — Ind% 7.

Fell shows that this map is continuous [52, Theorem 4.2]. More colloquially, Indg T
is continuous in all three variables H, K and 7. Naturally, these sorts of considera-
tions extend to Fell’s subgroup crossed product, but we leave the details for another
day.

Notes and Remarks

Theorem 8.16 is a “Cy(X)-algebra” version of the main result in [171] (as is Corol-
lary 8.6 and much of the material in Section 8.1). Theorem 8.19 was shown to me
by Echterhoff. Of course, Theorem 8.21 is due to Gootman & Rosenberg [64], but
the contribution of Sauvageot should not be underestimated [159,160]. Section 8.3
is taken primarily from [169] (although Theorem 8.43 is a special case of Gootman’s
[62] with a different proof). Section 8.4 is a straightforward variation on Fell’s [52].



Chapter 9

The Proof of the Gootman-
Rosenberg-Sauvageot
Theorem

The proof of the Gootman-Rosenberg-Sauvageot Theorem (on page 241) was the fo-
cus of intense work in the 1970s. The method of attack was developed by Sauvageot
in [159] and [160]. The complete solution was given by Gootman and Rosenberg in
[64]. The proof given here follows these ground breaking papers and also borrows
heavily from Renault’s proof of the analogue of the GRS-Theorem for groupoids
[144]. The proof is involved and necessitates the introduction of sophisticated tech-
nology such as direct integrals and the theory of standard Borel spaces. This will
force us to up the difficulty level a fair bit. However, as EH-regularity and the proof
of the validity of the generalized Effros-Hahn conjecture is so important, it seems
worth the effort to present the argument here at a level of detail comparable with
that in the previous chapters. Much of the additional technology alluded to above
has been relegated to appendices. While this allows us to get right to the matter
at hand, those unfamiliar with topics such as direct integrals, homogeneous repre-
sentations of C*-algebras and Borel structures will have to make frequent detours
to the appropriate appendices.

Summary of the Proof

We have to show that given K € Prim(A X, G) there is a P € Prim A and a
J € Prim A x, Gp such that ResJ = P and such that Inng J=K.
Step I: We would like to show that if J € Prim(Ax,Gp) with Res J = P, then

Indg » J is a primitive ideal in A x, G. Unfortunately, this seems to be difficult to

261
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prove.! Instead, we follow Sauvageot and work with homogeneous representations.
(Homogeneous representations are treated in Appendix G.1.) Suppose that J =
ker L, and that we also assume that L = (m,u) is a homogeneous representation
of A x4 Gp such that 7 is homogeneous (with kernel P). The “extra” hypothesis
on the “m part” of L allows us to show that Inng L is homogeneous. Since we're
assuming (A, G, «) is separable throughout, it follows that Indg »J = ker (Indg - L)
is primitive. This is Proposition 9.5 on page 268.

Step II: Fix K € Prim A x, G. We need to produce an induced primitive
ideal which is related to K. Let R = (m, V') be a factorial representation of A x, G
with kernel K. Sauvageot’s idea was to employ Effros’s ideal center decomposition
(treated in Appendix G). Although it might seem peculiar not be simply take R
irreducible, we want to assume that R has infinite multiplicity (cf., Remark 9.6
on page 271), then as in Remark G.23 on page 444, we can form an ideal center
decomposition of 7, say o

T = / wp du(P)
Prim A

where the associated Borel Hilbert bundle Prim A * § is trivial. This allows us to
assume that 7 acts on L?(Prim A, u,H), and thus to remove one layer of direct
integrals. This will reduce, but unfortunately not eliminate, some of the technical
detail of direct integrals in the sequel. (This simplification will be especially useful
in Step IIT below.) Then, by decomposing V', we obtain for u-almost every P a
covariant representation (7p,op) of (4, Gp,«) which determines a representation
rp of the subgroup crossed product algebra A x, 3. (Fell’s subgroup crossed
product, A X, ¥, is defined in Section 8.4.) Then it is possible to construct a
representation of A x4 X,

S
ri= / rp du(P),
Prim A

which is called the restriction of R to the stability groups. Once we have r properly
defined, we need to examine an ideal center decomposition

= [ @

rim(AxqoX)

for r. There are a number of technicalities to worry about. For example, we want to
see that v is quasi-invariant and ergodic? for the natural G-action on Prim A x, ¥
(Proposition 9.8 on page 274). Also, we show that the ideal center ZC(rw) of =
is contained in the ideal center ZC(r) of r (Lemma 9.7 on page 272). This gives
an inclusion of L (Prim A, ;1) in L (Prim(A x4 ¥),v), and it is well-known that
such inclusions are given by a map 7 : Prim(A4 X, X) — Prim A of the underlying

LIf A is type I, then the above statement can be proved as written. In fact, more is true. If
L = (m,u) is an irreducible representation of A Xo Gp such that kerm = P and if A is type I,
then Indgp L is irreducible [44].

2We say that v is ergodic if every G-invariant Borel set is either null or conull.
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spaces (Lemma I.11). Using this, we find that 7 decomposes as a direct integral
over Prim A in a useful way. In particular, it follows that, up to a null set of course,
each 7¢ is determined by a covariant representation (7q,uq) of (A, Gr(q), @) with
7o homogeneous with kernel 7(Q).

Step III: In this step, we form a representation ind r of A X, G which we view
as being induced from r. We take advantage of having 7 act on L?(Prim A, u, H)
to explicitly realize ind r on a space of equivalence classes of H-valued functions on
Prim A. After making the above precise, there is still hard work to do in order to
show that K’ := ker(ind r) is an induced primitive ideal as in Step I. This is proved
in Proposition 9.14 on page 283.

Step IV: If G is amenable, then we show in Proposition 9.22 on page 292 that

ker(indr) = K’ C K := ker R.

Step V: Steps I, II, IIT and IV are contained in Sauvageot’s [160], and the
proof here is taken from his work. The final, and most technical, piece of the proof
was accomplished by Gootman and Rosenberg in [64], where it is shown that we

always have
ker R C ker(ind r).

Since ker(indr) is induced, this completes the proof. Our proof is strongly
influenced by Renault’s generalization of the GRS-Theorem to locally compact
groupoids in [144]. Our result is Proposition 9.24 on page 298.

Preliminaries

In this chapter, (4, G, «) will be a separable dynamical system. We write X for
the compact Hausdorfl space of closed subgroups of G (equipped with the Fell
topology as in Corollary H.4 on page 455), and we fix a continuous choice of Haar
measures py on % (as in Lemma H.8 on page 458). Since G is second countable,
Proposition H.17 on page 466 implies that there is a continuous function b : GX ¥ —
[0,00), called a generalized Bruhat approzimate cross section, such that

(a) / b(st,H)dug(t) =1for all H € ¥ and s € G, and
H

(b) if K C G is compact, then
suppbN{(st, H) e GxX:se Kandte H}

is compact.

We let w : G x X — (0,00) be as defined in Lemma H.10 on page 461, and we
define p : G x ¥ — (0,00) as in Equation (H.4) on page 461. Then we let 3¢
be the quasi-invariant measure on G/Gp corresponding to s — p(s,Gp) as in
Equation (H.5) on page 462. We almost always write 37 in place of 397. Since
A is separable, Prim A is a standard Borel space (Theorem H.40 on page 477). In
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fact, we can equip Prim A with its regularized topology, which is a Polish topology
finer than the hull-kernel topology, and which generates the same (standard) Borel
structure. In its Polish topology, (G, Prim A) is still a topological transformation
group (Theorem H.39 on page 476).

If 1 is a finite quasi-invariant measure on Prim A, then we let d : G X Prim A —
(0,00) be a Borel choice of Radon-Nikodym derivatives as in Corollary D.34 on
page 389. In particular, if f is a bounded Borel function on Prim A, then

/ f(P)d(s, P) du(P) = / f(s- P)du(P).
Prim A Prim A

Recall that if 7 : X — Y is a Borel map and if v is a measure on X, then the
push-forward of v by 7 is the measure 7. on Y given by 7.(E) := v(771(E)) (see
Lemma H.13 on page 463).

Lemma 9.1. Let p be a finite quasi-invariant measure on Prim A. For all non-
negative Borel functions f on Prim A x Prim A, the function

P— f(P,s-P)dp”(s)
G/Gp

is Borel, and there is a o-finite Borel measure v on Prim A x Prim A such that

= S - Ps . .
W(f) = / » /G o s P du(P) (9.1)

(a) If o : PrimA x Prim A — Prim A x Prim A is the flip, o(P,Q) = (Q, P),
then o4y is equivalent to . In particular, there is a Borel function D :
Prim A x Prim A — (0, 00) such that D(P,Q)~* = D(Q, P) for all (P, Q) and

such that for all nonnegative Borel functions f on Prim A x Prim A we have

[ [ s DR P AT dul)

PrimA JG/Gp
—[ [ e nP)d e dur). 02
PrimA JG/Gp

(b) Let d: G x Prim A be a Borel choice of Radon-Nikodym derivatives as above.
Then
D(P,s-P) = p(s,Gp) " td(s™ ', P) (9.3)

for % pg-almost all (P,s) € (Prim A) x G.

Proof. Since the stabilizer map P — Gp is Borel by Proposition H.41 on page 477,
(P, s) — b(s,Gp)p(s,Gp) is a Borel function F on (Prim A) x G, and v := F-d(u x
i) is a Borel measure on (Prim A) x G such that

o) = | /( s IPAIRLS, G5, Gl x i) (P,
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Let 7 : Prim A x G — Prim A x Prim A be given by 7(P, s) := (P, s P), and define
v := 1v. By Lemma H.13 on page 463, if f is a nonnegative Borel function on
Prim A x Prim A, then

(f) = / - /G F(P.s - PYb(s,Gp)p(s, Cp) duc(s) du(P)

which, by Proposition H.11 on page 462, is

- / / f(P.s-P) / b(st, Gp) dyuc, (t) " (3) dyu(P)
PrimA JG/Gp Gp

— [ #Ps P st )
PrimA JG/Gp

Note that

PH/ f(P,s~P)b(s,Gp)p(s,Gp)dug(s):/ f(P,s-P)dpP(5).
G

G/Gp

is Borel by Fubini’s Theorem.

To see that v is o-finite we note that it suffices to show that v is equivalent to
a finite measure on Prim A x Prim A. But v is o-finite and therefore equivalent to
a finite measure . Then 7,7 is finite and equivalent to T,v = 7.

Lemma H.10 on page 461 implies that p(sr, H) = p(r, H)p(s,r-H). In particular,
p(s,Gp) L = p(s71,s-Gp) = p(s71,Gs.p). Let v/ be the measure on Prim A x G
given by

Vo= [ g(P, $)d(s™, PYb(s, Cp) (s x i) (P, ).
(Prim A)xG
Since d and p are everywhere nonzero, v’ is equivalent to v. Furthermore,

! = s - s 1 s s
i/ (f) = /G /PﬂmAf(R P)d(s™, P)b(s, Gp) du(P) dpucs(s)

which, since P + d(s~ !, P) is a Radon-Nikodym derivative, and after using Fubini’s
Theorem again, is

— [ [ #67 PP)bs. G ) dil) du(P)
Prim A JG

— [ #6- PP G s disas) du(P)
Prim A JG

which, since p(s,Gp) T Ag(s™!) = p(s71,Gs.p)Ac(s71) = w(s™, Gs.p) (where w
is defined in Lemma H.10), is

:/ / f(s-P,P)/ w(t_ls_l,GS.p)b(t_ls_l,Gs.p)
Prim A JG/Gp Gp
dpc, () dB” ($) du(P)
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which, since w(t 's71, Gep) = w(st,Gp) ' = Ag, (t7w(s,Gp)7 1, is

:/ / f(S'Pvp)w(SvGP)_l b(tS_l,GS,p)
Prim A JG/Gp Gp
duic, (1) A" (5) dyu(P)
=[PP [ b G die, (0457 ) du(P)
Prim A JG/Gp Gs.p

- / / f(s- P,P)dB" () du(P)
Prim A JG/Gp
= U*'Y(f)-

Thus v and o, are equivalent as claimed. Let D :PrimA x Prim A — (0, 00) be
a Radon-Nikodym derivative for o so that (9.2) holds for D in place of D. Then
D(P,Q)~* = D(Q, P) for v-almost all (P, Q). Therefore

D(P,Q) := D(P,Q):D(Q,P)"*

is also a Radon-Nikodym derivative and satisfies all the requirements of part (a).
To establish part (b), let f € C.(G), and define

H(P,s-P):= ; f(st)p(st,Gp) duc,(t).

(As usual, we can define H(P, Q) to be zero if Q # s- P for some s.) Then we can
calculate as above that

// f(8)D(s- P,P)p(s,Gp) *d(s™*, P)d(p x puc)(P,s)
(Prim A)xG

:/ / f(sTHAg(s 1 )D(P,s- P)p(s,Gp)
PrimA JG
A (s) dyu(P)

= / / D(P,s- P) f s HAagt s
PrimA JG/Gp Gp

dpc, (1) A6 (3) dp(P)
o(s.Gr) [ A
Qs (£) BT () dp(P)

= / / D(P,s- P) f(s7W)p(s™t,Gep) ™t
PrimA JG/Gp Gs.p

dpg. (1) dB" (3) du(P)
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which, since H(s- P,P) = H(s- P,s"1's- P), is

:/ / D(P,s-P)H(s- P, P)dj3" (s) du(P)
PrimA JG/Gp

—[ [ mPse P s aup)
PrimA JG/Gp

~[[ e <o)
(Prim A)xXG
Since this holds for all f € C.(G), the assertion in part (b) follows. O

Recall if H € ¥, then the homomorphism g : H — R is given by

Ag(t))%
Ag(t)/)

Thus, for example, p(st,Gp) = v, (t) ?p(s,Gp) for all s € G and t € Gp.

() = (

Lemma 9.2. Suppose that u is a finite quasi-invariant measure on Prim A and
that d : G x Prim A — (0, 00) is a Borel choice of Radon-Nikodym derivatives as in
Corollary D.34 on page 389. Then for u-almost all P € Prim A,

d(t,P) = yq,(t)? for allt € Gp.

The proof of Lemma 9.2 seems as if it should be a simple consequence of (9.3)
(together with D(P, P) =1 for all P). But (9.3) holds only almost everywhere. To
make matters worse, usually Gp will have measure zero in G. Fortunately, there
are selection results, due to Ramsay, that allow us to give a proper proof. Since this
material is only used in the proof of Lemma 9.11 on page 279, we have exiled the
proof of Lemma 9.2 to Appendix G.2.1 on page 452 where the necessary technology
is discussed.

We will also need the following observation concerning the 5%s.

Lemma 9.3. Suppose that ¢ is a nonnegative Borel function on Prim A. Then for
allr € G,

[ espast@) = [ et P)asr o).
G/Gp G/G..p
Remark 9.4. This result has a more elegant formulation in terms of the measure
Bp which we define to be the measure on G - P equal to the push-forward of 3¥
via the natural continuous bijection sGp +— s- P of G/Gp onto G - P. Thus (p is
given by
| e@ase@= [ ol P)as")

G-P G/Gp
for all nonnegative Borel functions on G - P (see Lemma H.13 on page 463). Using
this formalism, the Lemma states that Gp = (§,.p for all r. Since G is o-compact
and since K - P is closed in Prim A for K C G compact, G - P is Borel in Prim A.
Thus there is no harm is considering Sp to be a Borel measure on all of Prim A.
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Proof. Suppose that ¢ is nonnegative and that b is a Bruhat approximate cross-
section for G over G/G p. Then, using the properties of p, w and the 3 as developed
on pages 461-462,

/ o(s - P)dpF (3) = / o(s - PYb(s)p(s, Gp) ducs(s)
G/Gp

G

- /G o(s7 - PYb(sr)plsr, Gp)Aa(r) dua(s)
= [ etsr - PYpsr)(rGr)ots. Grr) dnc(s)

_ / o(sr - P)u(r, Gp) / b(str) duc . (£) A3 P (3)
G/Gy.p

Gr.p

:/ (s P) / b(srt) duc, (1) d8™ 7 (3)
G/Gr.p Gp

= / o(sr- P)dB"F (3). O
G/Gr.p

9.1 Step I: Induced Primitive Ideals

As outlined above, our goal in this section is to prove the following.

Proposition 9.5 ([160, Proposition 2.1]). Let (A, G, «) be a separable dynamical
system. Suppose that L = 7 X u is a homogeneous representation of A X Gp

on H, and that m is homogeneous with kernel P. Then Indgp L is homogeneous.

OZ\GP

In particular, the kernel of Indg » L is primitive.

To begin with, suppose that L = (7, u) is a covariant representation of (A, H, ).
As in Proposition 5.4 on page 153, we'll realize Ind$, L on the space L2 (G, 57, H).
We want to view Indfl L as a direct integral. This will allow us to use the technology
from Appendices F and G; in particular, we want to invoke Proposition G.20 on
page 441 which will imply that any operator in the commutant of the induced
representation is decomposable. To accomplish this, it will be convenient to realize
L2(G, 3%, H) as equivalence classes of functions on G. Recall that L2(G, 3, H)
was defined as the completion of the set V. of h € C,(G,H) such that

h(rt) = u; ' (h(r)) forallt€ H and € G (9.4)

and such that r — ||h(r)| is in C.(G/H). Let L2(G, 3", H) be the set of Borel
functions h : G — H satisfying (9.4) and such that

/ () dB™ () < oo.
G/H

If h,k € L2(G, 3%, H), then r — (h(r) | k(r)) is constant on H-cosets and belongs
to LY(G/H, ™). Therefore we can define a sesquilinear form on £2(G, 8%, H) by

(h| k)= /G OV 1K) 4376, (9.5)
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Since saturated sets in G' are pg-null if and only if their image in G/H is B*-
null (Lemma H.14 on page 463), (9.5) induces a bona fide inner product on the
pc-equivalence classes £2(G, 8%, H)/ ~ in L2(G, B, H). Tt is not hard to see
that £2(G, 8%, H)/~ is complete and therefore a Hilbert space. Inclusion gives an
isometric injection of V. into £2(G, 3, H)/~. Tt is not hard to see that the image
is dense. Therefore we can, and do, identify L2(G, 3%, H) with £2(G, g, H)/~.3

Since G is second countable, there is a Borel cross section ¢ : G/H — G for
the quotient map ¢ : G — G/H. Let b: G — H be the Borel map determined by
s = ¢($)b(s) for all s € G. Note that b(st) = b(s)t for all s € G and t € H. If
f € L%G/H,B",H), then

Hy(s) := “b(i) (f()

belongs to £2 (G, %, H) and Il Hillz = 1fllz2(c)m)-
Conversely, if h € £2(G, 37, H), then

Fiu(8) := h(c(3))

is in £2(G/H,3",H). The maps f — H; and h — [}, are inverses, and we
obtain unitaries between L2(G, %, H) and L?(G/H, 3%, H). Thus we can view
L2(G, 3%, 'H) as the L2-sections of the trivial Borel Hilbert bundle G/H x H. The
diagonal operators A(G/H x H,3) are naturally identified with L>°(G/H), and
the decomposable operators can be identified with equivalence classes of bounded
weak-operator Borel functions F': G/H — B(H) via

Tr(h)(s) = uy P (8)uns) (h(s)) = F(s)(h(s),

where F(s) := ub_(i)

F(8)uy(s). Note that F satisfies
F(st) =u; 'F(s)uy forallseGandte H. (9.6)

If F : G — B(H) is any weak-operator Borel function satisfying (9.6), then F(s) :=
F(c(8)) is a weak-operator Borel function on G/H such that

Trh(s) = F(s) (h(s)).

Thus we can identify the decomposable operators on L2 (G, 8%, H) with the weak-
operator Borel functions F' : G — B(H) such that transform as in (9.6).

Proof of Proposition 9.5. We realize Indgp L= xton L2(G,BY,H), where

(a)h(s) = (a5 (a)) (h(s)) an

a(r)h(s) = (((%fo)) h(r='s) = p(r~",Ge.p)2h(r~'s).

3See Remark 9.21 on page 292.
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Notice that
w(a;l (a)) = u;lw(as_l(a))ut.

Therefore we can express 7 as a direct integral

7= /69 75 dBT(5),

G/Gp

where

ms(a)h(s) = m(ag ' (a)) (h(s)). (9.7)
Clearly, each 7; is homogeneous with kernel s - P. Thus if § # 7, then kerm; #
ker 7. Thus (9.7) is essentially an ideal center decomposition, and ZC(m) coincides
with the diagonal operators A(G/Gp, 3F) by Proposition G.20 on page 441. Since
A(G/Gp,BY) = IC(7) c #(A)” N#7(A)’, any operator in 7(A)’ commutes with
A(G/Gp, ) and is decomposable (Theorem F.21 on page 418).

Let E be a nonzero projection in the commutant of Indgp L. Then E € 7(A)
and there is a weak-operator Borel function E : G — B(H) such that Fh(s) =
E(s)(h(s)) and such that E(st) = u; "E(s)u; for all s € G and t € Gp. Since A is
separable and since the set of s for which E(s) is a projection is saturated, we can
change E on a null set and assume that F(s) is a projection in the commutant of
7 for each s. Since E € 4(G)’, for each r € G,

E(s)h(r~ts) = E(r~'s)h(r~'s) for ug-almost all s.

Equivalently,
E(rs)h(s) = E(s)h(s) for pg-almost all s.

Thus
N(h) = {(s,7) : E(rs)h(s) # E(s)h(s) }

is a g x pe-null set. Let { h; } be a fundamental sequence for £2(G, 87, H). Then
{hi(s)} is total in H for all s € G. Let N =|JN(h;). Then N is a pg X pg-null
set such that (s,r) ¢ N implies that E(rs) = E(s). Thus there is a sg € G such
that e := E(so) # 0 and such that e = E(sg) = E(rso) for pug-almost all r € G.
Notice that e € 7(A) Nu(G)’". Thus e € L(A x Gp)'. Since L is homogeneous,
ker L = ker L®. Tt is not hard to check that

olep

md, L¢ = (Ind%, L)".
Thus
ker(Ind$ L) = ker(Ind$, L°)
= Ind§, (ker L°)
= Ind§ (ker L)
= ker(Indg  L).

Since E was arbitrary, Indg » L is homogeneous. The last statement follows from
Corollary G.9 on page 434. (|
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9.2 Step II: Restricting to the Stability Groups

Remark 9.6. In our proof of the Effros-Hahn conjecture, we want to work with
a factor representation R = (m, V) of A x, G with a particular primitive kernel
Py. Note that n - R is a factor representation for any 1 < n < Xy. This follows,
for example, from [28, Proposition 5.3.4 and Definition 5.3.1(iv)]. Alternatively,
we can recall that n - 7 is equivalent to m ® 1y, where H, is a fixed Hilbert
space of dimension n (cf., [139, §B.4]). But 7 ® 14, (A) = n(A) @ B(H,) and
7 ® 1y, (A)" = w(A)” @ 1y, by [29, 1.2.4 Proposition 4]. Thus n - R is factorial if
R is. Furthermore, n - R still has kernel Py. Thus for our purposes we can assume
that R has infinite multiplicity.

Let R = (m, V) be a separable covariant representation with infinite multiplic-
ity of a separable dynamical system (A,G,«). Since 7 has infinite multiplicity,
Remark G.23 on page 444 implies that 7 has an ideal center decomposition (The-
orem G.22 on page 444) on L?(Prim A, u,H) for a finite Borel measure u on the
standard Borel space Prim A. Therefore, we can replace R by an equivalent repre-
sentation acting on L?(Prim A, u, H) such that

2]
T = / wp du(P) (9.8)
P

rim A

with each mp homogeneous with kernel P. We apply Proposition G.24 on page 445
to R = (m, V), taking advantage of the simplification that Prim A $ = Prim A x H
is trivial. Therefore p is quasi-invariant, and if d : G x PrimA — (0,00) is a
Borel choice of Radon-Nikodym derivatives as in Corollary D.34 on page 389, then
W (s)f(P) :=d(s, P)2 f(s—-P) is a unitary on L2(Prim A, s, H) such that U (s) :=
V(s)W(s71) is decomposable for all s. Let X C Prim A be a Borel p-conull set and

E:={(s,P)€GxPrimA:Pc X ands '-Pc X}

be as in Proposition G.24. Thus if U(H) is the unitary group of H (with the weak
operator topology), then there is a Borel map (s, P) — U(s, P) from E into U(H)
such that the following statements hold.

(A) Forall s € G,

@
U(s) = /P U(s, P)du(P).

rim A

(B) For all s,7 € G and all P € X such that s™1- P € X and r~!s71.- P e X, we
have
U(sr,P)=U(s, P)U(r,s ' - P).

(C) If (s, P) € E, then
mp(a) = U(s, P)mg-1.p(a; ' (a))U(s,P)* forall a € A.

(D) If P € X, then op(t) := U(t, P) defines a unitary representation of Gp and
rp = (mp,op) is a covariant representation of (A4, Gp,a).
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We will treat rp as a representation of A x, ¥ on H. Since P — Gp is Borel by
Proposition H.41 on page 477, for each ® € C.(G*%, A) and h, k € L*(Prim A, u, H)

(s, P) — (mp(®(s,Gp))op(s)h(P) | k(P))

is Borel.* Thus Lemma H.30 on page 473 implies that

P (rp(®)h(P) | k(P)) = /G (7p(®(s,Gp))op(s)h(P) | k(P)) duc,(s)

is Borel, and hence {rp } is a Borel field of representations on L?(Prim A, u, H).
Thus we can form the direct integral

53]

ri= / rp du(P) (9.9)
Prim A

on L2(Prim A, u, H). We call r the restriction of R to the stability groups. (In

groupoid language, r is the restriction of R to the isotropy group bundle.)

Since (9.8) is an ideal center decomposition, Lemma G.19 on page 441 implies
that the ideal center ZC(m) of 7 is the algebra of diagonal operators A(Prim A x
H, 1), which is isomorphic to L>°(Prim A, u). If ¢ is a bounded Borel function on
Prim A, then the corresponding diagonal operator is denoted by T,,. Since r acts

on L?*(Prim A, uu, H), its ideal center ZC(r) is also a von Neumann subalgebra of
B(L*(Prim A, u, H)).

Lemma 9.7. Let R = (w,V) be a factorial representation with infinite multiplicity
of Axa G on L*(Prim A, p, H) such that © has an ideal center decomposition given
in (9.8). Let r be the restriction of R to the stability groups. Then ZC(mw) C ZC(r).

Proof. Let e(I) be the projection onto the essential subspace of 7|;. Then, almost
by definition,
IC(m) ={e(I): I €I(A)}".

Now if I € Z(A), then we let I be the ideal of A x, ¥ which is the closure of
Ip:={®eC(Gx%,A):D(s,H) € INay(I) for all (s, H) € G*X}.

Notice that if ® € C.(G * X, A), then

r@(P) = [ (@5, Gr)p(s)n(P) diicr (5)

_ /G op(8)mp (a7 ((s, Gp)) ) h(P) dpcp (5). (9.10)

4We will prove a considerably stronger statement in Lemma 9.9 on page 277. Using an orthonor-
mal basis for H and Parseval’s identity, it suffices to see that Fg (s, H, P) := (wp(®(s, H))h(P) |
k(P)) is Borel on G * ¥ x Prim A. However, this is clear if ® is an elementary tensor
(s,H) — ¢(s,H)a. On the other hand, the span of elementary tensors is dense in the induc-
tive limit topology, and if ®; — ® in the inductive limit topology, then Fg, — Fg pointwise. This
justifies the assertion.
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Lemma G.10 on page 434 implies that

(&)
o= [ eop(ndu(P)

rim A

where er,(I) is the projection onto the essential subspace of 7p|r. Since ZC(m)
is the collection of diagonal operators on L?(Prim A, u, H), there is a Borel set
Y C Prim A such that e(I) = T1,. Thus e, (I) is zero p-almost everywhere off
Y, and the identity p-almost everywhere on Y. Thus if a € I, then wp(a) = 0 for
p-almost every P ¢ Y. If h € kere(I), then h(P) = 0 p-almost everywhere on Y.
Thus it follows from (9.10) that r(®)h = 0 for all ® € Iy. Thus h € kere,(I) and
we have

e(I) > e-(I). (9.11)
On the other hand, let ¢ € C.(G * ) and let a,b € I. Define

O(s,H) = p(s, H)aas(b).

Then ® € I and
rp(®) = /G o(s,Gp)mp(aas(b))op(s) duc,(s)

— 7p(a) /G o(5,Gp)op(s) ducy (5)mp (D)

=np(a)op(p(-,Gp))mp(b).
If h € kere, (1), then there is a p-null set N(a, b, @) such that for all P ¢ N (a,b, ¢)

we have

mp(a)op(o(-,Gp))mp(b)h(P) = 0. (9.12)

Since I and C.(G * X) have countable dense subsets, there is a p-null set N such
that (9.12) holds for all a,b € I and ¢ € C.(G = X) provided P ¢ N. However, if
a € I and if mp(a)h(P) # 0 then, using an approximate identity for C.(G * %), we
can find ¢ € C.(G * X) such that wp(a)op(¢(-,Gp))h(P) # 0. Similarly, using an
approximate identity for I and the fact that we must have e, (I) # 0, we can find
b € I such that

Wp(a)ap((p(',Gp))ﬂ'p(b)h(P) 75 0. (913)

Thus P € N. It follows that w(a)h = 0 for alla € I. Thus e(/)h = 0. It follows from
this and (9.11) that e,(I) = e(I). Since I was arbitrary, the lemma is proved. O

Let
®

. / Fo dv(Q) (9.14)
Prim(Axo3%)

be an ideal center decomposition for 7 on L?(Prim(A x4 X) % §, ). Therefore each

7 is homogeneous with kernel Q, and there is a unitary M" from L?(Prim 4, u, H)

onto L?(Prim(A x4 ¥) * §, v) intertwining r and 7.
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Proposition 9.8. Suppose that R = m X V is a factor representation of A X, G
with infinite multiplicity. Let v be the restriction of R = (w, V) to Ax, % as above.
Then the measure v in the ideal center decomposition (9.14) of r is quasi-invariant
and ergodic for the natural action of G on Prim(A X, X) induced by the action
B: G — Aut(A x4 X) defined in Lemma 8.57 on page 260. In particular, 7s.q is
equivalent to s - 7q for all s € G and (Q € Prim A x, X.

Since the proof of the proposition will require some technical gyrations, we
will break it up into two bits; first, we’ll consider the quasi-invariance. Then af-
ter developing some additional structure, we’ll turn to the proof of ergodicity on
page 281. We retain the notation and set-up described in and before items (A)—(D)
on page 271.

Proof of quasi-invariance. Suppose that ® € C.(G * 3, A), that s € G and that
h € L?*(Prim A, pu,’H). Let P € XNs-X. Then (s,P) € E, and item (A) im-
plies that we can also find a null sets N7 and Na such that P ¢ N; implies that
V()W (s™1) (W (s)r(®)h)(P) = U(s, P)(W(s)r(®)h(P)), and that P ¢ Ny implies
that V(s)W (s~1)(W(s)h)(P) = U(s, P)(W(s)h(P)). Then, if P € (X Ns-X)
(N1 U N3), we compute that

V(s)r(®)h(P) = V()W (s~ )W ()(‘P)h(P)
= d(s, P)zU(s, P)r(®)h(s"* - P)

=d(s, P)2U(s, P) Ta1.p(®(t, Gy1.p)) oy 1.p(t)h(s™ - P)
GflP
dl'LGsfl_P(t)
which, since G,-1.p = s ! . Gp, and since (s,P) € FE implies that

U(s, P)ms-1.p(a) = mp(as(a))U(s, P), is

:/ e mp (o (®(t,s7" - Gp)))U(s, P)U(t, s~ - PYW(s)h(P)

which, since P and s~! - P are in X, is
= / e P(Oés (‘P( Gp))) (st, PYW (s)h(P) dps—1., (t)
s P

= /G w(s,s ' Gp)mp(as(®(s™'ts,s7 - Gp)))U(ts, PYW(s)h(P)
d/'LGP (t)
_ /G 70 (Bo(®)(t, Gp))U(t, PYU (s, PYW (s)h(P) dpciy (1)
which, since P ¢ Ns is

=7(Bs(®))V (s)h(P).
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Since the set of P such that P € X, s71- P € X and P ¢ Ny U N3 is conull, the
above computation shows that

s-r(®) :=r(8;,1(®)) = V(s) r(®)V(s) (9.15)

S

for all ® € A x4 ¥ and s € G. In particular, r and s - r are equivalent.

To see that v and s - v are equivalent measures, we proceed as in the proof
of Proposition G.24 on page 445 using (9.15). In particular, M" implements an
equivalence between s - on L?(Prim A, u, H) and

53]

/ s - T dv(Q)
Prim(Ax,X)

on L?(Prim(A xq ¥) * $,v). Then L(s)h(P) := h(s~! - P) defines a unitary from

L?(Prim(A x4 ¥) * 9, v) onto L?(Prim(A x4 X) % §), s - v) intertwining (9.15) with

53]
/P o d(s-v)(Q), (9.16)

rim(AxqoX)

where 772;) = TFy-1.000; 1. Since f’Q is homogeneous with kernel @, the direct integral
decomposition in (9.16) is an ideal center decomposition, and then our uniqueness
result (Proposition G.21 on page 443) implies that v and s - v are equivalent.’
Since s is arbitrary, we have shown that v is quasi-invariant. Proposition G.21 also
implies that F’Q and g are equivalent. Therefore 75.¢ and s - 7. are equivalent
for all s. This completes the proof of the proposition with the exception of the
ergodicity of v. O

To see that v is also ergodic requires that we look a bit more closely at the op-
erator M"V (s)M"*L(s)* : L*(Prim(A x4 X) * 9, s - v) — L?(Prim(A x4 X) * §,v)
which implements an equivalence between the ideal center decompositions given
by (9.14) and by (9.16). The uniqueness of ideal center decompositions (Proposi-
tion G.21 on page 443) implies that MV (s)M"* L(s)* commutes with the diagonal
operators. More precisely, if ¢ is a bounded Borel function on Prim(A4 %, ¥) and
if T, and T} are the corresponding diagonal operators on L? (Prim(A Mo 2) * 5, 1/)

and L? (Prim(A Xo L) %9, 8- 1/), respectively, then
M"V(s)M"™ L(s)" Ty = T,M"V(s)M""L(s)".
Therefore,
M"V(s)M™TyL(s)" = M"V(s)M"" L(s)*" Ty, = Ts.o, M"V (s)M"" L(s)",
where s - p(P) = lt5(¢)(P) := p(s~1 - P). Thus,
MV (s)M"™ T, =Ts.,M"V(s)M"". (9.17)

51t is worth noting that the special uniqueness of the ideal center decomposition is used here.
Normally, one has to worry about the algebras of diagonal operators when making statements
about direct integrals. See for example, Proposition F.33 on page 423. This will also be important
in the proof of ergodicity to follow.
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Therefore if ¢ = 1p for a G-invariant Borel set B C Prim(A x4 X), then E :=T,
commutes with V(s) := M"V(s)M"™*. Of course, E also commutes with 7(A x4 X).
If ja: A — M(A x4 X) is the natural map, then

r(ja(a)®)) = m(a)r(®).

Thus F also commutes with 7(A) where 7(a) = M"w(a)M"™. Therefore E €
R(A x4 G)" where R = (7, V). If R were irreducible, this would force E to be 0 or
I and v would be ergodic. Unfortunately, we are assuming only that R is factorial
(so that we can make some of the initial constructions a little less technical). Here
we have to pay for that assumption. Since we have E € ZC(7) C (A x, X)", if we
can show that

F(AxaX) C R(AxyG)’, orequivalently (A x, X)" C R(A %o G)”,

then E belongs to the center of R(A x4 G)". Since R(A x4 G)" is a von Neumann
factor by assumption, its center is trivial and this will prove that v is ergodic and
finish the proof of Proposition 9.8 on page 274. Showing this requires some involved
constructions. Fortunately, these constructions will be of use later on, so we will
work out the details here.

Observe that if f € C.(G, A) and h, k € L?(Prim A, u, H), then

(R K) = [ (=(F() V| F) dua(s)

G

=[] VW W) | KP) duP) di ()
which, since V(s)W (s™!) = fﬁiimA U(s, P)du(P) and 7 = fiimAﬂP dp(P), is

_/G/P A(Wp(f(S))U(S,P)h(Sfl.P)|k(P))d(S,P)%d’u(p)d’uG(s)' (9.18)

To take advantage of (9.18), we want to consider the collection
A°.(G x Prim A, A) of bounded Borel functions F : G x Prim4d — A
such that there is compact set K C G, depending on F', such that F(s, P) = 0 if
s¢ K. If F € #°.(G x Prim A, A), then we define

IFllz,r = sup / 1P (s, P)]| ducs(s),
P Ja

[Pl = sup / (s, P)|l duc(s) and
G
1P|l = max{|[Fllr. || Fllz.s}-

Notice that if K is such that F(s,P) = 0 if s ¢ K, then all the above quantities
are bounded by || F||coitc(K).5 It is also worth remarking that ||F||;s = ||F*|/1.r,

6These norms, and the notation, come from treating G x Prim A as a groupoid. Good references
for the theory of groupoids and their C*-algebras are [143] or [108].
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where F*(s, P) := Ag(s71)F(s71,571 - P)*. Moreover, we want to observe that
A.(G x Prim A, A) is a * algebra Suppose that F, F’ € %°%(G x Prim 4, A).
Clearly, r — F(r P)a, (F’( 's,r=1. P)) is Borel. Making use of vector-valued
integrals such as defined in Appendlx B, we can use Proposition B.34 on page 343
to define F' x F'(s, P) € A by

FxF'(s,P):= /GF(T, P)ozr(F/(rfls,rfl P)) duc(s).

Let ¢ € A*. Then
Q(F * F'(s,P)) = /GQD(F(T, P)a, (F'(r~'s,r™" - P))) duc(s). (9.19)

Since (s,r, P) — F(r,P)a, (F'(r~'s,r=' - P)) is Borel, Fubini’s Theorem implies
that the left-hand side of (9.19) is a Borel function of (s, P). Thus, (s, P) —
F x F'(s, P) is weakly Borel, and hence Borel by Lemma H.32 on page 474. Thus
FxF' € #° (G x Prim A, A). The other required properties, such as associativity,
follow from similar considerations.

Lemma 9.9. If F € #°.(G x Prim A, A), then

(s, P)— (mp(F(s,P))U(s,P)h(s™" - P) | k(P))

is a Borel function on G x Prim A for all h,k € L?*(Prim A, u, H). In particular,
there is a bounded operator R'(F) on L?(Prim A, u, H) such that |R'(F)| < ||F||;
given by

(R'(F)h | k) :
// F(s,P))U(s,P)h(s~"- P) | k(P))
PrlmA
d(s, P)? du(P) dpc(s). (9.20)

In fact, R’ defines a *-homomorphism of %°.(G x Prim A, A) into the bounded
operators on L*(Prim A, u, H).

Proof. Let { ex, } be a countable orthonormal basis for H. Then
(mp(F(s,P))U(s, P)h(s™" - P) | k(P))
= (U(s, P)h(s™" - P) | ex) (wp (F (s, P))ex | k(P)).
k

= (U(s,P)h(s™" - P) | ex) (mp(F(s,P))ex | em) (em | k(P))
km

Thus it suffices to see that

(s, P) — (mp(F(s, P))ex | em)



278 The Proof of the GRS-Theorem

is Borel for all £ and m. Since A is separable, given ¢ > 0, there is a countable
partition { B; } of A by nonempty Borel sets of diameter at most e. Let E! :=
F~Y(B;) and fix a; € B;. If K C G is a compact set such that F(s,P) =0if s ¢ K,
then let E; := E! N (K x Prim A). Define

F.(s,P):= Z a;1g, (s, P).

Then F, € #°.(G x Prim A, A) and ||F — F,|l« < €. Moreover

(s, P) — (mp(Fe(s, P))ex | em) = Z]lEi(s,P) (mp(ai)er | em)

K2

is Borel. Since F1 — F pointwise, the first assertion follows.

Now we can use the Cauchy-Schwarz inequality on L?(u x ug) to calculate that
|(B'(E)h | k)|

<[] PG PP, P dle x p)(s. P)
(Prim A)xG

< (//(PrimA)XG | E(s, P)||[[k(P)|? d(pe x u)(sjp))a
(//(PrimA)xG ”F(575 ’ P)||||h(P)||2d(‘uG X ,U)(S,P))

1 1
< FNZEI2IEN7 P2
<IN zlRll2ll%]l2

1
2

Therefore R/(F) is a bounded operator with ||R'(F)|| < || F||1. O

Notice that each f € C.(G, A) defines an element Fy of %%,(G x Prim A, A),
given by Fy(s, P) = f(s); of course, R'(Fy) = R(f). Thus we should view R as an
extension of R to a larger class of functions.

Lemma 9.10. Let R and R’ be as above.
(a) If T € R(A xo G, then T is decomposable. If

T_/® T(P)du(P), (9.21)
P

rim A

then for all s € G,

T(P)U(s,P)=U(s,P)T (s~ - P) for p-almost all P.

(b) If F € #°.(G x Prim A, A), then R'(F) € R(A x, G)".
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Proof. f T € R(A X, G), then T commutes with both 7(A) and V(G). Since
ZC(w) is in the center of 7(A)', T € ZC(w)" = A(Prim A x H, u)’, and hence, T is
decomposable. If T is given by (9.21), then for almost all P,
TV(5)f(P) = d(s, P)*T(P)V(s)W(s~")f(s™" - P),
= d(5,p)*T(P)U(s, P)f(s™" - P).

On the other hand, since T' commutes with V'(s), we have, for almost all P,

TV(s)f(P) = V(s)Tf(P)
=V(s)W (s~ )W(s)Tf(P)
=d(s, P)2U(s, P)T(s™" - P)f(s™' - P).
If { e } is an orthonormal basis for H and f,,(P) := ey, for all P, then applying
the above to f,, shows that there is a p-null set N, such that
U(s,P)T(s' - P)ey, = T(P)U(s, P)ey, if P ¢ N,,.

If we let N = |J Ny, then T(P)U(s, P) = U(s, P)T(s™!- P) for all P ¢ N. This
proves part (a).

Using part (a) and (9.20), it is not hard to see that if T' € R(A x, G)' and F €
B°.(G x Prim A, A), then T and R'(F) commute. Therefore R'(F) € R(A x4 G)"
as required. O

Lemma 9.11. If F € #°.(G x Prim A, A) and ® € C.(G x %, A), then
- F(s,P):= / (t,Gp)ay(F(t's, P))ya, ) duc, (t) (9.22)
Gp
defines an element of %°.(G x Prim A, A) such that R'(® - F) = r(®)R/(F). In
particular, if f € C.(G, A), then R'(® - Fy) = r(®)R(f).
Proof. Suppose F(s, P) vanishes if s ¢ K and that ®(s, H) vanishes if s ¢ K'.
Then & - F(s, P) vanishes for s ¢ K'K. Furthermore,
1 F(s, P)|| < 120 [|F[loo [l o

where

o(H) = /H B() e () dara (s),

and ¢ € CF(G) is such that ¥(s) = 1 for all s € K'K. Thus to see that ® - F €
A°.(G x Prim A, A), we just have to see that it is a Borel function. But

F(P,s,t,H) := ®(t, H)oy (F(t s, H))yu (t)
is Borel on Prim A x G x G x %, and it vanishes if s ¢ K'K. Thus Lemma H.30 on
page 473 (with X = Prim A x ) implies that

@(P,S,H):/HF(P,S,t,H)dMH(t)
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is weakly Borel, and therefore Borel by Lemma H.32 on page 474. Now
(5,P) = ® - F(s, P) = ¢(P,5,Gp)

is Borel because P — Gp is (Proposition H.41 on page 477).
Using (9.20), we have”

(R’(@-F)hm):/G/P A(wp(cb-F(s,P))U(s,P)h(s*-P)|k(P))
d(s, P)? dp(P) dp(s)

which, since each wp is a representation of A, is

=/ / / (mp(B(t, Gp)ay (F(t™'s, P)))U(s, PYh(s™" - P) | k(P))
G JPrimA JGp
vap () Hd(s, P)? dpcyp (t) du(P) duc(s)

which, since d(ts, P) = d(t, P)d(s, P) = vq, (t)%d(s, P), is

:/_ / /(Wp((l)(t,Gp)ozt(F(S,P)))U(ts,P)h(s_l-P)|k(P))
PrimA JGp JG
d(s, P)* dpc(s) duc, (t) du(P)

which, since for all s € G and t € Gp, U(ts,P) = U(t, P)U(s,P) = op(t)U(s, P)
for p-almost all P, is

/ / | / (7 F(I(t,GP)at(} (571 )))(7P(1)1/(57P)h(8 l. P) | k(l)))
G JPrim A JGp
d(S,] )21 dl‘LGP (t) d,Uz(P) d,U‘G(S)

which, since (7p,op) is covariant, is

:// / (op(t)mp (o ((t,Gp))F(s, P))U(s, P)h(s™" - P) | k(P))
G JPrim A JGp

d(S, P)% dMGP (t) du(P) d,UG(S)
:/ / _ / (WP(F(SaP))U(S,P)h(S_l . P) |
G JPrim A JGp

"This computation can be simplified by realizing that we can define R'(F) pointwise via a
vector-valued integral:

R (F)h(P) :/GWP(F(S,P))U(s,P)h(s’l - P)d(s, P)? duc(s).

We’ve given the proof as above simply to reduce the use of vector-valued integrals of Borel func-
tions.
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7 (a1 (D(, Gp)))op(t=)k(P)) d(s, P)F dpicey (t) diu(P) dyici(5)
/ / (e (F (s, P)U(s, PYA(s™ - P) | r(8)k(P))d(s. P)¥ d(P) dacs (o)

hl?‘( k)
=( F)h | k).

Thus R'(® - F) = r(®)R/(F) and the final statement is an easy consequence of
this. O

Proof of Proposition 9.8 on page 274 continued. We still need to see that v is er-
godic. But it suffices to see that r(A x4, %) C R(AX,G)". Let { f; } be an approxi-
mate identity for A x, G. Then R(f;) — I in the strong operator topology. There-
fore if ® € Ax, %, then r(®) is the strong operator limit of r(®)R(f;) = R'(D- Fy,).
Since each of the latter is in R(Ax,G)"” by Lemma 9.10 on page 278, so is #(®). O

Since (9.14) is an ideal center decomposition for r, ZC(r) = A(Prim(A X, X) *
9,v), and L>(Prim(A x, ¥),v) is isomorphic to the latter via ¢ — T,’. Since
ZC(m) C ZC(r) (Lemma 9.7 on page 272), M" : L*(Prim A, y1, H) — L*(Prim(A x4
¥) * 9, v) maps ZC(r) = A(Prim A x H, 1) onto a von Neumann subalgebra & of
A(Prim(Ax,X)*9,v). Let ¢ — T, be the natural isomorphism of L (Prim(A), 1)
onto the diagonal operators A(Prim(A) x H, p). Lemma I1.11 on page 489 implies
that there is a Borel map 7 : Prim(A4 x, X) — Prim A which implements the
induced isomorphism of L (Prim A, ) onto its range in L°°(Prim(A x4 3),v).
Thus M™T, = TS, M.

Remark 9.12. Notice that if ¢4(P) := ¢(s - P), then since

S
—~
V)
~—
I
<
—
V)
~—
=
c:g‘

—
~—
Il

(&)
[ vG.p)dur)
P

rim A

commutes with the diagonal operators,

V(s)T, —V(S)W(S DWW (s)T,

V()W (s )Teo W (s)

V(W W)
=T,.,V(s).

As we showed in deriving (9.17) on page 275, if V(s) := M"V (s)M"*, then we have
V(s)T5 =T, V(s),

where ¥5(Q) = (s - Q). Now, on the one hand,
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On the other hand,

M"V(s)T, = V(s)M"T,
=V(s)TZ M’

@oT
= TSE-(chT)V(S)MT
=T (poryM "V (s).

Thus for all s € G and all ¢ € L>®(Prim A, ), ¢(7(s-Q)) and ¢(s-7(Q)) define the
same element of L>°(Prim(A x, X),v). Therefore for each s € G, 7(5-Q) = 5-7(Q)
for v-almost all Q. Thus 7 is essentially equivariant. Since we can replace T by any
7' which agrees with 7 almost everywhere, Theorem D.46 on page 397 implies that

we may assume that there is a G-invariant Borel v-conull set Yy C Prim(A x, X)
such that 7(s- Q) =s-7(Q) for all Q € ¥ and all s € G.

Since 7 implements an injection of L (Prim A, p) into L (Prim(A x4 X),v),
it follows that 7,v < pu. Therefore, we can apply Corollary 1.9 on page 487 to
disintegrate v with respect to pu. This means that there are finite measures vp on
Prim(A %, X) such that if ¢ is a bounded Borel function on Prim(A x, X), then

/ o(Q) dn(Q) = / / o(Q) dvp(Q)du(P).  (9.23)
Prim(Ax,%) Prim A JPrim(AxoX)

Since ) — T¢ is a Borel field of representations, we can form the direct integral
representation

(&)
Fp = /P 7o dvp(Q) (9.24)

rim(Axq3)

on Vp := L?(Prim(A x4 X) * $,vp). Let Prim A x ¥ be the Borel Hilbert bundle
induced from L? (Prim(A x4 ) % $,v) via the disintegration of v with respect to
u (see Example F.19 on page 416). Since we can identify L> (Prim(A Mo L) * 5, 1/)
with L?(Prim A x 7, 1) we have 7 equivalent to

53]
= / fp du(P)
Prim A

If ¢ is a bounded Borel function on Prim A and if T; is the corresponding diagonal
operator on L?(Prim A * ¥, 1), then

M'T, = T,M".

Thus Corollary F.34 on page 426 implies 7p and 7#p are equivalent for py-almost all
P.

Since ker7p is separable, a simple argument applied to (9.24) shows that there
is a vp-null set N(P) such that

kerip C kerig if Q ¢ N(P). (9.25)
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Since suppvp C 771(P), we can rewrite (9.25) as
ker - () C ker7g. (9.26)

Since (9.26) holds for vp-almost all @ and for all P, it follows that (9.26) holds for
v-almost all . Thus off a v-null set N, 7g factors through A x4 G(g). Therefore
7q = (7, uq) is a covariant representation of (A4,G,(g),a) for all Q@ ¢ N. If
j i A— M(Ax,Y) is the natural map, then 7g(a) =7g~ (j(a)). Thus if {®; } is
a countable approximate identity for A x, 3, then off IV,

(7@ (a)h(P) | K(P)) = lim(7q (j(a)®:) h(P) | k(P)).

Therefore Q — 7 is a Borel field of representations.® Since 7p is equivalent to 7p
for p-almost all P, we have #p = (7p,6p) with 7p homogeneous with kernel P (for
almost all P). Since 7p is the direct integral of the the 7g’s (see (9.24)), it follows
that
52
frp:/ ﬁ'Qde(Q).
Prim(Ax,3)

Since 7p is homogeneous with kernel P, Corollary G.17 on page 440 implies that
g is homogeneous with kernel P for vp-almost all ). Thus 7g is homogeneous
with kernel 7(Q) for v-almost all @. To summarize, we have the following lemma.

Lemma 9.13. Let r be the restriction of R to the stability groups, and let (9.14) be
the ideal center decomposition of r on L? (Prim(A Xo 2)* 5, 1/). Then there is a G-
invariant Borel set Yo C Prim(Ax,X) and a Borel map 7 : Prim(Ax,X) — Prim A
such that 7(s - Q) = s - 7(Q) for all s € G and all Q € Yy. Furthermore, for v-
almost all Q, g is given by a homogeneous covariant representation (Tg,tg) of
(A, G (@), ), where Tq is homogeneous with kernel 7(Q).

9.3 Step III: Sauvageot’s Induced Representation

In this step, we want to “induce” the restriction r to a representation indr of
A X, G, and then to see that the kernel of indr is an induced primitive ideal.
We will define ind r in an ad hoc manner (explaining the quotations marks above)

in order to avoid the overhead of developing a general theory for induction from
AXgXtoAx,G.

Proposition 9.14. The kernel of the representation ind r induced from the restric-
tion to the stability groups of a factorial representation R of A X, G with infinite
multiplicity is an induced primitive ideal of A X4 G.

We’ll need a very tidy description of the space of the induced representation.
(This will also be helpful when we get around to defining indr in Lemma 9.19 on
page 286.) Let #; be the set of Borel functions £ : Prim A x G — H such that

&P, st) =op(t) ' (&(P,s)) foralls€ G andt e Gp.

8We can let mg be the zero representation off N.
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Let £2(Prim A x G, 1, H) be the set of £ € #; such that
[ s o™ du(p) < .
PrimA JG/Gp

We let L2(Prim A x G,u, H) be the quotient of £2(Prim A x G, u, H) where we
identify two functions which agree p x pg-almost everywhere.

Ezample 9.15. Suppose that H = C so that op(t) = 1 for all ¢t € Gp. Then
Z2(Prim A x G, i1, C) is the set of Borel functions h : Prim A x G — C such that
E(P,st) =¢(P,s) for all s € G and t € Gp, and such that

[ ePs)las® 6 du(p) < o
PrimA JG/Gp

Suppose that v is the measure on Prim A x Prim A given in Lemma 9.1 on page 264.
Then in this case, the map ¢ sending f € £2(Prim A x Prim A, v) to o(f)(P,s) :=
f(P,s - P) defines an isomorphism of L?(Prim A x Prim A4,v) onto L2 (Prim A x
G 1, C),

Lemma 9.16. If £,n € L2(Prim A x G, u, H), then

P (&(P,s) | (P, s)) dBT(3)
G/Gp

is in LY(Prim A, u), and
= P, s P,s)) dB" (s) du(P .
(5 | 77) . Ari /G/GP (5( ) ) | 77( ) )) d ( )d ( ) (9 27)

defines an inner product on L2(Prim A x G, u, H).

Proof. Let v be the measure on Prim A x Prim A described in Lemma 9.1 on
page 264. Let

§(Pys-P):=[lE(P,s)| and 7(P,s- P) = |ln(P,s)]|,

and extend é and 7 to all of Prim A x Prim A by setting them to zero elsewhere.”
Then & and # are in £?(7y), and their pointwise product is in £!(y). Thus

[ el ds” @) du(P) < oc.
Prim A JG/Gp

It follows that the inner integral in (9.27), as a function of P, is in £!(u) and the
first assertion follows.

Suppose £ € L2(Prim A x G, u, H). Let D = {(P,s) : £&(P,s) # 0} and Dp =
{s:(s,P) € D}. Then (£ | £) = 0 if and only if for p-almost all P, the image of
Dp in G/Gp is a BF-null set. Since Dp is saturated, the image of Dp is BF null
if and only if it is pug-null (Lemma H.14 on page 463). Thus (£ | £) = 0 if and only
if D is u X pg-null. The rest is straightforward. |

9Naturally, we want é and 7j to be Borel functions. But S = {(P,s- P) : s € G} is o-compact
in the product Jacobson topology on Prim A x Prim A. Thus S is Borel and é and 7 are Borel.
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In order to show that L2 (Prim A x G, u, H) is nontrivial, we will extend the key
construct in the proof of Proposition 5.4 on page 153. We aim to define a map W
on the algebraic tensor product C.(G, A) ® £?(Prim A, u, H) which takes values in
L2 (Prim A x G, 1, H). Therefore we define

W(f @ h)(P,s)
::/G p(st,Gp) Tmp (ot (f(st))op(t) (h(P)) duc,(t). (9.28)

The map (P,s) — W(f ® h)(P,s) is Borel by Lemma H.30 on page 473, and a
calculation shows that it transforms correctly. To see that W(f®h) is appropriately
square integrable, and therefore belongs to £2(Prim A x G, u, H), requires a bit of
work. However, it follows from the next observation which we will need later.

Lemma 9.17. Define & : C.(G,A) — C.(G x 3, A) by
Z(f)(s,H) =vu(s)f(s).
Then for all f,g € C.(G,A) and h,k € L2(Prim A, u, H) we have
W(f@h) | W(gek) = (r(2(g"*f)h| k).

In particular, W(f @ h) € L2(Prim A x G, u, H) and f +— W(f ® h) is continuous
from C.(G, A) with the inductive limit topology into L2 (Prim A x G, u, H).

Proof. To prove the first assertion, we compute as follows:
(W(f@h) | W(ge k)

:/ / (W(f @ h)(P,s) | W(g® k)(P,s)) di dP
PrimA JG/Gp
e mp(a;t o
ok L e Generone
mp(as ' (g9(sv)))op(v)k(P))p(st, Gp)fép(sv, Gp)ié dt dvdsdP
which, since (mp,op) is covariant p-almost everywhere, is

= 7p(at(g(sv)* f(st)))op(v?!
—/PrimA/G/GP /GP /GP( p(ag) (9(sv)" f(st)))op (v 1)h(P)[k(P))
p(st, Gp)fép(sv, Gp)*% dtdvdsdP

1. A/G/G [, L el ssom)orncplk)
vap (t)p(sv, Gp)~tdt dvds dP

:/. // (mp (a5t (9(s)" F(s1))ap (t)h(P)|k(P))
PrimAJG JGp
Ve (t) dt ds dP
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Z/P. A/G (np (9" * f(t))var (t)op(OMP) | k(P)) dt dP
= (r(2(g* * [))h | k).

The second assertion follows since [|[W(f ® h)||> = W(f @ h) | W(f @ h)).
For the final assertion, note that if g; — 0 in the inductive limit topology, then
P(g5 * g;) — 0 in the inductive limit topology on C.(G * X, A), and therefore in
the C*-norm in A x, X. The result follows from this, the first assertion and the
observation that W(f; @ h) = W(f @ h) = W(f; — f ® h). O

In Proposition 5.4, we showed that we could realize Indgp rp on K(P) :=
L2 (G,B",H) as IIp x Wp where

IIp(a)h(s) = mp(a; ' (a)) (h(s)), and

r~ls 3 .
We(r)h(s) = (%) h(r='s) = p(r~',Gs.p)2h(r~'s).

Moreover if © denotes the constant function P +— v for each v € H, then the proof
of Proposition 5.4 shows that

(W(f@0)(P,"): f € C.(G,A) and v € H}

spans a dense subspace of K(P). Let & = {X(P) }peprima. Notice that each
£ € L2(Prim A x G, pu,’H) defines a section of Prim A + & in the obvious way:'?
§(P)(s) :=&(P,s).

Proposition 9.18. There is a unique Borel structure on PrinA * R such that it is
an analytic Borel Hilbert bundle over Prim A, and such that & € B(Prim A x R) for
all £ € L2(Prim A x G,p, H). Furthermore, L2(Prim A x G, u,’H) is a separable

Hilbert space, and & — & is a unitary isomorphism of L%(Prim A x G, u, H) onto
L?(Prim A x &, ).

In order to concentrate on the task at hand, we will postpone the proof of
Proposition 9.18 to the end of this section (on page 290).

When convenient, we will identify L2(Prim A x G, u, H) and L?(Prim A * &, 11).
In particular, we will usually not distinguish between & and €.

Lemma 9.19 (The Definition of indr). The formulas
(a)é(P,s) :== mp(ay ' (a)) (E(P,s)), and (9.29)
W(r)E(P, s) = p(r™",Gop) 2 E(Pr"s) (9.30)

define a covariant representation indr := (ILW) of (A,G,a) on L2(Prim A x
G, i, H). After identifying L2(Prim A x G, u, H) with L*(Prim A |, 1), we have

[S3}
indr = / Indgp rp du(P). (9.31)
P

rim A

108ince s — ||€(P,s)|| can fail to be square integrable off a p-null set, we can let £(P) = 0 in
those cases.
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Proof. Algebraically, the final statement simply amounts to untangling definitions.
The primary issues are to see that the right-hand side of (9.29) defines a Borel
function, and that r — W (r)¢ is continuous for all £ € LZ(Prim A x G, u, H). For
the first of these, it suffices to see that

(P.s) = (7p (a7 (a) (§(P:5)) | v)

is Borel (Lemma D.43 on page 395). But if {e; } is a countable orthonormal basis
for H, then

(ﬂ'p (a;l(a))g(P, s)) | v) = Z({(P,s) | ek) (ﬂ'p (a;l(a))ek | v).

Thus, it suffices to see that
(P,s) — (mp(a; ' (a))v | w)

is Borel. Since G is second countable, there is a countably-valued Borel function
be : G — A such that ||b(s) — o (a)]| < € for all s € G. Since b is a countable
sum of characteristic functions,

(P, s) — (mp(be(s))v | w)

is Borel. Since
(WP(b%(s))v | w) — (mp(a ' (a))v | w),

the right-hand side of (9.29) is Borel and II is a representation of A.

To show that W is strongly continuous, it suffices to see that s — W (s)¢ is
continuous for a dense set of £. In the proof of Proposition 9.18, we will show that
vectors of the form W(f ® h) for f € C.(G,A) and k € L*(Prim A, u, H) span
a dense subspace of L2 (Prim A x G, u,H). Hence, it suffices to consider ¢ of the
form W(f ® h). Note that W (s)W(f ® h) = W(ic(s)(f) @ h). Since s +— ig(s)f
is continuous from G into C.(G, A) with the inductive limit topology, the strong
continuity of W follows from Lemma 9.17 on page 285. (|

We showed in Section 9.2 that r has an ideal center decomposition

@
= / FQ dl/,
Prim(Ax,3)

where for v-almost all Q, 7q = Tg x1q is a covariant representation of (A, G (@), @).
Equation (9.31) suggests that ind r ought to be equivalent to a representation ind 7
which is a direct integral of representations of the form IndgT(Q) 7q. Since we have
only an ad hoc means of inducing from A x, ¥ to A x, G, making sense of this
requires a bit of fussing.

Let K£(Q) be the “usual” space for IndgT(Q) 7¢g as defined in Section 5.1. Thus

K(Q) is the completion of the algebraic tensor product Co(G, A)OH(Q) with respect
to the pre-inner product

(feovlgeow) = (Fe((g, f)

v | w).

AGr (@)
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Each f®@hin C.(G, A)OL*(Prim(Ax,X)+9, v) defines a section of Prim(A o) xR
is an obvious way: (f ® h)(Q) := f ® h(Q). Clearly

Q- ((foh@Q) | (g2 k)(Q)

is Borel, and it is not hard to see that Prim(A x4 )+ 8 has a unique Borel structure
making it into an analytic Borel Hilbert bundle such that each f ®h defines a Borel
section.!! If we define & : C.(G, A) — C.(G %, A) as in Lemma 9.17 on page 285,
then

(f,9) (8) = VG0 (8)g" * f(3).

AGr (@)

It follows that the inner product in L?(Prim(A4 x, ) * &, v) is given by
(foh|gak)=F(P(g = f)h]|Fk).

Since
(Indg, ,, 7o) (9)(f ®h(Q)) = g = f @ h(Q),

it is clear that {IndgT(Q) 7¢ } is a Borel field of representations of A x, G and we
can define the desired direct integral:

7]
ind7 := / mdS 7o dv(Q). (9.32)
Prim(Ax o) 7@

Proposition 9.20. The representations indr defined in Lemma 9.19 on page 286,
and ind 7 defined in (9.32) above are equivalent representations of A x4 G.

Proof. Just as above, we can view C.(G, A)® £L2(Prim A, i, H) as a dense subspace
of square integrable Borel sections of an analytic Borel Hilbert bundle Prim A x §
where H(P) is the completion of C.(G, A) ® H with respect to the inner product

(fohlgek)=(r(g, /),  IhIEk).
The inner product on L?(Prim A * 5, u) is given by

(foh|lgok)=(r(2(g" = f)h|k).

Recall that r and 7 are equivalent via a unitary M”" : L?(Prim A, u, H) —
L?(Prim(A x4 ) * $,v). Then we can compute that

(feM"(h) | g& M"(k)) = (F(2(g" * f))M"(h) | M"(K))
— (M7 (r (2" * ))B) | M7 (R))
M For example, if { f; } is dense in the inductive limit topology on C.(G, A) and if {®;} is a

special orthogonal fundamental sequence for Prim(A xq 3) * $, then { f; ® 9; } is a set of sections
which satisfy properties (ii) and (iii) of part (b) of Proposition F.8 on page 412.
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which, since M" is unitary, is

= (r(2(g"« ))h | k)
=(fehlgek).

Thus, we obtain a well-defined unitary M : L2(Prim A * $, 1) — L2(Prim(A x,
%) % ], v) characterized by M(f ® h) = f @ M"(h).

In view of Lemma 9.17 on page 285, W : C.(G,A) ® L2(Prim A, u, H) —
L2(Prim A x G, i, H) defined by (9.28) defines an isometry of L2(Prim A * ), )
into L2(Prim A x G, u,H). Moreover, if we use Proposition 9.18 on page 286 to
identify L2(Prim A x G, u,H) with L?(Prim A = &, ), then W is implemented
by a id-isomorphism { W(P)} where W(P) is the isomorphism of H(P) onto
K(P) = L?,P(G,BP,H) given by

W(P)(f ® h(P))(s) = W(f @ h)(P,s).

(We proved that W(P) is a unitary in Proposition 5.4 on page 153.) In partic-
ular, W is surjective (see Lemma F.32 on page 422), and defines a unitary from
L2(Prim A % $, ;1) onto L2 (Prim A x G, , H).

If indr = II x W, as in Lemma 9.19 on page 286, then it is routine to check
that

(@)W(] © h) = Wlia(a)(f) @ h) and
W(r)W(f @h) =W(ic(r)(f) ©h).
Therefore (ind7)(g)W(f @ h) = W(g * f @ h). Then WM ™! is a unitary and

WM™ (ind 7)(g)(f @ h) = WM (g * f @ h)
=W(g*f& M) (h))
= (ind r) ()WM ™ (f @ h).

Thus ind r and ind 7 are equivalent as claimed. O

In view of the previous result, we can compute the kernel of ind r» by examining
the kernel of (9.32). Lemma 9.13 on page 283 implies that each 7q = g X g is
homogeneous with 7g also homogeneous and having kernel 7(Q). Proposition 9.5
on page 268 implies that

Ig :=kerIndg_ (7o x iq)

is an induced primitive ideal of the form IndgT(Q) Jo with ResJg = 7(Q).
Lemma F.28 on page 420 implies that @ — I is a Borel map of Prim(A x, X)
to Prim A, and Lemma 9.13 on page 283 implies that there is a v-conull set
Yy C Prim(A x4 ¥) such that 7(s - Q) = s 7(Q) for all @ € ¥y and all s € G.
Recall that

ker(IndgT(Q) 7o) = IndgT(Q) (ker7g)
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by Lemma 5.16 on page 164, and that 7,.¢ is equivalent to kers - 7o by Proposi-
tion 9.8 on page 274. Thus for all ) € Yy we have

L. :=ker(Ind§_  7sq)

= ker(IndgH(Q) s - f@)

= ker(IndGGT(Q) s 7Q)

S-

G

which, since Indq_

1S

5.7 is equivalent to IndgT(Q) 7¢ by Lemma 5.8 on page 157,

= ker (IndgT(Q) Q)

= I,

Thus @ — Ig is G-invariant from Yy C Prim(A4 x4 ¥) — Prim A. Thus Q — Ig is
essentially constant by Lemma D.47 on page 398, and there is a Py := 7(Qo) such
that ker(ind r) = I, is an induced ideal of the form InngO J with Res J = F.

This completes the proof of Proposition 9.14 except for proving Proposition 9.18
on page 286.

Proof of Proposition 9.18. Suppose that £ and 1 are in £2(Prim A x G, u, H). If b
is a generalized Bruhat approximate cross section, then

[ (e 1 0(Pes)) a5 @) = [ (6P | 0(P.5))b(s, Grp(s. Gr) ducs).
G/Gp G

It follows that P+ (£(P) | 7(P)) is Borel for all ¢ and 7. In particular, let { f; } be
dense in C.(G, A) in the inductive limit topology, and let { e; } be an orthonormal
basis for H. If €; is the corresponding constant function on Prim A, then

W(fiee) (P -)}

spans a dense subspace of K(P) for each P (by the proof of Proposition 5.4 on
page 153). It follows from Proposition F.8 on page 412, that there is a unique
Borel structure on Prim A * & making the latter into an analytic Borel Hilbert
bundle such that { W(f; ®€;) } is a fundamental sequence. Furthermore, each ¢ is
in B(Prim A  R).

Since that map & — ¢ is isometric and since (9.27) on page 284 defines a definite
inner-product on L2 (Prim A x G, u, H), once we show that L2 (Prim A x G, u, H)
is complete, it will follow that L2(Prim A x G, pu,H) and L?(Prim A x &, u) are
isomorphic. Since the latter is separable by Lemma F.17 on page 415, this will
suffice to prove the proposition.

Let {&,} be a Cauchy sequence in £2(Prim A x G, u,H). We can pass to a
subsequence, relabel, and assume that

1
l6ns1 — &nll2 < on for all n.
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Define extended real-valued functions z, and z on Prim A x Prim A by

w(P,s-P) ankﬂ P,s) — & (P, s)|, and

2(P,s- P) ZkaH (P, s) — &k(P; s)]].

(We let z and z, be zero at (P, Q) if Q # s- P for some s € G — see footnote 9 on
page 284.) Using the triangle inequality for || - [, = || - [ £2(y), and the observation

that [|€]l, = [|¢]|2 (where £(P,s - P) = [|£(P,s)]|), we have

[znlly < Z [€k+1 — Exll2 < 1.

k=1

zall? = / / 2n(P.Q) dy(P,Q),
Prim AXPrim A

the Monotone Convergence Theorem implies that

=2 = [ A(P.QP ¢ (P,Q) <1
Prim AxPrim A
Therefore there is a y-null set N such that (P,s- P) ¢ N implies

Since

oo

S G (Ps) — E(Pys)

k=1

is absolutely convergent in H. Thus the series converges to some &'(P,s) € H.
Furthermore,

5/(P75) = nlingozngrl(Pa S) - gk(va)

= nh—>n;o €n+1(Pa S) - §I(P7 S)
Thus &(P, s) := &'(P,s) + &1 (P, s) satisfies
&(P,s) = lim &,(P,s) forall (P,s-P)¢&N.

n—oo

If we define {(P,s) = 0 if (P,s- P) ¢ N, then, since (P,s- P) € N if and only if
(P,st-P)e N forallt e Gp,

E(P,st) =op(t) ' (&(P,s)) for all s € G andt € Gp.

Furthermore,
{(P,s): (P,s-P)e N}
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is a u X pug-null set. Thus &, — & almost everywhere.
Given € > 0, there is a N such that n,m > N implies that

[6n = &mll2 <.
If (P,s-P)¢ N,
1€(P,s) = & (P, )| = lim [[§a (P, 5) — &k (P, 5)||-
Thus, if £ > N, Fatou’s Lemma implies that
€ — &3 < lmin &, — &3 <
Also,

lECP, )1 < (ll&( Ps)|l + 1&x(P,5)])°
< 4H§(P S) ( s)II* + 4l (P, 5|1

Thus ¢ € £2(Prim Ax G, pu, H) and & — £ in L2(Prim A x G, i, H). This completes
the proof of completeness. O

Remark 9.21. If in the preceding discussion we replace A by C (and therefore
Prim A by a point) and ¢ by a unitary representation of a subgroup H on H. Then
we get a Hilbert space V whose elements are pug-almost everywhere equivalence
classes of Borel functions h : G — H which satisfy h(st) = u(t)~*(h(s)) for all
s € G and t € H for which

[ Il ast ) < .
G/H
Since the functions
h(s) = W(F © 5)(s) i= /H plst, )" bp(stu() () du () (9.33)

span a dense subset and also lie in the space V, defined prior to Proposition 5.4 on
page 153, we see that the space L2(G, 37, H) in that Proposition can be identified
with V.

9.4 Step IV: G Amenable

Proposition 9.22 (Sauvageot). Suppose that G is amenable and that R is a factor
representation of A X, G with infinite multiplicity. If indr is the representation of
A %o G induced from Sauvageot’s restriction of R to the stability groups, then

ker(indr) C ker R.
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Let 6 : Prim A x Prim A — [0, 00) be a Borel function such that

/ O(P,s-P)?d3F(5) =1 for all P € Prim A. (9.34)
G/Gp

(We will produce such a function in Lemma 9.23 on page 295.)

We are still using the notation and set up described in the beginning of Sec-
tion 9.2. In particular, let X C Prim A be as specified there. Thus if P € X,
s-Pe X and t € Gp, then

Ut s, P)=Ut" Y, P)\U(s,P)=0op(t) U (s, P).
Let N :=Prim A \ X and set
N :={(P,s):s-PeN}
Since p is quasi-invariant, for each s € G we have

p({P:s-PeN})=p(s~" N)=0.

It follows that N’ is u x pe-null. Let h € L£2(Prim A, u, H) with ||h]j2 = 1, and
define ¢7"(P, s) to be

D(P,s-P)z6(s- P,P)U(s"*, P)(h(s- P)) if (P,s) ¢ N, (9.35)

and zero otherwise. Note that if (P,s) ¢ N’ and ¢ € Gp then (P, st) ¢ N', and we
have

¢Vh(P,st) = D(P,s- P)26(s - P,P)U(t 's~*, P)(h(s - P))
= D(P,s- P)20(s- P, P)U(t"', P)U(s~ %, P)(h(s - P))
=op(t) (" (P9)).

Thus £7" transforms properly for all (P, s). Furthermore,
etz = /[ D(P.QIH(Q. PV [H(Q)| d(P. Q)
Prim AXPrim A

-/ 0(P,Q2In(P)|I? dv(P, Q)
Prim AxPrim A

— [ PP [P P2 dst ) dul)
Prim A G/Gp

=1

Thus &7 € £2(Prim A x G, 1, H) with norm one.
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If p € C.(G, A), then we compute as follows:

; Yoho|oevoh) — indr v:h s v:h S
(indr(p)e™" | ¢ )—/PrimA/G/GP( dr(p)e"(P,s) | £7"(P;s))
g’ (%) du(P)

/
(s (o)) (€ (P 1s)) | €1 (P,s)
duc:(r) dBP (3) du(P)

which, since (9.35) holds p x pug-almost everywhere, is

- / / / n(P,Q.r)O(P,Q.r)(P.Q.r) duc:(r) dv(P,Q),  (9.36)
Prim AXPrim A JG

where n, © and [ are defined by

n(P,s-Pr)=pr,Gep)2D(P,r's- P)D(P,s- P)?
O(P,s-P,r):=0(r *s- P,P)d(s- P,P) and
I(P,s-P,r) ( ( (ga(r)))U(sflr, P) (h(rils . P)) |

U(s—", P)(h(s- P))).

Using (9.3) of Lemma 9.1 on page 264, we have, pu X pg X pg-almost everywhere,
D(P,r~'s-P) = p(r~ts,Gp)~td(s"'r, P)
=p(s,Gp) P p(r~',Gep)td(s™, P)d(r,s - P)
=D(P,s-P)D(s-P,r's-P).
Therefore we have, 1 X ug X ug-almost everywhere,
n(P,s-P,r) = p(r *, Gs.p)%D(s -Prts- P)%D(P, s-P)
=p(r 1, Gs.p)% (p(r=',Gsp) 'd(r,s - P)) %D(P, s-P) (9.37)
=d(r,s-P)2D(P,s- P).
Thus (9.36) equals

/ / / d(r,Q)26(P,Q,"I(P,Q,r) duc (r)D(P, Q) dv(P,Q)
Prim AXxPrim A JG
Furthermore, for each s,r € G, the following hold p-almost everywhere:

mp(as (e(r)) =U(s™!, P)mep(p(r))U(s™ ", P)~!
U™ P) ' =U(s,s-P)
U(r,s-P)=U(s,s-P)U(s'r, P).
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Therefore, v X ug-almost everywhere,

I(P,Q,r) = (mq(e(n)U(r,Q)(h(r~" - Q)) | h(Q)). (9.38)

Now the definition of D and equations (9.36) and (9.38) show that (9.36) is equal
to

I [awpieerooro
Prim AXxPrim A JG
(mp (p(r)U(r, P)(h(r~" - P)) | h(P)) duc(r) dy(P, Q). (9.39)

On the other hand, Equation (9.18) implies that
(R(@)h | h)

/P A/ r, P) % (mp(@(r))U(r, P)h(r~" - P) | h(P)) duc(r) du(P).  (9.40)

Lemma 9.23. If G is amenable, then, given € > 0, we can choose a Borel function
0 : Prim A x Prim A — [0, 00) satisfying (9.34), and such that

’/G/G 6(r—'-P,s-P)O(P,s- P)dp"(3) — 1’ <e (9.41)

for all r € supp ¢ and all P € Prim A.

Proof. For the moment, assume that g € C.f (G) with ||g||2 = 1. Then, if we define

o(Ps- P) = ( /G plst, Gr)g(s1)? duc, (1)) (9.42)
we have
/ O(P,s - P)?djp" (3) / / (st,Gp) tg(st)? duc, (t) dB¥ (3)
G/Gp G/Gp JGp
= llgllz =1,

and 0 satisfies (9.34). Furthermore
O(r—t-Ps- P =0(r—"-Psr(r ' P))?

/ p(srt,Gr—1.p) tg(srt)? dug, , ,(t)

—1.p

=l Grovp) [ plstr.Gor.p) g(str)? dic 1)
Gp

= w(r, GTl,p)p(T,Grl,p)l/G p(st,Gp) tg(str)? duc, (1)
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which, since p(r, G,-1.p) = Ag(r Hw(r,G,-1.p), is

= /. Ac(r)p(st,Gp) ™ g(str)* dug, (t).

Notice that 6(P, s- P) = ||a||L2(¢ ) where a(t) := p(st, Gp) 2g(st) and O(r~*-P,s-
P) = [|bllL2(cpy where b(t) := Ag(r)® p(st, Gp) =2 g(str). Since (||a]l2 — ||bll2)* <
|la — b]|3, we conclude that

0" - Ps-P)—0(P,s- P)[°

< [ plstGe) e byCstr) — (50 duc, (0
Gp
Therefore
/ 0 P.s- P) — 6(P,s - P)|* g (3)
G/Gp
< / / p(st,Gp)_l|Ag(r)%g(str) —g(st)‘2dugp(t) dgr (5). (9.43)
G/GpJap
It follows that the right-hand side of (9.43) is
1 2 r
L1ac)tatn) = o) duo(s) = 16" = gl

where g7 (s) := A(r)zg(sr).'2 Since lg"lL2(c) = 1, we have

”gT - g||2L2(G) =2- 2Re(gT | g)LQ(G)

—2-2Re | Aa() g(sr)3T) duc(s)
G
which, since g € CF (GQ), is
—2(1- [ Acl)tglsrigls) duc(s)).
G
Furthermore, we have

’/G/GPG(Tl -P s-P)§(P,s- P) dﬂp(s) _ 1}2
- ‘/G/Gp o(P,s-P)(0(r—'-P,s-P)—0(P,s-P)) dﬁp(é)r

2Usually p(g) = g" is called the right-regular representation of G on L?(G). But ‘p’ is already
employed here, so we have not used this “standard notation”.
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which, using the Cauchy-Schwarz inequality, is

< ([, ops Prase)
(/G/G 0" P,s-P)—0(P,s- P)|’ dﬂp(s))

1

<2 1—/A 3 g(s1)9(s) duc (s )) (9.44)
If G is amenable, then Proposition A.17 on page 325 and its proof show that

given a compact set K := suppyp, and € > 0, there is a f € CZ(G) such that
lfllL2(e) = 1 and such that

‘1—f*f(r)’ <e/2 forallrekK,
where f(r) = f(r—1) = f(r~'). But

/f ") dua(s)
/f ) dc(s)

L/‘f7$ s) duc(s).
Now let g(s) := Ag(s)~% f(s'). Then g € C(G) and ||g||2(q) = 1. Furthermore,
/ A(T)%g( r)g(s) duc (s / Ag(s) f(r s f(s™) dua(s)
G
= [ 1671915 ducs)
/f (rs) dupc(s).

Using this g to define 6 gives (9.41). O

Proof of Proposition 9.22 on page 292. Choose 6 as in Lemma 9.23 on page 295.
Then the above gymnastics imply that

|(ind r()€™" | €)= (R(p) | h)|
[ [ p e e) U P PY) [ P)
Prim A
(/ 8- - P,s- PYA(P,s - P)dBT (3) — 1) du(P) d,ug(r‘)‘
G/Gp
<[ [ PG PIIAP) du(P) duc ()
<e [ et / ) PP du(P) duc(r)
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which, by Hélder’s inequality, is

< elld(r, ) R bl /G o)l dpce(r)
= ellglh.

Thus we can find states w;, of the form wg~.n ¢v.n associated to ind r such that for
all ¢ € C.(G,A), wn(p) — w(p), where w = wpp, is the state associated to R.
Therefore w,, — w weakly. But if a € ker(indr), then w,(a) = 0 for all n. Thus
w(a) = 0. Since h was arbitrary, with conclude that a € ker R. This completes the
proof. O

9.5 Step V: Gootman-Rosenberg a la Renault

Proposition 9.24 (Gootman-Rosenberg). If R is a factor representation of Ax,G
with infinite multiplicity and if ind r is the representation of A X G induced from
Sauvageot’s restriction of R to the stability groups, then

ker R C ker(ind r).

The two key difficulties to surmount in proving the reverse containment to
Proposition 9.22 on page 292 is the lack of continuity of the map P — Gp from
Prim A to ¥, and the possibility that the orbit structure of Prim A/G may be
pathological. To overcome the first problem, we use a version of Lusin’s Theorem
that applies to Polish spaces. (Recall that in our set-up, where (A4, G, a) is sepa-
rable, both Prim A and X are Polish spaces in the regularized and Fell topologies,
respectively. See Theorem H.39 on page 476 and Theorem H.5 on page 455.).

Theorem 9.25 (Lusin’s Theorem). Suppose that X and Y are Polish spaces and
that p is a probability measure on X. If f : X — Y is Borel, then given ¢ > 0,
there is a compact subset L C X such that u(X \ L) < € and the restriction of f
to L is continuous.™

This result is proved, for example, in [124, Corollary 24.22], and is a consequence
of the fact that finite measures on Polish spaces are tight (Lemma D.38 on page 392).

To deal with badly behaved orbits, we need to see that the orbits are at least lo-
cally well-behaved. To do this, Gootman and Rosenberg used a “local cross-section”
result ([64, Theorem 1.4]) based on some clever selection theorems. Instead, we fol-
low Renault who used a result about equivalence relations [144, Proposition 1.11]
which is based on techniques due to P. Forrest. In both cases, the local compactness
of G is crucial. As always in this chapter, we give Prim A its regularized topology
so that Prim A is a Polish G-space (Theorem H.39 on page 476).

13Notice that the result definitely does not say that f is continuous at each point of L. The
characteristic function of the rationals is nowhere continuous, but its restriction to the irrationals
is constant and therefore continuous.
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Proposition 9.26 (Renault). Let K be a compact symmetric neighborhood of e in
G, let M be a neighborhood of the diagonal A C Prim AxPrim A and let L C Prim A
be such that the restriction of P — Gp to L is continuous. If P,Q € Prim A, then
define P ~k Q if there is a s € K such that Q = s- P. Then each Py € L has
a neighborhood V' in L with the property that ~k is an equivalence relation on V
such that P ~x Q implies (P,Q) € M. Furthermore, if U C V is open, then its
~g-saturation [U] :=={R €V : R~k P with P € U} is open in V. (That is, ~k
is an open equivalence relation on V'.)

Proof. Let
G(PQ) = {(t,PQ) 1t e GPO }

For clarity, we’ll break the proof up into a number of steps.
Claim 1. Let
K':={(ts,P)eGxL:se€ K andt € Gp }.

Then K’ is a neighborhood of G(F) in G x L.

Proof of Claim 1. Let (t,Py) € G(P) and suppose that (r;, P;) is a sequence in
G x L converging to (¢, Py). It will suffice to prove that { (r;, P;) } has a subsequence
which is eventually in K’. Since { P; } C L, by assumption, Gp, — Gp, in ¥.. Thus
we can pass to a subsequence, relabel, and find ¢; € Gp, such that ¢; — t. Then
S; = t;lri — e, and s; is eventually in K. Thus (r;, P;) = (t;8;, P;) is eventually
in K’. O

Claim 2. There is a neighborhood My of A such that (P,Q) and (@,J) in M,
imply that (P, J) belongs to M.

Proof of Claim 2. Let d be a metric on Prim A which is compatible with its Polish
topology. Let

D.(P):={(Q,Q") € PrimA x Prim A : d(P,Q) < € and d(P,Q’) < €}.

For each P € Prim A, choose ep such that Ds.,(P) C M, and define
My:= |J Dep(P).
PePrim A

f(P,Q),(Q,J) € My, then there are P; € Prim A such that (P,Q) € D, (P1) and
P,). We can assume that ep, < ep,. Then

—~
O
=
m
>
3

d(Py,J) <d(P1,Q)+d(Q,J)
<d(P,Q) +d(Q, P) +d(P2,J)
<€p, tep, +ep,
< 3ep

Thus (P, J) € D3ep (P1r) C M. This proves claim 2. O
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Let m : G x L — Prim A X Prim A be the continuous map given by 7 (s, P) :=
(P,s~!- P). Thus V := 7~ !(M) is a neighborhood of G(P).

Claim 3. There is a neighborhood N of G(Fp) in G x L such that (s, P) and
(r,s™!- P)in N implies that (sr, P) belongs to K' NV.

Proof of Claim 3. Let M be as in Claim 2. Let Vj := 7~ 1(Mj) and pick a compact
neighborhood Ky of e in G such that K§ C K. If K| is as in claim 1, then
N := K[ N Vy is a neighborhood of G(P). If (s, P) and (r,s~! - P) both belong
to N, then s = ts’ and r = v'r’ with s/, € Ky, t € Gp and v/ € G4-1.p. Since
sTH.P=(s)71. P, v = (s/)"lvs’ with v € Gp. Thus sr = tvs’r’ and (sr, P) € K.
On the other hand, we have (P,s™1 - P) € My and (s~!- P,r='s=1. P) € M,. By
Claim 2, (sr, P) € V as well. This proves the claim. O

Claim 4. There is a neighborhood V' of Py in L such that s € K, P € V and
s~1. P eV implies that (s, P) € N.

Proof of claim 4. Let {V;} be a neighborhood basis at Py with V;11 C V; for all
1. If the claim where false, then for each i there is a s; € K and P; € V; such that
si_l -P; € V and (s;,P;) ¢ N. Since K is compact, we can pass to a subsequence,
relabel, and assume that s; — s. Since P; — P, si_lPZ- — s71. Py = Py. Thus
s € Gp, and (s, Py) € G(Fy). Thus (s;, P;) is eventually in N. This contradicts our
assumptions and proves the claim. O

Fix Py and V as in Claim 4. Consider ~ g restricted to V. Since K is symmetric
and e € K, ~g is always reflexive and and symmetric. To see that ~x is an
equivalence relation on V', we need to see that it is transitive. Suppose that P, @, J €
V, that P ~x @Q and that Q ~x J. Then there are s, € K such that Q = s~ - P
and J =r~!1.Q =r~!s71. P. Claim 4 implies that (s, P) and (r,s~!- P) belong to
N. Thus claim 3 implies (sr, P) € K' N'V. Thus sr =tk with k € K and t € Gp.
Thus J = k~'- P and P ~g J. This proves that ~ is an equivalence relation on
V.

If P,Q€Vand P~k Q,then Q = s~!- P with s € K. Furthermore, (s, P) € N
(by claim 4). Thus (P,Q) = (P,s™!- P) € M.

If U C V is open, then

seK
is open as each s~! - U is open. This completes the proof of the proposition. [l

Next we require a technical lemma which will be used to guarantee that certain
integrals are nonzero. Here and in the sequel, we’ll adopt notation so that if V' is a
subset of G, then V/Gp will denotes the image of V' in G/Gp via the natural map.
Also recall that if p is a Radon measure on a locally compact space X, then the
support of w, supp i, is the closed set which is the complement of

N::U{UCX:Uisopenandu(U):O}.
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Since 4 is regular, we have u(N) = 0. Moreover, z¢ € supp u if and only if

/ f(@) du(x) > 0
X

for every f € CF(X) with f(zg) > 0.

Lemma 9.27. Suppose that L C Prim A is compact. Then there is a Borel set

L' C L such that p(L~ L") = 0 and such that if P € L' and V is a neighborhood of
e in G, then

(/ (s P)dpT(s) >0
V/Gp

provided ¢ € CT(L) and Y(P) > 0. (We view ¢ as a Borel function on Prim A
which vanishes off L.)

Proof. The map sGp — s- P is a continuous bijection of G/Gp onto G- P. Thus we
can give G - P the locally compact topology coming from the homogeneous space
G/Gp. We'll call this the quotient topology to distinguish it from the relative
topology coming from Prim A (which is often coarser than than the quotient topol-
ogy). Let Bp be the measure on G - P given by the push-forward of 37. Then we
define €(P) to be the support, with respect to the quotient topology on G - P, of
the measure (p restricted to LN G - P. Define

L':={PeL:Pe¢(P)}.
To see that L’ is Borel, let { K; } be a neighborhood basis at e of compact sets in

G. Let M; :={(P,s-P):s€ K; and s- P € L}. Then M; is closed in L x L, and
1, is Borel. Let b be a generalized Bruhat approximate cross section. Since

[ taPs P)ds") = [ dve, (1 (Ps - P)o(s. Gr)o(s. Gr) duc(s)
V/Gp G
is a Borel function of P by Fubini’s Theorem,
Bﬂ:{PeL:/, 1MJRsJﬂﬂf@)>O}
V/Gp

is Borel. Since K - P is a neighborhood of P in the quotient topology on G - P, we
clearly have L' C B;.

On the other hand, if P € L ~ L', then there is a neighborhood U of e in G
such that Bp(U - PN L) = 0. If ¢ is such that K; C U, then P ¢ B;. Thus

L'=(Bi

is Borel.
Let
A={(P,s-P)eLxL:s-Pec€P)}.
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Since Bp = B,.p for all r € G (Remark 9.4 on page 267), we must have €(P) =
&(r - P) for all r. Thus

A={(P,s-P)eLxL:s-PeL'}. (9.45)

Let v be the measure on Prim A X Prim A defined in Lemma 9.1 on page 264. Then
y(Prim A x (LN L") = / / Lo (Q) dBp(Q) du(P)
PrimA JG/Gp
which, in view of (9.45), is

_ / Bp(L ~ €(P)) du(P),
Prim A

which vanishes since Sp(L \ €(P)) = 0 by the definition of €(P).
Lemma 9.1 on page 264 implies that the flip preserves y-null sets, so

0=7((L~ L) x Prim A)
— [ srG/amdur)
L~NL’

Thus (L~ L") = 0.

Now suppose that ¢ € CT(L) and that P € L'. ThenU :={Q € L: ¢¥(Q) >0}
is a neighborhood of P in L. Since P € €(P), Bp(U) > 0. The final assertion
follows. |

Fix a compact symmetric neighborhood K of e in G, a neighborhood M of
the diagonal A in Prim A x Prim A and a compact set L. C Prim A such that the
restriction of P — Gp to L is continuous on L. For each such triple, we will define
a linear map

2=29(K,M,L):C.(G,A) — 2°.(G x Prim A, A).

We proceed as follows. Using Proposition 9.26 on page 299, let {V1,...,V, }
be a cover of L by open sets such that ~ is an open equivalence relation on each
V; and such that P ~x @ in V; implies that (P,Q) € M. Let {t1,...,%, } be
a partition of unity in C(L) subordinate to the V;. We'll view each ; as a Borel
function on Prim A which vanishes off L. Using Lemma 9.27 on the preceding page,
there is a Borel set L’ C L such that u(L ~ L) = 0 and such that

©i(P) == /K/G Yi(s- P)dpP(5) >0 if P € L' and ¢;(P) > 0.

The special properties of the V; and L’ now allow us to perform the following
construction.
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Lemma 9.28. Given K, M, L, L', {V;} and {1;} as above, there are Borel

functions e, ...,e, on Prim A such that each e; vanishes off V; and such that for
allPe L’ .
1= e(p) / ei(s - P)daP(s). (9.46)
i=1 K/Gp

Proof. We claim that if r € K, P € V; and r- P € V;, then
K-PNnV,=Kr-PNnV,. (9.47)

Ifse Kandifs-P eV, thenr-P ~g Pand s-P ~g P, thusr-P ~g s- P
in V; and s- P € Kr - P. Thus the left-hand side of (9.47) is contained in the
right-hand side. For the other containment, suppose that sr- P € V; with s € K.
Then 7+ P ~g sr- P, and since r - P ~x P, we have sr - P € K - P. This proves
the claim. Thus if P € V;, r- P € V; and r € K, then, since supp¥; C V;,

oi(P) = /K PRCCRALD
- / 4i(Q) dfr(Q)
K-PNV;

which, by Remark 9.4 on page 267 and (9.47), is

- / 6(Q) dfrp(Q)
Kr-PNV;
=pi(r-P).

Using a generalized bruhat approximate cross section, as in the proof of Lemma 9.27
on page 301, it is not hard to see that ; is Borel. Therefore { P € Prim A : ¢;(P) >
0} is Borel, and we can define Borel functions by

ei(P) = Vi(P)pi(P)~2 if p;(P) > 0, and
' T otherwise.

If se K, P e L' and ¢;(P) > 0, then we must have P € V; and ¢;(P) > 0. Then
we claim that

i(P)"21(s - P). (9.48)

0. Otherwise, s- P € V; and (9.48) follows as
) in this case. Thus if ¢;(P) > 0and P € L',

ei(s- P)
The claim is clearly true if ¢;(s- P) =
we just observed that ¢;(P) = ¢;(s- P
then

ei(P) / eils - P)dB”(3) = du(P)gi(P) ! / bils - P)dBP ()
K/GP K/GP
= ;(P).

This equality is clear if ¢);(P) = 0. The result follows as ), ¢;(P) = 1forall P € L
by assumption. O
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We define 2 = 2(K, M, L) by

2(f)(r,P) ==Y _ei(P)f(r)e;(r~" - P). (9.49)

=1

Of course, each 2 also depends on our choices of the V; and );, but this will not be
an issue in the sequel: we only require that the e; are as constructed in Lemma 9.28
on the previous page.

If ¢ € C.(G), then we can define a function ® on G x ¥ by

O(s, H) := /'H o(s71) dps. 1 (t).

If h € H, then (sh)™! = s71(sh™'s7!) and sh™'s™! € s- H. Thus ®(sh,H) =
O(s,H) for all s € G and h € H. Let C = suppy. If & were not bounded,
then there would be a sequence { (s;, H;) } C C' x ¥ such that lim; ®(s;, H;) = oc.
Since C x ¥ is compact, we may as well assume that (s;, H;) — (s,H). But ®
is continuous (Lemma H.9 on page 460), so this leads to a contradiction. Thus if
f € C.(G,A) and M is a neighborhood of the diagonal in Prim A x Prim A, then
we can define a finite constant

O(f, M) = sup /G T D du, (0) ¢ (Ps- Py € M.

When M is all of Prim A x Prim A, we’ll write simply C(f).

Lemma 9.29. Let 2 = 2(K,M,L) be as above. Then if f € C.(G,A) and if
supp f C K, we have

12(H)llr < max{C(f, M),C(f*, M)},
where || - ||1 is the norm on °.(G x Prim A, A) defined on page 276.
Proof. We compute

12(F)llir = sup /G 12(7)(s, Pl dyici(s)

PePrim A

<o ep) /G (s P () dc(t)

= Sl}ip; ei(P) /G ei(s - P)If (s~ Ac(s™ (s, Gp) ™!

p(s,Gp)duc(s)

which, since K is symmetric and supp f C K, is

n

—sup Y ei(P) /K el P /G gt

L
Ac(t's Hp(t s, Gap) duc, (t) dBT (3)
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which, since we have p(t~1s™! Gs.p) equal to Ag(ts)w(t ts™1,Gs.p) and since
w(t1s™ Gy p) is the same as Ag, (1) 1w(s,Gp) 71, is

n

= supz ei(P) /K/GP ei(s- P)

w(s,Gp) ! /G 1£(ts™)]| ducy (2) B (3)

/G 1£(s~ )| duc,., (£) 4B ()

which, since s € K, ¢;(P) > 0 and e;(s - P) > 0 imply that (P,s- P) € M, is

<O sw Y eP) /K ei(s - P)dB" ()

/Gp
< C(f, M).

Since a straightforward computation shows that || 2(f*)||1,s = [|2(f)|1,r, the above
shows that || 2(f)|l1,s < C(f*,M). This completes the proof. O

The next result uses the intricate properties of Proposition 9.26 on page 299,
and it is the key to Renault’s approach. Recall that R’ is defined in Lemma 9.9 on
page 277.

Lemma 9.30. Suppose that f € C.(G, A) and that we define ZP(f) € C.(G*X, A)
by

P (s, H) := vu(s)f(s).
Let Q be the set of maps 2 = 2(K, M, L) constructed as in (9.49), where K is a
symmetric compact neighborhood of e in G containing supp f, M is a neighborhood
of the diagonal A in Prim A X Prim A and L is compact subset of Prim A such that

the restriction of the stability map P — Gp is continuous as a function from L to
Y. Then r(2(f)) is in the weak operator closure of { R'(2(f)): 2 € Q}.

Proof. Let b, hY, ... h! and ki, ks, ...,k be vectors in L?(Prim A, u, H) and fix

s om

¢ > 0. It will suffice to produce 2 € Q such that
|(R'(2(N)h; | ki) — (r(2()hi | k)| <€ fori=1,2,....m. (9.50)

Since R is nondegenerate and since { R'(2(f)) : 2 € Q} is bounded (Lemma 9.29
on the preceding page), we can assume that h; = R(g;)h; for g; € C.(G, A) and
h; € L?(Prim A, j1,H). Then Lemmas 9.9 on page 277 and 9.11 on page 279 imply
that if we view g; as an element of %%,(G x Prim A4, A), then

R(2())H, = R (2(f) * g)hi and r(2()H, = R (2() - g:)hi.
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Fix an € > 0. Use Lusin’s Theorem 9.25 on page 298 to find a compact subset
L C Prim A such that P — Gp is continuous when restricted to L, and such that

/ ki (P)||? duu(P) < €*  for all i.
Prim ANL

Define

&(P,r,s) ::/G f(r_lt)arqt(gi(t_lrs)) dug,. ()
= w(r, Gp)il : f(t'l"il)at,,‘—l (gi(rtfls)) ducp(t).

Our choice of L, Lemma H.9 on page 460 and Lemma H.10 on page 461 imply that
¢ is continuous on L x G x G. Furthermore, &(P,rt,s) = &(P,r,s) if t € Gp.
Thus we can define £(P,r - P,s) := é(P, r,s). If we let K be a compact symmetric
neighborhood of e containing supp f and (supp f)(supp ¢;) for all ¢, then (P, P, s)
vanishes if s ¢ K or if r ¢ KGp. We claim that there is a neighborhood M of the
diagonal such that P € L, (P,r - P) € M and r € K imply that

l&i(P,r- P, s) — & (P, P,s)|| < e foralli. (9.51)

If the claim fails, then for some ¢ we can find a neighborhood basis { M; } of the
diagonal and (P;j,7;,s;) € L x K x K such that

1€i(Py,rj - Py, s5) — &( Py, Py, s5)|| > e (9.52)

But, passing to a subsequence and relabeling, we may as well assume that P; — P,
r; — r € Gp and s; — s. This, and the continuity of §~i eventually contradicts
(9.52).

Now we let 2 = 2(K, M, L). Then we observe that

(R'(2(f)hi [ ki) = (r(2()hi | ki) = (R'(2(f) * gi — P(f) - gi) ha | i)
:/P. A(RI("@(][)*gi_f@(][)'gi)hi(P)|/€i(P)) du(P)

This last expression is the sum of the value A of the integral over Prim A \. L, and
the value B of the integral over L. It is not hard to check that

120f) * gillr <12 lellgillr < CF, M)l gillv, (9-53)

and similarly that
12(f) - gillr < sup I flapllzraxap)llgill- (9.54)

Therefore

(S

Al < IR (2(0) 90— 2() )l ]

k(P2 du(P))
Prim ANL
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which, by our choice of L, is
<|2(f)* gi = 2(f) - gill 1l hille

and, in view of (9.53) and (9.54), there is a constant C, depending only on f and
the g;, such that the above is

< Cllhille.
On the other hand, since u(L ~ L') = 0,
B| < |[Lxc(2(f) * 9 = 2(f) - gi) I | hall [ il
Since 11/« (2(f) * gi — Z(f) - 9;) has support in L' x K,
11Lxa(2(f) * g — 2(f) - 95) 1
< pe(K)sup{ | 2(f) * gi(s, P) = 2(f) - gi(s, P)|| : (s, P) € K x L'}

Thus it will suffice to show that the supremum is small. But calculations show that

n

20 x5, P) = S ei(P) [ it PYa(Pr - Pos) s (),

= K/Gp

while

Combining these with the fundamental property enjoyed by the e;’s (Lemma 9.28
on page 303), we get

12(f) * gi(s, P) = Z(f) - 9i(s, P)

<SP [l PGP P~ (PP 4376 (959)

/Gp

But if ¢;(P) > 0 and ¢;(r- P) > 0, then our choice of V; guarantees that (P,r-P) €
M. Thus (9.55) is less than e. Thus we can choose e sufficiently small so that (9.50)
holds. This completes the proof. O

To complete Renault’s proof, we want to realize ind r as an induced representa-
tion acting on the completion of C.(G, A) ® L?(Prim A, 1, H) with respect to the
pre-inner product given on elementary tensors by

(fOh|gek):=(r(2g" = f))h]|k), (9.56)

as we did for ind 7 in the proof of Proposition 9.20 on page 288. Thought of in this
way, (indr)(g) sends the class of f ® £ to the class of g x f ® &.
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Recall that if f € C.(G, A) and if h € L*(Prim A, u, H), then we defined W(f ®
h) € L2(Prim A x G, u, H) by (9.28). We also saw that

(indr)(g)W(f @ h) = W(g * f ® h), and (9.57)
W(f@h) | W(gak)) = (r(2(g" = f)h|k). (9.58)

Combining (9.57) and (9.58), we see that
((indr)()W(gr @ h) | Wigs @ k) = (r(P(gs + f+ g0))h | k). (9.59)
If a € A%y G and if € > 0, then we can find f € C.(G, A) such that
[ () (@W (g1 @ b) | Wig2 ® ) = ((indr)(/)W(g1 © h) | Wlgs ©18)| < 5

and such that

* 1 * 1 €
Clgi 1) C (g3 * 92) I = all B 1k] < 5.

where C(+) is the constant defined prior to Lemma 9.29 on page 304. Lemma 9.30
on page 305 allows us to approximate (9.59) by terms of the form

(R'(2(g5 * fxg1)h | k). (9.60)

Recall that if e is a bounded Borel function on Prim A, then the corresponding
diagonal operator T, is given by T.h(P) = e(P)h(P) for h € L?*(Prim A, u, H).
Thus (9.60) is given by

/G/P . A(WP(Q(gg « f*g1))(s, P)U(s, P)h(s™" - P) | k(P))d(s,P)% dP ds
N ; /G /PrimA ei(P)ei(57 ' P)
(wp (g5 % f % g1(5))U(s, P)h(s™" - P) | k(P))d(s, P) dPds

_ n T Sk f % s s (s~
_;/c/pm( P(g5 % f* g91())U(s, PYTeh(s™" - P) |
T..k(P))d(s, P)% dP ds

= Z(R(g; * f * gl)Teih’ | Teik)

n
i=1

(R(f)hi | ki),

|

@
Il
s

where
hi == R(g1)Te;h and k; := R(g2)Te, k.
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Note that

leh|\2 (R'(2(g1 * g1)) 1 | )

< Clgi * g1)||n]?,

where the inequality follows from Lemma 9.29 on page 304. Similarly, >, [|k:]|* <
C(g5 * g2)||k|*>. Thus if a € A x, G, then

\Z Oh | k) a@mnnmn
< lall (X mal)* (3 Il?)

< [lallCgi % 91)2C g5 * g2) 2 [ ][]l

Thus, with f € C.(G, A) as above,

n n

}Z( Qhi | k) = S (R()hi | ko)

i=1 =1

Thus for any a € A X, G and any € > 0, there are vectors h; and k; such that

S

[(ind ) (@W(g1 © B) | Wigs © 1) = D (R(a)hi | )

=1

Thus if a € ker R, (ind r)(a) is zero on the span S of the W(f ® h). We showed in
the proof of Proposition 9.20 on page 288 that S is dense. Therefore (indr)(a) is
zero. This completes the proof of Proposition 9.24 on page 298.

This result together with Proposition 9.22 on page 292 gives the Sauvageot-
Gootman-Rosenberg-Renault proof of the Effros-Hahn conjecture (Theorem 8.21
on page 241).

Notes and Remarks

Lemma 9.7 and Propositions 9.5, 9.8, 9.14 and 9.22 are all due to Sauvageot [160].
Proposition 9.24 is due to Gootman & Rosenberg [64]; however, the proof given
here is modeled on Renault’s proof in [144]. In particular, Proposition 9.26 is due
to Renault [144].






Appendix A

Amenable Groups

In this chapter we want to collect a few basic results concerning amenable groups.
In particular, we want to arrive at the classical result stating that a group G is
amenable if and only if the left-regular representation is a faithful representation
of C*(G) [82]. This result could serve as a definition of amenability were it not
for the fact that we want to apply some of the details of the argument to the
theory of crossed products. Furthermore, we prefer to have a definition that easily
leads to results that allows us to recognize an amenable group when we see one. For
example, we’d like to know that closed subgroups and quotients of amenable groups
are amenable, etc. (see Remark A.15 on page 322). I have tried to pare down the
results reproduced here to a bare minimum. Much more complete treatments are
available elsewhere. Most of the ideas here were stolen from [126, §§7.1-7.2]. Other
good sources are [68], [125] and [72].

A.1 States and Positive Definite Functions

If ¢ is a state on C*(G), then the usual GNS-construction ([139, Proposition A.6])
gives us a nondegenerate representation 7¥ and a cyclic vector h, such that

o(f) = (7%(f)hy | hy) for all f € Co(G). (A1)

Of course, 7¥ is the integrated form of a unitary representation, also denoted 7¥,
and if we define ® = ®, to be the bounded continuous function on G given by

(I)(S) = (ﬂ—;phsa | hcp)u (A.Q)
then we have
o(f) = (x?(Nhy | hy) /f (%ho | o) di(s /f (5)
One goal of this section is to characterize those functions on G having the form

given in (A.2). Then it is possible to study the states of C*(G) in terms of these
functions. Specifically, we want to prove the following.

311
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Proposition A.1. Let ® be a bounded continuous function on a locally compact
group G. Then the following statements are equivalent.

(a) There is a unitary representation © : G — U(Hr) such that
O(s) = (msh | h)
for a vector h € H.
(b) For any finite set { s1,...,8n } C G, the matric
((s7's5))
18 positive in M,.
(¢) For dll f € C.(G),

/Gf* * f(r)®(r)du(r) > 0. (A.3)

(d) There is a positive functional @ of norm ||®|l on C*(G) such that

o(f) = /G F(8)B(s) du(s) for all f € C(C). (A4)

Definition A.2. A function ®, continuous or not, on a group G is called positive
definite if it satisfies the matrix condition in part (b) of Proposition A.1. The set
of continuous positive definite functions on G is denoted by P(G).

Ezample A.3. Of course, functions such as those defined in (A.2) are positive def-
inite. More generally, if V' is any complex inner product space and s — ug is a
homomorphism of G into the group of unitary operators on V, then

D(s) := (usv | v)

is positive definite for any v € V. To see this, let s1,..., s, be elements of G. We
need to show that for any (c1,...,¢,) € C™ we have
Zéich)(s;lsj) > 0. (A5)
0,J

However, the left-hand side is

ZEZCJ (us;15jv | 1}) = Z(Cjusjv | Ciusiv)
.5 ,J
= (Z C; UV ‘ Z ciuiv),
4 4

which is certainly nonnegative.

In view of Example A.3, it is clear that a positive definite function need not be
continuous or even measurable. For example, any character on G, continuous or
not, is positive definite. But if a positive definite function is continuous at e, then
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it’s actually uniformly continuous [72, Theorem VIII §32.4]. (We won’t need this
fact as the functions we’ll want to consider will obviously be continuous.)

Positive definite functions are rather special, and enjoy lots of properties. A few
of these are summarized in the next lemma. It will be convenient to introduce the
following notation. If f is any function on G, then we define f and f° by

fl&):=f(s71) and f°(s):= f(s™"). (A.6)

Lemma A.4. Suppose that ® is a positive definite function on G. Then ® is
bounded with ||®| s = ®(e). We also have ®(r~') = ®(r) so that ® = &. Fur-
thermore, ®° is positive definite, and if ¥ is also positive definite, then so is the
pointwise product ®W.

Proof. The matrix
Dle)  (r)
(fb(rl) @(e))
is positive by assumption. Thus ®(e) > 0, ®(r) = ®(r~!) and 0 < ®(e)? —
O(r)(r~") = (e)? — |(r) .
It is straightforward to check that ®° is positive definite. For the last statement,
it suffices to check that the Schur product (a;;b;;) of two positive matrices (a;;)

and (b;;) is again positive. But since (b;;) is positive, we can find ¢;; such that
bij = Zk CriCk;- Then for any scalars d;,

Y didjaiby =y didjaigerice; = Y (erids) (enjd;)aij,
iJ k ij

ijk

which is positive since (a;;) is positive. O

Remark A.5. Tt follows from Lemma 1.72 on page 23 that C.(G) has an approximate
identity for the inductive limit topology and therefore for the L'-norm or universal
norm. In fact, any net { uy } indexed by decreasing neighborhoods of the identity
in G of functions in Cf (G) satisfying suppuy C V, uj, = uy and having integral
one will do. In the sequel, we’ll refer to this sort of approximate identity as an
approzimate identity for C*(GQ) in C.(QG).

Proof of Proposition A.1 on the facing page. (a) = (b): This implication is
proved in Example A.3 on the preceding page.

(b) = (c): Suppose that f € C.(G) with K = supp f. Then F(s,r) :=
f(s)f(r)®(s71r) is in C.(G x G) with support in K x K. In particular, F is
uniformly continuous (Lemma 1.62 on page 19) and there is a neighborhood V' of
e in G such that

|F(s,7) — F(s',r")| < e

provided both (s,7) and (s’,7’) are in the same right translate Vsg x Virg of V x V.
We can cover K by finitely many right translates of V' and form a partition of K by
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nonempty Borel sets E1,..., E, such that each F; is contained in a right translate
of V. Let s; € E;. Then

/ £ F(r)®(r) du(r) = / / F7(5) £ (5~ )@ (r) dia(s) dpa(r) (A7)
G GJG
- / / T ()@ (s~ 1) dyu(r) dp(s)
GJG
= S r s_lr r S
—Z/ | T2 ) ditr) di(s)

= Y TGOE) [ (s)u(E)®(si's) + R, (AS)

where

RS [ () = Fosy) i) )

Since the uniform continuity of F' implies |R| < eu(K)? and since the first term
of (A.8) is nonnegative by assumption, it follows that the left-hand side of (A.7)
is bounded below by —eu(K)?2. Since e is arbitrary, the left-hand side of (A.7) is
nonnegative as claimed.

(¢) = (d): If ® satisfies (A.3), then (A.4) defines a positive linear functional
on C.(G) with norm ||®||« with respect to the L'-norm on C.(G). We can mimic
the usual GNS-construction (see Proposition A.19 on page 328 in Appendix A.3
at the end of this Chapter) and conclude that there is a L!'-norm decreasing, non-
degenerate *-homomorphism 7, : C.(G) — B(H,) and a cyclic vector h, such
that

e(f) = (Wsa(f)hsa | hw)'

Since 7, is bounded with respect to the L'-norm, it is bounded with respect to the
universal norm (Lemma 2.45 and Example 2.44 on page 61). Thus ¢ extends to a
positive functional on C*(G).

(d) = (a): If ¢ is a positive linear functional, then the argument at the
beginning of this section shows that ¢ is given by integration against ¥(s) = (72h, |
h@), where (H,, 7y, hy) is the GNS representation associated to ¢. But then &
and ¥ have to agree almost everywhere on every compact set K in GG. Since both
® and ¥ are continuous, they must agree everywhere. (|

Remark A.6. Since ||®||o = ®(e) if ® is positive definite, it follows from Proposi-
tion A.1 on page 312 that (A.4) establishes a one-to-one correspondence between
states ¢ € S(C*(G)) on C*(G) and continuous positive definite functions ® satis-
fying ®(e) = 1.

Example A.7. Although we have been at pains to avoid measure theory, there is
one crucial example of positive definite functions that requires we consider arbitrary
functions in £L2(G). If f,g € L2(G) and X is the left-regular representation, then

D y(r) = (f1Arg) (A.9)
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is a bounded continuous function on G. If f = g, then (A.9) is positive definite in
view of Proposition A.1 on page 312 and Lemma A.4 on page 313. Thus ®y ; is a
continuous positive definite function on G with ||®¢ ¢||ec = ®f ¢(e) = || f||3 for all
f € L2(G). Since

(f | Mg) = /f 90T5) du(s /f du(s).

the more suggestive notation f * g is used in place of ®;,. If f is in the unit ball
of L*(G), then we’ll write wy ¢ for the state

wr,1(9) = (Ma)f | f)-
If g € C.(G), then

wy1(g) = /G (Ot | ) du(r)
= [ a0 F ) duo)
G

Thus the state wy, ; corresponds to the positive definite function (f * f)°.

Lemma A.8. Suppose that {u;} is an approzimate identity for C*(G) in C.(G)
(as described in Remark A.5 on page 313). Then for any continuous function ¢ on
G, lim; j u; * @ * 4;(s) = p(s).

Proof. Since each u; is non-negative with integral one,
e i5(0) = o) = [ i )i ) dir) = ()
= [ [ witrete (s ) dutr) dutt) — o(6)
cJa
— [ [ wius ) (e sr) = 0(6)) dutr) die).
GJa

Since ¢ is continuous at s, we can make the last term as small as we please by
choosing 7 and j large enough to make the supports of u; and u; sufficiently small.
O

Example A.7 shows that if f € £2(G), then f f € P(G) with ||f]|3 = f * f(e).
The next result gives a partial converse.

Lemma A.9. If ® is a continuous positive definite function with compact support
on a locally compact group G, then there is a f € L?(G) such that ® = f * f.

Proof. Define a map a(®) : C.(G) — C.(G) by a(®)(f) := f * ®. Notice that

/f dp(r)

= [ @) s dutr
G
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which, if we let p denote the right-regular representation and define ¥(r) :=
(I)(T_I)A(T)_%, is

:memﬁ@wm
= p()(f)(s).

It follows that a(®) is a bounded operator on C.(G) C L*(G), and extends to an
element in B(L?(G)). Moreover

o)f | f) ‘/f*® du(s)

= [ o« sy dutr), (A.10)

and (A.10) is nonnegative by Proposition A.1 on page 312 (since ®° is positive
definite by Lemma A.4 on page 313). This shows that a(®) is a positive operator on
L?(G) and so has a positive square root a(@)% which commutes with any operator
commuting with a(®). Since A (f * @) = (Asf) * D, A\s commutes with a(®P), and
therefore with a(®)z.
Let {u;} be an approximate identity for C*(G) in C.(G) (Remark A.5 on
page 313). Define
fi= a(fb)%ui.
Since
£ = £33 = (@) (ui = uj) | i — ;)
= ((u; —uy) * @ | w; — uy)
=u; % Dxd(e) —u; % Pxajle) —u;* ®xule) +u; * P *xaj(e),

it follows from Lemma A.8 on the preceding page that { f; } is Cauchy in L?(G).
Thus there must be a f € £2(G) such that f; — f in L?(G). We have

Fof(s) = (1 Asf)
= 1ilm(a(<1>)%ui | Asau(@)

1
2Uz‘)

= lim(u; * @ | Asu;)
= limu; * ® * 4;(s)

= d(s). O
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Theorem A.10 ([126, Proposition 7.1.11]). Let P1(G) be the continuous positive
definite functions on G with ®(e) = 1 equipped with the topology of uniform con-
vergence on compacta. Then P1(G) is closed in C(G) in the topology of uniform
convergence on compacta. If we give the state space S(C*(G)) of C*(G) the the
weak-x topology (coming from C*(G)*), then the bijection ¢ — ® of Remark A.6
on page 314 is a homeomorphism of S(C*(G)) onto P1(G).

Remark A.11. If ¢ is a state on C*(G), then we can use the GNS-construction to
realize ¢ as a vector state as in (A.1). Since 7, is nondegenerate, it extends to all
of M(C*(G)), and we can extend ¢ to a state ¢ on M (C*(G)) by the formula

@(m) = (ﬁ'ga(m)hap | h«p)-
Although we don’t need to use it here, ¢ is the unique state extending ¢ by [126,
Proposition 3.1.6].

Proof of Theorem A.10. Let ®; be a net in P1(G) converging to @ in the compact
open topology. Then ® € P;(G) by Proposition A.1 on page 312. Let ¢; and ¢ be
the states corresponding to ®; and ®, respectively. If f € C.(G), then we certainly
have

oilf) = /G £(5)®i(s) du(s) — /G F(5)B(s) dpu(s) = o).

Since C¢(G) is dense in C*(G) and each ¢; has norm one, it follows that ¢; — ¢
in the weak-* topology. Thus we have proved the first statement and half of the
second.

Now suppose ¢; — ¢ in the state space of C*(G). Let ®; and ® be the cor-
responding elements of P;(G). Fix € > 0 and a compact set C C G. Let {u;}
be a approximate identity for C*(G) in C.(G) as in Remark A.5 on page 313.
Now ||l = 1 = lim; p(u;) = lim; o(ufu;) by [139, Lemma A.7] and part (d) of
Lemma A.21 on page 328. Since

(1—u)" (1 —w)=1—u; —u; +uuy,
there is a u € C.f (G) such that
S((1—u)*(1—u)) < €. (A.11)

Since @;(1) = 1 for all ¢ and since p; — ¢ in the weak-x topology, there is a ig such
that ¢ > 7g implies that

Gi((1—u)*(1—w)) < €. (A.12)
If i : G — M(C*(G)) is the canonical homomorphism, then it follows from Re-
mark A.11 that ¢(iq(r)) = ®(r). Thus we have
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which, using the Cauchy-Schwarz inequality for states, is

< eM@(1—u)(1-u)) <€,

where the last inequality comes from (A.11). A similar calculation using (A.12)
shows that for all i > ig
“1)1(7”) — O, ’(7,(7‘)‘ < €.

From the above calculation, we also see that
O« a(r) — O, xa(r) = (p(ig(T)u) — (’Lg(T)u)

Since 1 +— ig(r)u is continuous from G into C*(G), since each ¢; has norm 1, and
since C' is compact, there is an 71 > ig such that ¢ > i1 implies

| * @(r) — ®; xa(r)| <e forallrecC.
But then ¢ > ¢; implies that
|®(r) — ®i(r)| <3¢ forallreC,

and this completes the proof. O

A.2 Amenability

If G is a locally compact group, then £°°(G) is the set of all bounded functions on
G equipped with the supremum norm || - ||s. Note that £>°(G) = L*°(Gy4), where
G4 denotes the group G equipped with the discrete topology.

Definition A.12. If X is a closed subspace of £°(G) containing the constant
functions and closed under complex conjugation, then a linear functional m : X —
C is called a mean on X if

(a) m(f) =m(f),
(b) m(1) =1, and
(¢) f >0 implies m(f) > 0.
A mean is called left-invariant if
(d) m(As(f)) =m(f) forall s € G and f € X.
The term mean is justified by the observation that conditions (b) and (c) are
equivalent to
(e) infseq f(s) < m(f) < sup,eq f(s) for all real-valued f € X.
It follows from condition (a) that if f € X, then

m(f) = m(Re f +iIm f) = Rem(f) + i Imm(f).

Then |fllo = 1 implies 1 — (Re f)2 — (Im )2 > 0. Thus 1 — (Rem(f))* —

(Imm(f))2 > 0, which implies |m(f)| < 1. Therefore if X is a C*-subalgebra
of £°°(G), then a mean is simply a state on X.
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A discrete group G is called amenable if there is a left-invariant mean on X =
(>(G). In [68, Theorem 1.2.1], Greenleaf shows that G4 is amenable if G is an
abelian group. He also shows that the free group on two generators Fs is not
amenable [68, Example 1.2.3]. Since subgroups of discrete amenable groups are
amenable [68, Theorem 1.2.5], any discrete group — such as F,, — containing F as
a subgroup cannot be amenable. It was an open question for many years whether
any nonamenable discrete group had to contain Fy as a subgroup. But there are
now known to be nonamenable groups which do not contain F as a subgroup [118].

When G is not discrete, then £°°(G) is too big and must be replaced by a suitable
subspace X which is more closely tied to the underlying topology of G.! One
candidate is the bounded continuous functions C*(G) on G. A function f € C*(G)
is called left-uniformly continuous if for all € > 0 there is a symmetric neighborhood
V of e in G such that

[f(r) = fls)l <e (A.13)

provided s~ € V. We say that f is right-uniformly continuous if given € > 0
there is a symmetric neighborhood V such that (A.13) holds whenever r~'s € V.
Those f € C*(G) which are both right- and left-uniformly continuous are called
uniformly continuous, and form a sub-C*-algebra C2(G) of £°°(G). Then we have

1

C’(@G) c C*(@) c L™(@), (A.14)

where L°°(G) is the usual Banach space of equivalence classes of essentially bounded
functions on G when G is o-compact. In general, L°°(G) consists of equivalences
classes of bounded measurable functions £°°(G) on G which agree locally almost
everywhere with norm given by

l¢lloo :=inf{aeR:{seG:|f(s)| > a} islocally null }

(see Appendix 1.5). Then L°(G) is a Banach space which is the dual of L'(G)
in the usual way (Proposition 1.27 on page 497). Naturally, we say a state m on
L>(G) is a left-invariant mean if m(A.p) = m(y) for all r and ¢ € L>®(G).

As we shall show, the existence of a left-invariant mean on any of the subalgebras
in (A.14) implies the existence of left-invariant means on the others (as well as a
stronger property we’ll need down the road). To show all this, we’ll have to take a
short detour into measure theory.

Now suppose that f € C.(G) and p € L®(G). If s € G, then r — ¢(r~1's) is
a bounded measurable function with || - ||co-norm equal to ||¢||eo. Thus Holder’s
inequality implies we can define a function on G by

frpls) = /G F(r)p(rs) duu(r), (A.15)

and
1f* @lloo < N fll1lllloo-

1As we shall see, compact groups must be amenable. But the real orthogonal group 0O(3)
contains F2 as a non-closed subgroup. Thus there can be no left-invariant mean on £°° (O (3))
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Note that
£roe) = o) = | [ 100 dutt) = [ F0p~ ) dut
= | [ (st = st ante)

which, since t — (¢~ !) is bounded with || - ||co-norm equal to ||¢]co, is

<As=1f = A flhllelloo = [Ars1f = fllallello-

Since translation is continuous in L, it follows that f x ¢ is left-uniformly contin-
uous.

On the other hand, r — f(r~'s) = f(s~1r) has L'-norm | f||1, and we can
define a function on G by

0% f(s) = /G () F(rs) du(r)
- / () FTr) dpa(r),
G

such that || fllee < l|@lleollf]l1. This time we can show that ¢+ f is right-uniformly
continuous.?

If f,g € Ce(G), p € L(G) and s € G, then both

(r,t) = f(rt)p(t™)g(s1r) and  (r,t) — f(sr)p(t)g(rt)

are measurable and vanish off a compact set in G x G. This will allow us to apply
Fubini’s Theorem in the following calculation:

(f * @) xg(s) = Gf *p(r)g(s=ir) du(r)

- / St ot )g (517 du(t) du(r)
GJG

- / / F(r)p(H)g(s=Tr8) dia(r) da(2)

- / / (s) ()9 (D) dpu(r) du(t)

- / / Fsr)pHF(E ) dpu(t) dia(r)
GJG

~

21t is more natural to write f here as it is possible to make sense of these formulas when
f € LY(G). Then f may not be in L!(G) even though || * f|lco < |l¢lloollf]l1-
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==J{:f(sr)w>k§(r‘1)du(r)
= Fr(p#d)(s):

Thus

frlpxg)=(f*¢)*g, (A.16)
and we can drop the parentheses from now on. Since the left-hand side of (A.16)
is left-uniformly continuous and the right-hand side is right-uniformly continuous,
we have

frp*xgeCl(Q) forall f,g € C(G) and ¢ € LZ(G).

Similar considerations imply that

(hx f)x@xg=hx(frpxg)

for h, f,g € Cc(G) and ¢ € L>®(G).

Now we’re ready to prove a result which will allow us to give a general defini-
tion of amenability. We've taken this from [68, Theorem 2.2.1] and [126, Propo-
sition 7.3.4]. It will prove convenient for this result and the next to introduce
the notation S.(G) for the functions in Cf (G) with integral one. (We're thinking
of S.(G) as a subset of the state space of L°°(G): f is associated to the state

(2] f))

Theorem A.13. Let G be a locally compact group. The restriction of a left-
invariant mean on (= (G) is a left-invariant mean on C*(G). Moreover, the follow-
ing statements are equivalent.

(a) There is a left invariant mean on C2(
(b)

(¢c) There is a left invariant mean on L>®(G).
(d) There is a state m on L*™°(G) such that

Q).
Q).

There is a left invariant mean on C°(

MM@=LﬂWMme (A17)

for all f € Co(G) and ¢ € L>®(G).

Proof. The first statement is obvious, as is (¢) = (b) and (b) = (a). If f €
S.(@), then if (d) holds, m(p) = m(f*¢) for all ¢ € L°(G). Since f*Asp = f1*p
where fi(r) := f(rs”')A(s™!) and since [, f1(r)du(r) = [, f(r)du(r) = 1, we
have m(As) = m(f * As) = m(f1 * ) = m(p) for all p € L>(G). Thus we also
have (d) = (c).

So we need to prove that (a) = (d). Assume that m is a mean on C%(G).
Fix a nonnegative function ¢ in C2(G). If f € C.(G), then f * ¢ is left-uniformly
continuous. But f * p(sr) = f * ¢"(s), were ¢"(s) := @(sr). Since |f * o(sr) —
Fxo(s)] < Ifllille” = ¢lloo, it follows from the uniform continuity of ¢ that f * ¢
is also right-uniformly continuous. That is f * ¢ is in C2(G) and we can define
J: C.(G) = C by

J(f) = m(f * ).
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Since Asf * @ = A (f * ), J is a left-invariant positive functional on C.(G). Thus
there is a scalar o such that

m(fxp) = a /G £(s) dp(s).

But if { u; } is an approximate identity for C*(G) in C.(G), then, using the uniform
continuity of ¢, it is easy to compute that

[wi * ¢ — ¢l — 0.
Thus
a = J(u;) = mu; x o) — m(p).

Since each ¢ in C%(Q) is a linear combination of four nonnegative functions in
Ch(G),? it follows that (A.17) holds for all f € C.(G) and ¢ € CY(G).

Now fix f € S.(G). Then for each p € L®(G), f* ¢ * f € C°(G) and we can
define

m(p) = m(f * @ [).
Clearly 77 is a positive functional on £°(G). Since || f+o* flloo < | Fll1ll¢lloollf]l1 =
[l]loo, ™ defines a functional on L°°(G) of norm at most one, and since an easy
computation shows that m(1) = 1, m is a state. We still have to show that m
satisfies (A.17). Let { u; } be an approximate unit in C.(G) and h’' € C.(G). Note
that [* %+ flloo < [W/[[1llip # Flloc. Since f+h'xu; — fxh' in LY(G),

m(h* @) == m(f*h*px*f)
:h%nm(f*h*ui*%?*f)

= /Gf * h(s) du(s) lilitnm(ui x @ f)
:/ h(s) du(s) lilitn/ F(s)du(sym(u; * ¢ * f)
G G
= / h(s) dp(s) imm(f * u; * p * f)
G 3
= / h(s) du(s)m(f * ¢ * f)
G
= / h(s) du(s)m(p). =
G

Definition A.14. A locally compact group is amenable if any of the equivalent
conditions (a)-(d) in Theorem A.13 on the previous page are satisfied.

Remark A.15. As we noted, every abelian group has a left-invariant mean on £>°(G),
and is amenable by the first part of Theorem A.13 on the preceding page. Since

31f € C2(G), then 2Rep = ¢ + B shows that Re g is still uniformly continuous. Similarly,
201 = |f|+ f and 29~ = |f| — f show that Re f = (Re f)T — (Re f)~ with both (Re f)T and
(Re f)~ nonnegative and uniformly continuous.
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Haar measure gives a left invariant mean on C*(G) for any compact group, compact
groups are amenable. Furthermore, closed subgroups and quotients (by closed
subgroups) of amenable groups are amenable by [68, Theorems 2.3.1 and 2.3.2]. If
H and G/H are amenable, then G is too [68, Theorem 2.3.3]. In particular, any
solvable or nilpotent group is amenable.

The next theorem is from [68, §2.4] and [126, Proposition 7.3.7]. For the state-
ment note that functions in S.(G) can be viewed as a convex set of states on L™= (G)
which is closed under convolution. It follows from Lemma I.28 on page 497 that
Sc(G) is weak-* dense in the state space of L>=(G).

Proposition A.16. Suppose that G is a locally compact group. Then the following
statements are equivalent.

(a) G is amenable.

(b) There is net { g; } C Sc(G) such that h * g; — g; converges to 0 in the weak-*
topology on L™(G)* for all h € S.(G).

(¢) There is net { g; } C Sc(G) such that ||h* g; — gi|[1 — 0 for all h € S.(G).

(d) For each compact set C C G and each € > 0, there is a g € S.(G) such that
IAsg — gll1 < € for every s € C.

(e) For each compact set C C G and each ¢ > 0, there is a g in the unit ball
of LY(G) with g > 0 almost everywhere such that ||A\sg — g1 < € for every
seC.

Proof. (a) = (b): Since G is amenable, there is a state m on L*>°(G) satisfying
(A.17) in part (d) of Theorem A.13 on page 321. Since S.(G) is weak- dense, there
isnet { g; } C Sc(G) such that (¢ | g;) — m(p) for all ¢ € L>®(G). Since h and g;
each have compact support, there is no difficulty in applying Fubini’s Theorem in
the following computation:

<so|h*gz>—/ (57 :(5) du(s)

/ / Rh(sr)gi(r=1) du(r) du(s)
= [ [ 1ot ) dute) dutr)

- / B % o(r)gi () du(r)
G

=(h"*xp]g)

Since m satisfies (A.17) and h* has integral one, we have

(phxgi)=(h"*p]g) = mh"*p)=m(p).

It follows that h * g; — g; — 0 in the weak-* topology.
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(b) => (c¢): Equipped with the L'-norm, C.(G) is a normed vector space with
dual C.(G)* = LY(G)* 2 L*°(G).* Fix h1,...,hy € So(G) and let

C={(hi*xg—g,....hnxg—9g) € Ce(G) : g € S(G) }.
=1

=

Then C is a conver subset of @) _, C.(G). Since the dual of @, _, C.(G) can be
identified with @;_, L>(G), part (b) implies that there is a net { g; } in S.(G) such
that (hx*g;—g;) converges weakly to (0, ...,0). Since C'is convex, the Hahn-Banach
Separation Theorem [126, Theorem 2.4.7] implies the weak and norm closures of C'
coincide. Thus, there is a g € S.(G) such that

lhiexg—glli <e fork=1,2,....,n.

Let J be the set of pairs (F,e) where F' is a finite subset of S;.(G) and € > 0.
Then J is a directed set with (F,e) > (F',€¢’) when F' D F’ and € < €/. For each
j = (F,e) € J, we just showed that there is a g; € S.(G) such that

|h*g;—g;ll <e forallheF.

Then { g; } e is the required net.
(¢) = (d): Let C C G be compact and € > 0. Fix h € S.(G) and a net
{9:} C S.(@G) satisfying (c). Then for all s € G,

[As(h* gi) — hx gillr < [[As(h* gi) = gills + [|gi — b * gillx
= [Ashxgi — gill + |h * gi — gill1- (A.18)

Since h and Ash are in S (G), it follows that (A.18) goes to 0 for large 7. Since
s — Ash is continuous from G to C.(G) C L'(G), a compactness argument shows
that for large i

IAs(h*g;) —hxgi|1 <e forallseC.

Thus we can let g = h * g; for a suitably large 1.

(d) = (e) is trivial.

() = (a): Let I = { (C,¢e) : C C G is compact and € > 0 } directed by (C, ¢€) >
(C',€¢")if C D C" and e < €. For each i = (C,€) € I, we can choose g; in the unit
ball of L!(G) with g; > 0 such that

IAsgi — gillh < e forall seC.

For each i € I, we can define a state m; on C°(G) by

mil) = /G (5)g:(5) da(s).

41f G is o-compact, then it is straightforward to see that L' (G)* can be identified with L>°(G).
For the general case see Appendix L.5.



A.2 Amenability 325

If i = (C,¢) and s € C, then
mihse = )| = | [ (osr) = 2(r)) () dtr
= | [ ot atsr) = 0s) )

< NllloollAsgi — gilla
< Jlplloce.

Since the state space of C*(G) is compact in the weak-* topology, the net {m; }
must have a weak-* convergent subnet {m;; } converging to a state m. Clearly, m
is a left-invariant mean on C®(G), and G is amenable by definition. O

The next result is the key which connects our basic characterizations of
amenability (Proposition A.16 on page 323) with positive definite functions on
G (recall Example A.7 on page 314). The proof is stolen from Pedersen’s book
[126, Proposition 7.3.8].

Proposition A.17. A locally compact group G is amenable if and only if there is
anet { ®; } of compactly supported positive definite functions in P1(G) converging
to the constant function 1 in P1(G).

Proof. Suppose that G is amenable. If f € C.(G), then Example A.7 on page 314
implies that f= f is a compactly supported positive definite function with fx f (e) =
| £113. Thus it will suffice to produce, for each compact set C' and € > 0, a function
f € CF(G) with ||f]|2 = 1 such that

1—fxf(s)|<e forallseC.

However, by part (d) of Proposition A.16 on page 323, there is a g € S.(G) such
that
[Asg — gll1 < € forall s€C. (A.19)

Define f by f(s) :=+/g(s). Then || f||> = 1, and
L= s f@F =1 7)== J6)
= | [ 1) G - TET) dtr)

—(f1f =D

= [ Vet - Vel dutr
< [ V4T - Vol |ValT + Vol dur)
:/wm—Mf%wmm

G

=g — Asglli < €.
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This proves “only if” implication.

For the second implication, first consider any f € £3(G) with [|f|l2 = 1. Let
g = |f|* and note that g is in the unit ball of L!(G) and that g > 0. For each
s € G, we have

lg = Asglh = /G £ = £~ )] ducr)
= [ 1721 = 15?1 dutr)
G
7“2— 3_1r2 r
g/clf() £ )2 du(r)

- /G 1£() + £(s~0)|[F) — TG0 | dpa(r)

= (If + X fI 1 = Asf)
SN+ Asfll2llf = Asfll2
S 2||f - /\sf||2

=2(2—(f| M) = (Af 1 1))
—2(2— 2Re(f | \uf))?
<oA1l (f | AP

— V31— £+ f(s)|F.

N

Therefore if { ®; } is net converging to 1, then given i = (C, €) with C' compact and
€ > 0, we can choose ®; such that

2\/5’1 - @i(s)‘% <e forallseC.

By Lemma A.9 on page 315, there is a f; in the unit ball of L?(G) such that
®; = f; * f;. Therefore if g; := | f;|?, then

llgi — Asgills <€ forallseC.

Since C' and e are arbitrary, G must be amenable by part (e) of Proposition A.16
on page 323. [l

And now for the main result. Let ¢ : G — C be the trivial representation ts = 1
for all s € G.

Theorem A.18. Let G be a locally compact group. Then the following statements
are equivalent.
(a) G is amenable.
(b) The left-reqular representation is faithful on C*(G).
(¢) The kernel of the left-reqular representation is contained in the kernel of the
trivial representation v (as representations of C*(G)).
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Proof. (a) = (b): Since A(b) = 0 implies A(b*b) = 0, it will suffice to show that
every positive element a in ker A is zero. Let w be a state on C*(G) with

w(a) = |lal|

(cf., e.g., [139, Lemma A.10]). Let ¥ be the positive definite function corresponding
to w via Theorem A.10 on page 317. Let ® = W° which is positive definite by
Lemma A.4 on page 313. By Proposition A.17 on page 325, there are compactly
supported ®; in P;(G) such that ®; — 1 in P;(G). Since each ®; has compact
support, ®;® is a positive definite function with compact support by Lemma A.4
on page 313, and ®;® converges to ® in P;(G). By Lemma A.9 on page 315,
there are { f; } in the unit ball of L?(G) such that ®;® = f; * f;. It follows that
(fi * ﬁ)" — V. Example A.7 on page 314 shows that (f; * ﬁ)" corresponds to the
vector state g — (A(g)fi | fi), and Theorem A.10 on page 317 implies

(Ma)fi | fi) — w(a) = [all.

Since a € ker A by assumption, a = 0 and A must be faithful.

The implication (b) = (c) is trivial.

(¢) = (a): Since ker A C kere, ¢ factors through A and there is a state ¢/ on
the concrete C*-algebra A(C*(G)) such that «/(A(g)) = u(g). It follows from [139,
Proposition B.5], for example, that ¢’ is the weak-* limit of convex combinations w;
of vector states of the form

Wi (N9) = N@F | f) (f €Cel@)). (A.20)

But the positive definite function corresponding to wy 5 := w})f o\ is the compactly

supported function (f * f)" (Example A.7 on page 314). Thus the positive definite
function ®; corresponding to w; := w}o is a finite convex combination of compactly
supported functions and is therefore compactly supported itself. Since w; — ¢ in
the weak-* topology and since the positive definite function corresponding to ¢ is
the constant function 1, ®; — 1 in P1(G) (Theorem A.10 on page 317). Thus G is
amenable by Proposition A.17 on page 325. O

A.3 Another GNS Construction

In this section, a normed *-algebra B will mean a normed algebra with an involution
a — a* satisfying ||ab|| < |la||||b]] and ||a*|| = |la|| for all a,b € B. We say that B
has an approximate identity {w; } if |Ju;|| <1 for all ¢ and

lim ||b — bu;|| = 0 = lim ||b — w;b|| for all b € B.

Since the involution is isometric, a similar statement holds for {u} }. In addition
to C*-algebras, the sort of algebras we have in mind are C.(G) and C.(G, A) when
equipped with the L'-norm.

A linear functional ¢ : B — C is called positive if ¢(b*b) > 0 for all b € B. Of
course, ¢ is called bounded if its norm |[¢|| := supy, =1 [¢(b)] is finite.
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Proposition A.19. If ¢ is a positive linear functional of norm 1 on a normed
x-algebra B with an approximate identity { u; }, then there is a Hilbert space H,,
a norm decreasing x-homomorphism m, : B — B(H,), and a unit vector hy, € H,
such that

@(b) = (Wga(b)hga | h«p)v
and { my(b)hy, : b € B} is dense in Hy.

Remark A.20. The proof is based on the usual GNS-construction for states on
C*-algebras as outlined in §A.1 of [139]. Some finesse is required to show that
left multiplication is bounded since we can’t assume B is even a pre-C*-algebra.
Of course, we could pass to the Banach x-algebra completion of B, and there is a
good deal of literature on positive functionals on Banach algebras with approximate
identities (e.g., [28, §2.1] and [72, Chap. VIII §32]). However, we have chosen to
work directly with the potentially incomplete algebra B.

Lemma A.21. Let B be a normed x-algebra with approximate identity {u; } as
above. If ¢ is a bounded positive linear functional on B then the following hold for
all a,b € B.

(a) (b) = @(b).

b) @(b*a) = p(a*b).

c) (Cauchy-Schwarz inequality) |o(b*a)|? < o(b*b)¢(a*a).
)

)

~ -~

d) llepll = Tim; p(w] u;).
e) lp(b ab)| < a4 (b7D).
() 1e®)* < lllle(d*D).

Proof. Parts (b) and (c) follow from [139, Lemma A.4] together with the observation
that the proof in [139] only uses that A is a x-algebra. Then (a) follows from

p(b") = lim p(b"us) = lim p(u7b) = o (b).

—~

Let L := limsup; ¢(ufu;). The Cauchy-Schwarz inequality implies that
l(b)]* = lim |op(u;b)?
< lim sup @(u; u;) p(b*b) (A.21)

< [lelllIb]*L-

This forces L > ||¢||. But the opposite inequality is obvious, and this proves
limsup; ¢(ufu;) = |j¢|| and (f) follows from (A.21). Since any subnet of {u;} is
again an approximate identity, it follows that lim; p(ufu;) = ||¢||, and (d) is proved.

To prove part (e), notice that ¢, : B — C defined by ¢p(a) := p(b*ab) is again
a bounded positive linear functional on B. Thus

ol = Tim iy (uj ui)
= lim o ((usb) "u;b)
— o (b*D). O
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Proof of Proposition A.19. Tt follows from (b) and (c¢) of Lemma A.21 on the pre-
ceding page that

(a]d) :=¢(b%a)
is a sesquilinear form on B, and we can form the Hilbert space completion H,. Let
q: B — H, be the obvious map. Now part (e) of Lemma A.21 implies that

(ba | ba) = p(a*b*ba)
< [Ib*bll¢(a”a)
< [1blf*(a | a).
Therefore we can define a bounded operator m,(b) on H, which satisfies
m,(b)(¢(a)) = g(ba). It is not hard to see that m, is a norm-decreasing
*-homomorphism.
If B has an identity, then hy, := ¢(15) is a cyclic vector for 7, representing .
If B does not have an identity, then we proceed along the lines of [139, Proposi-
tion A.6]. We make B! = B @ C into a normed *-algebra by giving it the obvious

x-algebra structure and norm [|b + AL|| := ||b]| + |A|. We can extend ¢ to a linear
functional 7 on B! by the formula

T(b+ A1) := @(b) + A
Since
[7(b+ AL)| < [o(D)| + |A|
< (16l + 1Al
= [+ AL},
7 has norm 1. Using Lemma A.21 on the facing page we have
T((b+ A1)*(b+ A1) = 7(b*b + Ab* + Ab+ [A[*1)
= 9(b"b) + Ap(b) + Ap(b) + A
= ¢(b*b) + 2Re(Ap(b)) + |A[?
> (0 = 2[Alle(®)] + [A]?

= (lp(®) — [A))*
0,

Y%

and it follows that 7 is positive. Let (7, H,) be the representation corresponding
to 7 as above. If ¢! : B! — H, is the natural map, then ¢(b) — ¢'(b) induces an
isometry V' of ‘H,, into H, such that

V(b)) =7-(b)V forallbe B.

Thus we can identify H, with the subspace V'H, of H,. Note that H, is the
essential subspace span{ 7, (b)h : b€ B and h € H. } of ;|p, and 7. |p = m, &0
on H, ® Hﬂ;. If by, is the projection of ¢*(1) onto H.,, then

e (b)hy = 7 (b)q" (1) = ¢' (D).
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Thus h,, is cyclic for 7, and
(1o (Whe | hy) = (77 (b)a* (1) | ¢*(1)) = 7(b) = (b).
Since
1= ol = limep(uiu;)
= 11?1 ||7Tsa(ui)h<p||2
= |lhel%,

h, is a unit vector as required. [l



Appendix B

The Banach x-Algebra
LY(G, A)

In classical treatments of the crossed product — such as [30,66,162] — A x, G
is defined to be the enveloping C*-algebra of the Banach x-algebra L!(G, A). The
latter is usually quickly disposed of with the phrase “L!(G, A) is the collection of
Bochner integrable functions from G to A equipped with the convolution product
....7 1 have avoided this approach, and there are a number of good reasons for
this. Certainly not the least of which is that I find the theory of vector-valued
integration a bit formidable. Nevertheless, in this section, we make an attempt at
sketching some of the necessary background for those interested in persevering.

For vector-valued integration, there are a number of references available. Among
these are Dunford and Schwarz [32, Chap. III|, Bourbaki [11], Fell and Doran
[54, Chap. IT] and Hille and Phillips [73, Part I, §III.1]. It is hardly clear at first
glance that these four references are talking about theories which have a nontrivial
intersection. In fact, Bourbaki has chosen to focus only on Radon measures on
locally compact spaces (as defined below), and has presented the theory in what has
fortunately become a completely nonstandard order. Nevertheless, the presentation
here is closest in spirit to Bourbaki’s as it treats the density of C.(G, A) in L'(G, A)
as the central feature. Thus, one could avoid measure theory altogether by defining
LY(G, A) as the completion of C.(G, A) in the L'-norm where it not that one of
the primary reasons to pass to the L'-algebra is to be able to use functions which
are not necessarily continuous or compactly supported.

B.1 Vector-Valued Integration

In the discussion here, X will be a locally compact Hausdorff space and p a Radon
measure on a measurable space (X,.#). A Radon measure is a measure associated
to a positive linear functional I : C.(X) — C via the Riesz Representation Theo-
rem. More precisely, p is the unique measure defined on a o-algebra .# containing
the Borel sets of X such that

331
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@ 1) = [ $@)du(e) for all £ € C.(X),
X
(b) for each open set V C X, u(V) = sup{ u(K) : K C V is compact }, and
(c) Forall E € A, u(E) =inf{ u(V): E C V is open }.
Measures satisfying (b) and (c) are called regular. As shown in [156, Theorem 2.14]
or [71, Theorem 11.32], any regular measure must also satisfy

w(E) =sup{ u(C) : C C E is compact } if u(E) < oo. (B.1)

Remark B.1. A measure which satisfies (B.1) without also requiring that p(E) < oo
is called inner regular. A measure satisfying (c) is called outer reqular. As Arveson
points out in [3], one can require measures arising from linear functionals to be
either outer regular, as in [156], or inner regular, as in [3]. As we shall see, it is not
possible to have both conditions hold in general.

Although any o-algebra .# containing the Borel sets in X would do, our choice
for a o-algebra will coincide with that in [156, Theorem 2.14]. One important
consequence of this choice is that our measures are complete in that every subset of
a null' set is measurable. Another more subtle consequence is that p is saturated
in that locally measurable sets are measurable. That is,

Ae Ml <= ANK € .# for all K C X compact. (B.2)

Remark B.2. Saturation and local measurability are annoyances that arise only
because we have not insisted that our space X be o-compact or second countable.
Normally, nonseparable examples such as these don’t play a particularly important
role, but it seems silly to make blanket assumptions that can be avoided with just
a bit more effort. This is especially true when X is a locally compact group G, and
Folland describes the situation there rather succinctly in [56, §2.3]. There he also
gives a classic example that shows exactly the sort of pathology we have to beware
of if we’re going to allow large spaces such as X = R x Ry; that is, X is the locally
compact group which is the product of R with its usual second countable topology
with R equipped with the discrete topology. Then R x Ry is far from o-compact.
Now let p be a Haar measure on R x Rg4. Thus p is (a multiple of) the product
of Lebesgue measure and counting measure. Consider S = {0} x R4. Then S is
closed and hence measurable. Furthermore, any compact subset of S is finite and
has measure zero. On the other hand, any open set containing S is the uncountable
disjoint union of nonempty open sets. Since any nonempty open set has strictly
positive Haar measure, regularity forces p(S) = co. Thus S is an example of a set
which is locally null, but not null. In particular, Haar measure on R x Ry fails to
be inner regular.

The first task here is to define what it means for a function f : X — B to be
measurable if B is a Banach space (which need not be separable). The definition
has to be finessed so that the image of a measurable function is not too large. For

LUnless we’re dealing with more than one measure, we’ll just write “null set” in place of “p-null
set”.
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example, if f is to be the limit of a sequence of simple functions, then the range of
f has to be contained in the closure of the images of these simple functions which
is a separable subspace of B.

Definition B.3. Let B be a Banach space. A function f : X — B is essentially
separately-valued on a set S if there is a countable set D C B and a null set N C S
such that f(x) € D for all z € S \ N.

Since will often be convenient to deal with separable subspaces rather than
separable subsets, the next lemma will often be invoked without comment.

Lemma B.4. Let D be a countable set in a Banach space B. Let Bp be the closed
subspace of B generated by D. Then Bp is separable. In particular, we can replace
the countable set D in Definition B.3 with a separable subspace.

Proof. Note that Bp is the closure of the linear span S(D) of D in B. But the
countable set Sq(D) of rational linear combinations of elements of D is certainly
countable and dense in S(D). Thus Sq(D) is also dense in Bp. O

Another apparent complication is that there are at least two reasonable notions
of measurability.

Definition B.5. Let B be a Banach space and f : X — B a function. Then f is
strongly measurable if

(a) f~1(V) is measurable for all open sets V € B, and
(b) f is essentially separately valued on every compact subset of X.

Definition B.6. Let B be a Banach space and f : X — B a function. Then f is
weakly measurable if

(a) @ o f is a measurable function from X to C for all ¢ € B*, and

(b) f is essentially separately-valued on each compact subset of X.

This complication is not a complication at all as the two notions coincide.

Lemma B.7. Let B be a Banach space. A function f : X — B is weakly measurable
if and only if it is strongly measurable.

For the proof, it will be convenient to record the following standard result.

Lemma B.8. Suppose that By is a separable subspace of a Banach space B. Then
there is a countable set F' of linear functionals in the unit ball of B* such that

|b]| = sup |p(b)| for all b € By.
pEF

Proof. Let D be a countable dense subset of By. Using the Hahn-Banach Theorem,
for each d € D, there is a norm one linear functional ¢4 € B* such that @q(d) = ||d||.
Now for any b € By and d € D,

[/l = la(0)| = |pa(d) = pa(d = b)| = |pa(d)| —[wa(d — D)
> ||d|| = [|d = b]l.



334 The Banach *-Algebra L!(G, A)

Given € > 0, we can choose d € D such that [|d —b|| < §. Then ||d|| > ||b|| — § and

1]l = sup |@a(b)| = [[b]] — €.
deD

Since ¢ is arbitrary, the result follows. O

Proof of Lemma B.7. Since each ¢ € B* is continuous, it is straightforward to
check that strong measurability implies weak measurability.

So, suppose that f is weakly measurable. Clearly, it suffices only to check that
f~1(V) is measurable for all open sets V C B. Since y is saturated, it will then
suffice to check that f~1(V) N K is measurable for all K C X compact. Since f
is essentially separately-valued on K, there is a null set N C K and a separable
subspace By such that f(z) € By for all x € K ~ N (Lemma B.4 on the preceding
page). Define fp: X — B by

z) ifx nd
ey = {10 A

Since 1 is complete and
TN K = (F'(V)NN) U (fi (V)N (KN N)),
it will suffice to see that f; *(V) N K \ N is measurable. But
f{V)NKE NN = fo (VN By) N K\ N,

and since By is separable, there are countably many closed balls B, := {b € By :
[Ib = b, < e} with b, € By such that

VNBy = GB"'

n=1
Thus -
[PVINKE SN =] f7'(Ba) NK NN,
n=1

and it will suffice to see that fy'(B,) is measurable. But Lemma B.8 on the
previous page implies there is a countable set { ¢, }5o_; in B* such that for all
b e By

16— bn] < € <= |om(b—0,)| <€, forallm>1.

Therefore

fo'(Bn) = ({z € X :[om(f(2) = ba)| <en},

which is measurable since each of the sets in the countable intersection on the
right-hand side is measurable by assumption. (|
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Remark B.9. In view of the above, we’ll normally just say a Banach space valued
function is measurable if it satisfies either of Definitions B.5 or B.6 on page 333.

Remark B.10. Since our measures are saturated, it follows, as in the proof of
Lemma B.7 on page 333, that f : X — B is measurable if and only if f|x is
measurable for all K C X compact.

Lemma B.11. A linear combination of measurable B-valued functions is measur-
able, and every element of C.(X, B) is measurable. If f is a B-valued function on
X with the property that for each compact set K C X, there is a sequence { fn, } of
measurable B-valued functions such that f,|x converges to f|x almost everywhere,
then f is measurable.

Proof. Each of the assertions is well-known for scalar-valued functions. Since it
suffices to check weak measurability, it only remains to verify that the functions in
question are essentially separately-valued on compact sets. However this is clear
for a linear combination, and any element of C.(X, B) has compact image which is
necessarily separable. So suppose that f,,(z) — f(z) for all x € K\ Ny, where Ny is
a null set. If K is compact, then by assumption there are null sets V,, and separable
subspaces B, such that f,(z) € B, provided z € K \ N,. Let N = J;", N,,, and
let \/ B;, be the subspace generated by the B,,. Thus for all z € K \ N,

f(z) € \/Zo_l By,

which is a separable subspace. O

Lemma B.12 (Egoroff’s Theorem). Suppose that u(E) < oo and that { fn } are
measurable functions on X such that f,(x) — f(x) for almost all x € E. Then for
each € > 0, there is a subset F' C E such that w(E \ F) < € and f, — f uniformly
on F'.

Proof. Let
1
Sk) = (V{2 € B | fule) — ) < 7}
m>n

Thus S(n + 1,k) > S(n, k) and p(U,—; S(n,k)) = u(E). Therefore for each k >
1, we have lim, 1(S(n,k)) = p(E). Since p(E) < oo, this implies lim, pu(E \
S(n, k)) = 0. Thus we can inductively choose an increasing sequence ny such that

€

w(E N S(ng, k) < ok

Let F :=()pe; S(ng, k). Then w(E N F) < € and if € F, then z € S(ng, k) so
that n > ny, implies that || f,(z) — f(z)| < +. O

Now we want to give another criterion for measurability which is very convenient
and also helps to connect with the treatment in Bourbaki, where a number of the
arguments below can be found. The term “C-measurable” will only be used until
we can prove it is equivalent to (weak and strong) measurability.



336 The Banach *-Algebra L!(G, A)

Definition B.13. A B-valued function is called C-measurable if given any compact
set K C X and € > 0, there is a compact set K’ C K such that u(K ~\ K’) < e and
such that the restriction f|g+ of f to K’ is continuous.

Remark B.14. It is important to keep in mind that the assertion in the above
definition is that |k is continuous on K’, not that f is continuous on K’. For
example, the characteristic function of the irrationals restricts to a constant function
on the irrationals, but it is not continuous at even single point.

Lemma B.15. If f is C-measurable and K C X is compact, then there are disjoint
compact sets K1, Ky, - -+ C K such that u(K~\U,~; K) = 0 and f|x,, is continuous
for all n. (Some of the K,, can be empty.)

Proof. By definition, we can choose Ky C K such that u(K \ K1) < 1 and f|k,
is continuous. Since K ~\ K; has finite measure, there is, by (B.1), a compact set
K} C K ~ K such that u(K ~ K1 \ K3) < 3. By assumption, there must be
a Ky C K such that f|g, is continuous and u(K ~ K1 \ K3) < 3. Continuing,
we get pairwise disjoint compact sets K1, Ka,... such that u(K ~ UL, Kl) < %
Thus (K ~ U2, Ki) = 0. O

Lemma B.16. If f is C-measurable, then f is measurable.

Proof. We’'ll use Definition B.5 on page 333. To verify part (a), it will suffice to
see that f~1(A) is measurable for all closed sets A C B. Since u is saturated, it
will suffice to show that f~!(A) N K is measurable for any compact set K. By
Lemma B.15, we can partition K = N U UZO:1 K,, with each K, compact, N null,
and f|k, continuous. Then

fTTANK=f"ANNU G YA NK,.

n=1

Since f|x, is continuous, f~1(A) N K,, is closed, and f~1(A) N N is null. This
suffices.

To establish part (b) of Definition B.5 on page 333, let K = NU|J K, as above.
Then each f(K,,) is compact and therefore separable. Thus the subspace generated
by U f(K,,) is separable. This suffices as N is null. O

Lemma B.17. Suppose that each fy is a B-valued C-measurable function and that
fu(x) — f(x) for almost all x. Then f is C-measurable.

Proof. Let K C X be compact and € > 0. Choose K,, C K such that u(K \ K,) <
saer and such that f,|x, is continuous. Egoroff’s Theorem and (B.1) imply there
is a compact set Ko C K such that u(K \ Ky) < § and f,, — f uniformly on Ko.
Notice that the restriction of each f, to K’ := ﬂffzo K, is continuous and that
(K~ K') <e. Since f,, — f uniformly on K’, f|k+ is continuous. O

Even though we want to work with continuous compactly supported functions
whenever possible, the fundamental tool of measure theory is the simple function.
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We will have to do some work to fully integrate continuous functions and measurable
functions. It should be noted that our definition of simple function is a bit restrictive
— we insist that they be measurable and take nonzero values only on sets of finite
measure.

Definition B.18. A measurable function s : X — B is called simple if it takes
only finitely many values b, ...,b, and p({z € X : f(z) =b; }) < o0 if b; # 0.

Lemma B.19. Every simple function is C-measurable.

Proof. 1t suffice to see that 15 ®b is C-measurable for every measurable set £ with
finite measure and every b € B. Suppose that K is compact. Using regularity and
(B.1), there is a compact set K7 and an open set U such that

|

KicKNnECU and pU\NKp) <.

—~ W

Also there is a compact set Ko such that Ko C K\ U with u
Let K’ :== K1 U Ky. Then

(K\U)NK3) < €¢/3.

WENK)<p(KNE)NKr) +pu((UNE)NK) + p((K\U) N K2)
<€

Furthermore, 15 ®0 is constant on each K;. Since K7 and K> are disjoint, 15 ®b| k-
is continuous as required. O

Proposition B.20. A B-valued function is C-measurable if and only if it is
(strongly) measurable.

Proof. In view of Lemma B.16 on the preceding page, it suffices to show that strong
measurability implies C-measurability. So suppose that f is strongly measurable
and that K C X. There is null set N C K and a separable subspace By such that
f(z) € Bpif x € K~ N. Let {d,, } be a countable dense subset of By, and define

1
Bu(dm) = {b € B: b= dnl| < 3~ }.

By assumption each

is measurable. For each n,
o0
K~Nc |J Xnm
m=1

Let {Y; } be a measurable partition of K ~\ N (some of which may be empty) such
that ¥; C X, ;. If Y; is empty, let z; be any point in K, otherwise choose z; € Y;.
Then for each k,
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is a simple function. Thus
o0
Pn 1= Z f(zi)ly,
i=1

is the pointwise limit of the s; and is C-measurable by Lemmas B.19 on the pre-
ceding page and B.17 on page 336. Furthermore,

1
lpn(z) = f(2)|| < - forallz € K\ N.

Thus p,(z) — f(z) for allz € K~ N. Thus f is C-measurable by Lemma B.17. O

Corollary B.21. Suppose that B is a Banach algebra and that f and g are B-
valued measurable functions on X. Then the pointwise product h(x) := f(x)g(x) is
measurable from X to B.

Remark B.22. This result is not as “obvious” as it might seem at first blush.
The usual proof in the scalar case takes advantage of the fact that open sets in
C x C are the countable union on open rectangles. This need not be the case in
B x B and the usual proof would have to be modified to make use of the fact that
measurable functions are essentially separately valued on compact sets. Another
straightforward proof of this corollary can be made using the characterization of
measurability to be given in Proposition B.24 on the facing page.

Proof. This follows immediately from Proposition B.20 on the previous page since
the product of continuous functions is continuous. O

Lemma B.23. Suppose that the restriction of f : X — B to a compact set K is
continuous. Then for all € > 0 there is a simple function s vanishing outside K
such that for all x € K,

[s@) <Ilf @) and |[ls(z) = f(2)] <e

Proof. Since K is compact, f|x is uniformly continuous. Thus there are open sets
Ui,...,Up such that K C (JU; and z,y € U; N K implies || f(z) — f(y)|| < §. Thus
there is a measurable partition F1, ..., E,, of K by nonempty sets such that each
E; is contained in some U;. Let z; € E; and define

0 I FCOTES A
F@) (1= grp) i Gl > 5

Let s := Z:’;l bilg,. Then if x € K, it belongs to exactly one E;. Assume
|£(z:)]| > 5. Then

bi =

17) = st@)ll = 1) = bill = | £) = 1) (1 = gy )|

< f(z) = flao)ll + ; <e
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On the other hand,

I @) = lls@)l = [lf ()] - ||f(33i)||(1 - W)

= 7@ = 1 F @Il + 5 20,
since [[|f@)| — 1F (@] < I (@) ~ ()] < 5.

The case where || f(z;)|| < § is even easier. O

Now we can give another characterization of a measurable function.

Proposition B.24. A B-valued function [ is measurable if and only if for each
compact set K C X, there is a sequence of simple functions { s, } such that for
almost all z € K

lsn (@)l < If @) and  sn(z) — f(2).

Proof. The “if” direction follows from Lemma B.11 on page 335. For the “only
if” direction, we can invoke Lemma B.15 on page 336 (and Proposition B.20 on
page 337) to partition a compact set K as N U|J K,, where N is null and f|g, is
continuous. Using Lemma B.23 on the preceding page, for each n we can find a
sequence of simple functions {7, } supported in K, such that ||t (s)|| < ||f(2)]|
and lim,, t (z) = f(z) for all € K,,. Define s,, = t}, +t2, +---+t™. Then s,, is
a simple function, and since s,,(z) = 7}, (z) if © € K,, and m > n, the { s, } have
the required properties. [l

Lemma B.25. If E is a o-finite subset of X, then there is a o-compact subset
F C E such that p(E~ F) =0.

Proof. Since the countable union of null sets is null, it clearly suffices to prove
the assertion when u(FE) < oco. But then the assertion follows immediately from
(B.1). O

Lemma B.26. If f is a B-valued measurable function which vanishes off a o-finite
subset, then there are simple functions s, and a null set N such that ||s,(z)] <
I (@) and sp(xz) — f(x) for allz € X ~ N.

Proof. Using Lemma B.26 and repeated application of Lemma B.15 on page 336,
we can partition X as Z U Ny U|J K, such that f(z) =0 if 2 € Z, Ny is null, K,
is compact and f|k, is continuous. Lemma B.23 on the facing page implies that
for each n, there is a sequence {t7 } of simple functions and a null set N,, C K,
such that [[t7 (z)]| < ||f(2)] and lim,, % (z) = f(z) for z € K,, ~ N,,. Now define
Sm =t 4+ +t" and N = J;—, N,. Then { s, } is the required sequence. O

The next result is [54, Theorem I1.14.8], and is a vector-valued version of the
usual Tietze Extension Theorem. Unlike the scalar case, there is no assertion that
the extension preserves the sup-norm of the original function.
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Proposition B.27 (Tietze Extension Theorem). Suppose that K C X is compact
and that g € C(K, B). Then there is a f € Co(X, B) such that flx = g.

Proof. Fix € > 0 and cover K by precompact open sets Vi, ..., V,, such that z,y €
Vi N K implies | g(z) — g(y)|| < e. We can assume that V; N K # () and choose
xz; € VN K. By Lemma 1.43 on page 12, there are { ¢; }?; C CF(X) such that
supp ¢; C V; and such that

- =1 ifze K, and
> wilz)

<1 ifzé¢ K.

Then f:=>"" | g(xi)p; satisfies

[ f(z) —g(z)|| = Hi ¢i(2)(g9(x;) — g(z)) H <e foralzeK.
i=1

Therefore there are f; € C.(X, B) such that f;|x — ¢ uniformly on K. Passing to
a subsequence and relabeling, we can assume that for all n > 2,

| fr(x) = fnoi(z)]| < 2% for all z € K.

For n > 2 let h], := fn, — fn—1 and define

ho (x) if [|h,(2)]| < 4w, and
hn(x) := h! (x)
— - otherwise.
27| by, (@)
Notice that each h, is continuous on X, vanishes off U := (JV;, and satisfies

[ An(z)|| < 5. Thus

f@) + Y ha(z)
n=2

converges absolutely and uniformly to a continuous function f with support in U.
Thus f € C.(X, B), and since h,(z) = fo(z) — fno1(z) if 2 € K, f(z) = g(z) for
all z € K. O

Corollary B.28 (Lusin’s Theorem). Let f be a B-valued measurable function and
K a compact subset of X. If € > 0 then there is a g € C.(X, B) such that

u({z €K :g@) # f(@)}) <e.

Lemma B.29. If f : X — B is measurable, then x — || f(x)| is measurable.

Proof. This follows easily from the definition of strong measurability and the con-
tinuity of b — ||b]|. O
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Definition B.30. A measurable function f : X — B is integrable if

1l = /X 1£ (@) du(z) < .

We call || - ||1 the L*-norm. The collection of all B-valued integrable functions on
X is denoted £(X, B), and the set of equivalence classes of functions in £1(X, B)
where two functions which agree almost everywhere are identified is denoted by
LY(X,B).

With the scalar-valued case as a guide, it is routine to check that both £1(X, B)
and L'(X, B) are vector spaces, and that || - ||; is a seminorm on £!(X, B) which
defines a norm on L'(X, B). Thus to obtain the expected result that L!(X, B) is
a Banach space, we only need to prove completeness.

Proposition B.31. Suppose that p is a Radon measure on a locally compact space
X, and that B is a Banach space. Then L'(X, B) is a Banach space. In particular,
if { fn} is a Cauchy sequence in LY(X,B), then there is a f € LY(X,B) and a
subsequence { fn, } such that f,, — f in LY (X, B) and such that fn, (v) — f(z)
for almost all x € X.

Proof. Since a Cauchy sequence with convergent subsequence is convergent, it suf-
fice to prove the last statement. Therefore we can pass to a subsequence, relabel,
and assume that

1
| frs1 = fulli < o for n > 1.

Now define
(@) = |lfes1(@) = fr(@)] and  z(z) =Y [ frsr(@) = ful@)ll,
k=1 k=1
with z taking values in [0, c0]. Then

n
Iznlls =D I figr = filln < 1.
k=1

In other words,

|21t :/ zn(z)dp(xz) <1 for all n,
X
and the Monotone Convergence Theorem implies
/ z(z) dp(z) <1 < oo.
X
Therefore z is finite almost everywhere, and there is null set N C X such

that Y 7, fit1(z) — fe(z) is absolutely convergent in B for all z € X ~ N.
Since B is complete, the series converges and there is a f/(z) such that
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f'(@) =limp—oo Y p_y fr1(@) — fe(z) = (limp—oo frg1(2)) — fi(z). Thus we can
define f on X ~ N by

f(@) :=1im fo(2) = f'(2) + f1(2)-

We can define f to be identically 0 on IV, and then f is measurable by Lemma B.11
on page 335.

We still have to see that f € £1(X, B) and that f, — f in L'(X, B). Let € > 0.
By assumption, we can choose N so that n,m > N implies

”fn - fm”l <€

For all s € X\ N, we have || f(z) — fin(2)| = limy, || fn(x) = fm (2)||. Thusif m > N,
Fatou’s Lemma implies

1 = frulln < liminf [ fo = fllr < e (B.3)
Since
If @) < (1f @) = fm (@)l + [ fm(@)]])
it follows from (B.3) that f € £!(X, B) and that f, — f in L'(X, B). O

Proposition B.32 (Dominated Convergence Theorem). Let (X, p) be a Radon
Measure and B a Banach space. Suppose that { f, } is a sequence of measurable B-
valued functions on X such that there is nonnegative integrable function g € L*(X)
such that || fn ()| < g(z) for almost all x and such that f,(x) — f(x) for almost
all z. Then f, — f in LY(X, B).

Proof. For almost all z, || f,(x) — f(x)] < 2¢(x). Since || fn(z) — f(z)|| converges to
0 for almost all x and 2g is integrable, the scalar-valued Dominated Convergence
Theorem implies

||fn—f||1:/Xl\fn(af)—f(x)lldu(:c)—m a5 11— o0, .

Proposition B.33. Both the collection of simple functions and the set C.(X, B)
are dense in L' (X, B).

Proof. If f € LY(X, B), then f vanishes off a o-finite set. Thus the density of simple
functions follows from Lemma B.26 on page 339 and the Dominated Convergence
Theorem. To see that C.(X, B) is dense, it suffices to see that we can approximate
1r ® b by an element of C.(X, B) provided E has finite measure and b € B. Let
€ > 0. The regularity of p implies there is an open set V and a compact set K
such that K ¢ E C V and p(V \ K) < e. Then Urysohn’s Lemma (Lemma 1.41
on page 11) implies there is a z € C¢(X) such that 0 < z(z) < 1 for all x € X,
z(x) =1if x € K, and z vanishes off V. Then z® b € C.(X, B) and

lz®b—15®bl1 < el

Since € is arbitrary, we’'re done. O
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Recall from Lemma 1.91 on page 32 that there is a linear map I : C.(X, B) — B
given by

1(f) = /X f(2) du(a), (B.4)

and | I(f)|| < ||f]l1- Since C.(X, B) is dense in L'(X, B) and since L'(X, B) is
complete, we can extend I to all of L'(X, B) and continue to write I as an integral
as in (B.4) even when f is not in C.(X,B). If f € £(X, B), then we can find
{fi} € C.(X,B) such that f; — f in L'(X, B). Then the definition of I implies
that

/ fi(@) du(z) — / f() du(z)
X X
in B. Thus if ¢ € B*,

o[ 1@ dn@) = o [ s duta)).

Since it is easy to check that po fi — po f in £}(X), we conclude that

gp(/x f(x) du(x)) = /ch(f(;v)) du(x) for all f € £LY(X,B) and ¢ € B*.

Thus we've essentially proved the following (compare with Lemma 1.91 on page 32).

Proposition B.34. If u is a Radon measure on X and if B is a Banach space,
then

fr [ 1@ dnto)
is a linear map satisfying

|| s ] it sor s e 2x.),

The integral is characterized by

o[ f@du) = [ olr@) due) foratpen. @

More generally, if L is any bounded linear map from B to By, then

£([ 1@ dn@) = [ L(¢(@) duta).

Remark B.35. It follows from (B.5) that if z is a scalar-valued integrable function
on X, then

/ (z@b)(z)du(z) = / z(x) du(x)b. (B.6)
X X

In particular, if s = Z?:l b;lg, is a simple function with each F; of finite measure,
then

[ s duta) = Y- n(Eb. (B.7)
X i=1

Remark B.36. If A is a C*-algebra, it is now straightforward to extend Lemma 1.92
on page 32 to L(G, A).
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B.1.1 The Literature

We should pause to see how the treatments and assumptions here intersect with the
standard treatments mentioned above. Using (B.1), it follows that A € . if and
only if for all compact sets K, AN K is the union of a o-compact set and a null set.
Since every null set is a subset of a Gs-null set, any two complete and saturated
Radon measures corresponding the the same functional have the same o-algebra of
definition. Since the measures defined in [156, Theorem 2.14] and [71, §IIL.11] are
both complete and saturated, the notion of measurability in the two treatments
coincide — even though this might not be evident on the first read through. Since
the treatments in [32, 54, 73] are written for general measure spaces, we can only
expect agreement when we use Radon measures with the above o-algebra. To make
contact with Bourbaki, we need to notice that there the o-algebra of measurable
sets is specified in an indirect way. To see that it coincides with Rudin’s, and hence
with ours, there is a bit of work to do. Even to see that the collection of measurable
sets .4 in Bourbaki is a o-algebra requires looking up [11, VI §5 no. 1 Corollaire
to Proposition 3, IV §5 no. 3 Corollaire 4, and IV §5 no. 5 Corollaire 2]. To see that
Mp = M, it suffices to consider A C K for K compact by [156, p. 42] and [11, IV
§5 no. 1 Proposition 3]. But A € #p < A € ./ follows from [11, IV §4 no. 6
Théoreme 4] together with the observation that Rudin’s and Bourbaki’s extensions
of u coincide on integrable sets (which follows from [11, IV §1 no. 1 Definition 1,
IV §1 no. 4 Proposition 19, IV §4 no. 5 Definition 2, IV §4 no. 2 Proposition 1]).

Our definition of (strong) measurability is clearly consistent with the usage in
Dunford and Schwartz — see [32, Theorem II1.6.10] and recall that locally measur-
able implies measurable for Radon measures — and with Bourbaki after consulting
[11, IV §5 no. 5 Proposition 8 and IV §5 no. 5 Théoréme 4]. To see that this is the
same definition as used in Fell and Doran and Hill and Phillips, we need Lemma B.7
on page 333. In view of [54, Proposition I1.5.12] and [73, Theorem 1.3.5.3], we see
that all four authorities are in agreement.

B.2 Product Measures

Since iterated integrals play an important role in the theory, we should spend a
little time on product measures. In this section, p and v will be Radon measures
on locally compact spaces X and Y, respectively. We get a positive linear functional

J:C(XxY)—C

//fxydu ) dya(z //fzydu 2) dv(y).

21t is not necessary to appeal to Fubini’s Theorem to see the two iterated integrals below are
equal. This can be accomplished by direct estimates such as [71, Theorem II1.13.2]. Alternatively,
any version of Fubini gives us a product measure allowing us to define J.

given by?
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The Radon measure associated to J is what we’ll mean by the product of u and
v and it will be denoted by p x v. We will assume the basic results about prod-
uct measures and iterated integrals usually referred to as Fubini’s and Tonelli’s
Theorems as stated below. Good references for Fubini’s Theorem are [154, Theo-
rem 12.4.19] or [71, Theorem II1.13.8]. Our version of Tonelli’s Theorem is proved
in [71, I11.13.9], and also follows from [154, 12.4.20] together with the observation
that a function vanishing off a o-finite subset of X x Y is equal almost everywhere
to a function vanishing of the product of two o-compact sets.

Theorem B.37 (Fubini’s Theorem). Suppose that 1 and v are Radon measures on
locally compact spaces X and Y, respectively. If f € LY(X xY), then the following
statements hold.

(a) For almost all x, y — f(z,y) belongs to L}(Y).
(b) For almost all y, x +— f(x,y) belongs to L(X).
(¢) The function

wH/ f(x,y)dv(y)
Y

is defined almost everywhere and defines a class in L'(X).
(d) The function

Y /X f(,y) du(z)

is defined almost everywhere and defines a class in L*(Y).
(e) The iterated integrals

//fwydu ) dpu(z //fwydu ) du(y)

are equal, and the common value is

/ [z, y)dp x v(z,y).
XXY

Remark B.38. When dealing with functions

- / f(,y) duy), (B.5)
Y

as in part (c) of Fubini’s Theorem above, it can be awkward not to have an every-
where defined function. Hence we’ll adopt the usual convention that (B.8) takes
the value 0 at  when y — f(z,y) fails to be integrable. Of course so long as
y +— f(z,y) is integrable for almost all , the class in L'(X) is unchanged.

In practice there are usually two obstacles to applying Fubini’s Theorem to a
function f on a product space. First one must verify that f is measurable with
respect to the product measure. Second, one has to check that f is integrable. The
first of these is the more formidable. Once measurability is established, integrability
can usually be handled with Tonelli’s Theorem and some care about the support
of the function.
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Theorem B.39 (Tonelli’s Theorem). Let p and v be Radon measures on locally
compact spaces X and Y, respectively. Suppose that f: X x Y — [0, 00] is measur-
able with respect the product measure u X v, and that f vanishes off a o-finite set.
Then the following statements hold.

(a) For almost all z, y — f(x,y) is measurable.

(b) For almost all y, x — f(x,y) is measurable.
(¢) The function

- / fl,y) du(y)
Y

is defined almost everywhere and defines a measurable [0, oo]-valued function
on X.

(d) The function
— z,y) du(z
Yy / [z, y) du(z)

is defined almost everywhere and defines a measurable [0, oo]-valued function
onY.

(e) The iterated integrals

//fxydu ) dyu(z //fxydu ) du(y)

are equal, and the common value is

/ [z, y)dp x v(z,y).
XXY

Having accepted these two results, we’d like to establish their vector-valued
counterparts. However the counterpart to Tonelli’s Theorem is an immediate con-
sequence of the scalar-valued version.

Lemma B.40. Suppose that f : X xY — B is a measurable function which
vanishes off a o-finite set. Then the iterated integrals

| 1@ wladue) = [ [ 15l du) i)

coincide. The common value is finite if and only if [ is integrable.

Proof. By definition, f is integrable if and only if the scalar valued function (x,y) —
I f(x,y)|| is integrable. Now we can apply Tonelli to the scalar-valued integral. O

The proof of a vector-valued Fubini Theorem based on the scalar-valued case
is a bit more subtle. We’ve used the same approach as in [54, §11.16] and take
advantage of the density of C.(X, B) in L!(X, B) (Proposition B.33 on page 342).

Theorem B.41 (Fubini’s Theorem). Suppose that p and v are Radon measures
on locally compact spaces X and Y, respectively. If f € LY(X x Y, B) for a Banach
space B, then the following statements hold.
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(a) For almost all x, y — f(z,y) belongs to L}(Y, B).
(b) For almost all y, x — f(x,y) belongs to L} (X, B).
(¢) The function

wH/ f(x,y)dv(y)
Y

is defined almost everywhere and defines a class in L'(X, B).
(d) The function

g /X F () du(z)

is defined almost everywhere and defines a class in L*(Y, B).
(e) The iterated integrals

//fxydu ) dyu(z //fxydu ) du(y)

are equal, and the common value is

/ [z, y)dp x v(z,y).
XXY

Proof. Since C.(X xY, B) is dense in L' (X xY, B), Lemma B.31 on page 341 implies
there is a sequence { f; } € C.(X x Y, B) such that f; — f in L}(X x Y, B) and
such that there is a y x v-null set N such that f;(x,y) — f(z,y) for all (z,y) ¢ N.
The scalar-valued Fubini Theorem applied to 1 implies that there is a p-null set
Nx such that

N®:={y:(x,y) N} (B.9)
is a v-null set for all + € X \ Nx. Therefore if x+ € X ~ Nx is fixed, then
filz,y) = f(z,y) for all y € Y ~\ N*. Thus if x € X \ Nx then y — f(z,y) is the
almost everywhere limit of continuous functions, and is therefore measurable. On
the other hand, (z,y) — | f(x,y)| is in £}(X x Y), the the scalar-valued Fubini
Theorem implies y +— || f(z,y)| is integrable for almost all z. Since, by definition,
y +— f(z,y) is integrable whenever it measurable and y — || f(z,y)|| is integrable,
part (a) follows. Part (b) is proved similarly.

To prove (c), we’ll apply the scalar-valued Fubini Theorem to the functions

piz,y) = filz,y) = f(z,y)l and  i(z) ::/Y%(x,y)dV(y)-

By our choice of { f; }, ¢; — 0 in L*(X x Y). Since

/Iwz )| dp(z /wz ) dp(z
//%wydv ) dp()

—/ pi(z,y) dp x v(z,y)
XXY

= / li(x, y) du x v(z,y),
XxXY
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we also have ¥; — 0 in L'(X). Passing to a subsequence and relabeling, we can
assume that 1;(z) — 0 for almost all z in X. But if we let

) :Afi(x,y)du(y) and g(x /fx y)dv(y

then each g; € C.(X, B) by Lemma 1.102 on page 36. (We're using the convention
established in Remark B.38 on page 345 to view g as a function on all of X.) Thus
each g; is certainly measurable, and

/Hﬁwy F (@) dv(y)

z”&ﬁ@w—ﬂawwww
~ llgix) - 9@,

and it follows that g;(x) — g(x) for almost all z in X. Thus g is measurable. Since

Jts@au) < [ [ 1 ldvt) duta) = 151 < .

g € LY(X) as claimed. This proves part (c) and part (d) is proved similarly.

To prove (e), it suffices, by symmetry, to see that one of the iterated integrals
coincides with the integral with respect to the product measure. However, this
follows by applying a state ¢ € B* to both sides and applying the scalar-valued
version of the theorem. O

B.2.1 The Convolution Product

In this section, we’ll replace the Banach space B with a C*-algebra A, the space
X with a locally compact group G and p will be a left-Haar measure on G. Let
(A,G,a) be a dynamical system. To turn L!(G, A) into a Banach *-algebra, we
have to extend the convolution product to L'(G, A). At one level, this is easy. If
fyg € Co(G, A), then fxg as defined in (2.16) is in C.(G, A) and || fxg|lx < || fll1llgl1-
Similarly, ||f*||1 = ||f]l1- Since C.(G, A) is dense in L*(G, A) by Lemma B.33 on
page 342, the product and involution on C.(G, A) extend to all of L'(G,A) by
continuity. This solution is not very satisfactory as it leaves us with no decent
formula for a representative of either f x g or f* in L}(G, A). Of course, we expect
these representatives to be given by the same formulas as for C.(G, A): namely
(2.16) and (2.17) on page 48. We'll give the proof for f * g here. Showing that
f* represented by the L£1(G, A) function s — s (f(s_l))*A(s_l) is considerably
easier.

Proposition B.42. Suppose (A, G, «) is a dynamical system with f,g € L} (G, A).
Then there is a null set M C G such that s ¢ M implies r — f(r)oy (g(r='s)) is
in LY(G, A). Furthermore, if we define

_/Gf(r)ar(g(rls)) du(r) if s ¢ M, (B.10)
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and let ¢(s) == 0 if s € M, then c is an element of L*(G, A) representing the product
f * g defined above.

The proof of Proposition B.42 on the facing page boils down to an application
of the vector-valued Fubini Theorem B.41 on page 346. However, as is often the
case when trying to apply a Fubini type theorem, the hard part is establishing
that the function of two variables in question is measurable and supported on a
reasonable set. Here measurability is a bit thorny since we’ve insisted that our
Radon measures, and therefore Haar measure, be defined on o-algebras strictly
larger than the Borel sets and there is no a priori reason to suspect that (r,s) —
g(r~1s) is measurable if g is (however, see Lemma B.45 on page 351). One solution
is to prove that all elements of £'(G, A) are equivalent to a Borel function so that
(r,s) — g(r~—'s) is measurable, and then define the convolution only for Borel f
and g [71, Corollary 11.11.41]. Here we’ll prove the proposition as stated.

First, to deal with support issues, we’ll take advantage of the following obser-
vation which seems special to locally compact groups (compare with Lemma B.25
on page 339).

Lemma B.43. If U C G is open and p(U) < oo, then U is contained in a o-
compact set. In particular, if C' is a o-finite subset of G, then C is contained in a
o-compact set.

Proof. Since Haar measure is regular, every set of finite measure is contained in an
open set of finite measure. Thus, it suffices to prove the first assertion. However,
G is the disjoint union

Ue

iel
of clopen o-compact sets (Lemma 1.38 on page 10). Thus U is the disjoint union
of open sets
U G;nU,
iel
and since an open set is a Haar null set if and only if it is empty, G; N U = () if and
only if u(G; NU) > 0. However, for each n, there can be at most finitely many i

such that u(G; NU) > % Thus, at most countably many G; N U are nonempty.
The assertion follows. O

Proof of Proposition B.42. Let h: G x G — A be defined by

h(r,s) := f(r)a, (g(r_ls)) )

Since f and g are in L(G, A), they vanish off a o-finite set. In view of Lemma B.43,
there is a o-compact set C' such that f and g vanish off C. Since C? is still o-
compact, there is a o-compact set S such that h vanishes off § x S.

We claim that to prove c as defined in (B.10) is in £}(G, A), it suffices to
see that h is measurable. For if h is measurable, then the scalar-valued Tonelli’s
Theorem B.39 on page 346 implies ||h| € £1(G x G). Thus h € L}(G x G, A), and
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that (B.10) defines an element of £(G, A) now follows our vector-valued Fubini
Theorem B.41 on page 346.

To prove measurability, we follow [55, Proposition VIIL.5.4]. Choose { f,, } and
{gn}in C.(G, A) such that f,, — f and g, — gin L'(G, A). In view of Lemma B.31
on page 341, we can pass to a subsequence, relabel, and assume that off a Borel
null set N, we have

fa(s) = f(s) and  gn(s) — g(s)-

Define
hn(ry8) := fr(r)a, (gn(T_ls)) .

Then h,, € C.(G x G, A), and by enlarging S if necessary, we can assume that each
hy, has support in S x S. Then

hn(T,S) - h(’l’, S)
for all (r,s) € G x G\ D where
DCNxSU{(rs)eSxS:r'seN}.

Since the almost everywhere limit of measurable functions is measurable, to see
that h is measurable, it will suffice to see that D is a p x p-null set. However,
N x S is certainly null, so it remains to see that

D' :={(r,s)eSxS:rtseN}

is a null set. However, D’ is certainly measurable (Borel in fact) since we were
careful to pick N Borel. Thus 1p/ is a measurable function vanishing off a o-
compact set. So Tonelli’s Theorem B.39 on page 346 implies that

b (D) = /G u(DL) dya(r),
where
D, :={seG:(r,s)eD}.

Since D). C rN, u(D)) = 0 for all r, and we’ve shown D’ is a p x p-null set. Hence
h is measurable, and therefore belongs to L*(G x G).

We still want to see that the element of L'(G, A) defined by the function c
defined in the proposition is equal to the limit of f,, * g,,. For this, it suffices to see
that

[ fn % gn = clly = /G [/ * gn(s) = c(s)]| dp(s)

< /G /G Von (7, 5) — h(r, )| dpu(r) da(s)
= o —
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tends to zero as n — oco. But this follows from

= = [ 1520000 = 7000t ) ) )
< [ 1) = £l 5) ) )

" rls) —g(r's r s

[ 1@ 75) = o~ )l ditr) )

= [lfn = Fllallgnlls + [[fl11llgn = gl

where we have invoked Tonelli’s Theorem B.39 on page 346 in the first line and the
last. O

Remark B.44. One advantage of the approach to defining the convolution product
via C.(G, A) is that associativity in L*(G, A) follows from associativity of convo-
lution in C.(G, A). However, it is still likely that it will be necessary to deal with
measurability issues such as the following. Suppose that that if f, g and h are in
LY(G, A), then we certainly expect that

(ryt,s) — f(r)aT(g(r_lt))at(h(t_ls)) (B.11)
is a measurable function on G x G x G. To prove this, the following lemma suffices.

Lemma B.45. Let (A,G,a) be a dynamical system. Suppose that f € L}(G, A)
and h(r,s) := o (f(r=*s)). Then h: G x G — A is measurable.

Proof. Since Haar measure is saturated, it suffices to see that h|c is measurable
for each compact set C' C G x G. Therefore it will suffice to show that h|xxx
is measurable for each compact set K C GG. To do this, we’ll produce measurable
functions h,, such that h,, — h almost everywhere on K x K. This will suffice in
view of Lemma B.11 on page 335.

Since f € LY(G, A), there are f, € C.(G,A) such that f, — f in L}(G,A).
Passing to a subsequence and relabeling, we can assume that there is a Borel null
set N such that f,(s) — f(s) for all s ¢ N. Since f, is continuous, h,(r,s) :=
o, (fn(r~'s)) certainly defines a measurable function (continuous in fact), and

b (r,s) — h(r,s)
for all (r,s) € K x K ~\ D, where
D={(rs)e KxK:r'seN}.

Since N is Borel, D is a measurable subset of K x K, and Tonelli’s Theorem B.39
on page 346 implies that

px p(D) = /GM(DT) dp(r),

where D, := {s: (r,s) € D}. Since D, C rN, it follows that D is a null set. This
completes the proof. O
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Remark B.46. Notice that once we know that (B.11) is measurable, it follows from
Tonelli’s Theorem that (B.11) is in £1(G x G x G, A). Then Fubini’s Theorem
implies for almost all s € G,

(r,t) = f(r)ar (9(r ) o (h(t's)) (B.12)

is in £1(G x G, A). Tt is interesting to note that the integrability of (B.12) for any
given s seems hard to prove directly when considered as a function of r and ¢ alone.



Appendix C

Bundles of C*-algebras

It is often repeated that a C*-algebra should be thought of as a noncommutative
analogue of the space of continuous functions vanishing at infinity on a locally
compact Hausdorff space X. This analogy can be very powerful and underlies
much recent progress subsumed by the terms noncommutative algebraic topology
and noncommutative geometry. A very modest step in this direction is to try to
view a given C*-algebra A as a set of sections of some sort of bundle. For example,
Co(X) is the family of sections of the trivial bundle over X, and Cy(X, M,,) is the
family of sections of X x M, viewed as a bundle over X. The natural candidate for
the base space X is the primitive ideal space Prim A of A. However, from the point
of view of bundle theory, Prim A is rarely sufficiently well behaved as a topological
space to be of much use. Instead, the usual thing to do is to find a locally compact
Hausdorff space X — which will turn out to be a continuous image of Prim A —
over which A fibres in a nice way. Such algebras now go by the name of Cy(X)-
algebras, and were introduced by Kasparov in [87]. We prove here that they all
can be realized as section algebras of an upper semicontinuous C*-bundle over X.
The adjective “upper semicontinuous” is used to distinguish these bundles from
the more classical C*-bundles which have been studied extensively. C*-bundles
were originally studied by Fell under the name “continuous fields of C*-algebras”,
and there is an extensive literature starting with [34,50,53]. A up to date survey
can be found in [54, §I1.13]. Upper semicontinuous C*-bundles were introduced
by Hofmann and further references and a discussion of both sorts of bundles can
be found in [35]. Lee’s Theorem [99, Theorem 4], which characterizes which C*-
algebras can be realized as section algebras of C*-bundles is part of the main result
in this chapter where it is also proved that a C*-algebra is a Cy(X)-algebra if
and only if it is isomorphic to the section algebra of a upper semicontinuous C*-
bundle over X (Theorem C.26 on page 367). Much of the material developed
here on Cy(X)-algebras, and a good deal more, can be found in [9,43,113]. The
correspondence between Cp(X)-algebras and bundles was explored in [113] but
without explicitly exhibiting a total space.

It is interesting to note that even though there are Cy(X)-algebras which are
not the section algebras of C*-bundles over X, the technology used here is nearly

353
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identical to that developed by Fell for C*-bundles.

C.1 Cy(X)-algebras

Definition C.1. Suppose that A is a C*-algebra and that X is a locally compact
Hausdorff space. Then A is a Cy(X)-algebra if there is a homomorphism ®4 from
Co(X) into the center ZM (A) of the multiplier algebra M (A) which is nondegen-
erate in that the ideal

P4(Co(X)) - A=span{Pa(f)a: f € Co(X)and a € A} (C.1)
is dense in A.

One reason to study Cp(X)-algebras is that they are fibred over X in a natural
way. Note that if J is an ideal in Cp(X) (or even a subalgebra), then the closure
of ®4(J)- A is an ideal in A. If J, is the ideal of functions vanishing at =z € X,
then we denote the ideal ® 4(J;) - A by I, and think of the quotient A(x) := A/I,
as the fibre of A over x. If a € A, then we write a(x) for the image of a in A(x),
and we think of a as a function from X to [], . A(z).

Ezample C.2. If D is any C*-algebra, then A = Cy(X, D) is a Cy(X)-algebra in a
natural way:

D4(f)(a)(z) := f(x)a(z) for f € Co(X) and a € A.

In this case, each fibre A(x) is easily identified with D, and the identification of
elements of A with functions on X is the obvious one.

Ezample C.3. A degenerate example is the following. Let A be any C*-algebra and
xo any point in X. Then A becomes a Cy(X)-algebra via

®4(f)(a) = f(zo)a.
Here A(z) is the zero C*-algebra unless x = xy in which case A(xo) = A.

To avoid pathological examples such as Example C.3, one could insist that ® 4
be injective. However, the general theory goes through smoothly enough without
this assumption. Of course, in most examples of interest, it will turn out that ® 4
will be injective.

Ezxample C.4. Suppose that X and Y are locally compact spaces and that o : Y —
X is continuous. Then Cy(Y') becomes a Cy(X )-algebra with respect to the map
(I)CO(Y) defined by

Doy (N9 ) = f(e(1)9(y).

In this example, the fibres Co(Y)(z) are isomorphic to Co (o~ (x)). If f € Co(Y),
then f(z) is just the restriction of f to o~!(z).

Proof. Tt is clear that ®¢,y)(f) € ZM (Co(Y)) = M(Co(Y)) = C*(Y). The only
issue is nondegeneracy. But (C.1) is an ideal I in Cy(Y") without any common zeros.
It then follows from the Stone-Weierstrass Theorem ([127, Corollary 4.3.5]) that T
is dense in Cy(Y). O
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In fact, Example C.4 on the preceding page is very instructive and is not nearly
as specialized as it might seem at first. To explain this comment, recall that the
Dauns-Hofmann Theorem ([139, Theorem A.34]) allows us to identify ZM (A) with
C®(Prim A). More precisely, if a(P) denotes the image of a € A in the primitive
quotient A/P, then there is an isomorphism ¥ of C®(Prim A) onto ZM (A) such
that

(T(f)(a))(P) = f(P)a(P) for all f € C’(PrimA), a € A and P € Prim A.

Alternatively, we can also characterize ¥ in terms of irreducible representations. If
w € A, then

7(U(f)a) = f(kerm)m(a) for all f € C°(Prim A) and a € A.
(¥(f)a)

It is common practice to suppress the ¥ and write f - a in place of ¥(f)(a). Thus
if 0 : Prim A — X is any continuous map, we get a homomorphism ® 4 : Co(X) —
C®(Prim A) = ZM(A) by defining

Qa(f)=foo.

To see that ® 4 is nondegenerate, recall that (C.1) is an ideal I. If 7 € A, then

m(®a(f)(a)) = f(o(kerm))m(a),

and it follows that w(I) # {0}. Since 7 is arbitrary, I must be dense in A. Thus,
we have proved the first statement in the following proposition.

Proposition C.5. Suppose that A is a C*-algebra and that X is a locally compact
space. If there is a continuous map o4 : Prim A — X, then A is a Co(X)-algebra
with

DA(f)=fooa forall feCyX). (C.2)

Conversely, if ®4 : Co(X) — C*(Prim A) = ZM (A) is a Co(X)-algebra, then there
is a continuous map o4 : Prim A — X such that (C.2) holds.

In particular, every irreducible representation of A is lifted from a fibre A(x)
for some x € X. More precisely, if m € A, then the ideal I5 , (kerx) @S contained in
kerm, and 7w s lifted from an irreducible representation of A(U(ker ﬂ')) Thus we

can identify A with the disjoint union H.ex A(x)".

As we shall see in the proof of this result, it is often easier to work with the
spectrum A of A rather than the primitive ideal space Prim A. Because the topology
on A is simply pulled back from that on Prim A, any continuous map f : Prim A —
Y has a continuous lift f to A. 1If points are closed in Y, then every continuous
map from AtoY is a lift.

Lemma C.6. Suppose that Y is a topological space in which points are closed and
suppose that f : A — Y is continuous. Then f factors through Prim A; that is,
there is continuous function f : Prim A — Y such that f(kerw) = f(m) for all
m e A
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Proof. It is easy to see that if such an f exists, then it is continuous. Thus it
suffices to see that if kerm = ker p, then we must have f(7) = f(p). Since points
in Y are closed, f~'(f(w)) is closed and therefore contains {7 }. If ker p = kerm,

then p € {7 }. O

Lemma C.7. Suppose that m; — m in A and that mi(a) = 0 for all i. Then
m(a) = 0.

Proof. Let J = (\kerm;. Then a € J, and {p € A:kerp C J} is a closed subset
of A containing each m;. Thus it must also contain = and ker 7 O J. This implies
m(a) = 0 as required. O

As with the Dauns-Hofmann Theorem, it is common practice to suppress men-
tion of the homomorphism ®4 and simply write f - a in place of ®4(f)(a). Then
A becomes a nondegenerate Cy(X )-bimodule satisfying

fra=a-f and (f-a)"=da"-f. (C.3)

In particular, it is a consequence of the Cohen Factorization Theorem that every
element in A is of the form f - a [139, Proposition 2.33].

Proof of Proposition C.5. The first assertion was proved above. Assume that ® 4 :
Co(X) — CP(Prim A) = ZM(A) is a nondegenerate homomorphism. Let 7 € A.
Since @ 4(f) is in the center of M(A), 7(®4(f)) commutes with every operator in
m(A). Since 7 is irreducible, 7(®4(f)) is a scalar multiple w(f) of the identity,
and w : Cp(X) — C is a complex homomorphism. Since ® 4 is nondegenerate, w
is nonzero and is given by w(f) = f(&(r)) for some point &(7) € X (cf. [127,
Example 4.2.5]). In view of Lemma C.6 on the preceding page, to prove the second
assertion it suffices to prove that & is continuous.

To that end, suppose m; — 7, and suppose to the contrary that &(m;) 4 ().
Then we can pass to a subnet, relabel, and assume there is an open neighborhood
V of a(m) which is disjoint from each 7(m;). But then there is a f € C.(X) such
that f(a(m)) = 1 while f((m;)) = 0 for all . Then there must be an a € A such
that 7(f - a) # 0 while m;(f - a) = 0 for all . Together with Lemma C.7, this is a
contradiction.

Ifre /1, then the definition of & implies that

7(f-a) = f(6(r))n(a) forall f € Co(X) and a € A.
In particular, Iy := span{ f-a : f(d(7)) = 0} is contained in kerr and 7 is

lifted from an irreducible representation of the quotient A(g(7)). The remaining
assertions follow easily. O
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It will be helpful to keep in mind a straightforward special case of Example C.4
on page 354.

Ezample C.8. Let Y be the subset of R? consisting of 3
the line segments from (0, 0) to (2,1) to (1,2) to (3,3).

Let X =[0,3] C R and let p: Y — X be the projec- o
tion onto the first factor. Then, as in Example C.4 on
page 354, A = C(Y) is a C(X)-algebra. Note that

C ifzxel0,1)orzxe (23]
Az) =< C? ifr=1orx=2, 0 ' 2 3
C? ifze(1,2).

Let f € A be defined by

1 if y <3,
fley)=q4—2y if 3 <y<2 and
0 if y > 2.

If we write f(z,-) for the image of f in C(Y)(z), then « — || f(x,-)|| is the indicator
function of the closed interval [0, 2] in [0, 3]. This is the prototypical example of an
upper semicontinuous function.

Definition C.9. If X is a topological space, then f: X — R is upper semicontin-
wous if

{zeX:flx)<r}
is open for each r € R.

Proposition C.10. Suppose that A is a Cy(X)-algebra.

(a) For each a € A, the function x — |a(x)| is upper semicontinuous, and
vanishes at infinity on X in the sense that {x € X : ||a(x)|| > k} is compact
for each k > 0.

(b) The functions x — ||la(z)|| are continuous for all a € A if and only if the map
o4 :PrimA — X is open.

(c) For each a € A,
l[all = sup [[a(z)]
zeX

(d) If f € Co(X) and a € A, then (f - a)(z) = f(z)a(z).

Proof. Let 34 be the lift of 04 to A. Since the irreducible representations of A(z)
are all of the form a(z) — 7(a) for some m € A satisfying 54(7) = z, and since
given a(z) € A(x), there is an irreducible representation of A(z) preserving the
norm of a(z) ([139, Theorem A.14]), it follows that for all £ > 0

{zeX fa@)|>k}=ca({re A:|x(a)| > k}). (C4)
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However, for any C*-algebra A and any k > 0, {w € A : ||[x(a)|| > k} is compact
([139, Lemma A.30(b)]). Since o4, and hence G4, is continuous, the left-hand side
of (C.4) is compact and therefore closed in the Hausdorff space X. It now follows
easily that {z € X : ||la(x)|| < k} is open for all k. This proves (a).

Notice that

{ze€X:|a@)|>k}=ca({red:|ra)]>k}). (C.5)

Suppose that 4 is an open map. Then 4 is open, and since {7 € A : ||7(a)|| >
k} is open in any C*-algebra, it follows that the left-hand side of (C.5) is open.
Together with (a), this shows that z — ||a(x)]|| is continuous when o4 is open.

For the converse, assume that « — ||a(z)|| is continuous for all a € A. To see
that o4 is open, it suffices to check that 4 is open. For this it is enough to show
that 54(0y) is open, where Oy = {p € A : p(J) # {0} } for some ideal J in A.
But 1

0,=1J Ulred: o] > 11,

acJneN
Using (C.5),

5200 = Utz X:fa@) > -

acJ neN

Since the latter is open, this completes the proof of (b).

Part (c) is straightforward. To prove part (d), note that if a = ¢ - b, then
f@)a—f-a=(f(x)g—fg))-a€ I,. Thus f(z)a(z) = (f-a)(x) in this case. Since
every element of A is of this form by [139, Proposition 2.33],* this completes the
proof. O

Since any ideal I of A is also an ideal in M (A), a multiplier m € M (A) defines
a multiplier my of A/I: my(a+1I):=m(a)+ 1. Thus if A is a Cy(X)-algebra, then
each multiplier m € M (A) determines a map x — m(z) with each m(z) € M (A(z))
and m(a)(z) = m(z)(a(x)). It is natural to ask when such a map determines a
multiplier.

Lemma C.11 (cf. [99, Lemma 2]). Suppose that A is a Co(X)-algebra and that for
each x € X, m, is an element in M(A(x)) If for each a € A there are elements
b,c € A such that for all x € X,

b(x) = mga(z) and c(z) =mia(z), (C.6)

then
(a) there is a m € M(A) such that m(x) = my for all x € X, and
(b) sup,ex [[m(z)] = [lm]| < oo.

Remark C.12. Condition (C.6) is equivalent to requiring that for all a € A there
are elements b, b’ € A such that b(z) = mya(x) and b/ (z) = a(z)m, for all z € X.

Mnstead of invoking [139, Proposition 2.33], we could simply observe that elements of the form
g - b span a dense subspace.
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Proof. We define a map m : A — A by m(a)(x) := mgza(z). Then m is clearly
adjointable with m*(a) = mXa(x), and so defines an element m € L(A4) := M(A).
This establishes (a).

Let L :=sup, |[m(x)||. Then Proposition C.10 implies that

lm(a)l = sup [jm(a) ()]
< sup [|m(z)|llla(=)l|

< sup [|m(z)][|all
x

Thus ||m| < L. Fix ¢ > 0 and 2 € X. We can find b € A(z) of norm one such that
[lm(z)b(z)|| > ||m(x)|| — €. Since the norm on A(x) is the quotient norm, there is an
a € A with a(x) = b and ||a|]| < 14 €. But then ||m(a)|| > ||m(a)(z)] > ||m(z)| —e.
It follows that

Hm” > Hm(I)H — €
- 1+e
Since € is arbitrary, ||m|| > ||m(z)| for all z € X, and L < ||m|. O

Ezxample C.13. It would be easy to speculate that, if in the statement of
Lemma C.11 on the facing page, we also require X to be compact (or more
generally, if we require  — ||m(z)| to vanish at infinity) and m, € A for all
x, then the multiplier m should actually belong to A. However, this is not the
case. Consider X = {0} U {1 : n > 1} with the relative topology from R.
Let A = C(X,K(H)) where H is an infinite-dimensional Hilbert space with
orthonormal basis { e, }. Then M(A) is C(X, B(H)s) where B(H)s denotes B(H)
equipped with the x-strong topology ([139, Proposition 2.57]). In particular, if p,
is the rank-one projection onto the space spanned by e,, then p, — 0 strongly
(and, since p,, = p}, x-strongly), and

0 ifxz=0,and
m(x) = 1

pn ifx=2=

n

defines a multiplier of A which is not in A.

Remark C.14. Example C.13 also shows that = +— |m(z)|| need not be upper
semicontinuous; the multiplier m defined there has the property that { z : |m(z)|| <
1} = {0} which is not open. At first glance, this might appear to be a little
surprising since M (A) misses being a Cy(X)-algebra only because ® 4 need not be
nondegenerate as a map into M (A).

Corollary C.15. Suppose that A is a Co(X)-algebra, that d, € A(x) for allxz € X
and that for all a € A there are b,c € A such that for all x € X

b(x) =dga(x) and c(x) =dia(z).

x

If for each k > 0, {x € X : ||dy|| > k} has compact closure, then the following are
equivalent.
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(a) There is a d € A such that d(z) = dy, for allx € X.
(b) The functions x +— ||d; — a(x)|| are upper semicontinuous for all a € A.

(c) For each x € X and € > 0 there is a neighborhood U of x and an element
a € A such that ||dy — a(y)|| <€ forally € U.

Proof. That (a) = (b) follows immediately from Proposition C.10 on page 357.
Given = € X there is an a € A such that a(z) = d,. If (b) holds, then
y — |ldy — a(y)|| is upper semicontinuous, and has the value zero at z. Thus
(b) = (c).
We still need to show that (¢) = (a). However, a partition of unity argument
implies that for each n there is an a,, € A such that

1
sup ||d — an(z)|| < —.
rzeX n

However, Lemma C.11 on page 358 implies that there is a d € M(A) such that
d(z) = d,, and that ||d — a,|| < +. Thus a, — d in norm, and d € A. O

C.2 Upper Semicontinuous C*-bundles

In this section we introduce the notion of an upper semicontinuous C*-bundle over
a locally compact space X. Our definition is a minor modification of what many
authors have called a C*-bundle or a continuous C*-bundle. It is a bit surprising
to see that the theory for upper semicontinuous C*-bundles is so similar to that
for ordinary C*-bundles. Many of the arguments and proofs here are virtually
identical to those for C*-bundles as given in [54, §I1.13]. These observations on
upper semicontinuous-bundles go back to work of Hofmann [75-77], and many of
the details can be found in [35].

Recall that in general, a bundle is simply a surjective map p from one set A
onto another, say X. Then X is the base space and A is called the total space.
The set p~!(z) is called the fibre over z. Various additional requirements are
added depending on what category one is working in. For topological bundles, it is
standard to require A and X to be topological spaces and to require p to be both
continuous and open. Often there are requirements for “local triviality”, but here
the bundles we are looking at will rarely be locally trivial or even have isomorphic
fibres. Although a bundle formally consists of the triple (A, p, X), it is standard to
refer to the bundle by either the map p or, if p is understood, by simply the total
space A.

Definition C.16. An upper semicontinuous C*-bundle over X is a continuous,
open, surjection p : A — X together with operations and norms making each fibre
A, = p~1(x) into a C*-algebra such that the following axioms hold.
Al: The map a — |ja|| is upper semicontinuous from A to R.
A2: The involution a — a* is continuous from A to A.
A3: The maps (a,b) — ab and (a,b) — a-+b are continuous from A := { (a,d) €
Ax A:pla) =p)} to A
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A4: For each A € C, the map a — Aa is continuous from A to A.
A5: If {a; } is a net in A such that |ja;]| — 0 and p(a;) — = in X, then a; — 0y,
where 0, is the zero element in A.,.

If “upper semicontinuous” is replaced by “continuous” in axiom Al, thenp: 4 — X
is called a C*-bundle over X.

The axioms in Definition C.16 on the facing page are more generous that one
might think at first glance. For example, we have the following strengthening of
axiom A4.

Proposition C.17 (cf. [54, Proposition I1.13.10]). Suppose that p : A — X is an
upper semicontinuous C*-bundle over X. Then scalar multiplication (\,a) — Aa
is continuous from C x A to A.

For the proof we need another observation.
Lemma C.18. Ifa; — 0, in A, then |ja;|| — 0.

Proof. By axiom Al, the set {a € A : ||a|| < €} is open for all € > 0. Thus we
eventually have ||a;|| < € for all € and the result is proved. O

Proof of Proposition C.17. Suppose that A\; — X and a; — a. Notice that p(\;a; —
Aa;) = p(a;) — p(a). Since ||a;|| < ||a; —al|+ ||a]| and ||a; —al| — 0 by Lemma C.18,
{|la;]| } is eventually bounded and |[A;a; — Aa;|| = |Ai — AllJa;|| — 0. Thus A\a; —
Aa; — 0p(q) by axiom Al. But Aa; — Aa by axiom A4, and

i@ = Nja; — Aa; + da; — Op(a) + Aa = Aa. O

Remark C.19. As we shall see (Example C.27 on page 368), the total space of an
upper semicontinuous C*-bundle p : A — X need not be Hausdorff. However, if
p is a (continuous) C*-bundle, then A is Hausdorff. To see this, suppose {a; }
converges to both b and ¢. Since X is Hausdorff, p(b) = p(c), and axiom A3 implies
that Opq,) = @i —a; — b—c. If a — |la|| is continuous, then [|b —¢|| = 0 and
b = c¢. However, for any upper semicontinuous C*-bundle p : A — X, we at least
know that the relative topology on each fibre A, is just the norm topology. This
is proved exactly as in [54, Proposition I1.13.11]: suppose that a; — a in A with
p(a;) = p(a) for all i. Then a; —a — 0,(,) by axiom A3, and |la; — a| — 0 by
Lemma C.18. Conversely, if ||a; — al| — 0, then a; —a — 0p(,) by axiom A5. Thus
a; — a in A by axiom A3.

Although the statement of the next result seems awkward, it is nevertheless

very valuable in practice as it allows us to pin down the topology on upper semi-
continuous C*-bundles.

Proposition C.20 (cf. [54, Proposition 11.13.12]). Suppose that p : A — X is
an upper semicontinuous C*-bundle over X. Let {a;} be a net in A such that
p(a;) — pla) for some a € A. Suppose that for all € > 0 there is net { u; } (indezed
by the same set) in A and u € A such that

(a) u; = uin A,
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(b) p(us) = p(ai),
(¢) lla —u| <e, and
(d) |la; — u;|| < € for large i.

Then a; — a.

Proof. Since X is Hausdorff, we must have p(u) = p(a) (and so (c) at least makes
sense). Since it suffices to show that every subnet of { a; } has a subnet converging
to a, we can pass to subnets at will. In particular, since p is open, we can pass to a
subnet, relabel, and find ¢; € A such that ¢; — a and p(¢;) = p(a;). Now fix € > 0
and choose u; as above. Since addition is continuous, ¢; — u; — a — u in A. Since
la — u]| < e by assumption and since {b € A : ||b]| < €} is open, we eventually
have ||¢; — u;|| < e. The triangle inequality then implies that we eventually have
la; — ¢ < 2e. As € is arbitrary, we’ve shown that ||a; — ¢;|| — 0. Then axiom A5
implies a; — ¢; — 0p(,). Therefore

a; = (a; —c;) + ¢; — Opq) +a = a. O

Definition C.21. If p : A — X is any surjection, then f : X — A is called a
section if p(f(:z:)) =z for all x € X. The set of continuous sections of an upper
semicontinuous C*-bundle is denoted I'(A). The collection of continuous sections
which vanish at infinity is denoted T'g(A).2

It is not obvious that an upper semicontinuous C*-bundle has any continuous
sections other than the zero section. In general a bundle p : A — X is said
to have enough sections if given any x € X and any a € A,, then there is a
continuous section f such that f(z) = a. A result of Douady and dal Soglio-Hérault
implies that C*-bundles over locally compact spaces X have enough sections [54,
Appendix C]. Hofmann has noted that the same is true for upper semicontinuous
C*-bundles over locally compact spaces in [76, Proposition 3.4], but the details have
not been published [75]. In the examples we’re interested in — namely bundles
arising from Cp(X)-algebras — it will be easy to see that there will always be
enough sections. Thus, in the sequel, we will assume that all our bundles do have
enough sections. The next lemma is an immediate consequence of the axioms and
Proposition C.17 on the previous page.

Lemma C.22. Suppose that p : A — X is an upper semicontinuous C*-bundle
over X. Then T'(A) is a x-algebra with respect to the natural pointwise operations.
Moreover, if ¢ : X — C is continuous and f € T'(A), then ¢ - f € T'(A) where

- f(x) = o) f(2).

Proposition C.23. Suppose that p : A — X is an upper semicontinuous C*-
bundle over X. Then I'o(A) is a Co(X)-algebra with respect to the sup-norm and
the natural action of Co(X) on sections. For each x € X, we have T'g(A)(z) = Ay.

21f f € T(A), then {z : ||f|| > €} is always closed in X. If it is compact for all € > 0, then we
say that f vanishes at infinity.
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Proof. Since ||f]| := sup, || f(z)|| clearly defines a norm on T'g(A), and in view of
Lemma C.22 on the facing page, in order to show that T'g(A) is a C*-algebra, we
just need to see that it is complete. Let { f,, } be a Cauchy sequence in T'y(.A). Since
each A, is a C*-algebra, there is a (not necessarily continuous) section f: X — A
such that f,,(z) — f(z) for allz € X. Standard arguments imply that || f,,— f| — 0.
It will suffice to see that f is continuous. Towards this end, let z; — x in X, and
we'll show that f(x;) — f(x) using Proposition C.20. Fix € > 0, and choose N so
that || fx — f|| < e. Since fn(z;) — fn(x), we can let a; = f(z;) and u; = fn(x;),
and then Proposition C.20 on page 361 implies that f(z;) — f(z).

We still have to see that ®4(¢p) is in ZM (T'o(A)) where ®4(p)(f) = ¢ f. But
® 4 (¢p) is clearly an adjointable operator with adjoint ® 4(@). Since f(¢-g) = ¢-(f9g),
it follows that ®4(¢) € ZM(A), and nondegeneracy is an easy exercise. Thus we
have established that I'g(A) is a Cy(X)-algebra.

It is not hard to check that I, = { f € ['o(A) : f(z) =0}. Then f+I, — f(z)is
clearly an isomorphism of I'g(A)(z) onto A,. (Note that after identifying I'g(A)(x)
with A, we can view f(x) as either the value of f at x or the image of f in

To(A)(x).) O

Proposition C.24. Suppose thatp : A — X is an upper semicontinuous C*-bundle
over X and that T is a subspace of T'o(A) such that

(a) feT and p € Co(X) implies p - f €T, and
(b) for each x € X, { f(x): f €T} is dense in A,.
Then T is dense in T'o(A).

Proof. Fix f € To(A) and € > 0. We need to find g € T" such that sup,cx || f(z) —
g(x)|]| < e Let K be the compact set {z € X : ||[f(x)|] > §}. Given z € K, there

€

is a g € I' such that | f(z) — g(z)| < §. Using upper semicontinuity, there is a
neighborhood U of x such that

1f@) -9l <5 ifyeU.

Since K is compact, there is a cover {U; }?_; of K by open sets with compact
closure, and ¢; € I' such that

1@~ gl <5 ifyeU.

Using a partition of unity as in Lemma 1.43 on page 12, there are functions { ¢; } C
CF(X) such that supp ¢; C U; and

i () =1 ifze K, and
L <1 e g K.
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By assumption, >, ¢; - g; € I'. On the other hand, if z € K, then
[#@) = Y et = | X ei@) (f@) - gul) |
< Z pi(@)|f(x) = gi(z)]]

< €.

IN
Wl o

But if 2 € U; \ K, then ||g;(z)|] < 2. Since suppyp; C U;, for any z in the
complement of K, ¢;(z)||gi(z)|| < 3 ¢;i(z). Thus if z ¢ K, we still have

[£@) =S e@e@)|| < I5@l+ X ei@)lg @)

< £ 2%
s t3 =e
Therefore sup, || f(z) — (32, ¢i - 9:) (z)|| < € as required. O

Since it is not at all obvious how to find an upper semicontinuous C*-bundle,
it is significant that the converse of Proposition C.23 on page 362 holds: every
Co(X)-algebra is the section algebra of an upper semicontinuous C*-bundle. It is
worth repeating that ideas and proof are virtually unchanged from Fell’s proof for
C*-bundles (cf. [54, Theorem I11.13.18]).

Theorem C.25 (Fell). Suppose that A is a set and p : A — X is a surjection onto
a locally compact space X such that each A, :=p~'(x) is a C*-algebra. Let T be a
x-algebra of sections of A such that

(a) for each f €T, x| f(z)| is upper semicontinuous, and
(b) for each x € X, { f(x): f €T} is dense in A,.

Then there is a unique topology on A such that p: A — X is an upper semicontin-
uwous C*-bundle over X with T C T'(A).

If we replace “upper semicontinuous” by “continuous” in (a), thenp: A — X
is a C*-bundle over X.

Proof. If T is any topology on A such that p : A — X is an upper semicontinuous
C*-bundle with T' consisting of continuous sections satisfying (a) and (b), then
Proposition C.20 on page 361 implies that a; — a in (A, 7) if and only if p(a;) —
p(a) and for each € > 0 there is an f € T" such that Hf(p(a)) - aH < € and we
eventually have H f (p(al-)) — aiH < €. Thus, 7, if it exists, is uniquely determined
by T

To show that an appropriate topology exists, we’ll proceed in three steps. First,
we’ll nominate a family of sets and prove it constitutes a topology on A. Second,
we’ll show that p: A — X is an upper semicontinuous C*-bundle with respect to
this topology. Thirdly, we’ll need to see that each f € I' is continuous.

Step I: Let 7 be the collection of unions of sets of the form

W(f,Ue)={aec A:p(a) €U and Ha—f(p(a))H <e}
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where f € I', U is an open set in X and € > 0. To see that 7 is a topology, it will
suffice to see that it is closed under intersections. For this it will suffice to see that
ifae W(f,Ue)yNW(g,V,o), then there is a triple (h, Z, o) such that

aeW(h,Z,0) C W(f,U,e)nW(g,V,d).
Note that ||a — f(p(a))|| < € and |la — g(p(a))|| < 6. Thus there is a o > 0 so that

Ja = f(p(a))|| <e—20 and [a—g(p(a))]| <&~ 20.

Choose h € T such that ||a — h(p(a))| < 0. Since h — f € T, & — ||h(z) — f(2)]| is
upper semicontinuous, as is x +— ||h(z) — g(z)||. Since

17 (p(a) = f(p(@) | < [[n(p(@) = al| + [la = f(p(a) | < e —o and
17 (p(@) = g(p(@)]| < [|2(p(a) = al| +[|la = g(p(a) | < 5 =0,

it follows that there is a neighborhood Z C U NV of p(a) such that

[h(y) = fWll <e—0o and |h(y)—gy)ll<d-0o

for all y € Z.
Now by our choice of h, a € W(h, Z,0) andif b € W(h,Z, o), then p(b) € Z C U
and

lo= £ (p®)] < [lo = nE®)] + |2 (p@®) ~ £ (p0)]]

<o+(e—o0)=c¢

That is, W(h,Z,0) € W(f,U,€). Similarly, W(h,Z,0) C W(g,V,d) and we've
completed Step 1.

Step II: We need to see that p : (A,7) — X is an upper semicontinuous C*-
bundle as in Definition C.16 on page 360. In particular, we have to check that
p is continuous and open. Suppose that U C X is open and that a € p~1(U).
Choose f € I such that |la — f(p(a))|| < 1. Then W(f,U,1) is a neighborhood of
a contained in p~1(U), and p is continuous. Given W(g,V,d) and z € V, we have
g(z) € W(g,V,6). Thus p(W(g,V,6)) =V and it follows that p is open. So it only
remains to verify axioms A1-A5.

Axiom Al: Suppose that |a| < . Let 6 > 0 be such that ||a|| < a — 24, and
choose f € T such that Hf(p(a)) — aH < §. Then Hf(p(a)) H < a— 0 and the upper
semicontinuity of x — || f(z)|| implies that there is a neighborhood U of p(a) such
that ||f(y)|| < a — 6 for all y € U. Therefore if b € W(f,U,J), then

1Bl < 1o = £ (@) + I ()]l <

and it follows that {a € A : |la]| < o} is open. In other words, axiom Al is
satisfied.
Axiom A2: Since a € W(f,U,¢) if and only if a* € W(f*,U,¢), it follows that

a +— a* is continuous.
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Axiom A3: Let (a,b) € A® with ab € W(f,U,¢). For convenience, let = be
the common value of p(a) and p(b). Let 6 > 0 be such that ||ab — f(x)]] < e — 20.
Choose g and h in I" such that

: 0 1
llg(z) —al| < o4 := mln{2( } and

ol +1) 2

] 1
|h(z) = 0| < op := min{i, —}.
2(flall +1)" 2
Note that [|g(z)|| < [la|]| + 3 and ||h(z)| < ||b]| + 3 and consequently our choices
imply that
|lab — g(x)h(x)|| < 4. (C.7)

Therefore,
lg(@)h(z) — f(@)I] <e—é.

Since g, h and gh — f are in I', there is a neighborhood V' C U of = such that for
ally e V,

lo)lI < llall+ 5, Ia@)I < Il +5 and Jlg)hly) — FG) < e~

Thus if ¢ € W(g,V,0,) and d € W(h,V,0p) are such that p(c) = y = p(d), then
lell < lle — g)ll + gl < lloll + 1 (similarly, ] < [ + 1), and our choices
imply that

led = f()l < lled = g()hW)I + llg(w)h(y) — fF(Y)I
<d+(e—9) =e

Therefore W (g, V,0,)W (h,V,0,) C W(f,U,¢), and we proved that multiplication
is continuous.? The proof that addition is continuous is similar, but easier.

Axiom A4: We just have to notice that if A # 0, then a € W(%f7 U, ﬁ) implies
that Aa € W(f,U, ).

Axiom A5: Suppose that |la;|| — 0 and that p(a;) — 2. We need to check
that a; — 0,. Let 0, € W(f,U,e) Then z € U and there is a § > 0 such that
[ f(z)]| <e— 6. Eventually, we have p(a;) € U, ||f(p(as))|| < e—0 and ||a;| < 6.
But then

lai — £ (p(a) |l < llaill + || £ (p(a0)) || < e.

Thus we eventually have a; € W(f,U,¢), and since the W(f,U,¢€)’s form a basis
for 7, a; — 0, as required. We’ve shown p : A — X is an upper semicontinuous
C*-bundle over X.

Step III: We need to see that each f € T is continuous from X to 4. So suppose
that ; — z in X, and suppose, to the contrary, that f(z;) 4 f(z). Passing
to a subnet and relabeling, we may as well assume that there is a neighborhood

31f C and D are subsets of a bundle A, then CD is defined to be {cd
ceC,de D and p(c) =p(d)}.
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W (g,U,€) of f(z) which is disjoint from { f(z;) }. Since p(f(z;)) = x;, we must
eventually have

I1f(zi) — g(z:)|| > e

Since f —g €T, y+— ||f(y) — g(y)| is upper semicontinuous, and we must have

/() = g(@)|| > .

Therefore f(z) ¢ W(g,U,€) which contradicts our choice of W (g, U, €), and com-
pletes proof in the upper semicontinuous case.

To prove the final assertion, we just have to show that if z — || f(z)|| is contin-
uous for all f € T, then a — ||a|| is continuous from A to R. However, since we
already have shown a — ||a|| is upper semicontinuous, it will suffice to show that
{a € A:la|] >a} isopen. So let a be such that |la|| > a. Let ¢ be such that
al| > a4+ 25. Choose f € T such that | f(p(a)) —al| < 6. Then || f(p(a))|| > 4.
Continuity implies there is a neighborhood U of p(a) such that y € U implies that
If ()] > a+6. Now if b e W(f,U,J), we have

181l = [|f (p®)) | = [|f (0(®)) = b]| > (@ +6) =6 = e,
and it follows that {a € A : ||a]| > o} is open. O

We can summarize much of this chapter in the following theorem. The final
assertion is often called Lee’s Theorem (cf. [99, Theorem 4]).

Theorem C.26. Suppose that A is a C*-algebra. Then the following statements
are equivalent.

(a) A is a Cy(X)-algebra.
(b) There is a continuous map o4 : PrimA — X.

(¢c) There is an upper semicontinuous C*-bundlep : A — X over X and a Cy(X)-
linear isomorphism of A onto Tg(A).

Moreover, if A is a Co(X)-algebra, then o4 : Prim A — X is open if and only if
p: A— X is actually a C*-bundle over X.

Proof. Proposition C.5 on page 355 implies (a) and (b) are equivalent. Proposi-
tion C.23 on page 362 shows that (c) implies (a). Thus it will suffice to prove that
(a) = (c). Let A = [[,cx A(z), let p: A — X be the canonical map and let
I'={z+ a(z):a € A}. Now Fell’s Theorem C.25 on page 364 implies that .4 has
a topology making p : A — X an upper semicontinuous C*-bundle with T" C T'(A).
In view of Proposition C.10 on page 357, I' C T'o(A), and T is dense in I'y(A) by
Proposition C.24 on page 363. Of course, the map from A to I' is a Cy(X)-linear
isomorphism in view of parts (¢) and (d) of Proposition C.10. Therefore, T is closed
and equal to T'g(A).

Now suppose A is a Cy(X)-algebra. If o : Prim A — X is continuous and open,
then x — |la(z)|| is continuous for all a € A all by Proposition C.10 on page 357,
and Theorem C.25 on page 364 implies the existence of A as required.

The converse follows from Proposition C.23 on page 362 and Proposition C.10
on page 357. (|



368 Bundles of C*-algebras

It is a worthwhile, albeit tedious, exercise to work out the topology on the
total space corresponding to Example C.8 on page 357. In particular, we note the
following.

Example C.27. Let A be the total space for the upper semicontinuous C*-bundle
corresponding over X so that C(Y) 2 T'y(A) in Example C.8 on page 357. Consider
the section f(z,-) defined there. We have f(x,-) = 0, if z > 2. But as x \, 2, we
must have 0, = f(x,-) — f(2,-) # 0. Since 02 must also be a limit point, A is not
Hausdorff.



Appendix D

Groups

Locally compact groups and Polish groups have rich Borel structures that often have
important implications. One important example of this are results which imply that
Borel and/or measurable homomorphisms are necessarily continuous. We prove a
couple of these “automatic continuity” results in Appendix D.1. In Appendix D.2
we prove an old result of Mackey’s that if a Borel group has an invariant measure
and a suitably rich Borel structure, then it also has a locally compact topology
compatible with the given Borel structure. In Appendix D.3, we employ some of
the machinery developed here to discuss projective and multiplier representations
of locally compact groups. Appendices D.4 and D.5 record a number of technical
results needed elsewhere in this book.

D.1 Group homomorphisms

When working in the category of topological groups, it goes without saying that
the natural notion of morphisms are continuous group homomorphisms. Neverthe-
less there are situations, particularly when working with projective and multiplier
representations (cf. Appendix D.3), when the continuity of naturally arising homo-
morphisms is in doubt. The purpose of this section is to show that under reasonable
hypotheses on the groups involved, all but the most pathological homomorphisms
are continuous.

Ezample D.1 (Discontinuous homomorphism). In one sense, it’s easy to give exam-
ples of discontinuous homomorphisms; for example, the identity map from R with
its usual topology to itself with the discrete topology is not continuous. However if
the groups in question are second countable locally compact groups, then exhibiting
examples is harder. Nevertheless, such examples exist — even from R to R. To
produce such an example, note that R is a vector space over the field Q of rational
numbers. Therefore R has an uncountable vector space basis {74 Jaca over Q.
Then we can prescribe a Q-linear map ¢ : R — R by setting the ¢(r,) to whatever

1Such a basis is sometimes called a Hamel basis, and its existence requires the Axiom of Choice
in the form of Zorn’s Lemma. If you’re bothered by that, you’re reading the wrong book.
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values we want. For example, let B = {«; }$°, be a countable subset of A, and

choose ¢; € Q so that

1
< -.
i

T

qi

Then we can define ¢ by

(ra) ¢; if a=a; € B, and
To) =
4 0 ifadB.

Now we have ro, /¢; — 0in R, but ¢(ry,/q;) = 1 for all i. Thus ¢ is not continuous.

As we shall see, any discontinuous homomorphism from R to itself, such as the
one constructed in Example D.1, will fail to be measurable (cf. Theorem D.3 or
Theorem D.11 on page 372). Some hint of this dichotomy is given by the following
remark.

Remark D.2. If a homomorphism ¢ : G — H between topological groups fails to be
continuous at a single point, then it fails to be continuous everywhere. If ¢ is not
continuous at s, then there is a net { s, } in G such that s, — s and p(s,) 2 ©(s).
But if r € G, then rs7ts, — 7. If p(rs71ss) — p(r) = ¢(rs~1)p(s), then after
multiplying by ¢(rs~1)~!, we would have a contradiction.

However, we still need some topological hypotheses to prove anything of sub-
stance. A case of particular interest occurs when all the groups in sight are locally
compact. Then measurability is enough to ensure continuity! (Of course, measur-
ability means with respect to the Haar measures on the groups involved.) The full
result [94] is bit too demanding to reproduce. However we can prove a nice result
which includes most cases of interest. Since any second countable locally compact
group is o-compact, our result will hold for all second countable locally compact
groups.

Theorem D.3. Suppose that G and H are locally compact groups, and that H is
o-compact. Then every measurable homomorphism ¢ : G — H is continuous.

We need the following lemma which is of interest in its own right.

Lemma D.4. Suppose that G is a locally compact group with Haar measure p, and
that A is a measurable subset with 0 < pu(A) < co. Then A=A contains an open
neighborhood of the identity e of G.

Remark D.5. Of course the Lemma applies equally well to any measurable set
of nonzero measure provided it contains a non-null measurable subset of finite
measure. If G is o-compact, then every set of infinite measure contains such a
subset. But in general, this can fail to be the case. For example, let Ry be the
reals with the discrete topology. Then S = Ry x {0} is a subgroup of Ry x R
with infinite measure, and yet it has no non-null subsets of finite measure (see
Remark B.2 on page 332). Clearly, S = S~1S contains no open subset. Thus S
is an example of a locally null set which is not null. (More importantly, S is also
an example of why many people restrict to second countable or at least o-compact

groups.)
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Proof of Lemma D.4 on the facing page. Since Haar measure is regular on sets of
finite measure, we can find a compact set K C A with u(K) > 0. Then the
characteristic function f of K is in L'(G) N L>®(G). Let f*(s) = f(s71)A(s™h).
Then it follows that f* % f is continuous; for example, see the computations on
page 319. Certainly it is positive and compactly supported with supp f* * f C
K~'K. Since f* * f(e) = u(K), the result follows. O

Proof of Theorem D.3 on the preceding page. Since it suffices to see that ¢ is con-
tinuous at e (Remark D.2 on the facing page), it suffices to show that = 1(V) is
open whenever V' is an open neighborhood of e in H.

Next I claim that it suffices to show that ¢~ (W) contains interior for every open
neighborhood W of e in H. To see this, choose g € o~ 1(V). Since ¢(g) € V, there
is a neighborhood W of e in H such that ¢(g)W? C V and such that W = W1,
By assumption, o=t (W?) D ¢~} (W)p =1 (W)~! contains a neighborhood of e in G.
Since gp~1(W?) is a neighborhood of g contained in ¢~1(V'), the claim follows.

Now let W be a neighborhood of e in H. Let U be a neighborhood of e in H such
that U? C W and U = U~!. Since H is o-compact, there is a sequence { h,, }5°; C
©(G) C H such that |J;—, hnU covers ¢(G). Choose g, € G so that ©(gn) = hn.
Notice that ¢~ (h,U) = gn ' (U). In particular, | J>~ | gne ™' (U) covers G. Since
Haar measure is left invariant, and since some g, (U) must contain a non-null
subset of finite measure, we conclude that ¢~!(U) has the same property. But
then Lemma D.4 on the preceding page implies that ¢=1(U?) = o= 1(U)p~1(U) !
contains interior. Since this last set is contained in ¢~ (W), we're done. O

Recall that a character on a group G is a homomorphism from G to the circle T.

Corollary D.6. Every measurable character on a locally compact group is contin-
UOUS.

Although Theorem D.3 on the facing page is striking, it is not quite what we
need to handle the sorts of questions arising from projective representations. To
study these, we have to consider homomorphisms into the unitary group U(H) of
a complex Hilbert space equipped with the strong operator topology. Note that
unless H is finite dimensional, U(H) is never locally compact. However, when H
is separable, U(H) admits a complete metric which is compatible with the strong
operator topology (Lemma D.42 on page 395).

Recall that a metric m on the underlying set of a topological space X is com-
patible with the topology on X if the topology induced by m coincides with the
given topology on X. If such a metric exists, X is called metrizable. If X admits a
compatible metric which is complete (that is, one in which every Cauchy sequence
is convergent in X), then X is called completely metrizable. It is important to keep
in mind that complete metrizabilty is a property of the underlying topology rather
than any other structure — even a metric — naturally presented with the space.

Ezample D.7. Let X be (0, 1) together with its natural topology as a subset of R.
Of course, (0,1) is metrizable as the usual metric on R restricts to a compatible
metric. However, (0,1) is homeomorphic with R and hence admits a complete
metric compatible with its topology. Thus (0,1) is completely metrizable even
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thought the “natural” metric is not complete on (0,1). More generally, a subset A
of a completely metrizable space X is completely metrizable if and only if A is a
G5 subset of X [168, Theorem 24.12].

Recall that a topological space is called separable if it has a countable dense
subset. Note that any second countable space is separable, and that a separable
metrizable space is necessarily second countable. There are separable spaces which
are not second countable.

Definition D.8. A topological group is called (completely) metrizable if and only if
the underlying set admits a (complete) metric compatible with the given topology.
Such a group is called a metric group. A separable completely metrizable group is
called a Polish group.

Lemma D.9. Any second countable locally compact group is Polish.

Proof. This is a special case of Lemma 6.5 on page 175. O

Remark D.10. Any metrizable space is first countable in that every point must have
a countable neighborhood basis. There are certainly first countable spaces that
are not metrizable, but every topological group with a first countable topology is
metrizable. In fact, the metric can be taken to be left-invariant [71, Theorem 8.3].

Theorem D.11. Suppose that G and H are separable metric groups with G polish.
Then any Borel homomorphism ¢ : G — H is continuous.

In view of Remark D.2 on page 370, we just have to show that ¢ has a single
point of continuity. We’ll proceed by showing that the set of discontinuities in G
can’t be large enough to fill up all of G. To quantify “small” and “large” we’ll use
the classical notions of first and second category, respectively.

Definition D.12. A subset A in a topological space X is said to be meager or
of first category in X if it can be written as a countable union | J F;, with each F,
having empty interior. (One says that F), is nowhere dense.) A set which is not of
first category is said to be of second category.

Remark D.13. Any Baire space is of second category in itself; that is, a Baire
space can’t be written as a countable union of nowhere dense subsets. Since a
complete metric space is a Baire space, every Polish group is of second category.
The hypothesis that G is Polish in Theorem D.11 is only used to guarantee that G
is of second category.

Definition D.14. A subset B in a topological space X has the Baire property if
there is an open set U in X such that the symmetric difference BAU := B\ U U
U \ B is of first category in X.

Lemma D.15. If X is a topological space, then every Borel set in X has the Baire
property.
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Proof. Since every open set trivially has the Baire property, it will suffice to see
that the collection S of subsets of X with the Baire property is a o-algebra. Since
X € § we have to see that S is closed under taking complements and countable
unions. But if S € S then there is an open set U such that F' := S AU is of first
category. Let U¢ denote the complement X \ U, and let int(U€) be its interior.
Since int(U¢)¢ C U, a bit of fussing shows that

S¢Ant(U¢) ¢ FUT N U).

Since U \ U is closed with empty interior, FUU ~\ U is of first category. It follows
that 5S¢ € S.

Now suppose that { 4; }52; C S. Then there are open sets U; such that A; \ U;
and U; \ A; are both of first category. But then

(U)o (Us) « U ~ oy Jwi ~ 4.
Thus J A; € S. O

The next result explains all the attention to first and second category sets above.
Keep in mind that if f : X — Y is a function between topological spaces, then
saying that the restriction f|4 of f to a subset A C X is continuous does not
imply that f is continuous on A. For example, the characteristic function of the
rationals in R is nowhere continuous, but the restriction of f to either the rationals
or irrationals is continuous.

Lemma D.16. If M and N are separable metrizable spaces and if f : M — N is
Borel, then there is a set P C M of first category such that f|pp is continuous.

Proof. Let {O;} be a countable basis for the topology on N. Since f is Borel,
f~YO;) is Borel and has the Baire property by Lemma D.15 on the preceding
page. Thus there is an open set U; such that P; := f~1(O;) A U; is first category
in M. Let P =JP,. Then P is first category. Since

(flarwr) 1 (0s) = F710:) N (M~ P)
C Y0y NPf
c fH0o)NnU;
c U,

we have (f|M\p)71(Oi) C U; N (M ~ P). On the other hand, a similar argument
shows that U; N (M ~ P) C f~YO;)N (M ~ P). Thus

(f|M\P)71(Oi) =U;N(M~\P)

which is open in M ~ P. Since every open set in N is a union of the O;, we've
shown that f|p/-p is continuous. O
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Proof of Theorem D.11 on page 372. In view of Remark D.2 on page 370, it suffices
to see that ¢ is continuous at e. Since G is a metric group, it suffices to show that
given a sequence s, — e in G, then we have ¢(s,) — e in H. By Lemma D.16
on the preceding page, there is a first category set P C G such that ¢|gp is
continuous. But

F:=PU nglp

n=1

is still of first category. Since G is completely metrizable, it is not of first category
in itself ([168, Corollary 25.4]), and there must be a s € G . F'. But then for all
n>1, sps ¢ P. Thus s,s — s in G\ P. Since ¢ is continuous when restricted to
G\ P, o(sr,8) — ¢(s). Thus ¢(s,) — e and we’re done. O

D.2 Borel Groups and Invariant Measures

In certain circumstances, we may be presented with a group without a natural
topology. If we have an invariant measure on the group, it is natural to ask if
there is a locally compact topology on the group so that the measure is a Haar
measure for the group. This turns out to be possible in a very general setting.
Weil proved [167, Appendice I] that any such group G could be viewed as a dense
subgroup of a locally compact group G’. (A nice treatment of Weil’s theorem can
be found in [70, p. 266].) Later Mackey showed that under some weak measure
theoretic hypotheses, which we’ll state below, the two groups G and G’ coincide
[105, Theorem 7.1] so that Weil’s topology exactly what we’re looking for. (Another
proof appears in [142, Theorem 1.3].) In order to state and prove Mackey’s result
(Theorem D.23 on page 376), we need a brief primer on Borel structures. Although
much of this material Borel structure also had it origins in Mackey’s original work
[105], our basic reference is Chapter 3 of Arveson’s book [2]. Arveson’s treatment
is an excellent resource, and well worth a thorough reading.

If X is a set and % is a collection of subsets of X, then the smallest o-algebra
containing % is called the o-algebra generated by €. For example, if X is a topo-
logical space, then the field of Borel sets in X is the o-algebra #(X) generated by
the open subsets of X, and a subset of X is called Borel if it belongs to Z(X).
Following the terminology in [2,105], we call a pair (X, %) consisting of a set X
and a o-algebra % of subsets of X a Borel space. Many authors prefer the term
measurable space to emphasize that we definitely don’t want to assume that X has
a topology, or even if it does, that % has anything to do with Borel subsets of X.
When we do want to work with the Borel subsets of a topological space X, we’ll
retain the notation Z(X) to emphasize the fact.

A Borel space (X, %) is said to be countably separated if there is a countable
subset 2 C # which separates points of X. This means that given distinct points
x,y € X, there is a D € 2 such that either x € D and y ¢ D or y € D and = ¢ D.
We say (X, B) is countably generated if there is a countable set Z as above which
separates points and which generates 4.



D.2 Borel Groups and Invariant Measures 375

Example D.17. If X is a separable metrizable space, then the topology on X is
second countable. Thus a countable basis for the topology will separate points and
generate (X ). Thus (X , B(X )) is a countably generated Borel space.

If (X,%) and (Y, .#) are Borel spaces, then a map f: X — Y is called Borel if
f~YM) € Bfor all M € 4. We say that f is a Borel isomorphism if f is bijective
and both f and f~! are Borel maps. We say that (X, %) and (Y, .#) are Borel
isomorphic if there is a Borel isomorphism from X to Y.

A separable completely metrizable space is called a Polish space. Polish spaces,
or rather their Borel structures, play a central role in the theory.

Definition D.18. A Borel space (X, %) is called standard if it is Borel isomorphic
to a Borel subset of some Polish space P with the relative Borel structure.

A remarkable result, due to Kuratowski [96, p. 451 remark (i)], implies that
any uncountable standard Borel space is isomorphic to [0, 1] with the usual Borel
structure (Theorem 1.40 on page 503). Thus standard Borel spaces are like Hilbert
spaces in the sense that once you’'ve seen one, of a given dimension, you've seen
them all. Another important, and far more varied, class of Borel spaces arise from
analytic subsets of Polish spaces. Recall that a subset A in a Polish space P is
called analytic if there is a continuous map f of a Polish space ) into P such that
f(@) = A. While every Borel subset is analytic [2, Theorem 3.2.1], the converse if
false [96, p. 479]. Nevertheless, given an analytic subset A, we can equip it with
the relative Borel structure coming from B(P): # ={ANB:Bec %B(P)}.

Definition D.19. A Borel space (X, %) is called analytic if it is Borel isomorphic
to (A, #) where A is an analytic subset of a Polish space and .# is the relative
Borel structure on A.

We will need two fundamental results about analytic Borel spaces from [2,
Chap. 3] that we won’t reproduce here. The first is a generalized Souslin Theo-
rem which says that a Borel bijection f: X — Y between analytic Borel spaces is
necessarily a Borel isomorphism [2, Corollary 2 of Theorem 3.3.4]. The second is
the Unique Structure Theorem which says that if (X, %) is an analytic Borel space
and if A is a countably generated sub-o-algebra of % which separates points of X,
then & = %, [2, Theorem 3.3.5]. As an example of the Unique Structure Theorem,
we give the following.

Lemma D.20. Suppose that (X, %) is an analytic Borel space and that { f, } is a
sequence of (complex-valued) Borel functions on X which separate points. Then B
is the smallest o-algebra in X such that each fy, is Borel. In particular, g: Y — X
is Borel if and only if f, o g is Borel for all n

Proof. Let %y be the smallest o-algebra such that each f, is Borel. If U, is a
countable basis for C, then { f,.1(U,)} is a countable family that generates %,
and which separates points. Thus % = %y by the Unique Structure Theorem.

If f,, o g is Borel for all n, then g_l(f_l(Un)) is Borel for all n and m. Since

m

{24 (U,) } generate &, g is Borel. O
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If (X,%) and (Y, .#) are Borel spaces, then the product Borel structure on
X XY is the o-algebra & x .# generated by the measurable rectangles A x B with
Ae BB and B e #. If X and Y are topological spaces, then it is possible for
PB(X) x B(Y) to be a proper subset of B(X x Y) even if X and YV are compact
groups [7, §2]. (However, if X and Y are second countable locally compact spaces
then equality holds — see Lemma 4.44 on page 141.)

Definition D.21. A Borel group is a group G together with a o-algebra % of
subsets of G such that

(r,s) = 1r"1s
is a Borel map from (G x G, 8 x $) to (G, PB). We say that G is an analytic (resp.,
standard) if the underlying Borel structure is analytic (resp., standard).

Ezxample D.22. Suppose that G is a second countable locally compact topological
group. Then every open set in G x G is a countable union of open rectangles
which are clearly in 2(G) x (G). Therefore (G, %(G)) is a standard Borel group
(Lemma D.9 on page 372).

If X is a topological space, then the natural Borel structure on X is given by the
Borel sets. However, if we start with a Borel space (X, %), there may or may not
be a topology on X such that #(X) = 2. Such a topology is said to be compatible
with the Borel structure.

Theorem D.23 (Mackey). Suppose that G is an analytic Borel group with a
nonzero left-invariant o-finite measure p. Then there is a unique second count-
able locally compact topology on G which is compatible with the Borel structure on
G. With respect to this topology, u is a Haar measure on G.

Proof. Suppose that 7 is a second countable locally compact topology compatible
with the given Borel structure. Since G must have a o-finite Haar measure v, it
follows from Lemma D.40 on page 393, that p is a multiple of v. Therefore, u is a
Haar measure on G.2 Suppose that 7’ is another second countable locally compact
topology on G which is compatible with the given Borel structure. The identity
map from (G, 1) to (G, 7') is a Borel isomorphism, and it must be a homeomorphism
by Theorem D.3 on page 370. Thus 7 = 7/, and a compatible second countable
locally compact topology, once we show that it exists, is unique.

To show that such a topology exists, let H = L?(G, ). Since G is analytic, G
is countably generated as a Borel space. Thus H is separable by Lemma D.41 on
page 394, and U(H) is a Polish group by Lemma D.42 on page 395. For each s € G
and h € 'H, define

Lsh(r) :==h(s~'r) forallr € G.

Since p is left-invariant, Lsh € H, and Ly is is a unitary operator with L* = L7 =
Ly-1. In fact, it is easy to check that s — L is a homomorphism of G onto a
subgroup L(G) of the Polish group U(H).

2In order to conclude that p is a Haar measure, we need to know that it is a Radon measure.
As this is not immediately clear, we appeal to Lemma D.40.
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We'll proceed as follows. First we’ll show that L is an injective Borel map of G
onto L(G). The next, and hardest step, is to show that L(G) is closed in U(H).
Then we can pull-back the (necessarily second countable) Polish topology on L(G)
to G, and see that it generates the given Borel structure. Then we use a result
which implies that measures on Polish spaces are nearly supported on compact sets
to show that this topology is actually locally compact.

To see that L is a Borel map, notice that

(Lm|m:i/h@—%ﬂﬂﬁm4n for all s € G and h,k € H.
G

Since G is a Borel group, (s,r) — h(s~r)k(r) is Borel (with respect to the product
Borel structure # x %) and Fubini’s Theorem ([156, Theorem 8.8] or [57, Theo-
rem 2.37]) implies that s — (Lsh | k) is Borel for all h,k € H. Thus s — L, is
Borel in view of Lemma D.43 on page 395.

To see that L is one-to-one, it suffice to see that L; = 14 implies that s =
e. Since G is countably separated, Lemma D.44 on page 395 implies there is an
injective Borel map ¢ : G — [0, 1] which is square integrable. Thus if Ly = 14,
then Ly =1 and

P(r) = w(s_lr) for almost all r € G.

Therefore there is some ro € G, such that 1 (rg) = ¥(s~1rg). Since 1 is one-to-one,
this implies s = e as desired.

Next we want to see that the range L(G) of L is closed in U(H). Suppose that
Ls, - U in U(H). If E and F are Borel sets in G of finite measure, then 1g, 1p
and 1g - 1p are all in £2(G). Since multiplication is continuous in U(H),

U(]].E]].F) = hrILnLS" (]]-E)Lsn (]].F) = U(]].E)U(]].F)

In particular, U(1g)? = U(1g). Thus there is a Borel set F of finite measure such
that U(1g) = 1 in L?*(G), and F is, up to a null set, uniquely determined by
U. Thus we obtain a map ® from the Borel sets of G with finite measure into the
boolean c-algebra %B/.4 of Borel sets in G modulo p-null sets. (See Appendix 1.6
for a discussion of boolean g-algebras and operations such as \/ below.) If F' € &
is of finite measure and if F' is the disjoint union (J;2; F;, then

]]‘F:Z]]‘Fi in L2(G), and U(]lF):ZU(]lFi)'
i=1 i=1

It follows that -
o(F) =\/ o(F).
=1

Since p is o-finite, any B € Z can be written as the countable disjoint union of

sets of finite measure. If - -
Ur=B={JE
i=1 i=1
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are two such decompositions, then for each ¢, F; = U;)il F,NE;. Thusif K € /N
is such that K > ®(F; N Ej) for all ¢ and j, then

<8

K > {7 O(F,NE;) = {7 D(Fy).
i=1j=1 i=1

Thus - -
\ ®(E;) =\ o(F). (D.1)

By symmetry, we have equality in (D.1), and it follows that we can extend ® to
a o-homomorphism of % into %/ with the property that E A F € 4 implies
®(FE) = ®(F). Lemma 1.36 on page 501 implies that there is a Borel map ¢ : G — G
such that

®(B) = [¢~(B)],
where [~ !(B)] denotes the class of p~1(B) in /4. In particular, if E has finite
measure, then

U(1g)(s) = 1y-1(p)(s) =1e(p(s)) for almost all s € G.
It follows that for all h € H = L*(G),
U(h)(s) = h(p(s)) for almost all s € G.
For each r € G, let p(r) € U(H) be given by
p(r)(h)(s) = A2 (r)h(sr).

Then p(r) commutes with Ly for all s € G. Therefore, p(r) must also commute
with U. Thus for all h € H and r € G, we have

h(g(sr)) = h(p(s)r) for almost all s € G.

As above, let b : G — [0, 1] be injective and square integrable. Since w(gp(sr)) =
¥(¢p(s)r) for almost all s, we have

o(sr) = p(s)r for almost all s.
Using Fubini’s Theorem, there must be a sop € G and a null set N such that
©(sor) = p(so)r forr & N.
Thus if s ¢ s9N, we have

©(s) = (s0sy 's) = p(s0)sy 's = (sop(s0) ") 's.

Thus if r := sop(so) !, then for almost all s,

U(h)(s) = h(p(s)) = Lr(h)(s),
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and U = L,. It follows that L(G) is a closed subgroup of the Polish group U(H).

Since G is analytic, the generalized Souslin Theorem ([2, Corollary 2 of The-
orem 3.3.4]) implies that L is a Borel isomorphism of G onto L(G) in its relative
Borel structure. Since the relative Borel structure on L(G) is that generated by
the relative topology on L(G), we can pull back the Polish topology on L(G) to G
and obtain a second countable Polish topology on GG which is compatible with the
given Borel structure on G.

It only remains to show that the topology on L(G) is locally compact. To do
this, we’ll take advantage of the fact that the unit ball B(H), of B(H) is a compact
Polish space in the weak operator topology (Lemma D.37 on page 391). Therefore
the closure, C, of L(G) in B(H); is a second countable compact space. Thus it will
suffice to show that

L(G)=C~{0}.

Suppose that Ls;, — T # 0 in the weak operator topology. Since T" # 0, there must
be Borel sets I/ and F’ of finite measure such that

(Lsn]]-E" | ]]-F/) —a:= (T]].E/ | ]]_F/) > 0.

It follows that for large n,
u(F ' Nsy E') > a)2.

It follows from Corollary D.39 on page 393 that there are compact sets £ and F
such that
pw(F' N F)<a/12 and u(E' \E)<a/l12.

But then
w(F' NspE) <p((FUF' N F)Ns,(EUE' \ E))
<u(FNs,E)+ %.

Thus for large n, we have u(F N s,E) > a/4 > 0. Thus we eventually have
FNs,E # 0 and s, € FE~!. Since FE~! is compact, we can pass to a subsequence,
relabel, and assume that s,, — s in G. But then L, — Lg in the weak operator
topology and we must have T' = L,. This completes the proof. O

D.3 Projective Representations

Let H be a complex Hilbert space. Then the center of the unitary group U(H) is
easily seen to be the scalar operators and we have a homeomorphism 4 from the
circle T onto the center given by i(z) = z1y. The quotient P(H) = U(H)/i(T) is
called the projective unitary group. A projective representation of a group G is a
homomorphism « : G — P(H) which is continuous when P(H) is given the quotient
topology coming from the strong operator topology on U(H). Of course each U €
U(H) determines an automorphism in Aut K(H) given by AdU(T) := UTU*. As
discussed in [139, Chap. 1], Ad factors through P(H) and induces a homeomorphism
of P(H) with Aut K(H) with the point norm topology [139, Proposition 1.6].
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Although much of what is being reproduced here holds in great generality (cf.
[5,93]), we'll restrict to the case in which H is separable and G is second countable.
In particular, if H is separable, we have the following useful observation.

Lemma D.24. Suppose that H is separable complex Hilbert space and that o €
Aut K(H) with AdUy = ag. Then there is a Borel map ¢ : Aut K(H) — U(H)
and a neighborhood N of ag such that Adc(8) = B for oll 8 € At K(H), c is

continuous on N and c(ag) = Up.

Proof. Since H is separable, Aut IC(H) is Polish (cf. [139, Lemma 7.18]) and there-
fore second countable. Lemma 1.6 of [139] implies that for each o € Aut K(H),
there is a neighborhood N, of a and a continuous map ¢, : N, — U(H) such
that Adcq(8) = B for all B € N,. Since Aut C(H) is second countable, we can
find a countable cover { N; }32, of AutXC(H) by open sets and continuous maps
¢; : N; — U(H) such that Ade¢;(8) = 3 for all B € N;. We can assume that
ag € N1, and define Borel sets By such that

k-1

By:=N; and By:=Ng~ |JB; fork>2.

i=1

Then we can define ¢ by ¢/(8) = ¢(f) if 8 € B;. Then ¢ satisfies all the

requirements of the lemma with the possible exception of ¢/(ag) = Up. But
Add(ap) = AdUy, so there is a z € T such that /(o) = 2Up. But then we
can define ¢ := zc'. O

If « : G — AutK(H) is a projective representation of G and if ¢ is as in
Lemma D.24, then we get a Borel map

7:G—U(H)

given by 7(s) := ¢(as). Since a is a homomorphism, there is a function w : Gx G —
T such that
m(s)n(r) = w(s,r)n(sr) forall s,r € G. (D.2)

If h € H with ||h]] = 1, then
w(s,r) = (w(s)w(r)w(sr)flh | h),

and the right-hand side is the composition of the maps

(a) (s,r)+— (s,r,s7) from G x G to G x G x G,

(b) (s,m,t) — (7(s),7(r),n(t)) from G x G x G to U(H) x U(H) x U(H),
©) (U V,W) s UVW from U(H) x U(H) x U(H) to U(H) and
(d) U~ (Uh|h) from U(H) — C.

Since (a), (c) and (d) are continuous, it will follow that w is Borel provided we
see that (b) is a Borel map. But this follows because s — 7(s) is Borel and since
every open set in U(H) x U(H) x U(H) is the countable union of open rectangles
Vi x Vo x V3. Thus w is Borel. Further (D.2) and associativity imply that

w(s, tw(st,r) = w(s,tr)w(t,r) for all s,t,r € G. (D.3)
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Definition D.25. A Borel function w : G X G — T is called a 2-cocycle with values
in T if it satisfies (D.3). We say that w is normalized if w(e, s) = w(s,e) =1 for all
s € G. A normalized 2-cocycle is called a multiplier. We say that w is trivial or a
2-boundary if there is a Borel function b : G — T such that

w(s,r) = b(s)b(r)b(sr)~' for all 5,7 € G.

The collection of all 2-cocycles is denoted by Z2(G,T), and the 2-boundaries are
denoted by B?(G,T).

It is immediate that Z?(G, T) is an abelian group under pointwise multiplication
and that B%(G,T) is a subgroup. We let H%(G, T) be the quotient group. We’ll
denote the image of w € Z?(G,T) in H?(G,T) by [w]. Two elements w and w’
that differ by a boundary are called similar. (As the notation suggests, H?(G,T)
is part of a group cohomology for G with coefficients in T. See §7.4 of [139] for
more details and references.)

Note that if we choose ¢ : Aut K(H) — U(H) as in Lemma D.24 on the preceding
page with the property that c(lx(x)) = 1y, then the resulting cocycle (D.2) is
normalized. If w is any cocycle, then w is similar to a normalized cocycle. Let
b(s) = w(s,e), and 6b(s,r) := b(s)b(r)b(sr)~L. Then ' := §b - w does the trick.

If 7 : G — U(H) is a Borel map such that Ad 7w — defined by (Ad7), = Adn(s)
— is a homomorphism, then there is a function w such that (D.2) holds. Just as
before, w is Borel and is easily seen to be a 2-cocycle.

Definition D.26. If w is a multiplier on G, then a w-representation of G on 'H is
a Borel map 7 : G — U(H) such that

m(s)n(r) = w(s,r)n(sr) forall s,r € G.

Notice that if 7 is an w-representation of G on H, then Adx is a Borel homo-
morphism of G into Aut K(H). If G is second countable and H is separable, then
G and Aut KC(H) are Polish groups (Lemmas D.9 and [139, Lemma 7.18]), and
Ad is continuous by Theorem D.11 on page 372. Therefore Ad« is a projective
representation of G. If m and n’ are w- and w’-representations, respectively, of
G on H such that Adw = Adn’ then for each s € G there is a scalar b(s) € T
such that m(s) = b(s)n’(s). It is easy to see that b is Borel and that w(s,r) =
b(s)b(r)b(sr)~tw'(s,7). That is, w and ' are similar.

Of course if o : G — Aut C(H) is equal to Ad 7 for a ordinary representation
of G — that is, « is unitarily implemented — then the corresponding cocycle is
identically one and has trivial image in H?(G,T). On the other hand, if « is
implemented by a w-representation with w trivial, then « is unitarily implemented.
To see this, suppose w(s, ) = b(s)b(r)b(sr) 1. Then we can define 7/(s) = b(s)7(s).
Then 7’ is a Borel homomorphism, and therefore continuous. But a = Ad 7’.

We can summarize the above discussion as follows.

Proposition D.27. Suppose that G is a second countable locally compact group
and that H is a separable Hilbert space. If a : G — AuwtK(H) is a projective
representation on H, then there is a multiplier w in Z2(G,T) and a w-representation
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7 such that o« = Adw. The class [w] € H*(G,T) depends only on o and is called
the Mackey obstruction for . Furthermore, « is unitarily implemented if and only
if its Mackey obstruction is trivial.

Conversely, if m is an w-representation for some multiplier w, then Adw is a
projective representation with Mackey obstruction |w].

Now we want to see that multiplier representations of a second countable locally
compact group G are in one-to-one correspondence with certain ordinary represen-
tations of a locally compact group which is an extension of T by G. If w € Z%(G, T)
is a multiplier, then we let G“ be the set T x G equipped with the operations

(z,5)(2',7) == (22'w(s,r),sr) and
(2,8) 7= (2w(s,s71),sh).

It is not hard to check that G¥ is a group, and that we have an (algebraic) exact
sequence

1 T—>G°——>G e (D4)
where i(z) = (z,e), j(z,5) = s and (T) is central in G*. If w is continuous,
then we can give G* the product topology, and then (D.4) becomes a short exact
sequence of locally compact groups (Proposition 1.53 on page 15). Note that the
product measure pr X pug is a Haar measure on G* in this case. On the other
hand, if w is merely Borel, then we have to work a little harder. Since G and T
are second countable, G and T are Borel groups (Example D.22 on page 376), and
it is not hard to see that G* is a Borel group when we give it the Borel structure
B(T xG) = B(T) x B(G) coming from the Polish topology on T x G (Lemma D.9
on page 372). Furthermore, the product measure pur X g is invariant under left
multiplication. So all that’s missing is a locally compact topology on G¥. It is a
nontrivial result due to Mackey (Theorem D.23 on page 376) that G“ has a unique
second countable locally compact topology such that Z(G¥) = #(T x G) and such
that pr X pg is a Haar measure. Since ¢ and j are clearly Borel homomorphisms, it
follows from Theorem D.3 on page 370 that they are continuous. Proposition 1.53 on
page 15 then implies that (D.4) becomes a short exact sequence of locally compact
groups. Thus there is a unique locally compact topology on G* such that (D.4) is
again a short exact sequence of locally compact groups.

Notice that if 7’ is an w-representation of G on H, then

7(z,8) := 27’ (s) (D.5)

satisfies
7(z,8)w(2',r) = z2'7'(s)n' (r)
= zz'w(s,r)n’(sr)
=7((z,5)(z,7)).

Thus 7 is a Borel homomorphism of G* into U(H). Since Theorem D.11 on page 372
implies that 7 is strongly continuous, 7 is a representation satisfying

7(i(2)) = z1ln. (D.6)
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Conversely, if 7 is a representation of G on H satisfying (D.6), then
7' (s) :==7(1,s) (D.7)
is a Borel map of G into U(H) such that
7' ()7’ (r) = n(1, 8)7(1,7)
= ((w(s,r),s7))

= w(s,r)7’ (s7).
We’ve proved the following.

Proposition D.28. Suppose that w is a multiplier on a second countable locally
compact group G and that G¥ is the corresponding extension (D.4). Then there is
a one-to-one correspondence between w-representations of G on separable Hilbert
spaces and representations of G¥ on separable Hilbert spaces satisfying (D.6)

Thus to understand w-representations, we’ll want to get a handle on represen-
tations of G¥ satisfying (D.6). We’ll do this by showing that there is a quotient
C*(G,w) of C*(G*) whose representations are exactly those which satisfy (D.6).
We’ll do this in slightly more generality than necessary here to stress the connection
with twisted crossed products as discussed in Section 7.4.

For the moment, G can be any locally compact group (second countable or not),
and let

1 T—>g—1s¢g e (D.8)
be any central extension of T by G. (That is, we assume that 7 and j are continuous
homomorphisms, that 4 is a homeomorphism onto ker 7, that j is an open surjection
and that ¢(T) lies in the center of E.) Let 7 : T — T be any character of T. (The
example of interest for multiplier representations is E = G* and 7(z) = z for all
z € T.) Since i(T) is central, if f € C.(F) and dz is normalized Lebesgue measure

on T, then
T

depends only on j(s) := $ in G. Thus we can define a Haar integral on E by

/f ) dju(s // si(2)) dz duc (3)

where u¢ is any fixed Haar measure on G. A unitary representation 7 of E is said
to preserve T if

m(i(2)) = 7(2)1y, forall z € T.
If I is the ideal of M (C*(E)) generated by {ig(i(z)) — 7(z)1g : z € T }, then let
I, .= INC*(B).

If 7 preserves 7, then 7(I) = {0} and I C kerm. On the other hand, if I, C kerm,
then 7(I) = {0}, and
C*(E,7) :=C*(E)/1;
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can be characterized as the quotient of C*(E) such that a representation of F
preserves 7 if and only if it factors through C*(E, 7).

Ezxample D.29. In the example at hand — G second countable, £ = G“ and
7(z) = z — a representation of G* preserves 7 if and only if it satisfies (D.6).
Thus representations satisfying (D.6) are exactly those factoring through C*(G¥, 1),
and representations of C*(G“,7) on separable Hilbert spaces are in one-to-one
correspondence with w-representations of G. We usually write C*(G,w) in place of
C*(G%,7) in this case.

As with ordinary group C*-algebras, it will be important to have an underlying
(dense) function space inside of C*(E, 7). This will be fairly straightforward since
we can take advantage of the facts that ¢(T) is central and dz is normalized. Let

Ce(B,7) = { f € Ce(E) : f(i(2)s) = 7(2) /() },
and for each f € C.(E), let
Q-(f)(s) := /Tf(sz(z))T(z) dz.

We have Q.(f) € C.(E) by Corollary 1.103 on page 36. Since i(T) is in the
center of E, it follows that Q,(f) € C.(E, 7). Since we're working with normalized
Lebesgue measure on T, the T-integrals can often disappear from formulas entirely.
For example, if f,g € C.(E,7), then (r,s) — f(r)g(r~'s) depends only on (7, s).

In particular,
fxg(s / / 7i( i(2)r~'s) dz duc(r)

//f ) dz duc ()
/f s) dug (7).

In a similar vein, if 7 preserves 7 and if f € C.(E,7), then s — f(s)7(s) depends

only on $, and
N = [ £6)m(s) dna(s).

If f,g € C.(F), then applying Fubini’s Theorem as needed,

(fxg)(s /f*gsz 7(z) dz

_ / / / £ (riw)) g (i(@)r~ " 5i(2)) 7(2) duw ducs () d2
:/ /fm )(/Tg(flsi(z))T(z)dz) dp (7)

:QT QT( )( )
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Since we easily check that Q,(f*) = Q-(f)* and that Q,(f) = fif f € C.(E,7), it
follows that C.(E,T) is a *-subalgebra of C.(F) and that @, is a homomorphism
of C.(E) onto C.(E, 7). Furthermore if f € C.(E) and if 7 preserves 7, then

w0 = [ Gi)(sie) dz duc )
= [ i) dente aucs)

= [ @D duct)
= 7T(Q‘r(f))
We have essentially proved the following.

Proposition D.30. Suppose that E is a central extension of T by a locally compact
group G as in (D.8), and that 7 : T — T is a character. Then Q, defines an
isomorphism of C*(E,T) onto the completion of C.(E,T) with respect to the norm

[ fll+ :=sup{ ||=(f)]| : = is a representation of E which preserves T }.

Proposition D.30 gives us a powerful method for studying w-representations of
a second countable locally compact group G. If w is a multiplier of G, then we
can form the locally compact central extension G as in (D.4). Then C*(G,w) :=
C*(G¥, 1) (with 7(z) = z for all z) is the completion of C.(G¥,T) as above. Nev-
ertheless, some people prefer to work with an underlying structure for C*(G,w)
which is closer to the original data — namely G and w — rather than the extension
G“ and its Mackey topology. In general, this can’t be done without working with
measurable functions and L!(G) rather than C.(G). If w is a multiplier of G and
if f,g € £1(G), then using some care (as in Proposition B.42 on page 348) we can
show that

(r.5) = F(r)g(r~ s)wo(r,rs)

is measurable and belongs to £!(G x G). Then Fubini’s Theorem implies that
Fra(s) = [ 1)t ol s) dutr (D.9)

is defined for almost all s, and in fact, defines an element in L!(G) which depends

only on the classes of f and g in L*(G). As in Remark B.44 on page 351, we can use

Fubini’s Theorem to justify interchanging the order of integration in the following
computation:

(F=9)xh(s) = [ F+a)( s)lrr™s) (e
://f(t)g(t_lr)h(r_ls)w(t,t_lr)w(r,r_ls)du(t)du(r)
cJla
://f(t)g(r)h(r_lt_ls)w(t,T)w(tr,r_lt_ls)du(r)du(t)
e
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which, since w(t, r)w(tr,r =17 1s) = w(t,t~ts)w(r,r~1t~1s), equals

:/ f(t)/ g(Mh(r= 7 s)w(r, r T s) du(r)w(t, t™1s) du(t)
G G

= [ = syttt ) dutr)

=[x (gxh)(s).

Thus (D.9) defines an associative product on L'(G). Similar computations show
that

f5(s) == w(s, s HA(s7H) f(s1) (D.10)

is an involution on L!(G) making L'(G) into a Banach *-algebra that we denote by

LY(G,w) to distinguish it from L!'(G) with the usual group C*-algebra structure.
If 7/ is an w-representation of G on H and f € L1(G), then s — f(s)7’(s)h is

in £1(G,H) for each h € H.> Thus we can define a linear operator 7’(f) on ‘H by

/f (s)hdu(s) for all h € H.

Clearly [|7'(f)|| < ||f]l1, and more gyrations with Fubini’s Theorem justify
weah= [ a6 s ) () dutr) dite
= [ ratsrtr s (roph duts) du)

/ / fr 7 ()h du(s) dpr)

7' (g)h.

Similarly, 7/(f*)h = 7/(f)*h, and 7’ extends to a *-homomorphism of L'(G,w)
into B(H). We can define a C*-norm on L'(G,w) by

| fllw := sup{ ||='(f)|| : 7" is an w-representation of G } < || f||1. (D.11)

We want to see that the completion of L'(G,w) in the || - ||,-norm is (isomorphic
to) C*(G,w) := C*(G¥, 1) with 7(z) = z for all z € T. However, we can define

®:C.(G¥, 1) — LY (G,w) (D.12)

3Vector valued integration is discussed in Appendix B. We could avoid vector-valued integrals
here by defining 7’ (f) weakly:

(' ()R | ) - /f<s () | k) dua(s).
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by ®(f)(s) := f(1,s). Note that
O(f*g)(s)=f=g(l,s)
- /G 7,79 ((1,7)71(1,)) dpu(r)

- /G £(1,7)g (@ Dw(r, 5),7s) dia(r)

= / f(1,r)g(1, 7 s)w(r,rts) du(r)
G

= O(f) x 2(g)(s)-

Since we easily check that ®(f*) = ®(f)*, ® is a x-homomorphism. If g € C.(G),
then f(z,s) := Zg(s) defines an element of C.(G*, 7) such that ®(f) = g. Therefore
® is has dense range. If 7’ is an w-representation of G and if 7 is the corresponding
representation of G*, then

m(f)=7"(®(f)) forall feC.(G¥ ).

Therefore || f|l- = |®(f)|l. and ® is isometric. We’ve summarize the above discus-
sion in the following proposition.

Proposition D.31. If w is a multiplier on a second countable locally compact
group G, then (D.12) defines an isomorphism of C*(G,w) onto the completion of
LY (G, w) with respect to the norm || - ||, defined in (D.11).

D.4 Quasi-invariant Measures

A Borel space (X, %) is called a Borel G-space if G acts on X in such a way that
(s,z) — s is a Borel map from (G x X, B(G) x B) to (X, ). If p is a measure
on X, then s - is, by definition, the measure given by s - u(E) := u(s=1 - E). We
say that p is quasi-invariant if p and s - u are equivalent for all s € G. Recall that
if 7: X — Y is a Borel map and if u is a measure on X, then the push-forward of
p by 7 is the measure 7,1 on Y given by 7.(E) := p(77'(E)) (see Lemma H.13 on
page 463). Notice that if 7 is a Borel isomorphism, then 7, is o-finite whenever u
is.

Lemma D.32. Suppose that G is a second countable locally compact group. Let i be
a finite quasi-invariant measure on a Borel G-space X and defineo : GXX — GxX
by o(s,z) = (s,s-xz). Then o is a Borel isomorphism, and if v is any o-finite Borel
measure on G, then o.(v x p) is equivalent to v X p.

Proof. Clearly, o is Borel with Borel inverse (s,z) — (s,s7! - z), so o is a Borel

isomorphism as claimed. Thus we only have to show that o, (v x ) is equivalent
to v x u. We can replace v by an equivalent finite measure and assume that v is
finite. Let D be a Borel subset of G x X and let f = 1p. Since Fubini’s Theorem
implies that

ox(v x p)(D) = /G/X f(s,s-z)du(z)dv(s), (D.13)
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it suffices to show that (D.13) is zero if and only if v x u(D) = 0. As usual, let
D, :={xz€ X :(s,z) € D}. Then (D.13) vanishes if and only if for v-almost all s,

p{ze€X:s-x€D,})=pu(s'Ds)=0.

Since p is quasi-invariant, p(s~1Dy) = 0 if and only if pu(Ds) = 0. Thus o, (v x
1)(D) = 0 if and only if for v-almost all s, u(Ds) = 0. But by Fubini’s Theorem,
u(Ds) = 0 for v-almost all s if and only if v x p(D) = 0. O

Since o, (v x p) is equivalent to v x p we can assume that its Radon-Nikodym
derivative strictly positive everywhere.

Remark D.33 (Measured Groupoids). Let k : Gx X — Gx X be given by k(s, z) :=
(s71,571 . z). Then & is a Borel isomorphism and for appropriate f, and we can
use Lemma D.32 on the preceding page to compute that

P50 pmelpe x w(s,2) = [ Fsh 57 ) du(e) dug s)
/... L
- /G [ 55 0AE) dute) ducs)

= s, s_lwsx T s
= [ [ i) TR 0y dute) duc ),

dos (pa X i)
d(pa xp)
it follows that k. (ug X p) is equivalent to pg X p. In order to apply some selection

results, we will need to realize that these observations amount to showing that
® := G x X together with the measure pug x p is what is called a measured groupoid
in [140] or [142]. The groupoid operations on & are given by (s,z) ! := (s71,s71.2)
and (s, x)(r,s~1-z) := (sr,x). For more on groupoids and the selection results below
we need see Remark .26 on page 450.

Since can assume that A(s™1) (s, x) is strictly positive almost everywhere,

Let s-u be the push-forward of p by left-translation by s; thus s-u(E) = u(s™1-

E). Since p is quasi-invariant, for each s there is a Radon-Nikodym derivative %}’L“)
which is determined only almost everywhere. We would like to select representatives
for %}’L“) so that

d(s - p)

(s.2) = ) (D.14)
is Borel on G x X. Although at first blush it seems “obvious” that we should
be able to do so, our proof requires a very subtle selection theorem in measured
groupoid theory due to Ramsay. (But see Remark D.35 on page 391.) To use
Ramsay’s result, we’ll need to assume that v is equivalent to Haar measure on G.
Then ((G x X),v x p) is a measured groupoid (Remark D.33). In the sequel, we’ll
abuse notation a bit and write

d(s - p)

f@)==g—@ o f==r

dp

to mean that f is a specific choice of Radon-Nikodym derivative.
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Corollary D.34. Suppose that G is a second countable locally compact group. Let
u be a finite quasi-invariant finite Borel measure on an analytic Borel G-space X,
let o be as in Lemma D.32 on page 387 and let ug be Haar measure. Then there
is a Borel function d: G x X — (0,00) such that

(a) d is a Radon-Nikodym derivative for o.(pg X p) with respect to ug X u,

(b) such that for all s,7 € G,

d(sr,x) = d(s,z)d(r,s " -x) for u-almost all x, and (D.15)

(c) such that for all s € G, d(s,-) is a Radon-Nikodym derivative for s - u with
respect to . That is,

d(s,) = — (D.16)

forall s € G.
We call d a Borel choice of Radon-Nikodym derivatives.

Proof. For convenience, we can assume that p is a probability measure and let v
be a finite Borel measure equivalent to pug. By Lemma D.32 on page 387, there
is a Borel function dy : G x X — (0, 00) which is a Radon-Nikodym derivative for
o.(v X p) with respect to v X p.

Note that for any bounded Borel function f,

//Gxxf(sax)da*(Vxﬂ)(Sax):/G/Xf(sas-:c)du(w)du(s) (D.17)
= [ [ ssods et @13

On the other hand, the definition of dy implies that (D.17) is equal to

//fs:z:dos:z:)du )dv(s //fsxdus z) dv(s), (D.19)

where g := do(s, ). In both cases, Fubini’s theorem implies that

SH/fSl’ (s m)( /fsszdu)

SH/fé’wdus /fsxdo<sw)du(>

are Borel for all bounded Borel functions f on G x X. If ¢ is the projection of
G x X onto G, then it follows from (D.17) and the fact that u is a probability
measure that g, (o, (v x 1)) = v. Thus (D.18) and (D.19) are both disintegrations
of 0. (v x p) with respect to v as in Theorem 1.5 on page 482. Thus the uniqueness
assertion in that result implies that there is a pg-conull set Y such that s pu = ps
for all s € Y. The uniqueness of the Radon-Nikodym derivative gives

d(s - 1)
dp

and

do(s,+) = forall seY.
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Using Fubini’s Theorem, it is easy to check that
A={(s,1)eGxG:s5¢Y,r¢Y andsr¢Y}

is a pug x pe-null set. If (s,r) ¢ A and ¢ is a bounded Borel function on G, then
on the one hand

| e@interayduta) = [ otor- o) duta).

X
On the other hand,

/ o(x)do (s, 2)do(r, s - ) du(z) = / o(s-x)do(r,x) du(x)
X X (D.20)

=Awwwmm»

It follows that for each (s,7) ¢ A,
do(sr,x) = do(s,2)do(r, s - ) for p-almost all z. (D.21)

Since the set of (s,7,2) € G x G x X where (D.21) holds is Borel, it follows that
(D.21) holds pug X pa X p-almost everywhere.

Since X is analytic and p is quasi-invariant, (G X X, ug X u) is an example of
what Ramsay calls a virtual group in [140, page 274] and a measured groupoid in
[142] (Remark D.33 on page 388). Using that language, the fact that (D.21) holds
ta X g X p-almost everywhere implies that dy defines an almost everywhere homo-
morphism of G x X into the multiplicative group RY, of positive reals. Ramsay’s
selection theorem (Remark G.26 on page 450) implies that there is a Borel function
d:Gx X — RY and a p-conull set X such that d = dy pg x p-almost everywhere
and such that if , s™' -z and r—1s~!- 2 all lie in X, then

d(sr,x) = d(s,z)d(r, s~ - ). (D.22)

Since d = dy almost everywhere, we can shrink Y a bit if necessary so that d(s,-) =

%}f‘) for s € Y. In particular, the set

Y :={se€G:d(s,)is a Radon-Nikodym derivative
for s - p with respect to p }

is a pg-measurable? conull subset of G. For fixed s,7 € ¥, the quasi-invariance of
w1 implies that

{zeXy:s ' zeXgandr sz e Xo)

is p-conull. Thus for all s,7 € X, we have d(sr,z) = d(s,z)d(r,s™! - x) for p-almost
all z. Repeating the calculation in (D.20) with d in place of dy shows that d(sr,-)
is a Radon-Nikodym derivative and hence that ¥ is a conull subsemigroup of G.
Lemma D.36 on the facing page implies that ¥ = G. This completes the proof. [

4Recall that a subset is measurable if it a union of a Borel set and a subset of a Borel null set.
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Remark D.35. It should be pointed out that one can omit the use of Ramsay’s
Theorem in the proof at the expense of having (D.15) hold only for almost all
(s,r) and having (D.16) hold for ¢ almost all s. (Then we can even replace Haar
measure by any o-finite Borel measure on G.) Since we’ll have to invoke Ramsay’s
result in the proof of the Effros-Hahn conjecture we used it here as well. A proof
without invoking Ramsay’s result can be found in [176, Theorem B9].

D.5 Technical Results

In this section, we collect a number of technical results needed elsewhere but which
either did not seem of sufficient import to include at the time, or which would have
been distracting to the matter at hand.

Lemma D.36. Suppose that G is a locally compact group with left-Haar measure
e If ¥ is a measurable conull subsemigroup of G (that is, nc(G ~X) =0), then
¥ =G.

Proof. Let H := X NX~!. Then H is a conull subgroup of G. Let K be a compact
neighborhood of e. Since K N (G \ H) is a null set, 0 < pug(K N H) < co. Let
A:= HN K. By Lemma D.4 on page 370, A='A C H? = H is a neighborhood
of e. Thus H is open and G is the disjoint union of open sets each of which is a
translate of H. Since H is conull, H = G and the result follows as H C X. O

Lemma D.37. If H is a separable complex Hilbert space, then
BH):={T eBMH):T|<1}

is a compact Polish space in the weak-operator topology, and a Polish space in the
x-strong operator topology.

Proof. Let { hy } be a countable dense subset of H, and let
C(hy) :=={z€C:|z| <|h]*}.

Then [], C(hx) is a compact Polish space in the product topology. The map
¢ : B(H1) — [[C(hk) given by @(T)r := (Thy | hi) is a continuous injection.
Suppose that ¢(T,,) converges to f in [[C(hg). Since { hy } are dense in H, it
follows that { (T),h | h) } converges for all h € H. Since

3
(Toh | k) => i (Tu(h + k) | h+i'k),
j=1

{(Twh | k) } converges for all h,k € H. The Principle of Uniform boundedness
implies that there is an operator T € B(H); such that 7, — T in the weak
operator topology, and that ¢(T;,) — ¢(T'). Thus the range of ¢ is closed and ¢ is
a homeomorphism of B(H); onto its range. This proves the first assertion.
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The second assertion is proved similarly. Let Hy := {h € H : ||h]| < ||| }
with { hy } as above. Then

P::ﬁHkXHk

k=1

is a Polish space in the product topology. Define ¢ : B(H;) — P by o(T)r =
(Thy, T*hg). Then ¢ is clearly injective and continuous in the *-strong operator
topology. If ¢(T,,) — f in P, then since { hy } is dense in H, T),h and T, h converge
for all h € H. Just as above, there are operators T, S € B(H); such that T,, — T
and T — S in the strong operator topology. It follows that S = T so that
T, — T in the x-strong operator topology. Therefore ¢ has closed range and is
a homeomorphism onto its range. Thus B(H); is Polish in the #-strong operator
topology. [l

If (X, %) is a Borel space, then by a measure on X we mean a measure on
the o-algebra . So in the following, our measures are not necessarily Radon
measures, nor are they even necessarily complete. In fact, our model Borel space
is a topological space equipped with its Borel field Z(X).

In the literature, our next result says that finite measures on Polish spaces are
tight.

Lemma D.38 ([70, §9(10)]). Suppose that u is a finite Borel measure on a Polish
space P. If € > 0, then there is a compact set C C P such that p(C) > p(P) — e.

Proof. We may as well assume that u(P) =1. Let 0 < e <1, and let D = {z, }
be a countable dense subset of P. Suppose that d is a compatible complete metric
on P. Define

C(n,k)={xzeP:dx,z,) < - } and ka:[j

n=1

Then C(n, k) and F(m, k) are closed sets and for each k > 1,

U F(m. k) =

Thus limy,—oo p1(F(m, k)) = 1. Thus there is a my such that p(F(mq,1)) >1—e.
But

F(my,1) = [j F(m,2)N F(mq,1).

m=1

Thus there is a mo such that



D.5 Technical Results 393

Thus we can find a sequence { m; } such that
k
u(ﬂ F(mi,i)) >1—¢€ forallk>1.
i=1

Let

i=1
Since we clearly have u(C) > 1 — ¢, we just have to check that C is compact.
But C is clearly closed and therefore complete. But construction, C' is covered by
finitely many closed balls of radius % for each + > 1. Thus C is totally bounded
and therefore compact by [57, Theorem 0.25]. O

Corollary D.39. Suppose that i is a Borel measure on a Polish space P. If E is
any subset of P with finite p-measure and if € > 0, then there is a compact set C
such that p(E ~ C) < e.

Proof. Let ug be the finite Borel measure on P given by pug(B) := u(BNE). Then
apply the previous lemma to ug. O

Lemma D.40. Suppose that G is a Borel group with a left-invariant o-finite mea-
sure (. Then p is unique up to a positive scalar and has the same null sets as any
right-invariant measure on G. In particular, if N is a p-null set, then so is Ns for
all s € G. Moreover, there is a Borel homomorphism A : G — (0,00) such that

a6) [ rrauts) = [ fs)duts) for ol 1 € (G

Proof. Suppose that N is a p-null set. By assumption, sN is p-null for all s € G.
Let
E={(rns)eGxG:rlse N1}

Then E* := {r € G:r7's € N1} = sN is null for all s, and Fubini’s Theorem
implies that F is a u x p-null set. Thus there is a 79 € G such that

B, ={s€G:r'se N '} =r,N!

is a null set. Since p is left invariant, N~! is a null set. It follows that Ns =
(s7*N=1)~!is null for all s € G whenever N is a null set.

Now suppose that v is also a left-invariant o-finite measure on G. We want to
see that v is a multiple of y. Note that A = p + v is also left-invariant, and by
symmetry it suffices to show that p and A\ are multiples.

Since p < A, we can let f = du/d\ be the Radon-Nikodym derivative [57,
Proposition 3.8]. Thus for all p € L(u),

Lﬂ@@@—/w@ﬂ@ﬂ@-

G
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Since both p and A are left-invariant, for each r € G we have

[ e an = [ elofrs) ire),
G G
Since the Radon-Nikodym derivative is uniquely defined up to a A-null set, for each

r € G, f(s) = f(rs) off a A-null set. But then Fubini’s Theorem implies that

E:={(s,1) e GXG: f(s) # f(rs)}

is a A x A-null set. Thus there is a sg € G and a A-null set N such that

f(rso) = f(sg) forallr ¢ N.

In other words, f(s) = f(so) for all s ¢ Nsg. Since Nsg must be a A-null set by
the above remarks, f is constant almost everywhere. Thus p and A are multiples
as claimed.

It follows that for each r € G, v(F) := u(Er) is a left-invariant measure on G
and there is a positive scalar A(r) such that u(Er) = A(r)u(E) for every measur-
able set E. By considering characteristic functions, we have

[ s duts) = A0) [ ) du(s) forall £ € L)
G G

Fubini’s Theorem implies that

ro /G Flsr 1) du(s)

is Borel, and it follows that r — A(r) is Borel. Since A is easily seen to be
multiplicative, A is a homomorphism.

Since any right-invariant measure is transformed into a left-invariant measure
via inversion, the remaining statements follow. (|

Lemma D.41. Suppose that p is a o-finite measure on a countably generated Borel
space (X, B). Then L?(X,p) is separable.

Proof. Since p is o-finite, it is equivalent to finite measure v and L?(X, v) is isomor-
phic to L2(X, u). Thus we may as well assume that p is finite. Let 2 = { E; }2, be
a countable generating set for Z with F1 = X. Let o, be the algebra of sets in X
generated by { E; }7;. Then the algebra &7 generated by & is the union of the 7,.
Since each 7, is finite,? &7 is countable. We will show that the set of characteristic
functions of sets in @ (each of which is in L? since y is finite) is dense. Thus it
will suffice to see that any f orthogonal to each such function is zero. Let .# be
the set of Borel sets E such that

/E f(@) du(z) = 0.

5To see that 7, is finite, note that it consists of finite unions of its “atoms”: Ey := (\{ E; :
1<i<nandz€FE;}.
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The dominated convergence theorem implies that .# is closed under countable
increasing unions and countable decreasing intersections. Since o C 4, #
must contain the o-algebra generated by &/ by the Monotone Class Lemma ([57,
Lemma 2.35]). Since 2 C &/, we must have .# = . It follows that f = 0 in
L2 O

Lemma D.42. Let U(H) be the group of unitary operators on a complex Hilbert
space H. Then the weak and strong operator topologies coincide on U(H), and
U(H) is a topological group with respect to this topology. If H is separable, then
U(H) is a Polish group.

Proof. Since the the strong operator topology is finer than the weak operator topol-
ogy, in order to see that the two topologies coincide on U(H), it is enough to see
that whenever U, — U weakly, then ||[U,h — Uh|| — 0 for all h € H. But

|Ush — Uh||? = (Uyh — Uh | Uyh — Uh)
=2||h|]* = (Uah | UR) — (Uh | Uah)

which tends to 0 as « increases. Since multiplication on bounded subsets is con-
tinuous in the strong operator topology and since taking adjoints is continuous in
the weak operator topology, it follows that (U, V) — UV ~! = UV* is continuous
in U(H). Thus U(H) is a topological group. Since U(H) is clearly closed in B(H)1
in the *-strong operator topology, it follows from Lemma D.37 on page 391 that
U(H) is Polish when H is separable. O

Lemma D.43. Suppose that G is a locally compact group and that H is a separable
Hilbert space. Let ¢ : G — U(H) be a function. Then the following are equivalent.

(a) ¢ is Borel.
(b) s @(s)h is Borel from G to H for all h € H.
(c) s+ (¢(s)h | k) is Borel from G to C for all h,k € H.

Proof. Since the composition of a continuous map with a Borel map is Borel, we
clearly have (a) = (b) = (c¢). To show that (c) = (a), we note that the strong
and weak operator topologies coincide on U(H) (Lemma D.42). Thus it will suffice
to show that »~*(V) is Borel for a weak operator open set V in U(H). Since H is
separable, every such set is a countable union of finite intersections of sets of the
form

V(Uo, b, k€)== {U € UH) : |(Uh | k) — (Uoh | k)| < e}

for Uy € U(H); h,k € H; and € > 0. Since (c) implies that o= (V(Uo, h, k,€)) is
Borel, this suffices. O

Lemma D.44. Suppose that (X, %) is a countably separated Borel space. Then
there is an injective Borel map ¢ : X — [0,1]. If u is a o-finite measure on (X, A),
then we may choose o € L*(X, ).
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Proof. Suppose that { E; }32, C 2 separates points in X. Let o(z); := 1g,(z).
Then

J:X—»ﬁZQ
i=1

is injective and Borel. We can define a continuous map

B HZ2 — 10,1 by PB(z):= Z xéf)
i=1 1=1

To see that ( is injective, suppose x # y in [[ Z2. Then there is a k > 1 such that
x(i) = y(i) for i <k —1, and z(k) # y(k). We may as well assume that z(k) = 1
and y(k) = 0. If

R L0
R
=1
then 1
while
Bly) < A+ i l*A+1'i<ﬁ(£€)
V= i=k+1 3 2 3 .

Thus f is injective and we can set ¢ := Joo.
If i is a o-finite measure, then there is a sequence of disjoint sets X; such that
X =X, and u(X;) < oo for all 5. We can choose integers n; such that

X; 1 .
&) <= and mni41 >n; > (D.23)

n; 1

If ¢ is defined as above, then define
1
V(@) = T~
i + %(P(JJ) + n;
Then 1 is clearly Borel. Since x € X; implies that
1 1 1
< <Plx) < —, (D.24)

ngy1  n;+1 n;

for z € X;.

Y(x) = ¥(y) implies that z,y € X, for some i. Since ¢ is one-to-one, this implies
x =y and ¢ is injective. In view of (D.23) and (D.24), we also have

/X ) ) =3 /X (@) )
=1

‘M(Xi)

Thus 1 is in L?(X, u) as required. O
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Corollary D.45. If X is a standard Borel space, then there is a Borel isomorphism
of X onto a Borel subset of [0,1].

Proof. Since X is countably separated, Lemma D.44 on page 395 implies there is
an injective Borel map f : X — [0,1]. Then [2, Theorem 3.3.2] implies that f(X)
is Borel and that f is an isomorphism onto its range. [l

If 7: X - Y is a Borel map and if 4 is a measure on X, then we say that 7
is essentially constant if there is a yg € Y such that 7(x) = yo for p-almost all .
(Of course, yp is unique provided g is nonzero.) Our next result is subtle, and is as
close as we can come to proving that an essentially equivariant map is equal almost
everywhere to an equivariant map. We first have to throw away a null set. Note
that we are not claiming that the restriction of an essentially equivariant map to a
conull set is equivariant.

Theorem D.46 ([176, Proposition B.5]). Suppose that G is a second countable
locally compact group and that X and Y are standard Borel G-spaces. Let p be
a o-finite measure on X. If 7+ X — Y 4s a Borel map such that for all s € G,
7(s-x) = s-7(x) for p-almost all x, then there is a G-invariant p-conull Borel set
Xo C X and a Borel map 7: X — Y such that T = T almost everywhere, and for
allz € Xo and all s € G, 7(s-z) = s-7(z).

Proof. Let
Xo={x€ X :5— s ' 7(s-x) is essentially constant. }

Let v be a probability measure on G which is equivalent to Haar measure on G. In
view of Corollary D.45, we can assume that Y is a Borel subset of [0, 1]. Fubini’s
Theorem implies that

7(x) == /Gsfl -7(s-x)dy(s)

is a Borel function from X to [0,1]. Similarly,

D)1= [ 5t rls-a) = #@)lduls)

is Borel from X to [0,1] and Xo = J~}({0}). Thus Xj is Borel and #(Xo) C Y C
[0,1]). If yo € Y, we can define a Borel function 7: X — Y by

. {f'(x) if x € Xo, and
7(z) = :
Y0 otherwise.

Let D={(s,x):s 1 -7(s-x) #7(x)}. Then D is Borel and
Dy:={w:s' 7(s-2)#71(2)}

is p-null for all s by assumption. Thus D is ug X p-null and Fubini’s Theorem
implies that there is a p-conull set Xgg such that z € Xyp implies that

D*:={s:s ' 7(s-2) #7(2)}
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is pug-null. Since Xo9 C Xg, X is conull.
Suppose that € Xy and that s € G. Then there is a pg-null set N such that
t ¢ N implies
thor(t-x) = F(w).

Since Ns~! is ug-null (Lemma D.40 on page 393),

—1,-1,

s T(rs-x) =7(x) for almost all 7.

Thus,
r~t-7(rs-x) =s-7(x) for almost all r.

This shows that s-z € Xy and that 7(s-z) = s-7(z). This completes the proof. O

Lemma D.47. Suppose that Y is a Borel G-space and that p is a finite ergodic
measure on Y. If f 1Y — X is a G-invariant Borel map into a countably separated
Borel space X, then f is essentially constant.

Proof. Let { A; } be a separating family of Borel sets in X. Since f~1(4;) and
FYX \ A;) are G-invariant, one is g-null and the other conull. Define

B A; if f~1(A;) is conull, and
X A i fTYX N Ay) s conull,

Note that { B; } still separates points in X. Furthermore, writing B¢ :=Y \ B, we
have .
w(r (N8 ) =u(Us ') =0

Thus (B; # (. Since the B; separate points, (| B; = {xo } and f(y) = z¢ for
p-almost all y. O



Appendix E

Representations of
C*-algebras

In this chapter, which is primarily expository, we want to review some of the well-
known (albeit a bit unfashionable these days) basics of representation theory for
C*-algebras. Much of the material in this Appendix is a brutal shortening of
Chapters 2 and 4 of Arveson’s wonderful little book [2]. Anyone wanting the real
story should skip this appendix, and read Arveson’s book. In particular, we often
refer to Arveson’s book for the proofs.

One of the basic goals of any representation theory is to break down general
representations into their basic building blocks. Our first instinct is to break rep-
resentations down into “irreducible” bits. Although this works very well in finite
dimensions, it is not very useful for infinite dimensional representations — even in
the commutative case. Another approach, using the notion of multiplicity as defined
below, is very useful for the class of GCR C*-algebras — which, of course, includes
the commutative ones — and provides the basis for more general approaches as
well. However, these more general approaches require that both the C*-algebra
and the space of the representations in question be separable. Consequently, we
will shortly be making such assumptions, and we will not complicate matters by
holding onto the general situation overly long.

E.1 Multiplicity

Recall that a representation of a C*-algebra A is a nondegenerate homomorphism
m: A — B(H,) for some complex Hilbert space H,. Two representations 7 and o
are equivalent if there is a unitary operator U : H, — H, such that o(a) = Un(a)U*
for all a € A. We say that « is separable if H, is separable, n-dimensional if H, is
n-dimensional, infinite-dimensional if H, is infinite dimensional, etc. A subspace
V C H, is called invariant if m(a)h € V for all @ € A and h € V. Since 7 is *-
preserving, it is not hard to see that V invariant implies that V1 is also invariant.
If V is closed — so that V is a Hilbert space — then the orthogonal projection P

399
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onto V' commutes with m(a) for all ¢ € A (we say simply that P commutes with
7). Conversely, if P is an orthogonal projection commuting with 7, then the space
of P is a closed invariant subspace V for w. If P is the orthogonal projection onto
the subspace V, and if P commutes with 7, then the restriction 7 of 7 to V is a
representation of A called a subrepresentation of m.! Provided V is closed and P is
the corresponding projection, we have
=7 @rl=F.

A representation is called irreducible if it has no nontrivial closed invariant sub-
spaces — and hence no nontrivial subrepresentations.? Irreducible representations
are a critical component in the theory of C*-algebras, but in the case of infinite-
dimensional representations, it is not possible to express every representation as
a direct sum of irreducibles (as it is in the finite-dimensional case). For example,
the natural representation of Co(R) on L?(R) via multiplication has no irreducible
subrepresentations at all. (Recall that all irreducible representations of Cy(R) are
point-evaluations and therefore 1-dimensional.) Nevertheless, we will have more to
say about decomposition of this representation and others into irreducibles latter.
First we introduce a concept which does allow a decomposition into direct sums for
a large class of representations.

Definition E.1. A representation 7 of a C*-algebra A is called multiplicity-free if
7 does not have two equivalent orthogonal nonzero subrepresentations.

Remark E.2. Clearly, 7 is multiplicity-free provided that there is no nonzero rep-
resentation o of A such that o ® o is equivalent to a subrepresentation of 7.

If o is a subrepresentation of 7, then since the orthogonal projection P onto the
space of ¢ must commute with 7, P belongs to the commutant

m(A) :=={T € B(Hr) : Tn(a) =m(a)T for alla € A}

of m. Note that the double commutant w(A)” (the commutant of m(A)") is the
closure of w(A) in the weak operator topology (by von Neumann’s Double Commu-
tant Theorem [110, Theorem 4.2.5]). It coincides with the strong closure of 7(A)
by [110, Theorem 4.2.7]. Thus Z := w(A)' N7(A)” can be viewed as the center of
either the commutant of 7(A4) or of the von Neumann algebra generated by 7(A).
We call o a central subrepresentation of m if the corresponding orthogonal projec-
tion belongs to the center of the von Neumann algebra generated by 7. If 7(A)" is
commutative, then Z = m(A)" and every subrepresentation is central.

Lemma E.3 ([2, p. 42]). A representation m of a C*-algebra A is multiplicity-free
if and only if the commutant w(A)" is commutative.

1Some care is needed here as we require representations to be nondegenerate. But 7 is nonde-
generate if and only if w(e;) — I3 in the strong operator topology for any approximate identity
{e;} of A. Thus 7¥(e;) — Iy and ©¥ is nondegenerate.

It is known that irreducible representations of C*-algebras are actually algebraically irre-
ducible in that they have no nontrivial invariant subspaces at all ([28, Corollary 2.8.4] or [126, The-
orem 3.13.2]).
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Proof. Suppose that o and 7 equivalent nonzero orthogonal subrepresentations of
m. Then there is a partial isometry U € w(A)’ such that U*U is the orthogonal
projection onto the space of ¢ and UU* the orthogonal projection onto the space
of . Thus U and U* do not commute and 7(A)’ is not commutative.

Conversely, suppose that m(A)’ is not commutative. Then there is a self-adjoint
operator T' € w(A)’ that does not commute with all of w(A)’. Using the spectral
theorem, there is a spectral projection P € w(A)’ for T with the same property.
Thus there is a S € 7(A)" such that

R:=PS(I—P) 0.

Let R = U|R| be the polar decomposition of R (see [2, p. 7] or [126, Proposi-
tion 2.2.9]). Then
U'U<(I—P) and UU*<P

Thus U is a nonzero partial isometry in 7(A4)" with orthogonal initial and final
spaces. Thus 7V"U and 7UY" are equivalent orthogonal subrepresentations of m,
and 7 is not multiplicity-free. O

Definition E.4. Two representations 7 and o of a C*-algebra A are called disjoint
if no nonzero subrepresentation of 7 is equivalent to any subrepresentation of o.

Let X be a second countable locally compact Hausdorff space so that Cp(X)
is a separable commutative C*-algebra.® Let p be a finite Borel measure on X.
If B%(X) is the set of complex-valued bounded Borel functions on X, then each
f € BY(X) determines a bounded operator Ly on L?(X, i) via

Lih(z) := f(z)h(z).

(Of course, we could equally well have used L>(X, ) in place of BY(X) as Ly = L,
if f and g agree p-almost everywhere. However, we don’t gain anything and it will
be convenient later, in the vector-valued case, not to be burdened with the niceties
of defining L>°.) As in [2, §2.2], we make the following conventions.

Definition E.5. Let u be a finite measure on the locally compact space X. We let
Z:={Ls e B(L*(X)) : f € B'(X) )},
and we write 7, for the representation
™. : Co(X) — B(L*(X))
given by m,(f) = Ly.

The representations 7, are fundamental to the what follows. Their basic prop-
erties are developed in [2, §2.2] and we summarize a few of them here.

30f course, every separable commutative C*-algebra is isomorphic to Co (A) with A second
countable.
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Theorem E.6 ([2, Theorems 2.2.1, 2.2.2 and 2.2.4] — see also Proposition 1.41).
Suppose that X is a second countable locally compact Hausdorff space and that p is
a finite measure on X.

(a) & is the closure of m,(Co(X)) in the strong operator topology and
(b) ¥ =2.
If v is also a finite measure on X, then
(c) m, is equivalent to m, if and only if p and v are equivalent measures, and
(d) 7, and m, are disjoint if and only if p and v are disjoint measures.
Moreover, each m, is multiplicity-free. In fact,

(e) A representation m of Co(X) is multiplicity-free if and only if there is a finite
Borel measure i on X such that m is equivalent to m,.

Remark E.7. Part (a) implies that £ is a strongly closed subalgebra of
B(LQ(X, ,u)) Thus £ is not only a C*-algebra, but a von Neumann algebra
as well. Part (b) implies that . is a maximal abelian subalgebra of B(LQ(X))
— that is, there is no strongly closed commutative subalgebra of B (LQ(X ))
which properly contains 2. Lemma E.3 on page 400 and part (b) imply that
each 7, is multiplicity-free. The converse (part (e)) follows from the fact that
multiplicity-free representations of separable C*-algebras must have a cyclic
vector [2, Lemma 2.2.3]. Consequently, every multiplicity-free representation of a
separable C*-algebra is separable.

We want to suggest that multiplicity-free representations make good “building
blocks” for more general representations. For example, if 7 is any representation
of a C*-algebra A, then we can define its multiple n - 7 for any integer n > 1: n-7
denotes the representation 7@ - -®m on H,®- - -®H, where there are n-summands
in each case. We also allow the case n = oo where there are countably infinite many
summands.* Note that n - 7 is equivalent to # ® 1y on H, ® H where H is any
n-dimensional Hilbert space [139, p. 254]. Naturally, if n > 2, then n - 7 is not
multiplicity-free and we’d even like to say that n - 7 has “multiplicity n”. In order
for such a definition to be well defined, we need must first observe that if n - 7 is
equivalent to m - o, then n = m. (Note that we do not claim we also have 7 and o
equivalent.) Arveson does this in [2, Proposition 2.1.3], and we take advantage of
this to make the following fundamental definition.

Definition E.8. A representation 7 of A has multiplicity n (1 < n < co) if thereisa
multiplicity-free representation o of A such that 7 is equivalent to n-o. Equivalently,
7 has multiplicity n if 7 has n orthogonal mutually equivalent subrepresentations
{m; } such that 7 = @, 7.

Ezxample E.9. Suppose that u is a finite measure on a locally compact space X and
that H, is a Hilbert space of dimension 1 < n < oo. Then n - 7, is equivalent to

4There is no reason to restrict to countably many summands for this definition, but as we are
ultimately only interested in separable representations, countably infinite suffices for our purposes.
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the representation 7, ® 1y, on L*(X) ® H, which we identify with L?(X,H,,).?
We shall see that every representation of Cy(X) with multiplicity n is equivalent
to n - m, for a finite measure yu on X.

Since it can be impossible to break infinite-dimensional representations into
direct sums of irreducibles, another approach is to try to break a representation up
into direct sums of multiplicity-free representations. This is also not going to be
possible in general, but there are large classes of C*-algebras for which it is possible.

Definition E.10. A representation w of a C*-algebra A is called type I if every
central subrepresentation of 7 has a multiplicity-free subrepresentation. A C*-
algebra is said to be of type I if every representation of A is of type 1.6

Remark E.11. Kaplansky [86] proved that all GCR C*-algebras are of type I (see
also [2, Theorem 2.4.1]). That the converse holds for separable C*-algebras is one
of the monumental achievements in the subject and is due to Glimm [60]. Glimm’s
result was extended to the general case by Sakai [157]. However, for the moment,
we will only need to keep in mind that commutative C'*-algebras have only type I
representations.

The significance of type I representations to our discussion is illustrated by the
following decomposition theorem [2, Theorem 2.1.8].

Theorem E.12 (Decomposition Theorem). Suppose that m is a type I represen-
tation of a C*-algebra A on a separable Hilbert space. Then there is a unique
orthogonal family {7, } of central subrepresentations of m such that

(a) each m, either has multiplicity n or is the zero representation, and

(b) = @ﬂ'n.

Remark E.13. A von Neumann algebra M C B(H) is called a factor if it has trivial
center: M N M’ = Cly. A representation 7 of a C*-algebra A is called a factor
representation if w(A) generates factor (i.e., m(A)” is a factor). Note that every
irreducible representation, and in fact every multiple of an irreducible representa-
tion is a factor representation [28, Proposition 5.4.11]. Also, any multiplicity-free
factor representation is necessarily irreducible (since w(A)" is commutative). Using
Theorem E.12, it is not too hard to see that a type I factor representation has to be
a multiple of an irreducible representation, and a non-type I factor representation
can’t be a multiple of an irreducible. Another part of Glimm’s fundamental paper
proving that separable type I C*-algebras are necessarily GCR [60] asserts that a
separable non-type I C*-algebra does have non-type I factor representations. (In
fact, it must have factor representations generating factors both of von Neumann
type IT and type II1.)

5To avoid working with vector-valued functions, we can simply define L?(X,u,H) to be
L%(X,p) ® H. Otherwise, we can refer to Appendix 1.4, and note that we can replace G there
with the second countable locally compact space X.

6 An alternative formulation that A is of type I if and only if the von Neumann algebra 7(A)"
is a type I von Neumann algebra for all representations 7 of A. This is standard terminology even
though a type I von Neumann algebra is rarely a type I C*-algebra.
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Since commutative C*-algebras are always of type I, the discussion in this section
allows us to give a complete description of the representations of commutative C*-
algebras.

Theorem E.14 (]2, pp. 54-5]). Suppose that A = Cy(X) is a separable commuta-
tive C*-algebra and that 7w is a separable representation of A. Then m is equivalent
to a representation of the form

(FHOO ® 1Hoo) S, O (ﬂ—llz ® 1H2) D

where each i, is a finite Borel measure on X with wy, disjoint from py, if n # m.
(Some, but not all, of the p, can be the zero measure). If

0= (7Tlfoo ®]‘Hoo)®ﬂ-l’l @(7‘(,/2 ®1H2)@"'

is another such representation, then o is equivalent to w and if and only if p, and
vy, are equivalent measures for all n.

Remark E.15 (Decomposition into irreducibles). Theorem E.14 can also be thought
of as a continuous decomposition of 7 into irreducibles. First recall that the ir-
reducible representations of A = Cy(X) are the point evaluations ev, given by
eve(f) := f(z), and that we can identify the spectrum A of A with X [139, Exam-
ple A.24]. If p is a finite Borel measure on X, then we can write

mu(f)h(z) = eva (f)h(x), (E.1)

and this suggests we think of 7, as a continuous sum of the ev,’s. Formally this is
called a direct integral

&
/A ev, du(x), (E.2)
A

where (E.2) is simply a shorthand for (E.1). In general, given a representation
m of A and measures p, as in Theorem E.14, we get a Borel partition { X, } of
X such that u,(F) = 0if EN X, = (. After possibly multiplying each u, by a
constant, we get a finite measure p on X by setting p = >, p,. We can define a
multiplicity function m : X — {1,2,...,00} by m(z) = n if € X,, and then use
the suggestive notation

53]
/ m(z) - evy du(z) (E.3)
A

as a shorthand for the decomposition of 7 given by Theorem E.14. The point of
this shorthand is to suggest how 7 is built up from the point evaluations. Moreover,
with a bit of work, we can see that the equivalence class of 7 uniquely determines
the measure class of p and the multiplicity function m almost everywhere. We’ll
have much more to say about direct integrals in Appendix F (cf., Example F.25 on
page 419). A complete treatment of the theory of direct integrals and applications
to representations of C*-algebras can be found in Dixmier’s books [28,29].
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E.2 Decomposable Operators

Naturally, we also want to decompose representations of noncommutative C*-
algebras in analogy with what we did for abelian algebras in Theorem E.14 on
the preceding page. This will require that we look a bit further into the pit of
direct integrals. However, in this section, we’ll keep following Arveson’s treatment,
and try to get only a few toes out over the abyss. We take a much more extensive
look in Appendix F.

We let B®(X,H) be the set of all bounded functions F : X — B(H) such that

z— (F(z)h | k)

is Borel for all o,k € H.” (Such functions are called weak-operator Borel.) The
usual pointwise operations make B°(X,H) into a *-algebra with norm

[ F'[| := sup [[F'(z)]|.
reX

This norm satisfies the C*-norm identity ||F*F|| = ||F||?> and, although we don’t
require it, BY(X,H) is a C*-algebra. If F € B*(X,H), and if h € L?(X,u, H) :=
L*(X)®™M, then it is not hard to check that z — F(x)(h(z)) is in L*(X, u, H) with
norm bounded by ||F||||h||2. Thus each F' € B®(X,H) defines a bounded operator
Lr on L*(X,H) via the formula

The subalgebra
LRy ={L;@1y: feBX)}

is called the set of diagonal operators in B(L2(X, H)) and we see easily that Lp €
(L @ 1y) forall F € BY(X,H).

Definition E.16. A bounded operator T on L?(X, u, H) is called decomposable if
there is a F' € BY(X,H) such that T = Lp.

In addition to being more easily understood, decomposable operators have a tidy
characterization as exactly the operators in the commutant of the algebra . ® 14
of diagonal operators [2, Theorem 4.2.1]. (Also see Theorem F.21 on page 418.)
We summarize some of the facts we need in the next result.

Theorem E.17. Suppose that H is a separable Hilbert space, that X is a second
countable locally compact Hausdorff space and that p is a finite Borel measure on
X. Then T € B(L*(X,u,’H)) is decomposable if and only if T € (£ ® 14)'.
Furthermore £ ® 1y is an abelian von Neumann algebra, and 7, ® 1y (CO(X)) 18
dense in £ ® 1y is the strong operator topology.

7As in the scalar case, Bb(X,H) could be replace by some sort of L°° space. However, we
are not assuming that the F € B?(X,H) be essentially separately valued (note that B(H) is not
separable if H is infinite dimensional), so the material in Appendix B does not apply directly.
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Proof. As mentioned above, the first assertion is [2, Theorem 4.2.1]. To see that
(7 ® 19¢)(Co(X)) is strongly dense in . ® 14, fix g € B*(X). Then there is a
bounded sequence { f, } C Co(X) such that f,(z) — g(z) for p-almost every z.
Let h € L?(X, u,H). Then

| £n(@)h(@) = g(@)h(@)[|* — 0

for all x off a null set. The dominated convergence theorem then implies that
Tu(fn) ® 1y converges strongly to Ly ® 13¢. This suffices.

Since .Z is closed in the strong operator topology by Theorem E.6 on page 402,
it is not hard to see directly that . ® 14 is as well. Alternatively, we can appeal
to [29, 1.2.4 Proposition 4] to conclude that £ @ 1y, = (£ ® B(H))/. O

Now we suppose that we have a C*-subalgebra 2 of decomposable operators on
L?(X,H). Then, by definition, for each T € 2, there is a Fr € B?(X,H) such that
T = Lp,. If A and H are separable, then we can make our choices so that 1" +— Fr
is a #-homomorphism. The details are worked out in [2, §4.2].

Corollary E.18. Suppose that H is separable Hilbert space and that 2 is a separable
C*-subalgebra of (£ ® 1x)'. Then there is an isometric x-isomorphism m : A —
Bb(X,H) such that

Lyry=T

for all T € .

Notice that if we are given m : A — BY(X,H) as in Corollary E.18, then we
obtain a family of possibly degenerate representations { 7, }.cx of 2 as follows:

7 (T) := 7(T)(z).

These representations will play a crucial role in what follows. The idea will be to
show that representations which we wish to study are equivalent to representations
p having image p(A) contained in (% ® 14)’ for appropriate choices of X, pu and
H. Then letting p(A) play the role of 2, we obtain a “decomposition” of p into
representations p, := m, o p. To determine the properties of the 7., and therefore
the p., we need the following technical result from [2, §4.2].

Proposition E.19. If { F,, } is sequence in B*(X,H) such that Lp, — Lp in the
strong operator topology, then there is a subsequence { Fy, } and a p-null set N
such that F,, () — F(x) in the strong operator topology for all € X . N.

Notice that if 2 is a nondegenerate subalgebra — that is, if the identity map
is a nondegenerate representation of 2 — and if { E; } is an approximate identity
in 2, then E; — I in the strong operator topology. Thus off a null set (and after
reindexing) 7, (E;) — Iy and almost all the 7, are nondegenerate.

Proposition E.20. Let H be a separable Hilbert space, X a second countable locally
compact Hausdorff space and u a finite measure on X . Suppose that 2 is a separable
C*-subalgebra of (£ @ 1y)" with 7w : A — B*(X,H) as in Corollary E.18.
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)
b) If Lp € A, then F(x) € m(~A)" for u-almost all z.
(¢) f @1y =A NA", then m, is a factor representation for p-almost all x.
(d) If @14 C A", then there is a p-null set N such that x #y and x,y € XN

implies that m, and m, are disjoint.

Proof. Part (a) is Corollary 1 of [2, Proposition 4.2.2].
For part (b), let { A, } be a countable dense subset of 2[. Then Lr commutes
with each Ly (4,). Thus there is a p-null set N such that

F(x)my(Ay) = 7 (An)F(z) forallz e X N N.

Thus F(z) € m, ()’ for almost all z.

Part (d) is Corollary 2 to [2, Proposition 4.2.2].

For part (c), note that if the diagonal operators coincide with the center of
A", then 2" and A" generate the decomposable operators in the strong operator
topology.® If T € B(H) generates B(H) and if F(z) := T for all x € X, then
Lr € (£ ®1x)'. Since H is separable, there is a sequence { T, } of elements in
the complex algebra spanned by 21" and 24” such that T, — Lg (see [2, Corollary
following Theorem 1.2.2]). Using Proposition E.19 on the facing page and replacing
{T,} by a subsequence if necessary, we can assume that there is a p-null set N
such that x € X ~ N implies

m(Ty)(x) = F(z) =T

is the strong operator topology. However, enlarging N if necessary, parts (a) and
(b) allow us to assume that z ¢ N implies each 7(T,)(z) = 75(T},) is in the algebra
generated by 7, () and 7, ()”. Thus T is almost everywhere in the commutant
of the center 7, ()" N 7, (A)”. Since T generates B(H), the center is trivial for
almost every x which completes the proof. [l

8In general, the commutant of M N A is the von Neumann algebra generated by M’ and N”.






Appendix F

Direct Integrals

We knocked on the door to the theory of direct integrals of representations of C*-
algebras in Appendix E. However, the proof of the Gootman-Rosenberg-Sauvageot
Theorem 8.21 on page 241 requires that we deal with the theory in a more general
setting. We need this generality not only for the proof of Theorem 8.21 in Chapter 9,
but also to develop the key tool used there: Effros’s ideal center decomposition of
a representation of a separable C*-algebra (Theorem G.22 on page 444). Effros’s
theorem and the consequences we require are developed in Appendix G.

As always when dealing with direct integrals, separability is essential. All the
C*-algebras and Hilbert spaces appearing in this section are assumed to be sepa-
rable.

F.1 Borel Hilbert Bundles

The classical notion of a direct integral of Hilbert spaces and decomposable opera-
tors is developed in detail in [29, Part II, Chap. 1&2]. A brief survey can be found
in [56, §7.4]. The point of view taken here is that a direct integral of Hilbert spaces
is simply the Banach space of square integrable sections of an appropriate bundle of
Hilbert spaces. A decomposable operator is an operator which respects the fibres.
I got this approach from [108, §3.1], which is based on [141, §1].

We start with a collection

5= {H(SC) }mEX

of separable (nonzero) complex Hilbert spaces indexed by an analytic Borel space
X. Then the total space is the disjoint union

X+ :={(z,h): heH(x)},
and we let 7: X * $ — X be the obvious map.

Definition F.1. Let $§ = {H(z) }ex be a family of separable Hilbert spaces
indexed by an analytic Borel space X. Then (X * $),7) is a Borel Hilbert bundle if
X * $ has a Borel structure such that

409
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(a) m is a Borel map and
(b) there is sequence { f, } of sections such that
(i) the maps f, : X % $ — C defined by

fn(xvh) = (fn(x) | h)7

are Borel for each n,

(ii) for each n and m,

is Borel, and
(i) the functions { f, } and 7 separate points of X  §.

The sequence { f, } is called a fundamental sequence for (X 9, ). We let B(X x9)
be the set of sections of X x §) such that

z = (f(2) | fal@))
is Borel for all n.

Remark F.2. We are being a bit sloppy with our notation for sections. A section
f of X x§ is really of the form f(z) = (, f(z)), where f(z) € H(z). Therefore we
should really write something like (fn(:zz) | fm(x))H(I) in place of (f,(z) | fin(z)).
Alternatively, we could identify H(x) with { z } x H(z). In any event, we are going
to suppress the f to reduce clutter.

Remark F.3. If f is a section of X * §, then, (f,(z) | f(z)) = fn(f(x)) (see
Remark F.2). Thus if f is Borel (as a map of X into X * ), then f € B(X x§). If
in addition, X * $) is an analytic Borel space, then Lemma D.20 on page 375 (and
property (iii) of axiom (b)) implies that the Borel field on X * § is that generated
by 7 and the f,,. Thus, if X % § is analytic, a section f € B(X % 9) if and only if
f is Borel as a map of X into X * §.

Remark F.4. Suppose that X * §) is an analytic Borel Hilbert bundle; that is,
we assume X *x § is Borel Hilbert bundle and that X * £ is an analytic Borel
space. We can give X the largest Borel structure such that 7 is Borel. Then with
this new, a priori larger (but still countably separated), Borel structure, X is still
analytic [2, Corollary 1 of Theorem 3.3.5]. But then the Unique Structure Theorem
[2, Theorem 3.3.5] implies that the new Borel structure coincides with the original.
In particular, for analytic Borel Hilbert bundles, we can replace condition (a) in
Definition F.1 on the preceding page with

(a) 7~ Y(E) is Borel in X * ) if and only if E is Borel in X.
Therefore our definition of an analytic Borel Hilbert bundle coincides with Ramsay’s
in [141, §1] and Muhly’s in [108, Chap 3., §1]. (We are interested only in analytic
Borel Hilbert bundles. We have not made this a blanket assumption in this section

only because in the proof of Proposition F.8 on page 412 we want to deal with
bundles which are not a priori analytic.)
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Ezample F.5. Let H be any separable Hilbert space with orthonormal basis { e, },
and let X be an analytic Borel space. If we let H(x) := H for all z, then with the
product Borel structure on X *$ = X x H, (X x H,w) becomes a Borel Hilbert
bundle with respect to the fundamental sequence given by f,(z) := e, for all z. If
X is an analytic Borel space (respectively, a standard Borel space) then X * § is
analytic (respectively, standard). More generally, let X = X, ,UX;UX5U... bea
Borel partition of X, and let H,4 be a Hilbert space of dimension d with orthonormal
basis {ed }7=¢ for d = 1,...,Ng. For each x € Xg, let H(x) = H4. Then we can
give X x 9 = ]_[ijo X4 x Hg the obvious Borel structure coming from the product
Borel structure on each factor.! Then X * §j is a Borel Hilbert bundle with respect
to the fundamental sequence

ei ifze Xgand 1 <n <d, and
0  otherwise.

A above, X * $) is either analytic or standard depending on whether X has the

corresponding property.

If we agree that two Borel Hilbert bundles X «$ and X «R over X are isomorphic
if there is a bundle map ¢ : X *$ — X % K which is a Borel isomorphism such that
(z,h) — @(x, h) is a unitary isomorphism of H(z) onto K(x),? then it is something
of a surprise to discover that every bundle is isomorphic to one of the seemingly
trivial examples described in Example F.5 (cf., Corollary F.9 on page 413). On
the other hand, the isomorphism is often not natural or convenient to introduce in
applications. But the result is none-the-less indispensable in the theory.

Proposition F.6. Let X «$ be a Borel Hilbert bundle with fundamental sequence
{fn}, and let d(z) := dim H(z). Then, for each n =1,2,... Ny,

Xp:={ze X :dimH(z)=n}

is Borel and there is a sequence { ey } in B(X * ) such that
(a) for each x € X, {er(x) }Z(jl) is an orthonormal basis for H(x), and if d(z) <
00, ex(x) =0 for all k > d(z), and
(b) for each k, there is a Borel partition X = |Jo2, BY and for each (n, k) finitely

n

many Borel functions <p}l’k : BY — C (1< j <m(n,k)) such that

m(n,k

)
er(x) = Z go?’k(:v)fj (x) for all 2 € BE.
j=1

If {ug } is any sequence which satisfies (a) €& (b), then each up € B(X * 9) and

f X and Y are Borel spaces, then the disjoint union X [[Y is a Borel space where B C X [[Y
is Borel if and only if BN X and BNY are Borel. This generalizes in a straightforward way to
countable disjoint unions.

2We will return to the notion of an isomorphism of Borel Hilbert bundles in Definition F.22
on page 418.
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(¢) f € B(Xx*9) if and only if v — (f(x) | ur(x)) is Borel for all k, and
(d) if f,g € B(X *9), then x — (f(z) | g(x)) is Borel.

Remark F.7. Clearly, { e } is also a fundamental sequence for X % £. We call such
a sequence a special orthogonal fundamental sequence.

Proof of Proposition F.6. The measurability of the X,, and the existence of { ey }
satisfying (a) and (b) are shown in [56, Proposition 7.27] or [29, Lemma II.1.1]
(using a careful application of the usual Gram-Schmidt process). We won’t repeat
the proof here.

Note that part (b) implies that

v (f(2) | ur()) (F.1)

is Borel for all k provided f € B(X x$). Thus u, € B(X *§). If (F.1) is Borel for
all k£, then Parseval’s Identity implies that

e (f(2) | fi(@) = D (f@) | un(x)) (unlx) | f(2))

k

is also Borel. This establishes part (¢). Part (d) also follows from Parseval’s Iden-
tity:

(f@) | g(x)) = Y (F() | un(@)) (ur(@) | 9(x))- O

k

Other than straightforward situations such as Example F.5 on the preceding
page, Borel Hilbert bundles do not arise fully formed with a natural Borel structure
on the total space. Instead, we rely on the following.

Proposition F.8. Suppose that X 1is an analytic Borel space and that
H = {H(z) }eex is a family of separable Hilbert spaces. Suppose that { fn}
is a countably family of sections of X x § such that conditions (ii) and (iil) of
aziom (b) in Definition F.1 on page 409 are satisfied. Then there is a unique
analytic Borel structure on X % § such that (X * 9, ) becomes an analytic Borel
Hilbert bundle and { fn } is a fundamental sequence.

Proof. If (X %%, m) has an analytic Borel structure such that { f,, } is a fundamental
sequence, then as in Remark F.3 on page 410, the Borel structure is that generated
by 7 and the fn Thus, if X % $ has an analytic Borel structure, it is unique.

On the other hand, we can let X * $ have the smallest Borel structure such
that the maps f, and 7 are Borel. Then (X % 9,m) is a Borel Hilbert bundle and
{ fn} is a fundamental sequence. Let Xg = {z € X : dim(H(z)) = d}. Then Xy is
Borel (Proposition F.6 on the previous page), and it will suffice to see that X is
analytic.? By Proposition F.6 on the preceding page, there is a special orthogonal
fundamental sequence { u,, } for X * $ such that { u,(x) } is an orthonormal basis
for H(x) for each x € X4. Let Hy be a Hilbert space of dimension d and let { e, }

3If Y is a Borel subset of X and if X * § is a Borel Hilbert bundle over X, then we let Y x §
denote the obvious Borel Hilbert bundle over Y obtained by restriction.
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be an orthonormal basis for Hy. Then (X4 X Hg,mq) is an analytic Borel Hilbert
bundle and g, (z) = e, for all z € X defines a fundamental sequence for Xy x Hg.
Note that m4 and the g,, determine the Borel structure on the analytic Borel Hilbert
Bundle X4 x Hg4. Since the { u,(z) } determine a unitary isomorphism of H(x) onto
Ha, we get a bundle map ¢ : Xg % $H — Xy x Hg which is a unitary on each fibre.
Since

Jn (QD(,T, h)) = ﬂn(xv h)v
it follows that ¢ is a Borel map. Reversing the roles of g,, and u,, shows that ¢~
is Borel. Since X4 x Hy is analytic, this completes the proof. O

1

Examining the proof of Proposition F.8 and in view of Remark F.3 on page 410,
we have the following corollary.

Corollary F.9. Suppose that X %) is an analytic Borel Hilbert bundle over an an-
alytic space X. Let Xq = {x € X : dim(H(z)) = d}, and let Hy be a Hilbert space
of dimension d. Then X * $) is isomorphic to ]_[ijo X4 X Hq (as in Example F.5
on page 411).

F.2 The Direct Integral of Hilbert Spaces

For the rest of this appendix, and in fact elsewhere in this book with the exception
of the previous section, we will be concerned solely with analytic Borel Hilbert
bundles over analytic spaces. In particular, let (X * $,7) be an analytic Borel
Hilbert bundle over an analytic space X. Then B(X * $) denotes the set of Borel
sections. If f € B(X x9), then « — || f(z)] is Borel by Proposition F.6 on page 411.
If u is a Borel measure on X, then let L?(X * $, 1) be the normed vector space
formed by the quotient of

LAX*x9,p)={feBX*9):z— | f(x)]? is integrable },

where functions agreeing p-almost everywhere are identified. Notice that if f,g €
L%(X * $, 1), then the usual Cauchy-Schwarz inequality implies that z — (f(z) |
g(z)) is integrable, and L*(X * $, 41 is an inner product space in the obvious way.
If X % $ is the trivial bundle X x H, then it is immediate that L?(X x H,u) is
the Hilbert space L?(X, u, H) (see Appendix 1.4 and Remark 1.12 on page 490). In
general, it is not hard to see that L*(X * §, ) is a Hilbert space with the above
inner product. To prove this, we could either mimic the proof that L?(X, u, H) is
complete, or we could invoke Corollary F.9. We'll leave this as an exercise.
We should notice that L?(X * ), 1) is nothing more than the direct integral

@
/X H(x) du(z) (F.2)

as defined in [29].

Remark F.10. Although the integral notation, (F.2), is classical, here we’ll usually
use L2 (X x 9, 1) as it makes clear the dependence on the Borel structure on X * §)
induced by the fundamental sequence.
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With the above definition is hand, we can record some straightforward corollaries
of Proposition F.6 on page 411 and Corollary F.9 on the previous page.

Corollary F.11. Suppose that X «$ is an analytic Borel Hilbert bundle and suppose
that dim H(z) = d for all x and 1 < d < Wg. Then, if Hy is any Hilbert space of
dimension d, X %% is isomorphic to the trivial bundle X X Hq. In particular, if p is
any finite Borel measure on X, then L*(X % $), 1) is isomorphic to L*(X, 1) @ Hq =
L2(X, u, Ha).

Corollary F.12. Let X x$ be an analytic Borel Hilbert bundle and let i be a finite
measure on X. Then there is a Borel partition X = Xoo U X1 U XoU--- such that,
if pg is the restriction of u to Xgq and if Hq is a fixed Hilbert space of dimension
1 <d < Ny, then

L*(X %9, 1) = L* (X oo, floo) @ Hoo ® L (X1, 1) @ L (X2, p12) @ Ho ® - -+
d=o0
= L*(Xa, pra; Ha)-
d=1
Definition F.13. Suppose that u is a finite measure on a Borel space X and that
X x § is a Borel field of Hilbert spaces. An operator T' on L?(X x $, ) is called
diagonal if there is a bounded (scalar-valued) Borel function ¢ € B*(X) such that

Th(zx) = p(z)h(z)

for p-almost every . The collection of diagonal operators on L?(X ), u1) is denoted
by A(X x$, u). If ¢ € BY(X), then the associated diagonal operator is denoted by
Tp.

Ezample F.14. If X % $) is a trivial bundle X x H, then A(X x H, u) is the collection
of operators . ® 1y, as defined on page 405 of Appendix E.2.

Lemma F.15. Suppose that X * $) is an analytic Borel Hilbert bundle and that
w s a finite Borel measure on X. Then A(X % 9, ) is an abelian von Neumann
subalgebra of B(LQ(X * Sﬁ,,u)), and the map ¢ — T, induces an isomorphism of
L>(X, n) onto A(X * 9, ).

Proof. The map ¢ — T, clearly defines an isometric *-isomorphism of L*°(X, p)
onto A(X * 9, u).* Since

(T, f | g) = /X (@) (f(2) | 9(x)) dpa),

it follows that ¢ — T, is continuous from L (X, u) with the weak-* topology (as
the dual of L'(X, i) onto A(X * $, u) with the weak operator topology. Since the
unit ball of L>°(X, ) is weak-* compact, the unit ball of A(X * $), 1) is compact,
and hence closed, in the weak operator topology. Since the Kaplansky Density
Theorem [110, Theorem 4.3.3] implies that the unit ball of A(X x $, ) is weakly
dense in the unit ball of its weak closure, this implies that A(X = $), 1) is closed in
the weak operator topology. This completes the proof. O

4We are using the standing assumption that each H(z) # 0. Otherwise, we could replace p by
its restriction to the set where H(z) # 0, and proceed as above (see [29, I1.2.4]).
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Lemma F.16. Suppose that X is an analytic Borel space. Then there is a countable
family {1; } of bounded Borel functions on X with the property that given a finite
Borel measure p on X and a function f € LY (X, ) such that

[ @)@ duta) =0 for aiti
X

then f(x) =0 p-almost everywhere.

Proof. Let { A; } be a countable family of Borel sets generating the Borel sets in X
as a o-algebra. As in Lemma D.41 on page 394, the algebra o generated by { A; }
is countable.

Let i be a finite Borel measure on X, let f € £1(X, ) and let ¢ be the family
of Borel sets B such that

| #@dut) =0
B

The Dominated Convergence Theorem implies that € is closed under countable
increasing unions and countable decreasing intersections. If &/ C %, then the
Monotone Class Lemma ([57, Lemma 2.35]) implies that € contains the o-algebra

generated by o/ — and therefore every Borel set. In that case, we must have
f = 0 almost everywhere. Therefore it will suffice to let the {; } be the set of
characteristic functions of elements of 7. (|

Lemma F.17. Suppose that X * $ is an analytic Borel Hilbert bundle over an
analytic space X. Then there is a countable family {; } C BY(X) such that given
a finite Borel measure v on X and a square integrable fundamental sequence { f; }
for X x $), the set

{Ty.fj:i>1andj>1}
is dense in L*(X *9, ). In particular, L>(X x$, p) is separable for any finite Borel

measure (i on X.

Proof. Let {1; } be as in Lemma F.16. Suppose that f is orthogonal to every Ty, f;.
Then for each j,

/X Gile) (f5(x) | £()) dyu() = 0 (F.3)

for all i. Thus there is a g-null set N; such that (f;(z) | f(x)) =0 for all z ¢ N;.
Then N := [JN; is a null set and f(z) = 0 for all z ¢ N. That is, f = 0 in
L2(X % $, ). O

Ezample F.18 (Pull-backs). Suppose that X x$) is an analytic Borel Hilbert bundle
with fundamental sequence { f,, } and that o : ¥ — X is a Borel map. Then we
can form the pull-back Borel Hilbert bundle

(X *9) =Y %9, :={(y,h) : h € H(o(y))}

with Borel structure compatible with the fundamental sequence { f,o0 }. Therefore
f € B(X % 9) implies that foo € B(Y * §,). If v is finite Borel measure on Y’
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and if o,v is the push-forward measure on X given by o,v(E) := v(o™*(E)) (sece
Lemma H.13 on page 463), then

/(f(a(y)) Ig(a(y)))dV(y):/(f(:r) | 9(@)) d(o.v)(x).
Y Y

Thus W (f)(y) := f(c(y)) defines an isometry
W:LA(X % $,0.v) — L*(Y % $,,v)

which is an isomorphism if o is a Borel isomorphism.

Ezxample F.19. Let Y % & be a Borel Hilbert bundle over a standard Borel space
Y, and let 7 : Y — X be a Borel surjection onto a standard Borel space X. Let
v be a finite Borel measure on Y and let 4 = 7, be the push forward. Using the
Disintegration Theorem on page 482, we can disintegrate v with respect to u so
that we have, for each x € X, finite measures v, with suppv, C 7-*(x) and such
that for all bounded Borel functions ¢ on Y

[ ewarn = [ [ owav.) dnto)

Let {u; } be a special orthogonal fundamental sequence for Y x |, and let
H(x) := LAY * &, vz).

Let {%; } € B*(Y) be as in Lemma F.17 on the preceding page. Since each v, is
a finite measure, u; € L2(Y * &, v;), and hence { Ty, u; } is dense in L*(Y = &, vy)
for each z. Define a section g;; of X * ) by letting g;;(x)(y) = ¥;(y)u;(y). If
[ € LAY * R,v,) satisfies (gij(x) | f)r2,) = 0 for all i and j, then f = 0 v,-
almost everywhere. Thus { g;; } define a Borel structure on X *§) (Proposition F.8
on page 412). The map sending f € £2(Y * &, v) to the section g(z)(y) = f(y) is a
natural isomorphism of L2(Y * &, v) onto L?(X * 9, ).

F.3 Decomposable Operators

Let X x $) and X « & be analytic Borel Hilbert bundles over the same space X
with fundamental sequences { f,, } and {gx }, respectively. A bundle map T :
X %9 — X % R is determined by a family of maps T'(z) : H(z) — K(z) such
that T'(z,h) = (z,T(x)h). Using Corollary F.9 on page 413 and Lemma D.20 on
page 375, it is possible to prove that T is Borel if and only if

x— g (f(fn(x))) = (T(z)fn(2) | gr(2)) is Borel for all n and k. (F.4)

Rather than sketch a proof here, we will define a family of linear maps T'(z) :
H(z) — K(x) to be a Borel field of operators if (F.4) holds. In particular, if
f € B(X x$), then x — T(x)f(z) is in B(X * ).
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If each T'(x) is a bounded linear operator, then we have

IT(@)l = sup |IT(x)h()|llIh(=)]~",
hes
h(xz)#0

where S is any countable family in B(X x $)) such that {h(xz) : h € S} is dense
in H(z) for all z. (Rational linear combinations of the f,, will do.) It follows that
x+— ||T(z)| is Borel. If p is a finite Borel measure on X, then we can set

A =ess sup,cx [|T(x)||. (F.5)

If A\ < oo, then we get a linear operator T on L?(X * $), ) with norm at most
A via Tf(x) := T(z)f(z) for all f € L*(X % 9,pu). In fact, ||T|| = A\. Thus
an essentially bounded Borel field of operators { T'(z) } defines a bounded linear
operator T : L2(X % 9, u) — L*(X * &, u) with norm A given by (F.5).

Operators T determined by a Borel field of operators { T'(z) } as above are called
decomposable and the classical notation is

S5}
T::/ T(z) du(x). (F.6)

X

Lemma F.20. Suppose that X *$) and X xR are Borel Hilbert bundles over X and
that w is a finite Borel measure on X. Let { T(x) }zex be an essentially bounded
Borel field of operators T'(z) : H(z) — K(x), and let the direct integral

®
T::/ T(z) du(z)

X

be the associated decomposable operator from L*(X * 9, 1) to L*(X * &, ).
(a) If T =0, then T(x) =0 for p-almost all x.
(b) If {T'(z) }sex is another essentially bounded Borel family such that

52

Tz/ T'(x) du(z),
X

then T'(z) = T'(z) for p-almost all .

Proof. Clearly, it suffices to prove part (a). Let { f, } and { gn, } be fundamental
sequences in L?(X x 9, u) and L?(X * &, u1), respectively. Then for each n and m,

(T(2) fu(z) | gm(x)) =0 for p-almost all z.
Therefore T'(z) = 0 almost everywhere. O

Note that a decomposable operator such as T in (F.6) commutes with diagonal
operators: if ¢ is a bounded Borel function on X, then we can let Tj? and Tf be the
corresponding diagonal operators on L?(X x §), 1) and L?(X * £, ), respectively,
and we have

H _ R
TT) =1T,T. (F.7)
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Although we won’t prove it here, a bounded operator T' from L?(X *$), u) — L*(X *
R, 1) is decomposable if and only if (F.7) holds for all bounded Borel functions ¢
[29, 11.2.5 Theorem 1].> The case where ) = & is a bit more straightforward.

Theorem F.21. Suppose that X %) is a Borel Hilbert bundle and that p is a finite
measure on X. Let T € B(L2 (X * 9, ,u)) Then T is decomposable if and only if T
is in the commutant of the diagonal operators A(X * $), u).

Sketch of the Proof. In view of the above discussion, any decomposable operator
in B(L*(X * $),41)) belongs to A(X * $, ). Hence it suffices to see that any
T e A(X %9, ) is decomposable. Since the commutant is a von Neumann algebra,
and hence a C*-algebra, it is spanned by its unitary elements. If T' is unitary, the
result is a special case of (the proof of) part (c) of Proposition F.33 on page 423.
Alternatively, we could use Corollary F.12 on page 414 to reduce to the case where
X * §) is trivial an appeal to [2, Theorem 4.2.1]. A complete proof of the theorem
can be found in [29, I1.2.5 Theorem 1]. O

We can now formalize the notion of a Hilbert bundle isomorphism employed in
Appendices F.1 and F.2.

Definition F.22. Let X * $ and X x & be Borel Hilbert bundles. Then X * §
and X * & are isomorphic (as Borel Hilbert bundles) if there is a Borel bundle map
V:X 9 — X * 8 such that V(z) : H(z) — K(z) is a unitary for each z.

Remark F.23. Tf V is an isomorphism of X * $) onto X * & then,

53]
V::/X V(z)du(x)

is a unitary from L?(X * 9, ) onto L?(X * &, p) for any finite Borel measure y on
X.

Remark F.24. In the above remark about isomorphisms, it is critical that the
measure £ is used for both X  § and X * & Even if § = & and T'(z) = idy(s) for
all , the corresponding operator need not even map £2(X * ), u) into £2(X * &, v)
for arbitrary finite Borel measures p and v — even if p is equivalent to v. In
particular, the direct integral notation used in (F.6) should be used only in the
case where the measures match up. We will discuss how to proceed when we have
bundles over different base spaces in Appendix F.4.

Let A be a separable C*-algebra. A collection of representations 7, : A —
B(H(z)) is called a Borel field of representations of A if { w;(a) } is a Borel field of
operators for all a € A. In that case, we get a representation 7 of A on L?(X * ), u1)
given by 7(a)f(x) := m.(a)f(x) for all f € L?(X % $,u). The representation 7 is
called the direct integral of the { . } and is denoted by

/j 7o du(z).

5In essence, we prove this as part of the proof of Proposition F.33 on page 423; see page 423.
6See footnote 8 on page 423.
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Ezample F.25 (Remark E.15 on page 404 — take IT). If X is a second countable
locally compact space and if 7 is a separable representation of Cy(X ), then Theo-
rem E.14 on page 404 and the discussion in Appendix E.1 implies that there is an
analytic Borel Hilbert bundle X % § = ]_[ijo X4 X Hq and a finite Borel measure
pon X such that 7 is equivalent to the representation p, on L*(X * $, 1) given by

pu(f)(x) = f(x)h(z).

If m(x) :=d for € Xy, then it is a matter of untangling definitions to see that

S
Pu = /X m(x) - evy du(x).

This justifies the assertions made in Remark E.15 on page 404. Furthermore, since
pu is essentially the direct sum of representations of the form m, ®1, it follows from

the second half of Theorem E.17 on page 405 that p, (CQ(X))/I =A(X %9, p).

The above example is the key which allows us to find direct integral decompo-
sitions with various properties (cf., Proposition E.20 on page 406).

Proposition F.26 ([28, Theorem 8.3.2]). Suppose that p is a separable represen-
tation of a separable C*-algebra A on ‘H, and that C is an abelian von Neumann
subalgebra of p(A). Then there is a second countable locally compact Hausdorff
space X, a Borel Hilbert bundle X * $), a finite measure p on X, a Borel fam-
ily {7z} of representations of A on H(x) and a unitary isomorphism of H, onto
L?(X % $), i) intertwining p and the direct integral

@
7T:/ 7 dpn(x) (F.8)

X
as well as C and the diagonal operators A(X = $, ).

Remark F.27. We call (F.8) a direct integral decomposition of p with respect to C.

If
&)
o :=/ py dv(y)
Y

is another direct integral decomposition of p, then (F.8) and p’ are equivalent via a
unitary intertwining the respective diagonal operators. Then Proposition F.33 on
page 423 applies.

Sketch of the Proof of Proposition F.26. Since H, is separable, there is a separable
C*-subalgebra Cy of C which is dense in the weak operator topology [2, Proposi-
tion 1.2.3]. Then Cj is isomorphic to Cy(X) for a second countable locally com-
pact space X [2, Theorem 1.1.1]. The identity map on B(H,) is a representation
of Cyp(X) and it follows from Example F.25 that H, is unitarily isomorphic to
L2(X * §), 1) for a suitable Borel Hilbert bundle X * $) and finite measure p, and
that the unitary intertwines the identity representation of Cy with the represen-
tation p, from that example. Therefore C = C{/ is intertwined with the diagonal
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operators A(X * 9, ) = p, (CO(X))”. Thus p is equivalent to a representation
on L?(X * $, 1) such that 7(A) C A(X * $, ). Using Corollary E.18 on page 406
(together with Corollary F.12 on page 414), it follows that there is a Borel field
{7y } of representations on A on H(x) such that

@
w:/ 7 dp (). (F.9)

X

This completes the proof. O

Example F.25 on the preceding page can be thought of as a decomposition of m
into irreducibles. Furthermore, the equivalence class of 7 is determined by the class
of the measure p and the p-almost everywhere equivalence class of the “multiplicity
function” m [2, §2.2]. Although this result is very satisfactory, it does not extend
to the general case. (Well, it works pretty well in case that A is of GCR — see
[2, Chap. 4] for example — but we want to allow for the possibility of non-GCR
algebras.) The difficulty is that, in the general case, the uniqueness of a direct
integral decomposition of a representation (Proposition F.33) is rather fussy and
depends strongly on the abelian subalgebra of m(A)’ used in the decomposition.”

Lemma F.28. Suppose that

m= /6B 7o dp(z)

X

is a direct integral of representations of a separable C*-algebra A on a Hilbert space
L?(X % $,11). Then the map x — kerm, is a Borel map of X into Z(A). If

kerm, € Prim A for all x, then x — kerm, is a Borel map into Prim A.

Proof. Since the topology on Prim A is the relative topology coming from Z(A), it
suffices to prove the first statement.
Let J be an ideal in A and let

Oy ={Ie€I(A):J¢gI}.

Since the O ;’s form a subbasis for the topology on Z(A), it suffice to show that the
inverse image of each O is Borel; that is, we need to see that

B={zeX:m(J)£{0}}

is Borel. Let { f; } be a fundamental sequence for X * § in £L2(X * 9, u) and let
{'a; } be a countable dense subset of J. Then

Biji = {z € X : (mz(ai) fj(z) | fu(2)) #0}

"For example, to get a direct integral decomposition in which almost all the component rep-
resentations 7 are irreducible, it is necessary that the abelian subalgebra of w(A)’ be maximal
abelian [28, Lemma 8.5.1]. Unfortunately, in the non-GCR case, 7(A)" can have lots of maximal
abelian subalgebras, and the decompositions can have very little to do with one another [28, §8.5.3
& §18.9.8].
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is Borel and
B =B
ijk
Thus B is Borel. O

For later use, we need the following variation on Proposition E.19 on page 406.
It can be proved using Proposition E.19 and Corollary F.9 on page 413. It can
also be proved directly by mimicking the proof of Proposition E.19 (as found in
[2, §4.2]). A complete proof can be found in [29, I1.2.3 Proposition 4(i)]. We’ll omit
the details here.

Proposition F.29. Suppose that X * § is an analytic Borel Hilbert bundle over
an analytic Borel space X. Suppose that

D

2]
T:/X T(z)du(x) and Ti:/x Ti(x)du(x) i=1,2,3,...

are decomposable operators such that the sequence T; — T in the strong operator
topology. Then there is a subsequence { T;; } and a a p-null set N such that T;, (x) —
T(z) in the strong operator topology for all x € X \ N.

F.4 7-isomorphisms

We want to expand our discussion at the beginning of Appendix F.3 so that we
can consider Hilbert space isomorphisms U of direct integrals L?(X * ), ) and
L2(Y %8, v) over different spaces X and Y. We will want U to be “decomposable” in
an appropriate sense. For example, if we have a Borel isomorphism 7 : X — Y, then
we could look for maps U (x) : H(x) — K(7(x)) such that y — U (77 (y)) f (7 ()
is Borel if and only if z +— f(z) is Borel. If this map is to be isometric, it will be
convenient to assume that v = 7, so that 7 is measure preserving.

Definition F.30. Suppose that X x ) and Y x & are Borel Hilbert bundles and
that 7: X — Y is a Borel isomorphism. Then a family of unitaries V (x) : H(z) —
K(7(x)) is called a T-isomorphism if

2 (V(@)f(2) | g(r(2))) (F.10)
is Borel for all f € B(X x$) and g € B(Y * R).

Remark F.31. If {e;} and {u,;} are special orthogonal fundamental sequences
(Remark F.7 on page 412) for X x ) and Y x R, respectively, then

(V@) f(2) [ 9(r(x)))
=D (f@)lej (@) (V(@)ej (@) | ur(r(2))) (un(r(x)) | g(r(2))).
ki

and it follows that it suffices to check (F.10) for f and g in a fundamental sequence
for X x $ and Y * K, respectively.
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The terminology “r-isomorphism” is justified by the following easy observation.
Note that the choice of measure in the range space is determined by 7.

Lemma F.32. Suppose that 7 : X — Y is a Borel isomorphism and that
{V () }zex is a T-isomorphism of X * § onto Y * &. Then if p is a finite Borel
measure on X, there is a unitary

V:LA(X x9,p1) — L*(Y * R, Tupt)
given by V f(7(z)) ==V (z)(f(z)) for all z € X.

Proof. 1f f € L*(X ), p), then h(7(2)) = V(z) f(x) is in B(Y %K) since { V(z) } is
a 7-isomorphism. Then, using the definition of 7, p, we easily check that ||h] = || f|-
Thus V is certainly an isometry. If we let W (7(z)) := V (z)*, then { W(y) }isa 7 *-
isomorphism implementing an inverse for V. Thus V is a unitary as claimed. O

Since null sets are invisible to integral formulas, it is not always appropriate to
expect to get an everywhere defined isomorphism 7 as above. Instead, there will be
a v-null set N and a v-null set M and an Borel isomorphism 7: X N~ N — Y ~ M.
Then we can define U as before with the understanding that U f(y) or U f(7(z))
is zero if y € M or x € N. Of course in this situation, v := 7. is formally only a
measure on Y \. M, but we interpret it as a measure on Y in the obvious way. We
will also make repeated use of the following observation: if N’ D N is a p-null set,
then 7(N/ . N) is a v-null set and 7 restricts to a Borel isomorphism of X ~ N’
onto Y~ M’ where M’ = M UT(N’ ~ N).

Using Lemma F.32, it is clear that a bona fide T-isomorphism { V(z)} from
X x 9|xn to Y x &y induces in a simple way a unitary

53]
U::/ U(z)du(z) (F.11)

X

from L2(X *$, p) to L?(Y * K, 7. p1). We will simply say that this unitary is induced
by the 7-isomorphism {V(z)} via Lemma F.32. A straightforward variation on
Lemma F.20 on page 417 implies that the U determines the U(x) for p-almost all
2. Thus if a unitary U is determined by a 7-isomorphism, then the unitaries U(x)
that appear in the decomposition (F.11) are essentially unique.

F.5 Uniqueness of Direct Integrals

If direct integral decompositions of a representation are going to be a useful replace-
ment for the decomposition of finite dimensional representations into irreducible
summands, then we are going to want some sort of uniqueness result under unitary
equivalence. The basic result is taken from [29, 11.6.3 Theorem 4]. The key hypoth-
esis is that the unitary implementing the equivalence also intertwine the respective
diagonal operators.
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Proposition F.33. Let A be a separable C*-algebra. Suppose that

(&) (&)
w:z/ T du(z)  and p:=/ py dv(y)
Y

X

are direct integral representations on L?(X x 3, 1) and L*(Y * &,v), respectively.
Suppose that U : L?(X % 9,pu) — L2(Y % &,v) is an isomorphism implementing
an equivalence between m and p which also intertwines the respective algebras of
diagonal operators A(X = $, 1) and A(Y * &,v). Then there is

(a) a p-null set N and v-null set M,

(b) a Borel isomorphism 7: X N~ N — Y ~ M such that T.p is equivalent to v,

(¢c) an essentially unique T-isomorphism from X «9|xn to Y *8&|y_n consisting
of unitaries V(z) : H(z) — K(7(z)) for each x € X ~ N such that

Vi(r(z)) =V(2)f(z) (z€X\N)
induces a unitary V : L>(X * 9, u) — L*(Y * &, Tup) with the properties that
(d) U=WV, where W : L*(Y x&, Topt) — L?(Y xR, v) is the natural isomorphism

d(Tp) , 1

Wily) =—2=)*f(y), and

(e) such that V(x) implements an equivalence between m, and pr(y) for all x €
X~ N.
If ¢ and 1 are bounded Borel functions on X and Y, respectively, and if T, and
Tw are the corresponding diagonal operators on L*(X * $, 1) and L*(Y * &, Tup),
respectively, then VT, = N@OTAV.

Proof. Since U induces an isomorphism of A(y) and A(v), we obtain an isomor-
phism ¥ of L>°(X, ) onto L*(Y,v). Von Neumann’s Theorem (Corollary 1.38 on
page 502) implies that there are N, M and 7 as in parts (a) and (b) such that

Vo(y) = (7 (y)) for y ¢ M. -

If o € BYX) and ¢ € B°(Y), then we let T, and Ty be the corresponding
diagonal operators on L?(X*$), ) and L?(Y %K, 7. 1), respectively. Chasing through
the various maps shows that

WTpor Wt =UT,U .
Then V := WU is an isomorphism of L?(X * 9, u) onto L?(Y x &, 7, 1) satisfying
VT, =T,0r V. (F.12)

We need to see that V' “decomposes” as a 7-isomorphism.® (The V(z) will be
essentially unique since V' is determined by U and W.) Let { f,, } be a fundamental
sequence for X * §) in £2(X * 9, ). Choose a representative g; € L2(Y * &,v) for

8Notice that if X =Y and 7 = id, then we recover the result — at least for unitary operators
— that the Decomposable operators coincide with the commutant of the diagonal operators.
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Vfi. If ri,...,r, are complex rational numbers and if ¢ € B(X), then we can
compute that

[ | rntrto e
/X\NHZn sV () o)
which, using (F.12), is
[ IS
- [ ISt
|

V(> rres)

=1

which, since |V]| =1, is

<|[srm
- /X \N|<P($)|H§Tifi($)”d#($)

Since ¢ is arbitrary, there is a p-null set N(ry,...,7r,) D N such that

Hing(r(x))“ < Hzn:Tz‘fi(I)H (F.13)

provided = ¢ N(r1,...,7m,). Since the set of finite sequences of complex rational
numbers is countable, there is a null set N’ D N such that ¢ N’ implies that
(F.13) holds for any finite sequence of rationals. Thus if z € X ~ N’, then there
is a well defined operator V (z) : H(x) — K(7(z)) such that ||V ()| < 1 and such

that for all n
V(@) fa(z) = gn(r(2)) (z ¢ N).

As described above, there is a 7, p-null set M’ such that 7: X~ N' - Y\ M'is a
Borel isomorphism.
Let { h,, } be a fundamental sequence for Y x & in L?(Y x &, 7.p). Then

Y= (g0 () | hm(y))

is Borel (on Y ~ M) for all n and m. Equivalently,

= (92 (7(@)) | P (7(2)))
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is Borel (on X ~\ N’) for all n and m. Therefore

2 (V@ fu(@) | (7(2))) = (Fa(@) | V(@) i (7(2)))
is Borel for all n. It follows that

z = V() hy (1(z))
is in B(X * 9|xn+). Thus if f € L2(X * 9, u),
2 (£(@) | V() b (7(@))) = (V@) @) | b ((2)))
is Borel for all m. Thus
W(r@) = V@) /@) (@ ¢ N

defines an element h € B(Y * |y y) Furthermore,

A2 = / 1) drs(y)

= [ @) 1P duta)
= [ V@ @)l duta)
< [ 1@l duta

= /1%

Thus we get a bounded operator V' from L?(X * $, 1) to L2(Y * & 7.p) defined
by V'f(r(z)) := V(z)(f(z)). In particular, V'f; = V f; by construction, and if
p € L>®(p), then using (F.12) we have

VT, fi = Tpor— V' fi
= T or—1V fi
=VT,f:.
Since the T, f; span a dense subset (Lemma F.17 on page 415), we have V' = V.
To complete the proof of part (¢), we need to see that V' (z) is a unitary for almost

all z. It follows from the above that if g € B(Y % R), then f(z) := V(z)*g(7(z))
defines an element in B(X x $). Since |V (2)*|| = ||V (z)|| < 1 for all , we have

172 = / IV (@) g (r(@)) | duz)
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Thus there is a bounded operator V" : L2(Y x &, ) — L?(X * 9, ) given by
V"g(x) :=V(x)*g(r(x)), and we have

V' lo) = [ (V@) £(r@) | 9(@) dua)
= [ 7@ | V@) du)

= /Y (f() | V() dreply)
= 1Vg)=WV"flg).
Thus V" = V*. Since V is unitary, both
52 53]
|4 V:/X V(z)"V(z)dp(z) and VV :/X V(z)V(x)* du(zx)

are the identity, and V(z) is unitary for almost all  as required.
Define a representation 7’ of A on L*(Y * &, T.p) by 7'(a) := Vr(a)V 1, and
observe that

D
v = [ dn),
Y
where
Ty (@) = V(@)me (a)V(2)~" (z ¢ N).

Furthermore, 7’ is equal to W' pW which is equal to

D
A,@anmwm

Since 7’(a) = Wp(a)W, there is a null set M (a) D M such that

my(a) = py(a) (v ¢ M(a)). (F.14)
Since A is separable, there is a null set M4 D M such that (F.14) holds for all
a when y ¢ My. Thus there is a p-null set N4 such that V(x) implements an

equivalence between 7, and p;(, for all x ¢ Na. This proves part (e). The last
assertion is (F.12). O

An easy application of Proposition F.33 arises when we have bundles X * §)
and X % R in which the intertwining unitary commutes with actions of L*>°(X) as
diagonal operators.

Corollary F.34. Let A be a separable C*-algebra and suppose that

2] 2]
T = / 7 dp(x) and p= / Pz A ()
b's

X
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are direct integral decompositions on L*(X x §,u) and L*(X * &, ), respectively.
Suppose that U : L*(X * 9, ) — L*(X * &, 1) is a unitary implementing an equiva-
lence between m and p which commutes with the diagonal operators; more precisely,
if ¢ is bounded Borel function on X and if T, and Té) are the corresponding diag-
onal operators on L*(X * 9, ) and L*(X * R, ), respectively, then UT, = T,U.
Then 7, is equivalent to p, for u-almost all x.

Proof. An examination of the beginning of the proof of Proposition F.33 on page 423
shows that we can apply that result with 7 =idx and W = 1. O

F.6 Isomorphism Bundle

Definition F.35. Let X x$ be a Borel Hilbert bundle with Borel sections B(X, 9).
The isomorphism bundle of X * §) is the set

Iso(X % §) :={(z,V,y) : V : H(y) — H(x) is a unitary }
endowed with the smallest Borel structure such that, for all f,g € B(X, $),

Vrg(x, Viy) = (V) | g(x))
define Borel functions from Iso(X * §) to C.

The isomorphism bundle admits a partially defined multiplication making it into
a “groupoid”. Two elements (z,V,y) and (y’,U, z) are composable if y = y’, then
their product is (z,V,y)(y,U, 2) := (z,VU,2). Elements of the form (z, I3(s), )
act as identities or units, and each element has an inverse: (z,V,y)~! := (y,V*, ).
Groupoids and their relevance to our interests here are discussed briefly in Re-
mark G.26 on page 450.

Remark F.36. If X is a standard Borel space, then so is Iso(X * ). Using Corol-
lary F.12 on page 414, X * §) is Borel isomorphic to [[,, X, x H,, for Hilbert spaces
H,, and { X, } is a Borel partition of X. Then it is not hard to check that Iso(X *$)
is Borel isomorphic to [], X, x U(H,) x X,, where U(H,,) is the unitary group
of H,, endowed with its standard Borel structure coming from the (Polish) weak
operator topology and X,, x U(H,) X X,, has the product Borel structure.
Remark F.37. Note that a function U : Z — Iso(X * $)) is Borel if and only if
¢4 0U is Borel for all f and g. In fact, it suffices to take f and g in fundamental
sequences.

F.7 Product Borel Structure

Let G be a second countable locally compact group. Let X % § be a Borel Hilbert
bundle with fundamental sequence { f,, }. Let r : G x X — X be the projection
onto the second factor.® We will have special need for the pull-back of X * § via r

9 Although we’ll normally keep groupoid structure and terminology in the background, we use
r for this map as it is the “range” map for the relevant groupoid structure on G x X. See
Remark G.26 on page 450.
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and will use the notation 7*(X * §) in place of X * §,. Note if g € B(r*(X * 9)),
then g(s,xz) € H(x). Since {(s,z) — fo(z)}22, is a fundamental sequence for
(X % 9), for € B(r*(X *$)) for all f€ B(X *$) and

(s,2) = (f(2) | g(s,2))

Borel for any f € B(X  $).

Normally, we treat elements of L?(X) or even L?(X * ), 1) as functions. Occa-
sionally we have to admit that these elements are formally equivalence classes, and
even more infrequently, it makes a difference. The next proposition will allow us to
deal with such an instance. When such distinctions are necessary, will write [f] to
denote the almost everywhere equivalence class of a function f.

Proposition F.38. Suppose that f € L2(X * 9, u). Let [f] be the class of f in
L*(X % $,p). If V is a representation of G on L*(X * 9, u) and if pg is Haar
measure on G, then there is a g € B(r*(X = 9)) such that for ug-almost all s,

V($)f] = lg(s,-)).

Proof. Since G is second countable, g is o-finite and there is a finite Borel measure
v on G which is equivalent to pg. Thus if f € £L2(X * 9, ), then (s,z) — f(z) is
in £2(r*(X % $),v x p). Fubini’s Theorem implies that

we[JMaM|ﬂmwmm%:w@»|ﬂ

is Borel and v-integrable for all h € £2(r*(X % $),v x ). Thus, after modification
on a null set, s — h(s,-) is a weakly Borel square integrable function of G into
L3(X 9, 1) with norm ||h||. Since s — V(s)f is continuous,

s (h(s,)) | V(5)f)

is Borel and we can define a bounded linear functional on L2 (r* (X *9),v X u) by

B(h) = /G(h(s, )| V(s)f) duls).

The Riesz Representation Theorem implies that there is a g € £2(r* (X *$), v x )
such that ®(h) = (h | g).

Let {e,} be an orthonormal basis for L2(X * §, ). Then for all p € C.(G),
(s,z) — p(s)en(x) is in L2(r*(X *9),v x ) and

(Lw@ﬂ%lV®f—M&ﬁdW@=0
Thus there is a v-null set M, such that
(e | V() = g(s,)) =0 if s ¢ M,
If M := |J M, then provided s ¢ M, we have
V()] = lg(s, )]

as required. O
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F.8 Measurable Sections

Unlike the discussion in Appendix B, in this Chapter we are working almost ex-
clusively with Borel functions and Borel sections in particular. Of course, one
advantage of Borel functions is that they are intrinsic to the space and do not
depend on a choice of measure. It also seems appropriate to work in the Borel
category when we are working with analytic and Standard Borel spaces where it
is important that our o-algebras actually be the Borel sets coming from a Polish
topology somewhere. However, once we fix a measure u, we could, as in [56] and
[29], work with measurable sections of Borel Hilbert bundles. That is, we could
define a section to be measurable if

z e (f(2) | fola)) (F.15)

is p-measurable (that is, Borel with respect to the o-algebra of sets in X for the
completion of ). Then Proposition F.6 on page 411 is still valid and the theory is
essentially unchanged. That one arrives at the same direct integrals L?(X * §, i)
follows from the observation that, as in the scalar case, every measurable section is
almost everywhere equal to a Borel section.

Remark F.39. If f is measurable section of X * 9, and if { f,, } is a fundamental
sequence, then there is a Borel function b,, such that

bu(x) = (f(2) | fa(2))
off a Borel p-null set N,,. Thus
z = (f(@) | falz))
is Borel off N :=[J N,,. Let

(z) = 0 if x € N, and
g = f(z) ifxéN.

Then g € B(X x $), and f = g p-almost everywhere.






Appendix G

Effros’s Ideal Center
Decomposition

The approach to proving the Effros-Hahn conjecture used by Gootman, Rosenberg
and Sauvageot requires that we decompose representations into representations
with primitive kernels. The normal means of decomposing arbitrary representa-
tions into irreducibles, or even factor representations, can’t be done in manner that
is sufficiently unique to suit our methods. Sauvageot’s idea was to use homoge-
neous representations, and to invoke a structure theory, due to Effros, that allows
a very useful decomposition of arbitrary representations into a direct integral of
homogeneous representations.

G.1 Effros’s Ideal Center Decomposition

Before we launch into the details of Effros’s theory, we should define homogeneous
representations and investigate a few of their properties. Recall that if F is a
projection in the commutant 7(A)”" of 7, then ¥ denotes the subrepresentation of
m acting on EH .

Definition G.1. A (possibly degenerate) representation of a C*-algebra A is called
homogeneous if
ker 78 = ker 7

for every nonzero projection E € w(A)’.

Notice that 7 is homogeneous exactly when every (possibly degenerate) non-
trivial subrepresentation has the same kernel as m. Hence if 7 is nonzero and
homogeneous, then m must be nondegenerate. Also, if 7 is homogeneous and if
E € 7(A) is a nonzero projection, then 7(a) — 7 (a) is a well-defined, injective
*-homomorphism of 7(A4) onto 7(A)E. Since w(A) and 7(A)E are C*-subalgebras
of B(Hy), it follows that 7(a) — m(a)FE is isometric for all a € A. This is the harder
half of the following useful characterization of homogeneous representations.

431
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Lemma G.2. If 7 is a (possibly degenerate) representation of A on H, then m is
homogeneous if and only if
m(a) — 7% (a)

is isometric on w(A) for every nonzero projection E € w(A)'.

Suppose that P is a projection in 7(A)’. Let M = PH be the space of P, and
define
[r(A)YM] :=span{Th:T € n(A)" and h € M }.

Let @ be the projection onto [7(A)' M]. Then @ is central — that is, @ € w(A) N
7(A)". The corresponding subrepresentation of 7, 7@ is called the central cover of
¥, Central covers play a big role in the general decomposition theory of type I
representations (cf., e.g., [2, §2.1]). Our interest in central covers stems from a

corollary to the next observation.

Lemma G.3. Suppose that 7 is a (possibly degenerate) representation of a C*-
algebra A on 'H. If P is a projection in w(A) and if 7€ is the central cover of n*,
then
ker 7% = ker 7t

Proof. Let M := PH. Note that a € kern? if and only if 7(a)h = 0 for all
h € M. Since M C [r(A)YM], a € kerr? implies that a € ker7”. To prove
the reverse inclusion, let a € ker7¥. To see that a € ker 79, it will suffice to see
that w(a)Th = 0 for all T € w(A)" and h € M. But w(a)Th = Tn(a)h = 0 if
a € ker ¥, |

Corollary G.4. Suppose that 7 is a factor representation of a C*-algebra. Then
T is homogeneous.

Proof. Suppose that P is a nonzero projection in 7(A)’. Since the center of w(A)”

is trivial, the central cover of 77 is . Therefore ker 77 = ker m by Lemma G.3. O

The converse of Corollary G.4 is false. If A is separable and not type I, then A
has inequivalent irreducible representations 7 and p with the same kernel [126, The-
orem 6.8.7]. Since 7 and p are irreducible, and therefore have trivial commutants,
the commutant of m @ p consists of operators of the form aly, @ B13,, where «
and 3 are complex constants. It follows easily that m & p is homogeneous and not
factorial.

Recall that if 7 is a (possibly degenerate) representation of A on H, then essm
is the subrepresentation of 7 on the essential subspace of H given by

span{ m(a)h:a € Aand h € H }.

Thus 7 = essm @ 0, where 0 denotes the zero representation on the orthogonal
complement of the essential subspace for w. If I € Z(A) is an ideal in A, then
we will write e(I), or e, (I) if there is some ambiguity about which representation
we're talking about, for the orthogonal projection onto the essential subspace of
the restriction 7| of 7 to I.
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Lemma G.5. Suppose that m is a (possibly degenerate) representation of A on
H. If I € T(A) and if {un } is an approzimate identity for I, then m(u,) — e(I)
in the strong operator topology on B(H). In particular, e(I) belongs to the center
m(A) Nw(A)" of the von Neumann algebra generated by w(A).

Proof. By definition, e(I) is the projection onto the subspace
M =span{n(a)h:a €l and h € H}.

But if a € I, then w(uy)m(a)h = w(upa)h — w(a)h. It follows that w(u,)h’ — b/
for all b’ € M. But if h” € M*, then w(a)h” = 0 for all @ € I. If h € H, then
h=h'+h" with K’ € M and h" € M*. Thus 7(u,)h = 7(u,)h’ — b’ = e(I)h.
This proves the first assertion and that e(I) € w(A)” (which is the strong
operator closure of w(A)). Since e([I) is the projection onto an invariant subspace,
we certainly also have e(I) € w(A)’. O

In [45], Effros calls Q(I) := 1 — e(I) the ideal center projection associated to
1.

Definition G.6. Suppose that 7 is a (possibly degenerate) representation of a C*-
algebra A on H. The von Neumann algebra ZC(w) generated by the ideal center
projections Q(I), for I € Z(A), is called the ideal center for .

Remark G.7. Notice that ZC(m) is a subalgebra of the center m(A) N 7w(A)”. In
particular, ZC(m) is an abelian von Neumann algebra. We can also view ZC(w) as
the von Neumann algebra generated by the e(I)’s.

Proposition G.8. Let w be a (possibly degenerate) representation of A on H. Then
7 is homogeneous if and only if IC(w) = Cly.

Proof. If IC(w) # Cly, then there is an ideal center projection @ = Q(I) which
equals neither 0 nor 14. Since 7| is the zero representation on QH, we must have
I C kern®. Since Q # 1y, I # {0}. Let {u,} be an approximate identity for
I. If h € (QH)*, then 7(u,)h — h by Lemma G.5. Thus for large n, u,, ¢ kerr.
Thus ker 79 # ker 7, and 7 is not homogeneous (since @ # 0).

If 7 is not homogeneous, then there is a nonzero projection P € 7(A)" such that

ker 78" # ker . (G.1)

Let Q = Q(ker w¥). If { e,, } is an approximate identity for ker 7¥, then 7(e,,)P = 0
for all n. Since w(e,) — 1y — Q, we have (1 — Q)P = 0. Hence 0 # P < Q.
But if @ = 13, then ess(7|ier r#) = 0. This implies that ker 7¥ C ker 7. Since we
trivially have kerm C ker 7%, this contradicts (G.1). Thus Q is a nontrivial ideal
center projection, and ZC(w) # Cly. O

Recall that an ideal T € Z(A) is prime if I # A and if whenever J, K € Z(A)
satisfy JK C I, then either J C I or K C I. All primitive ideals are prime and
the converse holds for separable C*-algebras (cf., [139, Proposition A.17 and Theo-
rems A.49 and A.50]). Now we can establish the connection between homogeneous
representations and primitive ideals.
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Corollary G.9. Suppose that 7 is a nonzero homogeneous representation of a C*-
algebra A on H. Then kerm is a prime ideal in A. In particular, if A is separable,
then ker 7 s a primitive ideal.

Proof. Since ker 7 # A, it suffices to show that if J, K € Z(A) satisfies JK C ker,
then either J C kerm or K C kerm. Since 7 is homogeneous, Q(K) is either 0 or
17. Equivalently, e(K) is either 0 or 1. Recall that e(K) is the projection onto

M :=span{n(b)h:be K and h € H }.

If @ € Jand b € K, then w(a)n(b)h = w(ab)h = 0. Thus, n(J)M = {0}. If
e(K) = 1y, then M =H and J C kerm.
On the other hand, if e(K) = 0, then K C ker 7. Thus ker 7 is prime. O

Lemma G.10. Suppose that X x $ is an analytic Borel Hilbert bundle over an

analytic space X.' Let
52
T :/ 7 dp(x)
X

be a direct integral of representations of a separable C*-algebra on L*(X * $, ). If
I is an ideal in A, then

S
eW(I):/ er, (1) du(z).

X

Proof. Let { u; } be an approximate identity for /. Then

ex(I) = li;tn m(u;) and e (I)= li;tn 7 (;) (G.2)

in the strong operator topology. Since e, (I) € w(A)” and A(X x 9, u) C w(A), we
have e, (I) € A(X * 9, 1) and e, (I) is decomposable:

52

exll) = [ ex(Da) dia).
X

It follows from the left-hand side of (G.2) and Proposition F.29 on page 421 that,

after passing to a subsequence and relabeling, 7, (u;) — e(I)(z) in the strong

operator topology for p-almost every z. Hence, the result follows from the right-
hand side of (G.2). O

Remark G.11. If 1 < n < Ny and if 7 is a homogeneous representation of A, then
n - m is homogeneous. To see this, notice that 7 is homogeneous if and only if given
an ideal J € Z(A) and a approximate identity { u; } for J, then the strong operator
limit of 7(u;) is either 0 of I3, . Thus 7 is homogeneous if and only if n - 7 is.

IWith the sole exception of Appendix F.1, we will use “Borel Hilbert bundle” to signify an
analytic Borel Hilbert Bundle over an analytic Borel space X.
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To prove Effros’s decomposition theorem, we’ll need a Borel selection result for
representations. To discuss this, it’s probably best to start with the treatment in
section 4.1 of [2]. Let A be a separable C*-algebra and H a separable complex
Hilbert space. We let rep(A,H) be the set of x-homomorphisms of A into B(H).
(Thus 7 € rep(A,’H) is a representation exactly when it is nondegenerate.?) We
give rep(A, H) the smallest topology for which

T (m(a)h | k)
is continuous for all @ € A and all h, k € H. Since
|l (a)h — l<:||2 = (w(a*a)h | h) - 2Re(ﬂ'(a)h | k) + HkHQ,

7+ m(a)h is continuous for all a € A and h € H.? Let {a, } and {h, } be dense
sequences in the unit balls of A and H, respectively. It is not hard to check that

o0

d(m,p) =Y 27" | (an)hm — pan) |

n.m=1

is a metric on rep(4, H) which is compatible with the given topology. Some more
work is required to see that d is a complete metric and that rep(A,H) is second
countable (cf. [26, Lemme 1]). Thus rep(A,H) is a Polish space.

We let repyom (A4, H) be the set of homogeneous representations of A (including
the zero representation), and we let rep,, (A, H) be its complement: the set of
nonhomogeneous #-homomorphisms of A into B(H). We let P(H) be the set of
projections in B(H), and let Py(H) the set P(H)~ {0} of nonzero projections. We
give P(H) and Py(H) the relative Borel structure as subsets of the unit ball

BH):={T eBH):T|<1}
equipped with the weak operator topology.

Theorem G.12. The set rep,,, (A, H) of nonhomogeneous x-homomorphisms of A
into B(H) is an analytic Borel space in its relative Borel structure. Furthermore

E :={(m, P) € rep,,(A,H) x Po(H) :
P e n(A) and w(a) — w(a)P is not an isometry on w(A).} (G.3)

is a Borel subset of the standard Borel space rep(A, H) x Py(H) (and hence a stan-
dard Borel space in its relative Borel structure).

Remark G.13. In [45, Theorem 1.7], Effros proves that both rep,,,(A4,H) and
rep,, (A4, H) are Borel subsets of rep(A4, ), and hence that both are standard Borel
spaces. However, for our purposes (Theorem G.14 on page 437), it is sufficient to
have only that rep,;, (A, ) is an analytic Borel space. Since this is a bit easier to
establish, we have settled for the weaker assertion.

2Recall that we have reserved the term “representation” for nondegenerate homomorphisms of
a C*-algebra into B(H).
3 As pointed out in [2], the topology on rep(A, H) is also generated by the functions 7 — 7 (a)h.



436 Effros’s Ideal Center Decomposition

Proof. By Lemma D.37 on page 391, B(H); is a Polish space in the weak operator
topology. Since T'— T is continuous in the weak operator topology,

BH)* ={Te€eBHH:T=T"}
is also Polish. Let { e, } be an orthonormal basis for H. If T = T*, then

(T°h | k) = (Th|Tk) = (Th|en)(en | TK).

n

Since the pointwise limit of Borel functions is Borel,
T — (T?h | k)
is Borel on B(H)5?. If
B(n,m) = {T € BH)7™ : |(T%n | em) — (Ten | em)| =0},
then B(n,m) is Borel and

= ﬂ B(n,m)

is Borel and equals the set of orthogonal projections in B(H). Thus the set Py(H) =
P(H) ~ {0} of nonzero projections is a standard Borel space. Since

(w(@)Th | k) => (Th|en)(n(a)en | k), and
(Tr(@)h | k) = (n(a)h | ea)(Ten | k),

it follows that
(m,T) — ((m(a)T — Tr(a))h | k)

is Borel on rep(A4, H) x B(H);* for alla € A and h,k € H. Let
P(a,n,m) :={(m, P) € rep(A, H) x Po(H) : ((m(a)P — Pr(a))en | €m) =0}

Then each P(a,n,m) is Borel. Therefore if { ay } is dense in A, then

C:={(m, P) €rep(A,H) x Po(H) : P e n(A) } = () Plax,n,m)  (G.4)

k,n,m

is a Borel subset of the standard Borel space rep(A4,H) x Py(H). If (w, P) € C,
then

|7 (a)Ph||* = (m(a*a)h | Ph)
—Z (a*a)h | ex) (ex | Ph).
Therefore both

(m, P) = |[x(a)Phl| and  (m, P) — |[w(a)h]]
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are Borel functions on C for all « € A and h € H. If { h,, } is dense in the unit
sphere of ‘H, then

l7(a) Pl = 7" (a)]| = sup [|m(a) Phn ]|

Therefore both
(m, P) = [[w(a)P|| and (m,P)+ |r(a)l

are Borel. Thus
D(a) :=={(m,P) € C: ||x"(a)|| = [Im(a)|| }

is a Borel set. Since A is separable, and since 7 is homogeneous exactly when
|7F(a)|| = ||7(a)| for all a € A and P € w(A) N Py(H),

D :={(m, P) e C:m(a)— w(a)P is isometric on 7w(A4) } (G.5)

is Borel.

Let E = C~\ D. Then E a Borel subset of the standard Borel space rep(4, H) x
Py(H) (in the product Borel structure), and coincides with the set described by
(G.3). On the other hand, o : E — rep(A4, H) given by o(w, P) = 7 is a Borel map
into a Polish space with image exactly rep,,(A,H). Since E is a standard Borel
space, o(FE) = rep,y, (4, H) is analytic by [2, Theorem 3.3.4]. O

Theorem G.14 ([45, Theorem 1.8]). Suppose that p is a finite Borel measure on
a second countable locally compact space X and that X *$) is a Borel Hilbert bundle

over X. Let o
= / T dp(2)
X

be a direct integral decomposition of a representation ™ of a separable C*-algebra
A on L3(X x 9, ). Let ZC(r) be the ideal center of m and A(X x $, i) the diag-
onal operators on L*(X * $,p). Then IC(m) C A(X * 9, ) if and only if 7, is
homogeneous for p-almost all x.

For the proof, we need some preliminaries on things measurable (as compared
with Borel).

Lemma G.15. Suppose that p is a finite measure on X and that 7 : X — P(H)
is p-measurable. Then there is a Borel null set N such that f : X N~ N — P(H) is
Borel.

Proof. Let { hy, } be a countable dense subset of the unit sphere in H. Since P(H)
inherits its standard Borel structure from the weak operator topology, 7 : X —
P(H) is Borel (resp. p-measurable) if and only if 2 — (7(2)hn | hqy) is Borel (resp.
p-measurable) for all n and m (Lemma D.20 on page 375). Thus if 7: X — P(H)
is measurable, then there are null sets N, ,, such that z — (T(x)hn | hm) is Borel
off Ny . Let

N =] Nom.

n,m

Then 7 is Borel on X ~ N. O
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Remark G.16 (Absolutely measurable). If (X, %) is a Borel space, then a subset
A C X is called absolutely measurable if it is p-measurable for every finite Borel
measure £ on (X, 28). This means that given u, then there are Borel sets E,, and
F,, such that E, C A C F, and such that u(F, \ E,) = 0. Then collection of
absolutely measurable subsets of X is a o-algebra o/ in X which contains Z. Since
analytic subsets of a Polish space are absolutely measurable [2, Theorem 3.2.4], it
is often the case that <7 strictly contains #. A function [ : (X, %) — (Y, .#) is
absolutely measurable if it is Borel from (X, o) to (Y, .#); that is, f is absolutely
measurable if the inverse image of every Borel set in Y is absolutely measurable in
X. Alternatively, f : X — Y is absolutely measurable if its p-measurable for all
finite Borel measures on X.

Proof of Theorem G.14. Using Corollary F.12 on page 414, it will suffice to treat
the case where X * §) is a trivial bundle X x H for a fixed Hilbert space H. Assume
that ZC(m) C A(X * 9,u) = Z ® 1. If the conclusion of the theorem were
false, there would be a set S C X such that p(S) > 0 and such that m, was
nonhomogeneous for all € S. After replacing X by S and p by u|s, we may
as well assume that 7, is not homogeneous for all x in X. Therefore, for each
x € X, there is a nonzero projection P, € m,(A)" such that m,(a) — 7, (a)Py is
not isometric on m;(A4). The problem is that we want to choose the P, so that
x +— P, is a Borel function. The gymnastics required for this are provided largely
by Theorem G.12 on page 435. Let E be as in (G.3) and define

o:E —rep(A4,H) byo(m P)=m.

Since Theorem G.12 implies that E and rep,;, (4, H) are both analytic Borel spaces,
there is an absolutely measurable cross-section

c:rep,(A,H) = E
for o [2, Theorem 3.4.3]. Since, by assumption,
z — (mp(a)h | k)

is Borel for all a € A and h, k € H, it follows that 7(x) := 7, defines a Borel map
7: X — rep(A, H). Let v := 7.u be the push-forward measure on rep(A, H). Then
¢ is v-measurable, and it is not hard to see that c o 7 is a p-measurable function
from X to E. Since the projection on the second factor, pro, is certainly Borel from
E to Py(H), there is a py-measurable map  — P, (given by pryoco 1) of X into
Py(H) such that (7., P;) € E for all z € X. Lemma G.15 on the previous page
implies that there is a Borel null set N C X such that z +— P, is Borel on X \ N.

We claim there is a Borel set T C X N\ N, an a € A and a ¢ > 0 such that
#(T) > 0 and such that

|72 (a)Py|| < ||mz(a)|| —€ forall z eT. (G.6)

Suppose the claim is false. Let { ax } be a dense sequence in A. Then

T(n,m) = (€ X : malan)Pell < Ime(an)]| - )
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has measure zero. Then
X~ JTn,m) (G.7)

n,m

is conull. If x belongs to (G.7), then
|72 (an) Psl| = ||7z(an)|| for all n.

Thus 7, (a) — ||7z(a)Py|| is an isometry which contradicts our choice of P,. This
proves the claim and there is a set T such that (G.6) holds on T for a given a € A
and € > 0. Define F € B*(X,H) by

Fla) = P, ifzxe 1'1, and
0 otherwise.

Let P := LF be the corresponding decomposable operator, and let £ = Ly, be the
diagonal operator corresponding to T. Then P € 7(A)" and

[m(a)P|| = ess sup,cr |72 (a) P |

IN

ess supger |72 (a)l| — € (G-8)
I (a)Ell — .

Let I := kern”, and let @ = Q(I) be the ideal center projection onto the com-
plement of the essential subspace of w|;. If {u,} is an approximate identity
for I, then m(u,) converges to 1y — @ in the strong operator topology. But
7(un)P = 7F(u,) = 0 for all n. Thus (13 — Q)P = 0, and we have Q > P.
Thus ker 79 C ker 77, On the other hand, if a € ker 7, then

m(a) = lim7(au,) = 7(a)(1y — Q).

n

Thus 7(a)Q = 0, and a € ker 7%. Therefore
ker 79 = ker . (G.9)

But, by definition, @ € ZC(w). Thus by assumption, Q = Ly, for a Borel set
W C X. Since P, # 0 for all z € T and since @ > P, we must have W DO T
p-almost everywhere. Thus

E=1Ly, <Q=Ly,. (G.10)
But (G.8) and (G.9) imply that
[7(a)Ql = [Im(a) Pl| < ||m(a)E]|.

But this contradicts (G.10). Therefore we conclude that 7, is almost everywhere
homogeneous if ZC(mw) C A(X = 9, p).

To prove the converse, suppose that m, is homogeneous for all x € X. Let
I be an ideal in A and let E be the projection onto the essential subspace of
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7|z. Since projections of this form generate ZC(w), it suffices to show show that
E € A(X*$,u). Let {u, } be an approximate identity for I. Then m(u, ) converge
to E in the strong operator topology. Since E € ZC(w) C n(A) Nw(A)" C w(A)” C
A(X 9, p)', E is decomposable. Let E = Lp for some F € B*(X,H). We can
assume that F'(z) € P(H) for all . Using Proposition F.29 on page 421, we can
pass to a subsequence, relabel, and assume that m,(u,) — F(z) in the strong
operator topology for p-almost all z. Thus F(z) is almost everywhere a projection
in ZC(m,). Since each 7, is homogeneous, we can assume that F(z) is either 0 or
1y for all x € X. Thus E = Ly € A(X %9, 1) as required. O

Corollary G.17. Suppose A is separable and that

T = /6B 7 dpn(x)

X

is a direct integral representation on L?(X % $, ). If m is homogeneous, then for
almost all x, 7, is homogeneous with kernel equal to ker .

Proof. Fix a € A. Then |7(a)| = ess sup, ||mz(a)||. Thus there is a null set N
such that x ¢ N implies |7y (a)| < ||7(a)||. If 7(a) = 0, then |7, (a)|| = ||7(a)| for
p-almost all z. If ||w(a)|| > 0, let

1
Sn =12 Ime(a)ll < lIm(a)l] = ~}-
Let E,, be the corresponding projection in 7(A)’. Then
[ Enm(a)]| < |[m(a)]-

Since 7 is homogeneous, we must have E, = 0 and p(S,) = 0. Thus ||7.(a)| =
| (a)|| for p-almost all 2. Since A is separable, there is a p-null set M such that
x ¢ M implies |7, (a)|| = ||7(a)|| for all @ € A. Thus kerm, = kern for all z ¢ M.

On the other hand, ZC(w) = CIy, by Proposition G.8 on page 433. Thus
ZC(m) is a subalgebra of the diagonal operators A(H * £, i), and Theorem G.14 on
page 437 implies that 7, is homogeneous for u-almost all x. O

It should be kept in mind that if A is a separable C*-algebra, then Prim A is a
standard Borel space (Theorem H.40 on page 477).

Definition G.18. Let p be a separable representation of a separable C*-algebra
A. We say that p has an ideal center decomposition if there is a (standard) Borel
Hilbert Bundle Prim A x $ and a finite Borel measure p on Prim A such that p is
equivalent to a direct integral decomposition

WZ/:B mp du(P)

rim A

on L2(Prim A  §, u) where each 7p is homogeneous with kernel P.
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The terminology in the definition is at least partially justified by the following
result.

Lemma G.19. Suppose that Prim Ax$) is a Borel Hilbert bundle, 1 a finite measure
on Prim A and o
T = / wp du(P)
Prim A

an ideal center decomposition on L?(Prim Ax $), u). Then the ideal center IC(r) of
7 is equal the algebra A(Prim A x $), 1) of diagonal operators on L?(Prim A  $), i1).

Proof. Let U C Prim A be an open subset in the hull-kernel topology on Prim A.
Let Ey be the corresponding diagonal operator. Let

Iy == |{J €PrimA: J ¢ U}

be the ideal in A corresponding to U. Thus if P is a primitive ideal, then Iy C P
if and only if P ¢ U. For any ideal I in A, let ep(I) be the essential projection for
7p|r. Since 7p is homogeneous, ep (1) is either 0 or 13py. In particular,

1H(P) if P S U, and
I =
er(lv) {0 itP¢U.
If e(]) is the essential projection for 7|7, then Lemma G.10 on page 434 implies
that

®

ltv)= [ enltu)du(P) = Ev.
Prim A

But every ideal in A is of the form Iy for some open set U. Thus the e(Iy;) generate
ZC(r). On the other hand, the Ey generate A(Prim A*$, 1) & L>°(Prim A, ). O

To show that every representation has an ideal center decomposition, we have
to sharpen Theorem G.14 on page 437 slightly. Our proof is taken from [45, Theo-
rem 1.10] and [160, Lemme 1.10].

Proposition G.20. Suppose that p is a finite Borel measure on a second countable
locally compact space X and that X * 9 is a Borel Hilbert bundle over X. Let

®

v ::/ T dp () (G.11)
X

be a direct integral decomposition of a representation ™ of a separable C*-algebra

A on L2(X % 9, 11). Then A(X x 9, 1) = ZC(r) if and only if there is conull set

Y C X such that m, is homogeneous for all x € Y and such that ker m; # kerm,

for all distinct points x,y € Y.

Proof. Suppose that A(X * 9, u) = ZC(w). If I is an ideal in A, then let Q(I) be
the corresponding ideal center projection. Thus if { u, } is an approximate identity
for I, then 13y — Q(I) is the strong operator limit of m(u,). Recall that ZC(w) is
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generated by the Q(I). On the other hand, we can identify the lattice of projections
P in ZC(w) with the Boolean o-algebra %/.4" of Borel sets in X modulo the p-null
sets. Clearly, P is countably generated — say by { E; }. As ZC(w) is generated by
the ideal center projections, and since each E; belongs to a sublattice generated
by countably many ideal center projections (cf., e.g., [70, Chap. I §5 Theorem D]),
there is a sequence { Q; } of ideal center projections which generate P as a Boolean
o-algebra. Let S; be a Borel set in X such that @; = L1, . Define an equivalence
relation on X by

x~y ifand only if 1g,(z)=1g,(y) for alli.

Then X/~ is countably generated and is an analytic Borel space with the quotient
Borel structure [2, Corollary 2 to Theorem 3.3.5]. Let ¢ : X — X/~ be the
quotient map, and let ¥ = g.u be the push-forward measure on X/~. Let o / 4
be the Boolean o-algebra of Borel sets in X/~ modulo the v-null sets, and let &,
be the corresponding o-homomorphism of & /.# into /4. The definition of v
guarantees that ®, is injective. If y € ¢! (q(Si)), then y ~ z for some z € S;.
Thus 1g,(y) = 1 and y € S;. This means that ¢(S;) is a Borel set in X/~, and that
®,([q(S:)]) is the class of S; in B/.4". Thus, as we're identifying P and £/,
we’ve shown that the image of ®, contains the @);. Since the @; generate, ®, is a
bijection. It follows from Theorem 1.37 on page 501 (and Remark 1.35) that there
is a Borel map ¢ : X — X/~ which implements ®, and a null set X such that
©|x- X, is injective. It follows from Lemma 1.36 on page 501 that ¢ = ¢ p-almost
everywhere. Thus, after enlarging X, if necessary, we can assume that ¢ is one-
to-one on X \ Xo. Then the sets T; := S; ~~ X separate points of X \ Xg. Let
J; = kert@. Since Q; is an ideal center projection, Q; = Q(K;) = 1y — e(K;) for
some ideal K; € Z(A). If a € K;, then 7(a)Q; =0, so a € J;, and K; C J;. Thus

Qi = Q(K;) > Q(Js).

But if {uf, } is an approximate identity for J;, then

(1 — Q(J))Qi = liFW(UZ)Qi =0.
Thus, Q; < Q(J;). Therefore Q; = Q(J;) and 7(u!,) converges to 1—Q; in the strong
operator topology. Using Proposition F.29 on page 421, passing to a subsequences
and enlarging Xy by a Borel null set for each i, we can assume that for all 1 we have
To(uh) — (1 =17, (2)) 1y for all z € X N Xo.

Therefore the projection onto the essential part of .|, is (1 — 1 (:v))lH(x). In
particular, € T; if and only if 7, (J;) = {0}. Therefore if z,y € X \ Xy and if
ker m, = kermy, then x € T} if and only if y € T;. Thus xz = y.

This shows that the kernels of the m, are distinct on X ~ Xg. This suffices as
the 7, are almost everywhere homogeneous by Theorem G.14 on page 437.

Now suppose that there is a p-conull set Y as in the statement of the theorem.
Then we may as well assume that Y = X. Then = — kerm, is an injective Borel
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map f of X into Prim A (Lemma F.28 and Corollary G.9). On the other hand,
in view of Theorem H.39, we can assume that Prim A is a Polish space. Then
[2, Theorem 3.3.2] implies that f is a Borel isomorphism of X onto a Borel subset
of Prim A. Thus we can replace X by Prim A, p by the push-forward f*u, 7, by
T¢(z) and (G.11) by

= /:9 wp du(P).

rim A

Now Lemma G.19 on page 441 implies that A(Prim A, 1) = ZC(w) as desired. O

One of the essential features of ideal center decompositions is that they have a
strong uniqueness property. In general, to compare two direct integral decomposi-
tions of a given representation class, it is first necessary to assume that the asso-
ciated diagonal operators are intertwined by the equivalence. Then we can apply
Proposition F.33 on page 423. The next proposition, taken from [160, Lemme 1.7],
gives a much stronger result for ideal center decompositions which says that the
measure class of u and the equivalence classes of the mp are uniquely determined.
Notice that there is no explicit mention of the diagonal operators.

Proposition G.21. Suppose that

53] 52
™ :/ mpdu(P) and pz/ pp dv(P)
P P

rim A rim A

are ideal center decompositions on L*(Prim A * §,u) and L*(Prim A * &,v), re-
spectively. Suppose that W : L?(Prim A * $, u) — L?(Prim A * &, v) is a unitary
implementing an equivalence between m and p. Then

(a) p and v are equivalent measures,

(b) there is an essentially unique idpyim a-isomorphism* W' = {W(P)} of
Prim A x $ onto Prim A x R implemented by an almost everywhere family of
unitaries W (P) : H(P) — K(P) such that W(P) implements an equivalence
between mp and pp for almost all P, and

(c) W = UW’ where U is the natural isomorphism of L?(Prim A x &, u) onto
L?(Prim A * &, v) induced by the equivalence of u and v.

(d) If ¢ is a bounded Borel function on Prim A and if T,, and ia are the respective
diagonal operators on L*(Prim A* 9, 1) and L*(Prim A &,v), then W'T, =

T,W'.

Proof. Clearly, W must intertwine ZC(w) and ZC(p). Lemma G.19 on page 441
implies that W must therefore intertwine the respective diagonal operators. Hence
Proposition F.33 on page 423 applies. Thus there are null sets N and M together
with a Borel isomorphism 7 : Prim AN N — Prim A~ M such that 7. p is equivalent
to v. Also there is a 7-isomorphism { W(P)} consisting almost everywhere of
unitaries W (P) : H(P) — K(7(P)) implementing an equivalence of mp with p,(py,

4That is, a 7-isomorphism with 7 = idpyim 4.
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and such that W'T, = TWTW' . However, equivalent representations have the same
kernels, so

P =kermp = ker p,(py = 7(P).

Therefore, 7 is the identity map. It follows that u = 7, p is equivalent to v and that
W'T, = T,W'. This completes the proof. O

Theorem G.22 (Effros’s Ideal Center Decomposition). Every separable represen-
tation p of a separable C*-algebra A has an ideal center decomposition.

Proof. We clearly have ZC(p) C p(A)’, so Proposition F.26 on page 419 implies
that there is a second countable locally compact space X, a Borel Hilbert Bundle
X * & and a finite measure v on X so that p has a direct integral decomposition

m= /6B 7o dv(z)

X

with ZC(7) = A(X * K,v). Proposition G.20 on page 441 implies that we may
assume that the map 7 : X — Prim A given by 7(x) := kerm, is injective. It is
Borel by Lemma F.28 on page 420, and as both X and Prim A are Polish,’ it is
a Borel isomorphism onto its range [2, Theorem 3.3.2]. Let y := 7.v. Then there
is a Borel Hilbert bundle Prim A * §, with H(7(z)) = K(z), and an isomorphism,
induced by 7, of L?(X * &,v) onto L?(Prim A * §, 1) which intertwines = with an
ideal center decomposition. O

Remark G.23. Suppose that 7 is a representation of a separable C*-algebra A with
ideal center decomposition

52

/ wp du(P)
Prim A

on L2(Prim A x 9, ). If 1 < n < Vg, then Remark G.11 on page 434 implies that

n-mp is homogeneous with kernel P. Let K(P) = ijf ‘H(P) and form the obvious

Borel Hilbert bundle Prim A x K. Then

/j 0 mp du(P)

rim A

is ideal center decomposition of n - 7 on L?(Prim A x &, u). If n = N, then each
JC(P) has infinite dimension and we can replace Prim A x & with a constant field.
Therefore we can realize an ideal center decomposition of any representation 7 with
infinite multiplicity on L?(Prim A, u; H) for a fixed separable infinite-dimensional
Hilbert space H (cf., Corollary F.11 on page 414).

5Second countable locally compact spaces are Polish by Lemma 6.5, and Prim A has the Borel
structure coming from a Polish space by Theorem H.40 on page 477.
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G.2 Ideal Center Decompositions for Covariant
Representations

The next proposition is critical for forming the restriction of a covariant representa-
tion to the stability groups as required in our proof of the Effros-Hahn conjecture.
Although we could restrict to representations of infinite multiplicity (cf, Remark 9.6
on page 271), and therefore do away with one level of direct integrals, it seems
worthwhile to work out a more general result here for future reference.

Proposition G.24. Suppose that R = (w,V) is a covariant representation of
(A,G,a) on L2(Prim A * $, 1), and that

&3]
WZ/P wp d(P) (G.12)

rim A

is an ideal center decomposition of m on L*(Prim A x 9, ). Let Prim A x $, be
the pull-back of Prim A x §) via 1ts_1 as in FExample F.18 on page 415. Then the
following statements hold.

(a) The measure p is quasi-invariant for the natural G-action on Prim A.

(b) Letd: G x Prim A — (0,00) be a Borel choice of Radon-Nikodym derivatives
as in Corollary D.34 on page 389. Then for each s € G, there is a unitary

W(s) : L*(Prim A * $, 1) — L?(Prim A % $,, 1)

given by W(s)f(P) :=d(s, P)z f(s~'- P).
(c) The operator U(s) = V(s)W(s™t) is decomposable. Moreover, there is a
wu-conull set X C Prim A such that if

E:={(s,P)€GxPrimA:Pec X and s '-Pc X},

then there are unitaries U(s, P) : H(s™! - P) — H(P) for all (s, P) € E such
that

(,P) = (U(s, P)f(s™" - P) | g(P))
is Borel on E for all Borel sections f,g € B(X,9), and such that for all
s € G,

53]
U(s) = /P U(s, P)du(P).

rim A

(d) For all s,7 € G and all P € X such that s™' - P € X and r~'s™1. P € X,
we have
U(sr,P)=U(s, P)U(r,s™* - P).
(e) If (s,P) € E, then
mp(a) = U(s, P)my-1.p(a; ' (a))U(s,P)*  for alla € A.
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(f) If P € X, then op(t) := U(t, P) defines a unitary representation of Gp and
(mp,op) is a covariant representation of (A,Gp,a).

Proof. Recall that s -7 := 7o a . Therefore

2]
s = /P s-mpdu(P) (G.13)

rim A
on L2(Prim A * $, u). As in Example F.18 on page 415, we can define a unitary
T(s): L*(Prim A x $, u) — L*(Prim A x $,, 5 - )

by T(s)f(P) = f(s~*- P). Let

7T}3 =8 Mg-1.p = Mg-1.p O 04;1.
Notice that 7 is homogeneous with kernel P, and that {7} } is a Borel field of
representations on Prim A * §;. Thus

S
= /P 7pd(s- p)(P) (G.14)

rim A

is an ideal center decomposition on L?(Prim A * §,s - u1). Since

T(s)s-m(a)f(P)=s-m(a)f(s™ - P)

*

=V(s)T(s Hn'(a) (V(S)T(s_l)) .

Thus 7 and 7’ are equivalent ideal center decompositions, and it follows from Propo-
sition G.21 on page 443 that that p an s - u are equivalent for all s. This proves
part (a).

Let d : G x Prim A — (0,00) be a Borel choice of Radon-Nikodym derivatives
as in Corollary D.34 on page 389. Then W (s)f(P) := d(s, P)z f(s~* - P) defines a
unitary as required for part (b). Since d(s, P)~! = d(s~!,s7! - P) for almost all P,
we see that W(s)* = W(s)~t = W(s™ ). If

[S3}
7= /P 7p dp(P) (G.15)

rim A
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is the ideal center decomposition on L?(Prim A * g, ), then using (G.13), we
compute that

Therefore U(s) := V(s)W(s~!) implements an equivalence between the ideal center
decompositions for 7 and 7" on L?(Prim A * ), ) and L?(Prim A * 4, 1), respec-
tively. Then we can apply Proposition G.21 on page 443 with R = §5 and v = p.
In particular, the map U appearing in that proposition is the identity, and for each
s, there is an essentially unique id-isomorphism { Wy (s, P) } consisting of unitaries
Wo(s, P) : H(s™! - P) — H(P) (for p-almost all P) such that

®
U(s) = / Wo(s, P) du(P),

rim A

and such that for p-almost all P,
mp(a) = Wo(s, P)p(a)Wo(s, P)* = Wo(s, P)me-1.p(a; ' (a)) Wo(s, P)*

for all @ € A. Since
Usr) = U)W (s)U(r)W(s™h) (G.16)

and since the Wy(s, P) are essentially unique, we have for each (s,r) € G x G,
Wo(sr, P) = Wo(s, P)Wo(r,s™' - P)

off an p-null set N(s,r). However, there is no reason that { Wy(s, P) } should be
jointly Borel in s and P as required in condition part (c). The easiest way to address
this defect is to repeat parts of the proofs of Proposition F.33 on page 423 and
Proposition G.21 on page 443 while keeping track of the dependence on the G
variable.

Let { fn} be a fundamental sequence in £2(Prim A * ), u). Since d(s, P) > 0
everywhere,

foi=W(s)fn

defines a fundamental sequence in L?(Prim A*$, u) for all s. Let p : G x Prim A —
Prim A be the projection onto the second factor, and let p* (Prim A x $) = Prim A x
$p be the pull-back by p. Then Proposition F.38 on page 428 implies that for each
n, there is a g, € B(p*(Prim A * ))) and a ug-null set M,, such that

V(S)[fn] = [gn(sv )] if s ¢ M.
Then M :=J M, is a pg-null set, and if s ¢ M, we have
Us)fal = V($)lfnl = [gn(s, )]



448 Effros’s Ideal Center Decomposition

A computation similar to that establishing (F.13) on 424 shows that for all s ¢
M and any finite set r1,...,r, of complex rational numbers there is a p-null set
N(r1,...,rn) such that P ¢ N(rq,...,r,) implies that

| rias P < | sz (G17)

Since the set of finite sequences of complex rational numbers is countable, there is
a p-null set N such that (G.17) holds for any finite sequence of rationals. Thus if
s ¢ M and P ¢ N, there is a well-defined contraction Uy (s, P) : H(s™1-P) — H(P)
such that

Uo(s, P)(f3(P)) = gn(s, P).

Let Y’ be the conull set (G~ M) x (X \ N). Since g,, € B(p*(Prim A % )),

(3, P) = d(s, P) "2 (gu(s, P) | fin(P)) = (Uo(5,P) ful(s™" - P) | fin(P))

is Borel on Y.
Let U’'(s) : L?(Prim A * 9, 1) — L?(Prim A * $), 1) be the contraction given by

the direct integral
53]

U'(s) := /P Uo(s, P) du(P).

rim A
Since U'(s) fn = U(s) fy, for all n, U'(s) = U(s). By Lemma F.20 on page 417, for
all s ¢ M, we have

Uo(s, P) = Wy(s, P) for u-almost all P.

Therefore there is a pug X p-conull set Y C G x Prim A such that Up(s, P) is unitary
for all (s, P) € Y. Also we claim that

Uo(sr, P) = Uy(s, P)Up(r, s~ - P)

off a ug X pg x p-null set. To see this, let N(s) be a p-null set such that that
Uo(s, P) = Wy(s, P) provided P ¢ N(s). Then, since p is quasi-invariant, N :=
N(s)UN(sr)Us-N(r) is a p-null set, and if P ¢ N, we have Uy (sr, P) = Wy (sr, P),
Uo(s, P) = Wy(s, P) and Up(r, s~ % - P) = Wy(r,s~1 - P). Now the claim follows as
the corresponding equality for Wy holds pg X pg X p-almost everywhere.

We now invoke Ramsay’s selection theorem via Lemma G.25 on the next page.
Therefore there is a p-conull set Z C Prim A and unitaries U(s, P) : H(s™!- P) —
H(P) for all (s,P) € F:={(s,P): P€ Z and s~!- P € Z} such that

(i) U(s, P) = Uy(s, P) for ug x p-almost all (s, P),
(ii) (s, P)+— (U(s,P)f(s~'- P) | g(P)) is Borel on F for all f,g € B(X,$),
(iii) if P, s7'- P and r~'s~!. P are in Z, then U(sr, P) = U(s, P)U(r,s~* - P).
Let E be the set of (s, P) € F such that

mp(a) = U(s, P)mg-1.p(a; ' (a))U(s, P)* forall a € A.
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Since U(s, P) = Wy (s, P) for ug x p-almost all (s, P) and since F' is pg X p-conull,
it follows that E contains a Borel pug X p-conull set. Furthermore, if (s, P) and
(r,s71 - P) both belong to E, then since E C F, part (iii) implies that
ﬂ-P(a) = U(Sa P)7T571,P (agl(a))U(s, P)*
=U(s, P)U(r,s"" - P)mp-15-1.p(c; (o (@) U(r, s - P)*U(s, P)*
=U(sr, P)m—14-1.p(az,' (a))U(sr, P)*.
Therefore E is closed under multiplication and we can apply Lemma G.27 on
page 451, and there is a X C Z such that parts (d) and (e) hold (as well as

most of part (c)).
To get the rest of part (c), let ¥ be the set of s € G such that

52
U(S):/P' AU(S,P)d,u(P).

Using (G.16), it is not hard to see that ¥ is a conull semigroup. Hence Lemma D.36
on page 391 implies that ¥’ = G and part (c) follows.

If P € Z, then ¢t — U(t, P) is a Borel homomorphism of Gp into U(H(P)).
Hence it is continuous by Theorem D.3 on page 370, and op(t) := U(t, P) defines
a representation op of Gp. If P € X, then part (e) implies that

mp(a) = op(t)mp(a; '(a))op(t)* for all a € A. (G.18)

Thus (7mp,op) is a covariant representation of (A, Gp,«), and part (f) holds. This
completes the proof of the proposition. O

G.2.1 Ramsay’s Selection Theorem

We need the following technical lemma, which is an application of a beautiful Borel
selection result due to Ramsay [140, Theorem 5.1].

Lemma G.25. Let G be a second countable locally compact group and p a quasi-
invariant measure on an analytic G-space X . Suppose that X x 9 is a Borel Hilbert
bundle and that Y C G x X is a pug X p-conull set such that for each (s,x) € Y
there is a unitary U(s,z) : H(s™! - 2) — H(z) such that

(s,2) = (U(s,2)f(s7" - ) | g(x))
is Borel on'Y for all f,g € B(X,9), and such that
U(sr,z) =U(s,x)U(r, s - )

holds off a ug X pug X pw-null set.
Then there is a p-conull set Z C X such that

(a) for each (s,z) € E={(s,z):x € Z and s~ -x € Z} there is a unitary
V(s,z): H(s™ - z) — H(x)

such that V(s,z) = U(s,x) for pe x p-almost all (s,x) and
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(b) such that
(s.2) = (V(s,2)f(s7" - 2) | g())
is Borel on E for all f,g € B(X,$) and such that
(c) ifw,s - a,r st € Z, then

V(sr,z) =V(s,z)V(r,s~"-x).

Remark G.26 (Ramsay’s Selection Theorem). The proof of Lemma G.25 is essen-
tially an invocation of Ramsay’s selection theorem [140, Theorem 5.1]. It is a more
complex application than we needed in the proof of Corollary D.34 on page 389, and
we outline the set-up here. Recall that if X is an analytic Borel G-space and if p is
a quasi-invariant finite Borel measure, then (G x X, ug X p) is what Ramsay calls
a virtual group in [140]. It is a special case of what he calls a measured groupoid
in [142]. Without getting too involved in technicalities here, a groupoid A is a an
analytic space with a partially defined multiplication satisfying certain axioms.”
The set of composable pairs is denoted by A?). If, for example, G = (G x X),
then (s,x) and (r,y) are composable when y = s~! - x, and then we define their
product by (s, z)(r,s™! - x) := (sr,z), and each element has an “inverse” given by
(s,z) P = (st 571 2). f Y C X, then

Gly={(s,2)€G:z€Yands ' -2V}

is a subgroupoid of G (in the sense that it is closed under the partially defined
multiplication) called the restriction of G to Y. If Y is conull in X, then since p is
quasi-invariant, G|y is pug X p-conull in G, and G|y is called an essential reduction.®
A map ¢ : G — A is called a (groupoid) homomorphism if whenever v and 7 are
composable in G, then ¢(v) and ¢(n) are composable in A and o(vn) = ©(7)e((n).
Ramsay’s result says that if pg is a Borel map of G = (G x X, ug x p) into an
analytic groupoid A which is almost everywhere a homomorphism in the sense that

1

o(s,x)o(r,s™" - x) = p(sr,x) for pg X pe X p-almost all (s,r, z),

then there is a Borel map ¢ : G — A such that ¢ = ¢y pg x p-almost everywhere
and such that there is a p-conull set Y C X such that the restriction of ¢ to G|y
is a homomorphism.?

6 A careful look at [140] will reveal that Ramsay requires that u also be ergodic. This hypothesis
is not used in the results we reference and is not required in the definition of a measured groupoid
in [142] which uses the same results from [140] as we do. An excellent discussion, as well as proofs
of Ramsay’s results, can be found in Muhly’s as yet unpublished notes on groupoids [108, Chap. 4].

7Since we are only interested in two concrete examples of groupoids here, the precise axioms
are not necessary to follow the argument. For the curious, they are given in [140, §1]. A more up
to date and more complete source for this discussion is [108].

8To see that G|y is conull, note that for each y € Y, the quasi-invariance of u implies that
{s€G:(s,y) € G|y } is pg-conull.

91In heuristic terms, we would like to see that a Borel map ¢g : G — A which almost everywhere
a homomorphism is equal almost everywhere to a homomorphism. If A is an analytic groupoid
and if G is o-compact Polish groupoid, then Ramsay proves such a result in [142]. Here, although
Prim A is Polish, it need not be o-compact in the regularized topology. So we settle for Ramsay’s
result from [140] in which he shows ¢ is equal almost everywhere to a bona fide homomorphism
on an essential reduction of G.
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Proof of Lemma G.25. We want to apply Ramsay’s Theorem to a map g from G :=
G x X into the isomorphism bundle A := Iso(X * ) as defined in Definition F.35
on page 427. (In view of Remark F.36 on page 427, A is an analytic groupoid.)
For each (s,z) € Y, define po(s,z) := (x,U(s,x),s % - x). Then ¢y is Borel on
Y, and we can extend ¢y to a Borel function on all of G by letting o take a
constant value on the complement of Y. We have arranged our hypotheses so that
o is an almost everywhere homomorphism of G into A. Thus, Ramsay’s Theorem
[140, Theorem 5.1] implies that there is a Borel map ¢ : G — Iso(X * 9) and a
p-conull set Xo C X such that ¢ = ¢p pg x p-almost everywhere and such that ¢
restricted to Ap = G|x, is a homomorphism.

Let © € Xo. Then (e,xz) € Ag and we can define a(z) € X by p(e,z) =
(a(z),I,a(z)). If (s,2) € Ao, then (s,z) = (e,z)(s,z)(e, s~ ' - x). Therefore, for all
(s,x) € Ay we have

p(s,x) = (a(a:), V(s,x),a(s! a:)),

where V (s, z) is a unitary mapping H(a(s™" - x)) onto H(a(z)). Since ¢(s,z) =
©wo(s, ) pe x p-almost everywhere and since there is a s € G, such that (s, z) € Ay
for p-almost all x, there is a p-conull set Z C X such that a(z) =z for all z € Z.
Let A=Glz ={(s,z):x€Zand s ' -z €Z} Then {V(s,x)}s)eca satisfies
the requirements of the lemma. [l

We will also need the following generalization of Lemma D.36 on page 391.
(It can be proved in a general groupoid setting — cf., [140, Lemma 5.2] or [108,
Lemma 4.9] — and is a critical component of the proof of Ramsay’s selection
theorem.)

Lemma G.27. Let G be a second countable locally compact group and p a quasi-
invariant finite measure on an analytic Borel G-space X. Let Y C G x X be a
e X p-conull (measurable) set which is closed under multiplication; that is, Y is
such that (s,z), (r,s™1 - x) € Y implies (s,z)(r,s™1 - x) = (sr,x) € Y. Then there
is a p-conull Borel set Xo C X such that

E:={(s,z):z€Xpands ' -2€ X} CY.

Proof. Let
Y li={(sts ! x):(s,2) €Y}

In view of Remark D.33 on page 388, Y ! is g x p-conull (because, in the notation
of Remark D.33, the measure rk.(ug X p) is equivalent to ug X p). Therefore
Y’ := Y NY~!is also conull. Since pe and p are o-finite, Fubini’s Theorem
implies there is a p-conull set X such that x € X implies there is a ug-conull set
G(z) C G such that G(z) x {x} C Y’'. Let E be as in the lemma, and suppose
that (s,z) € E. Note that s71G(z) NG(s™! - z) is pg-conull, and hence nonempty.
Let r € s7'G(x) N G(s7! - z). Then (r,s7!-2)~t = (r~tr~ts7l.2) € Y/, and
(sr,x) € Y'. Since Y is closed under multiplication,

(s,2) = (sryz)(r ', rts™h2) €Y.

This completes the proof. O
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The above lemma together with Ramsay’s Selection Theorem (see Remark G.26
on page 450) provide the tools needed for the proof of Lemma 9.2 on page 267. Of
course, we adopt the notations and conventions of Lemmas 9.1 and 9.2.

Proof of Lemma 9.2. We can view G := Prim A x Prim A as a standard Borel
groupoid with & = {((P,Q),(Q",R)) : @ = Q'} so that (P,Q)(Q,R) = (P, R)
and (P,Q)~! = (Q, P). Part (a) of Lemma 9.1 on page 264 together with (9.1)
imply that (G,v) is a measured groupoid. Part (b) of Lemma 9.1 implies that
(P, Q) — D(P,Q) is almost everywhere a homomorphism of G into the multiplica-
tive positive reals RY. Therefore Ramsay’s Theorem [140, Theorem 5.1] implies
that there is a Borel map Dy : G — RY such that D = Dy holds y-almost every-
where, and such that there is a p-null set X C Prim A such that

Do(P,Q)Do(Q, R) = Do(P,R) provided P, @ and R are in X.

Using Lemma H.14 on page 463 and the fact that D = D, almost everywhere,
it follows that (9.3) holds with D replaced by Dy. Furthermore, examining the
proof of Corollary D.34 on page 389 (see (D.22) on page 390), there is a p-null set
Xoo C X C Prim A such that

d(s, P)d(r,s~' - P) =d(sr,P) if P,s™'-Pandr 's™'- P arein Xoo.

Let
Yo :={(s,P) € G xPrimA: P& Xgpand s~ - P € X }.

Then the quasi-invariance of u together with Fubini’s Theorem implies that Y} is
pa X p-conull. Let

Y ={(s,P)€Yy: Do(P,s~'-P)=d(s,P)p(s"*,Gp)" ' }.
In view of (9.3) (with Dy in place of D), it follows that Yj is also conull. Suppose
that (s, P) and (r,s~!-P) arein Y. Since Y C Yp, we must have P,s~- P r~1s71.
P e Xy9 € X. Therefore

d(s, P)d(r,s~" - P) = d(sr, P) and
Do(P,s~t - P)Do(s™* - Pyrts™t . P)=D(Pr s P).
Since we also have p(r~!'s71.Gp) = p(s7},Gp)p(r~1,G,-1.p), it follows that
(sr,P) € Y. Therefore Lemma G.27 on the previous page implies that there is a
p-conull set X C Prim A such that P € Xy and s~ - P € X, implies that
Do(P,s™ 1) =d(s,P)p(s™',Gp)~*.
Thus if P € X, and if t € Gp, then Do(P, P) = 1 and

d(tv P) = p(tilv GP) =7Gp (t)2p(6, GP) =7Gp (t)z' g



Appendix H

The Fell Topology

The closed subsets € (X) of any topological space can given a topology, called the
Fell topology, in which #(X) is compact. If X is a (not necessarily Hausdorff) lo-
cally compact space, then %' (X) is Hausdorff. If X is a locally compact group, then
the subset of closed subgroups is closed in ¢’(X), and the set of closed subgroups
inherits its own compact Hausdorff topology which is both natural and very useful.
We develop some of the important properties of this topology in this section. If
(A, G, a) is a dynamical system, then simple examples show that the stability map
P — Gp is often not continuous, where Gp is the stability group at P for the
natural action of G on Prim A. We show here that the stability map is at least
a Borel map, and this will be of importance in our proof of the GRS-Theorem in
Chapter 9. We also give Dixmier’s proof of Effros’s result that Prim A is a standard
Borel space in the Borel structure coming from the usual hull-kernel topology on
Prim A. In the process, we see that Prim A has a possibly finer topology, called
the regularized topology, which is a Polish topology and which generates the same
Borel structure as the hull-kernel topology.

H.1 The Fell Topology

Let X be an arbitrary topological space. Let €(X) be the collection of all closed
subsets of X (including the empty set). If .# is a finite collection of open subsets
of X and if K is a compact subset of X, then we define

UK; F)={Fe€(X): FNK=0and FNU # for all U € .F }.

It is not hard to check that the U(K; %) form a basis for a topology on %' (X) called
the Fell Topology. The first thing to prove about € (X) is that it is compact. This
was proved by Fell in [51]. The key to his proof is the concept of a universal net.
A net {z) }rea in X is called universal if given any subset F' C X, then either x)
is eventually in F' or it is eventually in X ~\ F'. Every net has a universal subnet
[127, Theorem 1.3.8], and a space X is compact if and only if every universal net
in X is convergent [127, Theorem 1.6.2].
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Lemma H.1. If X is any topological space, then €(X) is compact in the Fell
topology.

Proof. Let { F; } be a universal net in ¢'(X). Let

Z :={x € X : given any neighborhood U of z,
we eventually have F; N U # 0 }.

It is not hard to see that Z is closed. Thus it will suffice to see that F; — Z in
6 (X).

Suppose that Z € U(K;.F). Tt will suffice to see that F; is eventually in
U(K; F). But if U € #, then there exists a z € ZNU. Since U is a neigh-
borhood of z, we eventually have F; N U # (. So we just need to verify that we
eventually have F; N K = (). However, if this fails, then we can pass to a subnet,
{Fi, }, so that we can find z;; € K N F;;. Since K is compact, we may as well
assume that x;;, — 2 € K. Let V be a neighborhood of z. We eventually have
F;, NV # (. Since F; is universal, we eventually have F; NV # (). Thus z € Z.
But this is a contradiction as Z € U(K;.%) implies Z N K = (). O

The following characterization of the Fell topology when X is locally compact
not only gives an intuitive feel for convergence in the Fell topology, but it is also a
useful technical tool.

Lemma H.2. Suppose that X is a (not necessarily Hausdorff) locally compact
space. Let { F; Yicr be a net in €(X). Then F; — F in €(X) if and only if

(a) given t; € F; such that t; — t, thent € F, and
(b) ift € F', then there is a subnet { Iy, } and t;; € I, such that t;; — t.

Proof. Assume that F; — F. Suppose that t; € F; and that t; — ¢. If ¢t ¢ F', then
there is a compact neighborhood K of t disjoint from F'. Thus we eventually must
have t; € K. But U(K;0) is a neighborhood of F' which implies that we eventually
have F; N K = (). This is a contradiction, so that (a) holds.

Ifte F, let

I':={(;,U):i€1l,U is aneighborhood of t and F;NU # 0 }.

Given (i1,U;) and (iz,Usz) in T, Us := U; N Uz is a neighborhood of ¢, and
U((Z);{Ug }) is a neighborhood of F. Hence, there is an i, dominating both iy
and ig, such that F; N U # 0. Tt follows that T is directed by (i,U) > (¢/,U’) if
i >4 and U’" C U. For each (i,U) € T, choose s(; 7y € F; NU. Then {54y} is
a net converging to t. Let ¢;, ,, = s;v) and Fy,,, = F;. Then {ti, }yer is the
subnet required in (b). Thus (a) and (b) both hold if F; — F.

Now suppose that (a) and (b) both hold. Suppose that F € U(K;.F#). If we
don’t eventually have F; N K = (), then we can pass to a subnet, relabel, and find
t; € F; N K such that t; — t € K. But then (a) implies ¢t € F N K, which is a
contradiction. If U € % and if we don’t eventually have F; N U # (), then we can
pass to a subnet, relabel, and assume that UNF; = () for all ¢. But if t € FNU,
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then (b) implies that we may also assume that there are ¢; € F; such that t; — t.
But the ¢; must eventually be in U. This is a contradiction and completes the
proof. O

Lemma H.2 on the facing page implies that the limit of any net in %' (X) is
unique. Hence we obtain the following important corollary.

Proposition H.3. If X is a (not necessarily Hausdorff) locally compact space,
then € (X) is a compact Hausdorff space.

An important application of the Fell topology is to the collection of closed
subgroups of a locally compact group.

Corollary H.4. Suppose that G is a locally compact group. Let
Yo:={H €% (G): H is a closed subgroup of G }.
Then Xq is closed in € (G). In particular, X is a compact Hausdorff space.

Proof. Suppose that H; — H with each H; a closed subgroup of G. It will suffice
to see that H is a subgroup. Since e € H; for all 4, item (a) of Lemma H.2 on the
preceding page implies that e € H. If s,t € H, then using item (b) of Lemma H.2
on the facing page, we can pass to a subnet, relabel, and assume that there are
si,t; € H; such that s; — s and t; — t. But then s;t; € H; and s;t; — st. Thus
st € H. A similar argument shows that if s € H, then s~ € H. |

The Urysohn Metrization Theorem implies that a compact Hausdorff space is
Polish exactly when it is second countable. Therefore the following theorem is not
surprising, but nevertheless, the proof is just a bit subtle.

Theorem H.5. Suppose that X is a second countable (not necessarily Hausdorff)
locally compact space. Then € (X) is Polish. In particular, ¥ is Polish in the Fell
topology for any second countable locally compact group G.

To prove the theorem, we just need to show that %'(X) is second countable
whenever X is. For this, we need the following observation about locally compact
spaces. Some care is needed as we are not assuming the space to be Hausdorff.

Lemma H.6. Suppose that X is a second countable (not necessarily Hausdorff)
locally compact space. Then there is a countable family { K; } of compact sets in X
such that given a neighborhood U of x in X, there is an i such that

reint K; C K; CU,
where int K; denotes the interior of K;.
Proof. Let {U; }jes be a countable basis for the topology on X. Let

A={(i,j) € J x J : there is a compact set K such that U; C K C U, }.
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For each (i, j) € A, fix K(; jy such that U; C K(; ;) C U;. If x € U, then since { U; }
is a basis, there is a j such that € U; C U. Since X is locally compact, there is a
compact neighborhood K of  such that € K C U;. Since {U; } is a basis, there
is an ¢ such that x € U; C K. Then (i,j) € A and

Thus { K(; j) }@i,j)ea suffices. |

Theorem H.5 on the previous page is an immediate consequence of the next
lemma.

Lemma H.7. If X is a second countable (not necessarily Hausdor(f) locally com-
pact space, then € (X) is second countable in the Fell topology.

Proof. Let { K, }aca be afamily of compact sets as in Lemma H.6 on the preceding
page, and let {V; },cr be a countable basis for the topology. It will suffice to see

that the neighborhoods
U( U Ko {Vi }ieff)
a€Ay

form a basis for the Fell topology on € (X) as Ay and I range over finite subsets
of A and I, respectively.

Suppose that F € U(K;.F). Since F N K = {) and since F is closed, each point
in the compact set K has neighborhood disjoint from F. Then there is an a, € A
such that K, is a neighborhood of x disjoint from F. Since K is compact, there
is a finite set Ay C A such that

Kc |J K.
aGAf
and such that the above union is disjoint from F. Furthermore, if

# ={Ui,..., Uy} then there are i; such that V;; C U; and V;; N F # (. Then

Feu( U Kai{Vi... Vi

i’Vl
ac€Fy

}) CUK; F).
This completes the proof. O

H.2 Basic Results

Let ¥ be the set of closed subgroups of a locally compact group G with Fell’s
compact Hausdorff topology. A continuous choice of left Haar measures on 3 is a
family of left Haar measures { ug }mes such that

H e /H £(5) dus (s)
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is continuous for all f € C.(G). Glimm showed such families exist in [61, p. 908].
In order to give his proof, we need to recall the notion of a generalized limit. Let D
be a directed set and let c¢p be the set of bounded D-convergent nets in C. That is,
D is the set of bounded nets © = { x4 }4ep indexed by D such that limg x4 exists.
For example, if D = N, then ¢ is the set of convergent sequences and is usually
denoted by c.! Note that cp is a subspace of the Banach space >°(D) of bounded
functions on D with the sup norm: ||z|| := supgcp |z4|. The linear functional ~
sending z € ¢p to limg g is of norm 1. Any norm 1 extension T' of v to £°°(D)
such that T'(xz) > 0 if x4 > 0 for all d is called a generalized limit over D. To see
that such things exist, we proceed as follows (cf. [18, Theorem II1.7.1]). Let (g (D)
be the Banach space of bounded real-valued functions on D. Define v; and c}, in
analogy with v and ¢p above. Let I'y be any norm-one extension of v to ¢ (D).
Suppose that x4 > 0 for all d. If T'1(z) < 0, then let y4 := ||z]|c for all d. Then
ly — zlloo < ||Z]loo and |T1(y — z)| = ||#]loc — T'1(x) > ||z||cc- This contradicts
[IT1]] = 1. Thus we must have I'y(z) > 0.

If x € >°(X), then = z1 + ixp with each z; € g (D). It is not hard to see
that

F(LL') = Fl ($1) + z'l“l (,’Eg)

defines a linear functional on £°°(D) extending ~. Clearly I'(x) > 0 if z4 > 0 for all
d, and ||T'|| < 2. To see that ||T'|| = 1, so that T" is a generalized limit, we need a bit
of fussing. Let x be an element in the unit ball of £°(D) taking only finitely many
values. Then there is a partition Ei, ..., F,, of D and «; € C such that |ag| < 1

and such that
m
T = Z oarlp,.
k=1

Then F(:Z?) = Ek Osz(]].Ek) = Zk akl“l(]lEk). But Fl(]]-Ek) Z O, and Ek Fl(]].Ek) =
I1(1p) < 1. Since |ag| <1 for all k,

Il (x)] < Zrl(]]'Ek) <L

k=1

However, if x is any element in the unit ball of £°(D), then there is a sequence
Tn — x in £°(D) such that each z, is an element in the unit ball of ¢°°(D)
taking only finitely many values (cf. [57, Theorem 6.8(e)]). Since I' is bounded,
I'(xz,) — I'(z). Since |I'(z,)| < 1 by the above, we must have |I'(z)| < 1. Thus
IT|| = 1, and we’ve shown that generalized limits exist.

Notice that if z and y are nets over D and if x4 = y4 for sufficiently large d,
then x — y is eventually 0 and T'(z) = I'(y) for any generalized limit T'. Tt follows
that for all nets z,

IT(x)] < limsup|zq| := inf{sup |xd|}.
d ¢ Yd>c

1Unlike a sequence, a convergent net need not be bounded. This is the reason for the hypothesis
that c¢p consist of bounded convergent nets.
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Now suppose that M is a directed set and that there is a function N : M — D
which satisfies condition (b) in the definition of a subnet on page 4. Then given
x € L°(D), m — zn,, is a subnet of { 4 }4ep. Let

cp(M) :={xz € (D) :limzy,, exists}.

Then ¢p(M) is a subspace of £°°(D) containing c¢p. Let 5 be the norm one
linear functional on ¢p(M) given by ya(z) := lim,, zy,,. Repeating the above
gymnastics shows that there is a generalized limit I" which restricts to yys on
ep(M). In particular, if € ¢°°(D) has a subnet converging to ¢, then there is
a generalized limit I" such that I'(z) = c¢. It follows that @ = limg x4 if and only if
a = T'(z) for all generalized limits over D.

Lemma H.8 (Glimm). Suppose that fo € CH(G) and that fo(e) > 0. For each
H e X, let uy be the left Haar measure on H such that such that

| as) duaa(s) = 1.
H

Then { ug Yrex s a continuous choice of Haar measures on X.

Proof. We claim that for each compact set K in G, there is a number a(K) such
that
pua(KNH)<a(K) foral HeX. (H.1)

To prove the claim, notice that there is an € > 0 and a neighborhood U of e in
G such that fo(s) > € provided s € U. Since K is compact, there are open sets
Ui,...,U, such that

Kcl|JU: and U7'U;CU foralli.
i=1

IfHeX let J={j:U;NH#0}. For each j € J, pick hj € U; N H. Then
g(s) :=Zfo(h;13)
jeJ

defines an element of C.(G) such that g(s) > ¢ for all s € H N K. Thus
1
pan(H0K) < ¢ [ gl)duas)
H

1
- hils)d

< 6JEGJ/Hfo( 5 8)dum(s)

<

Therefore we can set a(K) = n/e. This proves the claim.
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Now suppose that H; — H in ¥ and that f € C.(G). The first part of the proof
implies that

- / £(s) darr, (5)
H;

is a bounded net. Let I" be a generalized limit and define
w(f) =T (i [ 55)dun ().
Since I' is arbitrary, it will suffice to show that
#(1) = [ ) dun(s)

The positivity condition on I' implies that ® is a positive linear functional on
C.(GQ). If f,g € C.(G) and if f(s) = g(s) for all s € H, then given € > 0,

C:={seG:|f(s) —g(s)| = €}

is a compact set disjoint from H. Using the definition of the topology on ¥, we
must eventually have H; N C = (). Thus

< €(a(supp(f) Usupp(g)))

| () = 900)) dan ()
Since € was arbitrary, we must have ®(f) = ®(g). Therefore

o(flu) == @(f)

is a positive linear functional on C.(H).
To see that ¢ is left-invariant, and therefore a Haar measure, fix t € H and a
compact neighborhood C of ¢. Then if ¢’ € C,

s = f(ts) = f(t's)

has support in K := C~!supp(f). The uniform continuity of f (Lemma 1.62 on
page 19) implies that there is a neighborhood U C C' of ¢ such that ¢’ € U implies
that

Thus for all L € X,
[ ) dusts) [ 15 dusts)| < e
L L

Since H N U # 0, we eventually have H; N U # (. Thus for large ¢ we can pick
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t; € H;NU. Then we compute that

05 () = )| =[P (i = [ 051 () = [ 560) ()

<hmsup ‘/fts dpg, (s /fts dpg, (s)

‘/ftSdﬂHl /f s) dum, (s D

<e+0=c¢

Since € is arbitrary, ¢ is left invariant and a Haar measure on H. Since
efola) =T (i | fols)dpn,(s)) = 1,
H;

the uniqueness of Haar measure guarantees that o is given by pg. Thus

:/f®WM$
H

This completes the proof. [l
The following observations will be useful.

Lemma H.9 ([169, Lemma 2.12]). Suppose that { pg }mes s a continuous choice
of Haar measures on X.

(a) If K C G is compact, then there is a constant a(K) € R* such that pg (K N
H) <a(K) for all H € X.

(b) If{ fi } is a net of functions in C.(G) converging to f € C.(G) in the inductive
limit topology and if { H; } is a net in 3 converging to H € ¥ (with the same
index set), then

£(s) dun (5) — [ $5)duas).
H; H
(¢) If Ag is the modular function on H, then (s, H) — Ag(s) is continuous on

G« X.
(d) If X is a locally compact space and if F € Co.(X x G x X), then

be—>/ (z,8,H)dug(s)

is continuous on X X 2.

Proof. Let f € CF(G) be such that f(s) =1 for all s € K. By assumption,

H~Aj@@ﬂ$
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defines a continuous function F' on the compact set X. Part (a) follows with a(K) =
1] o
Using part (a), it follows that for any f € C.(G),

[ 56 dus()] < | catsuen )

Part (b) is an immediate consequence.
Let fo € CH(G) be such that

p(H) = /Hfo(s) dupg(s) >1 forall H € X. (H.2)

Then ¢ is continuous and
Ba(s) = o) [ folsr™) dun(s)

Let f"(s) := f(sr). The map r — f"  is continuous from G into Co(G) with the
inductive limit topology. Therefore part (c) follows from part (b).

Part (d) is proved similarly: (z, H) — F(z,-, H) is continuous from X x ¥ into
C.(G) with the inductive limit topology. O

Lemma H.10. There is a continuous function w : G x ¥ — (0,00) such that for
all g € Co(G) we have

[ atsts™ ) dan(e) = wls. 1) [ g(t) duea)

H s-H

where s - H := sHs™'. Furthermore, for all s,r € G and all H € ¥, we have
w(sr,H) = w(r, H)w(s,r - H). (H.3)

Proof. The existence of w(s, H) for each s and H follows from the uniqueness of
Haar measure. Let fy € CF(G) and ¢ € CT(X) be as in (H.2). Then

w(s, H) = p(s - H)™? /H folsts™) du (8),

But s — f(s-s71) is continuous from G to C.(G) with the inductive limit topology,
and (s, H) — s - H is easily seen to be continuous. Therefore w is continuous by
part (b) of Lemma H.9 on the facing page. Equation (H.3) is a straightforward

computation. O
We define
p(s, H) == Ag(s Hw(s, H). (H.4)
Then p is continuous and satisfies
Ap(t
p(st,H) = il )p(s,H) forallse Gandt e H € &,

Ag(t)



462 The Fell Topology

and in view of (H.3),

p(sr,H) = p(r,H)p(s,r-H) forallr,seG.

Given a function p as above, it is well-known (for example, see [139, Lemma C.2] or
[56, Theorem 2.56]) that there is a quasi-invariant measure 3 on G//H such that

/G £()p(s, H) duc (s /G y / £(st) dyurt (£) dB" (3) (H.5)

for all f € C.(G)2, and such that, if 7 - 87 is defined by

/ g(3) d(r - 57)(3) = / or - 8) ¥ (3),
G/H G/H

r- g r1s
d(dﬁg )(S) _ p(p(s,f{?) :p(’f‘_l,S'H).

Since this material is primarily destined to be used in proving the Effros-Hahn
conjecture, where separability is assumed, we’ll often assume that G is second
countable. For many of these results, more general versions are available, but
usually at the expense of considerably more intricate arguments.

We want to see that the decomposition of Haar measure on G given by (H.5)
holds for Borel functions. When G is second countable (so that all the measures
involved are o-finite), this is a straightforward consequence of Fubini’s Theorem.
What we want is summarized in the following.

then

Proposition H.11. Suppose that G is second countable and H € X. Let 37 be the
quasi-invariant measure on G/H associated to p as above. If f is a Borel function
on G such that s — f(s)p(s, H) is pg-integrable, then

(a) t— f(st) is Borel on H for all s € G,
(b) there is a fH -null set D such that t — f(st) is uy-integrable for all $ ¢ D,

(c) if

Fr(3) = {fH fen ) 270
ifseD,

then Fy is Borel and BH -integrable, and
(d) we have

/ F()p(s, ) dpuc(s) = /G | Fr(6)d8" ). (1.6)

Remark H.12. In practice, we will never introduce the function F. Instead, we will
write (H.5) in place of (H.6), and assume that parts (a)—(d) of Proposition H.11
are understood.

We will need the following observation.

2As elsewhere, we have written $ in place of sH to make the notation a bit easier to read.
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Lemma H.13. Suppose that 7 : X — Y is a Borel map and that v is a measure
on X. Define the push-forward measure on'Y by 1.u(E) := u(T_l(E)). If fisa
nonnegative Borel function on'Y , then

[ 1w denw = | 1(@) duto). (1.7
Y X
Thus a Borel function f on'Y is T.u-integrable if and only if f o T is p-integrable.

Proof. f E C Y is Borel and f = 1, then (H.7) holds by definition. If f is a
nonnegative Borel function on Y, then there are nonnegative simple Borel functions
fn /" f and (H.7) holds by the Monotone Convergence Theorem. (Note that both
sides may be infinite.) The rest is straightforward. O

Proof of Proposition H.11. Since (s,t) — f(st) is Borel on G x H, the first assertion
follows from Fubini’s Theorem applied to pg X pg. Let ¢ : G/H — G be a Borel
cross section to the quotient map ([2, Theorem 3.4.1] or [104, Lemma 1.1]). Then
o:G/HxH — G, given by 0($,t) := c($)t is a Borel isomorphism, and o (3% x 1)
is a Borel measure on G. If f € C.(G) is nonnegative, then, using the left invariance
of um,

/f do. (7 x pp)( /G/H/ t) dpp (t) d3™ (5)

_ /G . / F(st) dug (t) dB™ (3) (H.8)
/f pls, H) duc(s).

Since (H.8) holds for all f € C.(G), we have 0.(87 x ug) = p(-, H)ug. The rest
follows from Fubini’s Theorem applied to 87 x jup. O

Lemma H.14. Suppose that G is second countable.> Let D be a Borel subset of
G/H and let A = q~Y(D) be its saturation in G. Let (3 be any quasi-invariant
measure on G/H. Then D is B-null if and only if A is ug-null. In particular, any
two quasi-invariant measures on G/H are equivalent.

Proof. Clearly, (s,7) — 1p(s-7) is Borel. Thus Tonelli’s Theorem implies that

/G/H/ Ip(s-7)dug(s)dB(r //G/H (s-7)dB(r) duc(s). (H.9)

3This hypothesis implies that Haar measure is o-finite and allows us to invoke Fubini’s Theorem
at will in the proof. In the general case, a bit more care must be taken and the general result
states that provided ( is a Radon measure, a subset has a ($-null image if and only if it is locally
ua-null [54, Proposition II1.14.8].
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If A=q (D) is a ug-null set, then

[ ants Pauats) = [ 1asr) duc(s

G
= 80)7 [ 1a(s)dto
=0.

Thus the left-hand side of (H.9) is 0. Since the right-hand side also vanishes,
/ Ip(s-7#)dB(#) = B(s~'- D) =0 for ug-almost all s.
G/H

Therefore, for some s € G, 3(s~! - D) = 0. Since 3 is quasi-invariant, 3(D) = 0.

On the other hand, if D is B-null, then by quasi-invariance, 3(s~* - D) = 0 for
all s. Thus the right-hand side of (H.9) vanishes. Arguing as above, there is a
7 € G/H such that

0= /G 1p(s - #) dpic(s) = /G 14(s7) duc(s) = Adr)™ /G 1.4(s) dpc(s).

Thus pua(A) = 0. This completes the proof of the first assertion.
However, the first assertion implies that any two quasi-invariant measures on
G/H have the same null sets. Hence they are equivalent. |

Lemma H.15. Suppose that H is a closed subgroup of G and that ¢ is a Borel
function on G whose modulus is constant on H-cosets, and is such that $ — |¢(s)]
is in L2(G/H,B3%). If K C G is compact, then |k is in L*(G, ug).* In particular,
the inner product (¢ | f) in L*(G) is finite for all f € C.(G). If A C C.(G) is
dense in the inductive limit topology on C.(G) and if (¢ | f) = 0 for all f € A,
then ¢(s) = 0 for pug-almost all s.

Proof. Suppose that K C G is compact and that g € C}(G) is such that g(s) =1
for all s € K. Then

Fp()i= [ glstPplst, 1) dya(t)
H
defines an element of C.(G/H). We have
el e < [ o(e)?1e ) ducs)

- / lo(3))? / g(st)? dpr (t) dB™ ()
G/H H

< [1Eg2lloo Il 132y

4One says that ¢ is locally in L?(G).
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Thus ¢ is locally in L?(G) as claimed.

If f e CuG) and if K = supp f, then (¢ | f) = (p|x | f), which is finite by
the above. If (p | f) =0 for all f € C.(G), then for all compact sets K, ¢|x =0
pna-almost everywhere. Thus ¢ = 0 pg-almost everywhere.

If A C C.(G) is dense and f € C.(G), then there is a compact neighborhood
K of supp f and a sequence { f; } C A such that supp f; C K for all i and f; — f
uniformly. Thus (¢ | fi) — (¢ | f). The final assertions follows. O

H.3 Bruhat Approximate Cross Sections

Let G x ¥/~ be the quotient topological space obtained from G x ¥ by identifying
(s,H) and (st,H) foralls€e G, He Y and t € H.

Lemma H.16. The quotient map q : G X X — G x X/~ is open. Furthermore,
G x X/~ is a locally compact Hausdorff space.

Proof. Let V. C G and U C X be open. To see that ¢ is an open map, it will suffice
to see that

O:=q '(q(VxU))={(st,H):s€V,HeUandt e H}

isopenin GxX. FixseV,HeUandt e H. Let { (r;, H;) } be a net converging
to (st,H). It will suffice to see that a subnet is eventually in 0. Passing to a
subnet, and relabeling, we find ¢; € H; such that ¢; — ¢ (Lemma H.2 on page 454).
Then rﬁ{l — s, and rﬁ{l is eventually in V. Since we certainly eventually have
H; €U, (ri, H;) = (ritflti, H,) is eventually in O as required.

Since ¢ is open by the above, to prove the final statement, we just need to
see that G x ¥/~ is Hausdorff. Suppose that {q(s;, H;) } is a net converging to
both ¢(s, H) and ¢(s’, H'). Since ¢ is open, we can pass to a subnet, relabel, and
assume that there are ¢; € H; such that (s;, H;) — (s, H) and (s;t;, H;) — (s', H')
(Proposition 1.15 on page 4). Thus H = H' and t; — s~ 's’. Lemma H.2 on
page 454 implies that s~1s’ € H. Thus q(s, H) = q(s', H). O

A locally compact space is paracompact if and only if it is the topological disjoint
union of o-compact spaces [31, Theorem XI.7.3]. Thus any locally compact group
G is paracompact (Lemma 1.38 on page 10) as is G x X. However, it is conceivable
that G x ¥/~ could fail to be paracompact. (However, I don’t know of any examples
where it isn’t.) Since ¢ is continuous, G X X/~ is o-compact whenever G is, and
therefore paracompact. Thus any example where G x ¥/~ fails to be paracompact
would be pretty obscure.

Suppose that H is a closed subgroup of G. Then a continuous nonnegative
function b on G with the properties that

/ b(st)dup(t)=1 forallse G
H

and such that the support of b has compact intersection with the saturation of any
compact subset of G is called a Bruhat approximate cross section for G over H.
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Since G/H is easily seen to be paracompact,® the existence of such functions is a
special case of the following proposition which is a minor variation on [11, App. I,
Lemme 1].

Proposition H.17. Suppose that G x ¥/~ is paracompact. Then there is a con-
tinuous function b : G x ¥ — [0, 00) such that

(a) / b(st, H)dug(t) =1 for all H € ¥ and s € G, and
H

(b) if K C G is compact, and if ¢ : G x ¥ — G x ¥/~ is the quotient map, then

suppbng! (q(K X E))

18 compact.

We call b a generalized Bruhat approximate cross section.

Remark H.18. In order to dispense with the paracompactness assumption in certain
applications of Proposition H.17, it will be convenient to prove a version of the
proposition that applies only to saturated subsets of G x ¥ with paracompact
quotient. Specifically, let L be a subset of G for which ¢(L x X) is a paracompact
locally compact subset of Gx £/~.% Define S(L) to be the saturation ¢~ (¢(L x X))
of L x ¥ in G x ¥. We will prove that there is a continuous function b € C*(S(L))
such that

(a) / b(st,H)dug(t) =1forall s € L and H € ¥, and
H

(b)" if K C L is compact, then
supp b N S(K)

is compact, where S(K) := ¢! (¢(K x X)).
Of course, we recover Proposition H.17 by taking L = G.

Proof. For each a = q(s, H) € q(L x ¥), let f, € C;(S(L)) be such that

/ Ja(st,H)dpg(t) > 0.
H

Let
U(a) ={(r,K)eSL): fa(r,K) >0}.

Since ¢ is open, {q(U(a)) }aeq(rxs) is an open over of g(L x X). Since we've
assumed that the latter is paracompact, there is a locally finite subcover { V; }icr
of { q(U(a)) }. Again using paracompactness, there is a partition of unity, { ¢; }ier

5Let Go be a o-compact open subgroup of G as in Lemma 1.38 on page 10. Then it is not
hard to see that GosH is a clopen subset of G for each s € G (it is a union of clopen right Go
cosets). Thus G/H is the disjoint union of the images of these sets, each of which is clopen and
o-compact. Thus G/H is paracompact.

6The application we need is when L is compact. However, L could be any open o-compact
subset such as the subgroup generated by a compact neighborhood.
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subordinate to { V; } ([139, Lemma 4.34]). For each i € I, there is an a; = q(s;, H;)
such that

Vi € q(U(a)).

Define F;(s,H) = ¢;(q(s,H)) fa;(s,H). Then F; € C}(S(L)) and suppF; C
q 1 (V;). Since {V; }ier is locally finite, every (s, H) € G x X has a neighborhood
such that all by finitely many of the F; vanish off that neighborhood. Thus we
obtain a continuous function on S(L) via

F(s,H):=> Fi(s,H).

iel

If (s, H) € S(L), then there is an ¢ € I such that ¢;(q(s,H)) > 0. Since V; C
q(U(a;)), thereis a t € H such that (st, H) € U(a;). This implies that f,,(st, H) >
0 and that ¢; (q(st,H)) = ¢i(q(s,H)) > 0. Therefore F;(st, H) > 0. Since F is
continuous and nonnegative,

/ F(st, H) dus (t) > 0.

Suppose that K C L is compact. Since ¢(K x X) is compact and since { V; } is
locally finite, there is a finite subset .J C I such that ¢(K x ¥) C J,c; V; and such
that V;Ng(KxX) =0ifi ¢ J. Thusi ¢ J implies that supp F;Ng~* (q(K xX)) = 0.
Thus

g "(q(K x ) nsupp F C ¢~ (¢(K x )) N (U supp E)
iel
- qfl(q(K X Z)) N (U supij),

jeJ

which is compact.

Now fix s € L and let K be a compact neighborhood of s. Since supp F' N
¢ '(¢(K x X)) is compact by the above, the function (s,t, H) — F(st, H) has
compact support on K x G x X. Thus there is a F/ € C.(K x G x X) such that
F(st,H)=F'(s,t,H) for all s € K and ¢t € H. Thus we can apply Lemma H.9 on
page 460 to F’, and conclude that

(s, H) — /H Fst, H) dug (1)

is continuous and greater than zero on S(L). Therefore we can define a continuous
function by

b(s, H) := F(s, H) (/ F(st, H) duH(t))_l.

H

This function clearly satisfies (a)’ and (b)" in Remark H.18 on the facing page. O
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Corollary H.19. Suppose that K C G is compact. There there is ab € CFT(GxX),
called a cut-down generalized Bruhat approximate cross section, such that

/ b(st, H)dpump(t) =1 forallse€ K and oll H € X.
H

Proof. Let L be a compact neighborhood of K. In view of Remark H.18 on page 466,
the proof of Proposition H.17 on page 466 implies that there is a b € CF (S(L))

satisfying (a)’ and (b)" on page 466. If U is a an open set such that K ¢ U C L,
then

K" :=suppbNS(K)

is compact and there is a ¢ € CF (G x X) such that ¢(s, H) = 1 for all (s, H) € K"
and such that ¢ vanishes off of the open set S(U) = ¢! (q(U X E). Thus

(s, H)b(s,H) if (s,H) € S(U), and

bls, H) = {0 it (s, H) ¢ K"

is continuous. If s € K and H € ¥, then since b vanishes off K",

/ b(st, H) dpp(t) :/ b(st,H)dug(t) =1. O
H

H

Lemma H.20. Suppose that G is a locally compact group and that X is the compact
Hausdorff space of closed subgroups of G. For each H € ¥, let ¢! : G — G/H be
the natural map. Let K C G be compact. Then there is a positive constant m(K)
such that for all H € ¥ we have

Proof. To find a m(K), let b be a cut-down generalized Bruhat approximate cross
section (as in Corollary H.19) such that

/ b(st, H)dug(t)=1 forallse€ K and H € X.
H

Then
HH/b(st,H)p(s,H)d,ug(s)
a

is a continuous function Fj on ¥. Furthermore,

/ b(st, H)p(s, H) duc(s) = / / b(st, H) dpg (t) dBY (5)
H G/H JH
> 6% (¢" (K)).

Thus we can let m(K) = || Fi|co- O
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H.4 The Stabilizer Map

An important application of the Fell topology on the space X of closed subgroups of
G arises when considering a transformation group (G, X). If X is a Ty-topological
space, so that each stability group G, is closed by Lemma 3.23 on page 95, then
we obtain a natural map o of X into X defined by

o(x) =Gy :={seG:s-x=x}.

We call o the stabilizer map. The stabilizer map is rarely continuous — even in
rather nice situations such as the circle group T action on the complex numbers C
by multiplication. A more involved example is the following which is taken from
[59, p. 134]. Working out the details is an interesting exercise.

Ezample H21. Let G = [[2, Zo and let X = [];2,[—1,1]. Let the i'" factor of
G act on the i*® factor of X by reflection about the origin. Given x = (z;), then
Gx = {e} if and only if x; # 0 for all <. The stabilizer map is continuous at x if
and only if x € P={x € X : x; #0 for all 7 }. Notice that P has no interior.

Remark H.22. If G is a Lie group, if X is a second countable almost Hausdorff
locally compact space and if G\ X is Ty (see Theorem 6.2 on page 173), then Glimm
has shown that there is a dense open subset of X on which the stabilizer map is
continuous [59, Theorem 3]. We have already seen in Example H.21 that if G is not
a Lie group, then it is possible for the set where the stabilizer map is continuous to
have no interior. However, as we will show in Theorem H.24 on the following page,
the situation in Example H.21 is about as bad as it gets.

Our next result shows that the stabilizer map is always a Borel map. This will
important in our study of the Effros-Hahn conjecture. (See Proposition H.41 on
page 477.)

Proposition H.23. Suppose that (G, X) is a topological transformation group with
G locally compact and second countable, and with X Hausdorff. Then the stabilizer
map o : X — X is a Borel map.

Proof. 1t suffices to see that o~ (U(K;{ Ux,...,Uy }) is Borel for all compact sets
K C G and open sets U; C G. To begin with, for any subset K C G, let

W(EK)=c'{HES:HNK #0}).

We claim that W(K) is closed when K is compact. Suppose that K is compact,
that {z; } € W(K) and that x; — . We want to show that G, := o(z) is such
that G, N K # 0. Let h; € G, N K. Since K is compact, we can pass to a
subsequence, relabel, and assume that h; — h € K. Then z; = h; -x; — h-x. Since
X is Hausdorff, we must have h € G;. Thus x € W(K), and W(K) is closed.

Now suppose that U C G is open. Since G is second countable, there are
compact sets K, such that

U= ] Kn
n=1
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Thus
W(U)=c'({HeX:HNU#0}) = | W(K,)

is a F,, subset (i.e., a countable union of closed sets) of ¥. In particular, W (U) is
Borel whenever U is open.
If K is compact and Uy, ..., U, are open, then

o UK { UL, ..., Uy })) = W(K)N ﬂ W (U;),

which is certainly Borel. O

Although Proposition H.23 on the previous page (in the form of Proposi-
tion H.41) is sufficient for our needs in the study of the Effros-Hahn conjecture, it
is interesting to consider just how well or badly behaved the stabilizer map can be.
Even in Example H.21 on the preceding page, the stabilizer map is still continuous
on a large subset. We include a proof which shows that the stabilizer map is
always continuous on a dense set. Note that this is a much stronger statement
than is provided by Lusin’s Theorem (Theorem 9.25 on page 298) which provides
a large subset on which the restriction of ¢ is continuous.

Theorem H.24. Suppose that (G,X) is a Polish transformation group with G
second countable and locally compact. Then there is a dense Gs subset of X on
which the stabilizer map o is continuous.

Our proof follows [4, Chap. IT Propositions 2.1 and 2.3]. To obtain points
of continuity, we rely on the fact that lower semicontinuous functions on Baire
spaces must be continuous on large subsets. Recall that f : X — R is lower
semicontinuous if f~'((a,00)) is open for all @ € R. We say that a topological
space X is a Baire space if the countable intersection of open dense sets is dense.
Of course all Polish spaces are Baire spaces, but even non-Hausdorff spaces, such as
the primitive ideal space of a C*-algebra, can be Baire spaces [139, Corollary A.47
and §A.48].

Proposition H.25. Suppose that X is a Baire space, and that f : X — R is lower
semicontinuous. Then the set C' of x such that f is continuous at x is a dense Gs
subset of X.

If X is a metric space and if f is a nonnegative lower semicontinuous function,
then f in the increasing pointwise limit of a a sequence { g,, } of continuous functions
(see, for example, [168, TK(4)] or [156, p. 60 #22]). Then [109, Theorem 48.5] and
its proof imply that the set of points were f is continuous is a dense G subset of
X. In the general case, we’ll make use of the notion of the oscillation of f at a
point. If f: X — R is any bounded function, let

w(f,U) :==sup{|f(z) = f(y)| 2,y €U}, and
w(f,z) = inf{w(f,U) : U is a neighborhood of z }.
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Clearly, if f is continuous at x, then w(f,2) = 0. On the other hand, if f is not
continuous at x, then there is a net x; — x such that |f(z;) — f(z)| > € > 0 for
some €. Then w(f,U) > € for all neighborhoods U of z. Thus w(f,z) > e. That is,
f is continuous at z if and only if w(f,z) = 0.

Proof of Proposition H.25. Since x — x/(1 + |z|) is increasing,

W
9@) = T 7@

is lower semicontinuous and it is continuous at exactly those points where f is.
Therefore, we can replace f by g and assume that f is bounded. Suppose that
x; — x and that for each i, w(f,x;) > €. If U is any neighborhood of z, then U is
also a neighborhood of some z;, and w(f,U) > e. Therefore w(f,x) > €, and w(f,-)
is upper semicontinuous. In particular,

SRS

E,={z:w(f,z)>-}

is closed. Suppose that F, were to contain a nonempty open set W. Let a :=
sup{ f(x) : x € W }. Since f is lower semicontinuous,

U::{x:f(:c)>a—%}ﬂw

is a neighborhood of some zo € W, and w(f,z9) < w(f,U) < 5~ < L. This
contradicts xg € F,,. Thus G,, := X \ E,, is open and dense. But

C={zeX:w(f,z)=0}

=X\ GE”
n=1

o0
=G
n=1
is a G5 subset which is dense since X is assumed to be a Baire space. [l

Since G is second countable, it has a countable neighborhood basis at e. Con-
sequently G is metrizable and there is a compatible metric d on G which is left-
invariant; that is, d(rs,rt) = d(s,t) for all r,s,t € G ([71, Theorem I1.8.4]). Let

B(s):={reG:d(r,s) <e}
be the e-ball centered at s in G. Define b € (0, oo] by

b :=sup{e: B.(e) is compact },

and let « = min{2,1}. Since d is left-invariant, B.(s) is pre-compact for all
0<e<a.
For each s € G, define d; : ¥ — [0, a] by

ds(H) := min{ a,d(s, H)} where d(s,H)=inf{d(s,t):t€ H }.
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Lemma H.26. For each s € G, ds is continuous from % to [0, 00).

Proof. Fix e >0, s € G and H € X. Choose t € H such that

d(s,t) <d(s,H)+

)

N

and let V' = B (t).

If s € H, then ds(H) =0 and U = U(0;{ V' }) is a neighborhood of H such that
H' € U implies that d(s, H') < e. Thus d; is continuous at H in the event s € H.

If s ¢ H and if d(s, H) > a, then K = B,(s) is compact and U = U(K; ) is
a neighborhood of H such that H' € U implies ds(H') = a = ds(H). Thus d; is
continuous at H in this case.

If s ¢ H and if 0 < d(s,H) < a, then there is no harm in assuming that
€ < d(s,H). Pick § such that d(s,H) — € < § < a. Then K = Bjs(s) is compact
and H' € U :=U(K;{V }) must satisfy

d(s,H) —e < d(s,H") < d(s,H) + e.
Thus d, is continuous at H in all cases. O

Let D = {s; }$°, be a countable dense subset of G.

Lemma H.27. The functions { ds, }32, separate points in X. If Z is any topological
space and if f : Z — X, then f is continuous at z € Z if and only if ds, o f 1is
continuous at z for all i.

Proof. Suppose that H and H' are distinct elements in 3. Without loss of gener-
ality, we can assume that H ~ H’ is nonempty and choose s € H \. H'. Since D is
dense, there is a sequence s;, — s. Then ds, (H) — 0 while d, (H') is eventually
bounded away from 0 by min{ d(s, H')/2,a }. This proves the first assertion.
It follows that
H o (d, (1) (H.10)

is a continuous injection of ¥ into [[;2,[0,a]. Since ¥ is compact, (H.10) is a
homeomorphism onto its range. The remaining assertion follows easily from this.
O

Lemma H.28. Let (G, X) be as in Theorem H.24, and let o be the stabilizer map.
For each i, ds, o 0 is lower semicontinuous.

Proof. 1t suffices to show that for each z € X,

¢ :=liminf dy, (0(y)) > ds, (0(2)).

Yy—x

If ¢ = a, then there is nothing to show. Assume that ¢ < a, and let y,, — = be such
that
¢ = liminf d,, (o(yn)).
n

Passing to a subsequence and relabeling, we can assume that ds, (o(yn)) < a for
all n. Therefore d(s;, Gy, ) < a, and after passing to another subsequence, there is
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aty, € Gy, such that d(s;,t,) < a and such that d(s;,t,) — c. Since {¢, } belong
to the pre-compact set B,(s;), we can pass to a subsequence, relabel, and assume
that ¢, — t. Since each t,, € G, and since ¢, -y, — t -z, we must have t - =2
(since X is Hausdorff). That is, t € G, and

ds, (o(x)) < d(si, Go) < d(s;,t) =c.
Thus each d;, is lower semicontinuous as claimed. O

Proof of Theorem H.24 on page 470. Proposition H.25 on page 470 and Lem-
ma H.28 imply that each ds, o o is continuous on a dense G subset A; of X. By
Lemma H.27 on the facing page, o is continuous on the intersection A := () A;.
However, A is a Gs subset and it is dense since X is a Baire space. O

Remark H.29. The proof of Lemma H.27 on the preceding page shows that a map
f+Z — ¥ is Borel if and only if fods, is Borel for all . Consequently, Lemma H.28
on the facing page gives a proof that o is Borel (with the additional assumption
that X is a Polish space).

H.5 Borel Issues

Let { uy }mes be a continuous choice of Haar measures on ¥. Let K C G be
compact and let €k be the set of bounded Borel functions F on K «X = { (s, H) €
G* X :s € K} such that

() = /H F(s, H) dyun (5) (H.11)

defines a Borel function on X. Then %k contains C(K * X) and is closed under
monotone sequential limits. Therefore [127, Proposition 6.2.9] implies that €k
contains all bounded Borel functions. More generally, we have the following.

Lemma H.30. Suppose that X is a Polish space and that F is a bounded Borel
function on X x G * X with compact support in the second variable; that is, there
is a compact set K C G such that F(x,s,H) =0 if s ¢ K. Then

o(x, H) :z/HF(:C,s,H)duH(s)

defines a Borel function on X x X.

Remark H.31. Since X is a standard Borel space, we could evoke Kuratowski’s
Theorem 1.40 on page 503 and replace X by a second countable locally compact
space such as [0,1]. Then we could simply repeat the argument above invoking
[127, Proposition 6.2.9]. Instead we’ll give a direct proof. Note that we only use
the fact that the Borel structure on X comes from a second countable topology.
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Proof of Lemma H.30 on the preceding page. It will suffice to consider nonnegative
F and to replace G x X with K %X as above. Since there are Borel simple functions
F; /7 F, it suffices to take F of the form 1 g for some Borel set B C X x K *X. Since
X and K x ¥ are second countable, the Borel sets of X x G % X are generated by
Borel rectangles By x By with By C X and Bs C K X each Borel (see Lemma 4.44
on page 141). Since the collection of Borel sets B such that

vp(x, H) ::/ 1p(x,s, H)dug(s)
H

defines a Borel function is a monotone class of sets containing the algebra of

Borel rectangles, it contains all Borel sets by the Monotone Class Lemma ([57,

Lemma 2.35]). O

Lemma H.32. Let A be a separable C*-algebra. Then every weakly Borel function
f: X — Ais Borel. That is, if po f: X — C is Borel for all ¢ € A*, then f is
Borel.

Remark H.33. Since each ¢ € A* is continuous, it is obvious that Borel functions
are weakly Borel. The proof of the converse is essentially that of Lemma B.7 on
page 333.

Proof. Let V be open in A. It suffices to see that f~1(V) is Borel. Since A4 is
separable, there are closed balls

Ap={acA:|la—ay] <en}

such that

(G

V= An.

n=1

Thus it will suffice to see the f~1(A4,,) is Borel. But Lemma B.8 on page 333 implies
that there is a countable set { ¢, } in A* such that

lla —an|| <€, ifandounlyif |om(a—an)| <e, forall m.
Thus
fﬁl(An) = ﬂ{:z: €X: |<Pm(f(x) - an)| <en}

This suffices since the sets on the right-hand side are Borel by assumption. [l

H.6 Prim A Standard

Here we want to take a close look at the space Prim A with its usual hull-kernel
topology. We want to see that Prim A is a standard Borel space. This result goes
back at least to Effros’s paper [45]. The treatment here uses the Fell topology on
the closed subsets of Prim A, and is due to Dixmier [27].



H.6 Prim A Standard 475

Recall that an nonempty closed subset of a topological space is called irreducible
if it cannot be written as a nontrivial union of two closed sets. Thus F is irreducible
if and only if whenever C; and Cs are closed sets such that F' = C7 UC5, then either
C1 = F or Cy = F. In any topological space X, the closure of a point is irreducible.
Here we have in mind the space X = Prim A, where A is a separable C*-algebra.
Then points in X need not be closed. But X is at least second countable,” and
since every closed subset of the primitive ideal space is the primitive ideal space of
a quotient of A, every closed subset has the Baire property—that is, the countable
intersection of open dense sets is again dense [139, Corollary A.47].

Lemma H.34. Suppose that X is a second countable (not necessarily Hausdorff)
locally compact space in which every nonempty closed subset has the Baire property.
Then every irreducible subset is a point closure.

Proof. (The proof is essentially that of Proposition 6.21 on page 186.) Suppose that
F is irreducible. Then every nonempty open subset of F' is dense in F'. Since the
relative topology on F' is second countable, the intersection of all nonempty open
subsets of F' is dense. Any point in the intersection of every open set is necessarily
dense in F'. |

Lemma H.35. Let €(X) be the closed subsets of a (not necessarily Hausdorff)
locally compact space X. Define © : €(X) x €(X) — €(X) by ©(E,F)=EUF.
Then © is continuous when € (X) has the Fell topology.

Remark H.36. Easy examples show the map taking (E, F') to ENF is not continuous
in general.

Proof. This is a straightforward consequence of Lemma H.2 on page 454. Suppose
that B, — FE and F; — F in €(X). If t € EUF, then we may as well assume
that ¢t € E. Then passing to a subnet and relabeling, we can assume that there are
t; € E; C E;UF; such that t; — t. Similarly, if ¢; € E;UF; and if ¢; — ¢, then we can
pass to a subnet, relabel, and assume that t; is either always in F; or always in F;. In
either case, we must have t € EUF. Thus ©(E;, F;) = E;UF; = EUF =©(E,F)
as required. [l

Proposition H.37. Suppose that X is a second countable (not necessarily Haus-
dorff) locally compact space. Then

S ={Fe€%X):F is irreducible }
is a Gs subset of €(X). In particular, & is a Polish space in the relative topology.
Proof. Let

& :={(E1,E2) € €(X)x€(X): Ey C Ey} and
F ={(E1,Ey) € €¢(X)x€(X): Ey C Ey}.

"This follows from [139, Theorem A.38] and [139, Proposition A.46]
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Using Lemma H.2 on page 454, it is not hard to see that & and # are closed.
Furthermore, a closed set F' fails to be irreducible if and only if there are closed
sets F1 and Fs such that F' = F; U Ey while E; ¢ Es and Ey ¢ Ey. Thus .# is
the complement of the image under the continuous map © of the complement of
& U Z. Since open subsets of second countable metric spaces are the countable
union of closed sets, and since € (X) x €(X) is compact, there are compact sets
K; C €(X) x ¥(X) such that

(X)) x C(X)\ (£UF) =] K.

Thus .7 is the complement of
Jex).

Since © is continuous, O(K;) is compact, and since ¢ (X) is Hausdorff, closed.
Thus .# is the countable intersection of open sets; that is, .# is a (G5 subset of
% (X). Since ¥(X) is Polish (Theorem H.5 on page 455), .# is Polish since all
G5 subsets of a Polish space are Polish (cf, [2, Theorem 3.1.2; 139, Lemma A.44;
168, Theorem 24.12]). O

Now we specialize to the case where X = Prim A for a separable C*-algebra A.
Then Prim A is a second countable locally compact space which certainly need not
be Hausdorff in general. Define

A: Prim A — € (Prim A)

by M(P)={P}={Je€PrimA:J D P} Since PrimA is a Tp-topological space,
A is injective. If V is open in Prim A, then

A(V) = U®; { V' }) N A(Prim A).

Consequently, A is an open bijection of Prim A onto A(Prim A). The following
terminology is from [64].

Definition H.38. Suppose that A is a separable C*-algebra. The regularized topol-
ogy on Prim A is that obtained by identifying Prim A with its image in & (Prim A)
via the map A.

Theorem H.39. Suppose that A is a separable C*-algebra. The regularized topol-
ogy on Prim A is finer than the hull-kernel topology and generates the same Borel
structure as the hull-kernel topology. With the reqularized topology, Prim A is a
Polish space and (G,Prim A) is a topological transformation group.

Proof. Since X is an open map, it is immediate that the regularized topology is
finer than the hull-kernel topology. Since closed subsets of Prim A have the Baire
property, the irreducible subsets .# of % (Prim A) are exactly the point closures
(Lemma H.34 on the preceding page). Thus A(Prim A) = .# is a G5 subset of
% (Prim A) (Proposition H.37 on the previous page), and therefore Polish.

On the other hand, since the hull-kernel topology on Prim A is Ty and second
countable, Prim A is a countably separated Borel space with the Borel structure
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generated by the hull-kernel topology. Since A is open, A=1 : A\(Prim A) — Prim 4 is
Borel map from the standard Borel space A(Prim A) onto the countably separated
Borel space Prim A. Therefore A™! is a Borel isomorphism (Corollary 1 of [2,
Theorem 3.3.4] and Corollary 1 of [2, Theorem 3.3.5]).

It only remains to show that the map (s,{ P}) — {s- P} is continuous from
G x A(Prim A) — A\(Prim A). (The corresponding map from G x Prim A — Prim A
is continuous in the hull-kernel topology by [139, Lemma 7.1].) Suppose that s; — s
and { P;} — { P}. Note that

{s-P}=s-{P}={s-J:JDP}.

Note that if Q; € {s;-P;} and if Q; — Q, then Q; = s; - J; with J; € {P; }.
Furthermore, J; — s~ !-@Q in Prim A. Lemma H.2 on page 454 implies that s~1-Q €
{P}. That is, Q € {s- P}. On the other hand, if J € {s- P}, then J = s-Q for
some @ € { P}. Using Lemma H.2, we can pass to a subnet, relabel, and assume
that there are J; € { P; } such that J; — Q. Thus s;-J; — J, and s;-J; € {s; - P; }.
Thus {s;- P;} — {s- P} by Lemma H.2. O

Since Theorem H.39 on the preceding page implies that the Borel structure
coming from the hull-kernel topology is the same as that coming from the stronger
Polish topology, we get the following as an immediate corollary.

Theorem H.40. If A is a separable C*-algebra, then Prim A is a standard Borel
space in the Borel structure coming from the hull-kernel topology.

We also obtain a crucial corollary to Proposition H.23 on page 469.

Proposition H.41. Suppose that (A, G, a) is a separable dynamical system. Then
the stabilizer map P — Gp is Borel from Prim A into the compact Hausdorff space
3 of closed subgroups of G.

Proof. Using Theorem H.39 on the preceding page, we can replace the hull-kernel
topology on Prim A with it regularized topology. Then the result follows from
Proposition H.23 on page 469. O






Appendix 1

Miscellany

I.1 The Internal Tensor Product

In [139], we only considered a special case of the internal tensor product which
sufficed for the study of imprimitivity bimodules. Here we want to consider a
more general situation. Let A and B be C*-algebras and suppose that X is a
right Hilbert A-module, Y is a right Hilbert B-module and that ¢ : A — L(Y) is
a homomorphism. We can view Y as a left A-module — a -y := p(a)y — and
form the A-balanced module tensor product X ®4 Y; recall that this is simply the
quotient of the vector space tensor product X ® Y by the subspace N generated by

{z-a®@y—2z@pla)y:zeX,yeY,anda € A}.

The B-module structure is given by (z ®4y) -b:= 2 ®4 y - b. Our object here is
to equip X ®4 Y with a B-valued inner product and use [139, Lemma 2.16] to pass
to the completion X ®, Y which is a Hilbert B-module called the internal tensor
product. I'll give a minimal treatment here just sufficient for our purposes. A more
complete treatment can be found in Lance [98]. Here we take a slight short-cut, and
merely equip X®Y with a B-valued pre-inner product. As it turns out, elements in
N all have 0-length, and we can, and do, view X ®, Y as a completion of X ® 4 Y.

Proposition I.1. Let X be a Hilbert A-module and Y and Hilbert B-module with a
homomorphism ¢ : A — L(Y). Then there is a unique B-valued pre-inner product
on XY such that

<<x®y,z®w>>3 = <y,tp(<x,z>A)w> . (I.1)

B

The completion X ®, Y 1is a Hilbert B-module which satisfies

T a®yy =1, p(a)y
forallz e X, yeY, and a € A.

ILance goes the extra mile and proves that the pre-inner product is actually an inner product
(that is, definite) on X ®4 Y.

479
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Remark 1.2. When the map ¢ : A — L(Y) is understood, it is common to use the
notation X®4 Y in place of X ®,, Y.

Proof. As in Propositions 2.64, 3.16, and 3.36 of [139], the universal property of
the algebraic tensor product @ implies that (I.1) determines a unique sesquilinear
form on X ® Y. The only real issue is to prove that this form is positive.

Solet t:= > x; ® y;. Then

(), = (vis ol 2) )uy) - (L2)

4,J

But [139, Lemma 2.65] implies that M := ((z; , x; >A) is a positive matrix in M, (A).
Thus there is a matrix D such that M = D*D, and there are di; € A such that

(i axa E dyid;-

Thus (I.2) equals

> (v s o(drpidij)y;), = > (e(dri)yi (drj)y;),
7,k 1,5,k
S wldiaw) s (3 elduiw)),
k ] %

K2

>0 (|

Now we want to see that each T" € £(X) determines an operator T’ ®,, 1 on the
internal tensor product X ®, Y.

Lemma 1.3. Let A, B, X, Y, and ¢ be as above, and let Z be a Hilbert A-module.
If T € L(X,Z), then there is unique operator T ®,1 € LIX®,Y,ZR,Y) such that

TR,1(z®,y) =Tz Ry y.

Furthermore, if Z = X, then T — T ®, 1 is a homomorphism . of L(X) into
LX®,Y).

Proof. We clearly have a well-defined operator T ® 1 on X® Y, and if t € X®Y
and s € Z®Y, then straightforward calculations reveal that

(Tolt,sh =, (T "21)s) .

Similarly, if S € £(Z,X), then on the algebraic tensor product, (I ® 1)o (S®1) =
(T'S ®1). Since there is a R € L£(X) such that ||T||*1x — T*T = R*R, for all
teXOY,

ITIPt1e,v = I(T @ Dtlxe,v

(Irie ey, - (T Tt )
(ITIP1x = T*T) @ 1)t , )

I(R® 1)tll%e,v > 0.
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It follows that 7" ® 1 is bounded, and extends to an operator T'®, 1 € L(X ®,
Y,Z®,Y) such that (T'®,1)* =T ®, 1 and ||T' ®, 1| < ||T||. The last assertion
is straightforward. O

Let X4, Yp and ¢ : A — L(Y) be as above. Suppose also that Z is a right
Hilbert C-module and that ¢ : B — L(Z). Then we can form the Hilbert C-
modules X Q00 (Y @y Z) and (X @, Y) ®y Z. We expect these modules to be
naturally isomorphic and we want to give a quick sketch of why this is so. The
universal properties of the algebraic tensor product give us natural maps

o XONYoZ) - XoY)oZ
01 : XOYOZ) = XO(YQyZ)
g2 : (XOY)OZ— (X®,Y)0OLZ.

As in the proof of Proposition 1.1, we can equip the algebraic tensor product (X ®
Y) ® Z with a C-valued pre-inner product such that

(ron)@z, (120y2)® Z2>>C = (21, P((z1 @y, 22 © y2>>B)(Z2)>C
= (21, 9((y1 5 o({@1, 22) )(y2)) )(22))

A B C

It follows that o9 extends to an isomorphism of the completion of (X®Y)® Z with
(X®4Y) ®y Z. Similarly, o1 will extend to an isomorphism of X ®,g1 (Y ®4 Z)
with the completion of X ® (Y ® Z) with respect to the C-valued pre-inner product

(1@ @2), 22® (2@ 22)) = (1 ® 21, Y ({21, 22),)) (y2 ® 22) )
= (i @z, (1, 22) )(y2) ® Z2>>C
= (21, 9 ((y1 (21, 22) ) (2)), ) (22)),

Comparing these two pre-inner products, it is now clear that o extends to the
required isomorphism.
We summarize the above discussion in the following lemma.

Lemma I.4. Suppose that X is a right Hilbert A-module, Y is a right Hilbert B-
module and that Z is a right Hilbert C-module. Let ¢ : A — L(Y) and ¢ : B —
L(Z) be homomorphisms. Then the right Hilbert C-modules X @405 (Y @y Z) and
(X®,Y)®yZ can be viewed as completions of the algebraic tensor products Xo(YOZ)
and (X ®Y) ® Z, respectively. Furthermore, the natural algebraic isomorphism
c: XONYOZ)— (XOY)OZ extends to an isomorphism of X @y, 0 (Y @y Z) onto
X®eY)®y Z.

I.2 Disintegration of Measures
More general formulations and references can be found in [47, Lemma 4.4] and [1].

We will settle for a special case suitable to our needs in the proof of the Gootman-
Rosenberg-Sauvageot result in Chapter 9.
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Suppose that X and T are Borel spaces, that p is a measure on X and that
q: X — T is Borel.2 Then the image or push-forward of u under g is the measure
v :=q.(u) on T given by v(E) := pi(¢~*(E)). Thus for any nonnegative (complex-
valued) Borel function f on T" we have

/T F(t) dv(t) = /X £ (a@)) du(z). (13)

If u, and hence v, is finite, then (I.3) holds for all bounded Borel functions on T or
even all Borel functions in £!(v) (see Lemma H.13 on page 463).3

Theorem 1.5 (Disintegration of Measures). Suppose that p is a finite Borel mea-
sure on the second countable locally compact space X, that (T, . #) is a countably
separated Borel space and that q : X — T is a Borel surjection. Let v := q.u be the
image of p by q. Then there is a family of (positive) Borel measures { pit brer on
X and a v-null set N such that

(a) For allt ¢ N, py is a probability measure with supp py C ¢~ (t),*
t'—>/ d,U,t
is bounded and Borel and

(c) For all h € B*(X),
(d)
[t = [ [t

If { 1t} YreT is another family of finite measures satisfying supp pu;, C q~1(t) for v
almost all t as well as (c) and (d), then p, = p; for v-almost every t.

Remark 1.6. Theorem 1.5 is illustrated by the special case where X is the product
A x B and g is the projection on the first factor. Then the measures p, can be
viewed as measures on B, and for all h € B*(A x B) we have

/AxB hla,b) dpu(a, b) = /A /B h(a, b) dia (b) dv(a).

2We are using terminology consistent with Appendix D.2. Thus a Borel space is a pair (T, .#)
where ./ is a -algebra of sets in T. A function q : (X, &) — (T, .#) is called Borel if g~ (E) € &
for all E € .. In many texts, the pair (T, .#) is called simply a measurable space, and a function
q as above is called a measurable function.

3When working with measures on the Borel sets of a topological space T, there is a distinction
between real-valued Borel functions and v-measurable functions. A v-measurable function is
measurable with respect to the completion of v. That is f is v-measurable if for every open set
V' C R there are Borel sets B and C such that B C f~1(V) C C with v(B~C) = 0. Since ¢~(B)
and ¢~ (C) are Borel sets in X which differ by a p-null set, it follows that f o q is u-measurable
if and only if f is v-measurable. In particular, (I.3) holds for integrable v-measurable f as well.

4The support of a measure is used informally here. It has a clear definition in a topological
space as the complement of the union of open null sets. Here supp p C B just means pu(X ~B) = 0.
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This iterated integral should be compared with that resulting from Fubini’s Theo-
rem in the case where u is the product of two probability measures v on A and o
on B. Then ¢.u = v and each u, = 0.

The proof of Theorem 1.5 given here depends on a classical result of Dunford
and Pettis. Suppose that (T,.#) is a Borel space and that B is a Banach space.
The dual space of B is the space B* of bounded linear functionals on B. The value
of p € B* on b € B is often denoted by (b, ¢). A map F : X — B* is called weak-+

Borel if t — (b, F(t)) is Borel for all b € B.

Theorem 1.7 (Dunford-Pettis). Let (T, .#,v) be a finite measure space and let B
be a separable Banach space with dual B*. If ® : L*(v) — B* is a bounded linear
map, then there is a bounded weak-+ Borel function F : T — B* such that for all
be B

(b, 0(0)) = [ 9O, FO)vte).
The function F is determined up to a v-null set.

The proof of this result basically requires that we make sense out of “evaluating
an element of L>°(v) at a point.” As usual, if v is a measure on (T,.#), then
we’ll write B°(T) for the bounded Borel functions on 7', and reserve L>(v) for
the Banach space of equivalence classes of functions in B°(T) which agree v-almost
everywhere and equipped with the essential supremum norm.® Usually we ignore
the fact that elements of L> are equivalence classes and treat them as functions.
This usually causes no harm provided one realizes that certain operations — such
as evaluation at a point — makes no sense on L°°. Our next lemma says that
provided we restrict attention to a separable subspace of L™, we can pick functions
representing elements of this subspace in a linear way. (In particular, on such a
subspace, point evaluations do define linear functionals.) Such a map is called a
linear lifting for L> and there is a considerable industry in finding such maps —
even multiplicative ones (cf., [24, Chap. II, §11]). The lemma here is based on
[13, §2, No. 5, Lemme 2] and suffices for our needs.

Lemma 1.8. Suppose that v is a finite measure on (T,.#) and that 7 : BY(T) —
L>(v) is the quotient map. If S is a separable subspace of L>°(v), then there is a
linear map

p: S — BYT)

such that w(p(f)) = f for all f € S.

Proof. Let D be a countable dense subset in S. Let Sy be the rational subspace
generated by D. Since Sp is countable, it must have a countable basis { h, } as
a vector space over the rationals. Let f, € B®(T) be any function such that

5Note that B* may not be separable even though B is. In particular, a weak-* Borel function
on a locally compact space need not be measurable as defined in Appendix B.

6 Alternatively, we could have worked with the set £>°(v) of .#-measurable functions on T
which are v-essentially bounded.
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7(fn) = hn. Then there is a unique Q-linear map p’ : Sy — B°(T) such that
p'(hy) = fp for all n. By linearity,

m(p'(h)) =h forall h € Sp.

Therefore the essential supremum of p’(h) equals ||h|l. In particular, there is a
null set N(h) such that

o' (h)(t)| < ||h|lec for all t € T~ N(h).
Since Sy is countable, there is a null set N such that
I/ (h)(#)| < ||h|lc for all h € Sy and t ¢ N.
For each h € Sy, define

0 otherwise.

o) = {p’(h)(t) if ¢ ¢ N, and

Then we still have 7o p(h) = h for all h € Sy and p is isometric from the subspace
Sy C L*(v) into B*(T) equipped with the supremum norm. Since the latter is a
complete, p has a unique extension to all of S. O

Proof of Theorem L.7. Since v is finite, we can identify L!'(v)* with L°°(v), and
define ¢ : B — L*°(v) by

<g , <p(a)> = <a , <I>(g)> for g € L' (v).
Notice that
le(@)] = sup [{a, 2(g))

llglli=1

< sup [|@|[lglli]a]
lglh=1

= [[®llflall-

Thus ¢ is continuous, and since B is separable, the image ¢(B) is a separable
subspace of L*°(v). By Lemma 1.8, there is a linear cross section

p:p(B) — B'(T)
for the quotient map 7 : BY(T) — L*(v). Then for each t € T, we can define
F(t) € B* by
(b, F(t)) = (o) (1).

Since p(p(b)) € BX(T), t — F(t)(b) = (b, F(t)) is Borel and F is weak-* Borel
with || F(t)|| < |l¢]| for all t. Moreover for all g € £L!(v) and all b € B, we have

(b, @(g)) = ¢(b)(9)
- /T p((5)) (Hg(t) dv(t)

= /Tg(t)<b L F(t))du(t). (L.4)
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To prove that F' is determined up to null sets, it suffices to see that if ® is the
zero map, then F' is zero v-almost everywhere. But if ® is the zero map, then given
b e B, (1.4) is zero for all g € L' (v). Therefore there is a v-null set N(b) such that
(b, F(t)) =0if t ¢ N(b). Since B is separable, there is a null set N such that

(b, F(t))=0 for all b € B. This suffices. O

Proof of the Disintegration Theorem on page 482. Recall that the Banach space
M(X) of complex measures on X equipped with the total variation norm can be
identified with the dual Cp(X)* of Co(X). If g € L1 (v), then goq is in £ (i), and
(goq) - uis a complex measure in M (X) which depends only on the class of g in
L'(v). Thus we get a linear map ® : L' (v) — Co(X)* which is bounded since

1(goq) - pll = llgoallgmllel = lgllLiwllul-

The Dunford-Pettis Theorem on page 483 implies there is a bounded weak-* Borel
function F : X — M(X) = Cyp(X)* such that for each h € Cy(X) we have

[ n@olate) dute) == 2()0) = [ g FO)a).  15)

T

Let F(t) be given by the complex measure y;. Since F' is weak-+ Borel, for each

h e OO(X)7
t|—>/ x) dug (z

is a Borel function bounded by ||kl ||F||, and the right-hand side of (I.5) is equal
to

[ o0 [ o) duao) avte) (16)
T p's
Therefore we see that for all g € £!(v) and h € Cp(X), we have

| n@lalate) dute) = [ o0) [ b)) vt (17)

If h and g are nonnegative, then the left-hand side of (I.7) is too. Thus for each
nonnegative h € Cy(X), there is a v-null set N(h) € # such that

t'—>/ d,U,t

is nonnegative off N(h). Since X is second countable, there is a countable dense
subset { h,, } of the nonnegative functions in Cy(X). Let

N = JN(n

Then N is v-null and for all t ¢ N,

/ h(z)dpe(x) >0 for all nonnegative h € Cy(X).
p'e
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It follows that p; is a positive measure for all ¢t € T~ N. Since N is a v-null set
in ., we can replace p; by the zero measure for all ¢t € N without changing the
conclusions above. Thus we’ll assume from now on that each p; is either the zero
measure or a finite positive measure.

Let A be the collection of functions h in B®(X) for which ¢ — [\ h(z) dp(z) is
Borel and (1.7) holds for all g € £!(v). Then Co(X) C A. Let { hy, } be a sequence
in A converging monotonically to h. Then |h,(z)| < |h(z)| + |hi(z)|. Since p; is
finite, the Dominated Convergence Theorem implies that

/ hi () dpe (z —>/ x) dui(z) for all t. (L.8)

Thus ¢ — f h(z) dpt(x) is Borel. Furthermore

| bl @] < (Wl + )l < (1l + ) L1

Hence another application of the Dominated Convergence Theorem implies that

[ o [ @ amae) ~ [ o) [ 1@ duwan. @)

Applying the Dominated Convergence Theorem on the left-hand side of (I.7) shows
that h € A. Thus A is a monotone sequentially complete class in B%(X) containing
C.(X). Since X is second countable, this means A = B*(X) [127, Proposition 6.2.9].
In particular, we have established part (c) and, taking g identically equal to 1 in
(I.7), part (d).

Now let h be identically one and let ¢ = 1. Then (1.7) implies that

o(E) = [ (X))

Since this holds for all E € .#, we must have u;(X) = 1 for v-almost every ¢.
Thus p is v-almost everywhere a probability measure. Thus we can assume from
here on that p; is either the zero measure or a probability measure. This completes
the proof of the existence part of the theorem with the exception of the statement
about supports of the .

Since (T, .#) is countably separated, there is a countable family D C .# which
separate points. There is no reason not to assume that D is closed under comple-
mentation so that for each t € T',

T~{t}=J E. (1.10)
t¢E
EeD

If k is a bounded Borel function on T, then k o ¢ € B%(X) and it follows from (I.7)
(and (1.3)) that for any g € £!(v) we have

Aﬁ@mwww=ékwwwmmmmw
= [ 90 [ k@) @ avte
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Thus there is a v-null set N (k) such that

k(t) = / k(q(z)) due(z) for allt € T\ N(k).
X
In particular, if £k = 1g, then
15(t) = m(q¢ ' (E)) ifteT ~N(1g). (I.11)
Now let

N:= | N(1ig)

EecD

Since D is countable, N is a v-null set and if ¢t ¢ N and E € ./, then (1.11) implies
that ¢~1(F) is a uy-null set whenever E € D and if t ¢ E. It follows from (I.10) that
g HT~{t})=X~q (t)is ap-null set for all t € T~ N. Thus supp pz C ¢ *(¢)
iftd N.

To prove the uniqueness assertion, note that using (I.5) and that supp u; C
q 1 (t) for v-almost all ¢, it follows that for all g € £!(v) and h € Cy(X) we have

(b, ®(g)) = / o(q(@)h(z) du(z)

= [ | stat@)nie) duia) aviey

- [ a9 /X h(e) dpl () d().

B(g)(h) = /T g(®)(h, F'(1))du(t),

where F'(t) = pj. But F = F' v-almost everywhere in view of the uniqueness
assertion in Theorem 1.7 on page 483. (|

Thus,

We took v = g,u in the statement of Theorem 1.5 on page 482 for convenience.
If v = g,.p is absolutely continuous with respect to p, then we can replace v(t) by
Z—Z(t)dp(t) in part (d). Since we can choose Z—Z to be a Borel function with values

in [0, 00), we can define pj(-) = Z_Z(t)'“t(')' Since pj is the zero measure whenever

%(t) = 0, it follows that the set where supp p; C ¢~ 1(t) is p-conull. Therefore we

obtain the following corollary.

Corollary 1.9. Suppose that p is a finite Borel measure on the second countable
locally compact space X, that (T, . #) is a countably separated Borel space and that
q : X — T is a Borel surjection. If q.pu < p, then there is a family { p} hrer of
finite Borel measures on X and a p-null set N such that

(a) For allt ¢ N, p, is a finite measure with supp uy C ¢~ 1(t),
(b) For all h € B*(X),
t'—>/ x) dpy(z

is Borel and
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[ n@aua) = [ [ hia) o aote

I.3 Abelian Von Neumann Algebras

If B is a C*-subalgebra of Cy(X), then it not hard to see that B 2 Cy(Y') where Y/
is the locally compact quotient space X/~, where x ~ y if and only if f(x) = f(y)
for all f € B. Thus B is exactly the subalgebra of f € Cy(X) which are constant
on equivalence classes. Here we want to investigate the analogue of this result when
Co(X) is replaced by L*°(X, u) for a finite Borel measure p.

To begin with, suppose that (X, %) is an analytic Borel space and that we are
given an equivalence relation R C X x X. Let X/~ be the quotient space and
q : X — X/~ be the quotient map. The quotient Borel structure on X/~ is the
largest Borel structure %/~ making ¢ a Borel map and consists of those sets E such
that ¢~ (E) € %. The pair (X/~,%/~) is called the quotient Borel space. The
forward image of y under g is the measure v := g.(u) given by v(E) := pu(q~*(E)).

Every function g : X/~— C has a lift § := g o ¢ to X such that

| N

X/ ——>c¢C

commutes, and g is Borel if and only if g is. If we let @Z(X ) denote the bounded
Borel functions on X which are constant on equivalence classes, then g — g o ¢

is a bijection between the bounded Borel functions on X/~ and Bb(X) which
induces a C*-algebra isomorphism of L*°(X/~,v) onto the image of B?(X) in
L>(X,p). In this section, we will identify L°°(X/~,v) with this subalgebra of
L>(X,pn). Note that in general, the equivalence classes in X need not be Borel
(or even p-measurable) so that points in X/~ need not be Borel. In particular,
Bb(X) need not be very large. However, if there is a countable family fy, fa,... in
Bb(X) such that x ~ y if and only if f,(z) = f.(y) for all n, then (X/~, B/~)
is countably separated and therefore an analytic Borel space (by Corollary 2 to
[2, Theorem 3.3.5]). (Thus (X/~, %/~) is Borel isomorphic to an analytic subset
of a Polish space by Corollary 1 to [2, Theorem 3.3.4].) It is standard terminology

to call an equivalence relation for which X/~ is countably separated a smooth
equivalence relation.

Theorem 1.10. Suppose that p is a finite measure on a second countable locally
compact space X. Let £ = L*°(X,u) be the von Neumann algebra of diagonal
operators on L*(X,p) and suppose that </ is a von Neumann subalgebra of £ .
Then there is a smooth equivalence relation on X such that </ is equal to the
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image i L of the bounded Borel functions on X which are constant on equivalence
classes. Thus, with the notation and identifications above, o/ can be identified with
L>(Y,v) where Y = X/~ and v is the image of p via the quotient map.

Proof. Since & is a von Neumann algebra, it is generated by its projections [110,
Theorem 4.1.11]. Since A acts on a separable Hilbert space, its unit ball is a
separable metric space in the weak (or strong) operator topology. Therefore, &7 is
generated by a countable family 15, , where each E,, is a Borel set in X. Then we
can define a smooth equivalence relation on X by

x~y ifandonlyif 1p (x)=1g,(y) for all n.

Let Y := X/~ be the quotient space, ¢ : X — Y the quotient map and v := g, (u).
As above, we identify L>°(Y,r) with the C*-subalgebra of L*°(X, ) which is the

image of BY(X). Let 4% be the complex algebra generated by the 1g, . Then
oy C L*(Y,v), and since L?(X, 1) is separable, the Kaplansky Density Theorem
implies that every element of 7 is the strong limit of a sequence of elements in <
([2, Corollary to Theorem 1.2.2]). If Ly € <7, then Proposition E.19 on page 406
implies that there is a p-null set N and { f,, } C 4 such that

fu(x) = f(x) forallz ¢ N.

Since
{zeX: lim f,(z) exists }

is bgtvh Borel and saturated with respect to our equivalence relation, there is a
g € B®(X) such that f = g p-almost everywhere. Thus Ly = L, and we’ve shown
that

o C L (Y,v). (1.12)

On the other hand, since (Y, %/~) is analytic, the images in Y of the saturated
sets F,, generate %/~ as a o-algebra [2, Theorem 3.3.5]. Therefore <% is dense in
L>(Y,v) in the strong operator topology coming from its natural representation
on L2(Y,v). Suppose that g is a bounded Borel function on Y — which we view

as a function in B*(X). Since L?(Y,v) is separable, we can invoke the Kaplansky
Density Theorem as above to obtain a sequence in 2% converging to g in the strong
operator topology on L*(Y,v) coming from its natural representation on L?(Y,v).
Then Proposition E.19 implies that there are f,, € 4% such that f, — ¢ v-almost
everywhere (as functions on Y'). But then as functions on X, f, — ¢ p-almost
everywhere, and it follows that Ly, — L, in the strong operator topology. Thus g €
/. This supplies the reverse containment for (I.12) and completes the proof. O

Lemma I.11. Suppose that X and Y are standard Borel spaces and that p and v
are finite Borel measures on X and Y, respectively. Suppose that ¢ : L=°(Y,v) —
L>(X,p) is a unital isomorphism onto a von Neumann subalgebra of L™ (X, ).

Then there is a Borel map 7: X — Y such that o(f)(z) = f(7(z)).
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Proof. Let E be a Borel subset in Y. Then ¢(1g) is a projection and there is a
Borel set F' C X, determined up to a p-null set, such that ¢(1g) = 1p. Thus
we obtain a set map ® from the Borel sets of Y into the boolean o-algebra %/.4
of Borel sets in X modulo the p-null sets as in Appendix 1.6. (We will adopt the
notation and terminology of that appendix here.) Since ¢ is unital, ®(Y) = [X].
Since p(1yg) =1x — p(1g), we have (Y \ E) = p(E)’. Since lgnr = 1glp,
O(ENF)=P(E)ANP(F). It follows that D(EU F) = ®(F) vV ®(F). To see that ®
is a o-homomorphism, we need to see that

o(JE:) = \/(I)(Ei) (1.13)

where { E; }§°, is a family of Borel sets in Y. But 1 g, is the supremum in L*>°(Y, v)
of the elements 1y~ g, (cf., [29, Appendix II]). Since ¢ is an isomorphism of von
Neumann algebras, it must be normal [29, 1.4.3 Corollary 1]. In this context, the
normality of ¢ implies that ¢(1|)g,) is the supremum in L>(X, u) of the ele-
ments o(1y»  g,). Therefore (1.13) holds, and @ is a o-homomorphism. Therefore
Proposition 1.31 on page 499 implies that there is a Borel map 7 : X — Y such
that ®(E) = [r~(E)]. That is, in essence, p(1g)(z) = 1g(7(z)). But ¢'(f)(z) :=
f(7(z)) is clearly a normal homomorphism from L*(Y,v) into L>(X,u) which
agrees with ¢ on projections. Thus ¢ = ¢’ [29, 1.4.3 Corollary 2]. O

I.4 The Hilbert Space L*(G, H)

If H is a complex Hilbert space and G a locally compact group with left-Haar
measure 4, then it will be necessary to work with the Hilbert space L2(G,H). As
we’ll show shortly, we can think of L?(G,H) as the space of (equivalence classes)
of certain H-valued functions on G. To begin with, we simply define L?(G,H) to
be the completion of C.(G,H) with respect to the norm | - ||2 coming from the
inner-product

(€ln) = /G(§(S) | n(s)) du(s) for all &, € Ce(G,H). (1.14)

This definition clearly gives us the usual space L?(G) when H is one-dimensional,
and suffices for most purposes. We also will need to know that L?(G,H) is naturally
isomorphic to the Hilbert space tensor product L?(G) @ H, which, to be consistent
with the convention above, should be thought of as the completion of C.(G) ® H.

Remark 1.12. Instead of working with a locally compact group and Haar measure,
we could equally well work with any locally compact space X with a Radon measure
p. Then the material below shows that L?(X, 1) ® H can be realized as the space
L?(X, p, H) of equivalence classes of H-valued functions on X.

Lemma 1.13. The natural identification of elements of C.(G) ® H with functions
in C.(G,H) extends to a unitary isomorphism of the Hilbert space tensor product

L*(G) ® H with L*(G,H).
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Proof. Tt suffices to see that C.(G) ® H is || - ||e-norm dense in C.(G,H). But
Lemma 1.87 on page 29 implies that C.(G)®H is dense in C.(G, H) in the inductive
limit topology, and this clearly suffices. [l

Now we turn to the task of realizing L?(G,H) as a space of equivalence classes
of H-valued functions as in the scalar case.

Definition I.14. A function £ : G — H is said to be essentially separately-valued
on K C G if there is a null set N C K and a separable subspace Hy C H such that
&(s) € Hp for all s € K~ N. A function £ : G — H is said to be weakly measurable
if
(a) The scalar-valued function s — (5 (s) | h) is measurable in the usual sense for
all h € 'H, and

(b) & is essentially separately valued on every compact set K C G.

Although such functions are properly called weakly measurable, we will shorten
this to just “measurable” here. Condition (b) may seem annoying and/or unmo-
tivated at first, but its importance is illustrated by the proof of the next result.
(The fact that this result is not immediate also illustrates why we’ve attempted to
soft-pedal vector valued integration.)

Lemma 1.15. If £ : G — H is measurable, then s — ||£(s)||? is measurable.

Proof. Since Haar measure is complete, we can alter £ on a null set without effecting
its measurability. Since Haar measure is saturated, it suffices to show that the
restriction of s — ||£(s)||? to an arbitrary compact set is measurable. Hence we may
assume that & takes values in a separable subspace Hy with countable orthonormal
basis { e }72;. Then Parseval’s identity implies

€I = (£(s) 1 €(9)) = D (€() | en) (en | £(5)),

where the sum is absolutely convergent. Since each s — (£(s) | en) is measurable
by assumption and since the sum is countable, the result follows. O

Lemma 1.16. Every element of C.(G,H) is measurable. A linear combination of
measurable H-valued functions is measurable. If {&,} is a sequence of measur-
able functions converging almost everywhere to a function £ : G — H, then £ is
measurable.

Proof. The first statement is routine once we note that image of f € C.(G,H)
is a compact metric space, and then recall that a compact metric space is second
countable. Thus the range of f is separable and is contained in a separable subspace
of H. The second statement is straightforward. For the third, it is immediate that
S = (h | f(s)) is measurable for all h € H. We just have to see that £ is essentially
separately valued on each compact set K. But there are null sets V,, and separable
subspaces H,, such that &, takes values in H,, on K ~\ N,,. There is a null set Ny
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such that &,(s) — &(s) for all s € G\ No. Let N :=J,— o Ny. Let \/ H,, be the
subspace generated by the H,. Then if s € K \ N,

which is certainly a separable subspace. [l

Definition I.17. A H-valued function £ on G is called square integrable if it is
measurable and s — ||£(s)||? is integrable. The set of square integrable functions on
G is denoted by £2(G,H). The set of equivalence classes in £2(G,H) in which two
functions are identified if they agree almost everywhere is denoted by L? (G,H)."

Lemma 1.18. If ¢ € L2(G,H), then £ vanishes off a o-compact set and is essen-
tially separately valued on G.

Proof. Since [|£(s)]|? is integrable, ¢ clearly vanishes off a o-finite set, and the first
assertion follows from Lemma B.43 on page 349. Thus there are compact sets K,
such that ¢ vanishes off | J K,,. However, since £ is measurable, it is essentially sep-
arately valued on each K,,. Thus £ is essentially separately valued on the countable
union (J K,,. Since £ vanishes off this set, this suffices. O

In view of Lemma 1.16 on the previous page and the inequality

l€s) +n() 1 < 20161 + ()1,

it is clear that L*(G, ™) is a vector space.

Lemma 1.19. If ¢ and 1 are in L*(G,H), then
s = (&(s) [ n(s)) (L15)

is integrable and
€10 = [ (€)1 n(s)) duts)

defines an inner-product on L*(G,H).

Proof. Since £ and 7 are essentially separately valued by Lemma I.18, there is a
null set N and a separable subspace Hy such that £(s) and n(s) belong to Hy for
all s € G~ N. Let {e,} be an orthonormal basis for Hy. Then if s € G\ N,

o0

(€(s) [m(s)) = D (&Cs) [ en) (en | m(s))-

n=1

Since each s — (£(s) | €,) and s — (e, | n(s)) are measurable and since the count-
able sum converges almost everywhere on G, it follows that (I.15) is measurable.
Now integrability follows from the Cauchy-Schwarz and Hélder inequalities:

[ 1€ )] duts) < [ 1€ duts) < el
G G

The rest follows as in the scalar case. O

7The notation L? is a temporary artifact and will be dispensed with shortly.
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Lemma 1.20. L*(G,H) is a Hilbert space. In particular, if {&,} is a Cauchy
sequence in L2(G,H), then there is a £ € L2(G,H) and a subsequence { &y, } such
that &,, converges to £ almost everywhere and

Tim (&, = €]l2 =0.

Proof. At this point, to show that L2(G, 'H) is a Hilbert space we need only show
that it is complete. Since a Cauchy sequence with convergent subsequence is conver-
gent, it suffices to prove the last statement. Therefore we can pass to a subsequence,
relabel, and assume that

1
l€ns1 — &nll2 < on for n > 1.

Now define
Zn(8) = |l€r1(s) = &(s)| and  2(s) =Y [|€r1(s) — & (5],
k=1 k=1

with z taking values in [0, 0o]. Since the ||-||2-norm is a norm, the triangle inequality
implies
n
[znll2 < Z [€k+1 — Ekll2 < 1.
k=1

In other words,

l|2nll3 = / 2,(8)?du(s) <1 for all n,
G

and the Monotone Convergence Theorem implies

/ 2(s)*du(s) < 1 < oo.
G

Therefore z is finite almost everywhere, and there is null set N C G such
that > 77 &kt1(s) — &k(s) is absolutely convergent in H for all s € G ~ N.
Since H is complete, the series converges and there is a &(s) such that
€(s) = limp—oo Y pq Eht1(s) — &k(s) = limp—oo Enti1(s) — &1 (s). Thus we can
define £ on G . N by

lim&,(s) = &'(s) + &i(s) :=&(s) forall s € G\ N.

We can define £ to be identically 0 on N, and then £ is measurable by Lemma 1.16
on page 491.

We still have to see that & € £2(G,H) and that &, — € in L*(G,H). Let € > 0.
By assumption, we can choose N so that n,m > N implies

||€n - €m||2 <€



494 Miscellany

For all s € G\ N, we have ||{(s) — &n(s)]| = limy, [|§n(s) — &m(s)||. Thus if m > N,
Fatou’s Lemma implies

H§ - gm”% < hmnlnf Hgn - gmH% < . (116)
Since
IE)1Z < (I€(5) = Em() + 1Em () < 201E(s) = Em ()1 + 2[€m ()%,
it follows from (I.16) that £ € £L2(G,’H) and that &, — £. O

Proposition 1.21. Let G be locally compact group and H a complex Hilbert space.
Then C.(G,H) is dense in L*(G,H). In particular, we can identify L*(G,H) with
L*(G,H). Moreover, if & € L*(G,'H), then there is a sequence { &, } C Co(G,H)
such that &, — & in L*(G,H) and &,(s) — &(s) almost everywhere on G.

Proof. Lemma 1.20 on the preceding page implies that L? (G, H) is a Hilbert space,
so to identify L?(G,H) with L?(G,H), it suffices to see that C..(G, H) is dense. The
final assertion will then follow from Lemma I1.20 on the previous page.

To see that C.(G,H) is dense, it will suffice to see that if £ € L2(G, H) satisfies
(n|€& =0 for all n € C.(G,H), then ¢ is equal to 0 almost everywhere. Let Ny
be a null set and Hy a separable subspace with orthonormal basis { e,, } such that
&(s) € Ho for all s € G~ Ny. If z € C.(G), then by assumption the elementary
tensor z ® e, satisfies (z ® e,, | £) = 0. That is,

/Gz(s)(en | &(s))du(s) =0 for all z € Co(G).

It follows that there is a null set IV,, such that
(en ] €&(s)) =0 forall s € G\ N,.

Thus {(s) =01if s ¢ N :=J,_, Ny,. Since N is a null set, we're done. O

4

For those who are dissatisfied with our “weak” definition of measurability in
Definition I.14 on page 491, we include the following.

Definition I.22. A function £ : G — 'H is called strongly measurable if
(a) €1(V) is measurable for each open set V C ‘H,® and
(b) & is essentially separately valued on each compact set K C G.

Our choice to call weakly measurable functions just “measurable” is, perhaps,
justified by the following result.

Lemma 1.23. A function £ : G — 'H is strongly measurable if and only if € is
(weakly) measurable.

80ur definition of measurable set follows Rudin [156, Theorem 2.14] or [71, §IT1.11], and A is
therefore measurable if and only if AN K is measurable for all compact subsets K in G. In other
treatments, such a set would be locally measurable.
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Proof. Since k — (k| h) is continuous on H, strong measurability certainly implies
measurability. So, assume that £ is measurable. Since p is saturated, it suffices to
see that £71(V) N K is measurable for all V € H open and K C G compact. Let
N be a null set in G and Hy a separable subspace of H such that £(s) € Hy for all
se€ K~ N. Let

€o(s) = {5(5) if s€ G\ N, and

0 if seN.

Since Haar measure is complete, it will suffice to show that &' (V) N K is measur-
able:
EYVINK = (V)NK~NN)U(EH(V)NNNK).

Since H is separable and since
& (V)NK =& (VNHy) NK,
there are countably many open balls B, := {h € Ho : ||h — hp|| < €, } such that
& VNK =& (Bo)NK.
n=1

So it will suffice to see that each &, '(B,,) is measurable. But since Hy is separable,
there is a countable set { k,, } of unit vectors in Hy such that h € H, satisfies

lh — Ryl <€, ifandonlyif |(h—hy|ky)| <e, forall m.

Since &o(s) € Hp for all s,
go_l(Bn) = ﬂ {s:1(&(s) = hn [ km)| <e€m},
m=1

which is measurable since s — (£o(s) — hn | ki) agrees with s — (£(s) = ha | km)
almost everywhere and the latter is measurable by assumption. O

I.5 The Dual of L'(G)

We can view L!(G) as the completion of C.(G). We will need to know that the
dual of L*(G) can be identified with L°°(G) via the natural pairing: if g € L*°(G),
then the corresponding functional ¢ should be given by

o(f) = /G f(5)g(s) du(s) for all f € C.(G). (117)

This is a straightforward result in functional analysis provided G is o-compact. In
fact, if (X, p) is any o-finite measure space, then the pairing in (I1.17) identifies
LY (X, u)* isometrically with L (X, ). On the other hand, it is also well-known
that the identification of L> with the dual of L' can fail if the o-finite assumption
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on the measure space is dropped. Nevertheless, we can still recover this pairing for
a locally compact group with Haar measure provided we modify the definition of
L>(G) to account for locally null sets. (Recall a subset N is locally null if N N K
is null for every compact set K C G.)

Remark 1.24. The material here applies equally well to L!'(X,u) for any Radon
measure on a paracompact locally compact space X. Then X is the disjoint union
of clopen o-compact sets [31, Theorem XI.7.3], and the proof proceeds exactly as
below.”

Let £>°(G) denote the set of all bounded measurable functions on G equipped
with the supremum norm. Since the pointwise limit of measurable functions is
measurable, £2°(G) is a closed subspace of £°°(G) and is therefore a Banach space.
Let S C £>(G) be the set of locally null functions on G; that is, functions which
vanish off a locally null set. Then S is a closed subspace of £>(G) and we can
make the following definition.

Definition I1.25. We define L*°(G) to be the Banach space quotient £>*(G)/S
with quotient norm

|7 + Sl = ink (sup|£(5) + 9(5)])
We also write || - [|oo for the induced seminorm on £>(G):
|7l := in (sup |£(5) +9(s)1)

Lemma 1.26. Suppose that f € L(G).
(@) Iflloo =inf{ M : {s:|f(s)| > M} is locally null}.
(b) || fllooc = Inf{ M : K C G compact implies { s € K : |f(s)| > M } is null}.
() {s:1f(s)] > || flleo } is locally null.

Sketch of the Proof. If {s:|f(s)| > M } is locally null, then

g(s) = {f(s) if [f(s)] > M,and

0 otherwise,

defines a locally null function and sup,cq |f(s) — g(s)| < M. Part (a) follows
immediately, and part (b) follows from part (a). To prove part (c), notice that

{s: 1> Ifllct = (L2 If ()] > I\fl\oo+%}-

n=1

The assertion follows as each set on the right-hand side is locally null, and the
countable union of locally null sets is certainly locally null. [l

9n fact, we can always identify the dual of L'(X,u) with L% (X, u) provided X is locally
compact, ¢ is a Radon measure and we define L°° as equivalence classes of functions which are

equal locally almost everywhere. The proof is a bit involved: see [71, Theorem II1.12.18] or
[13, Chap. V.5.8 Theorem 4].



1.5 The Dual of L'(G) 497

Now it is clear that L>°(G) is the usual thing when G is o-compact. In general,
we have to think of L>°(G) as equivalence classes of bounded measurable functions
on GG which can be identified if they agree locally almost everywhere — that is, if
they agree off a locally null set.

If g € £L2°(G), then

o(f) = /G £(5)a(s) dpa(s)

defines a linear functional on C,.(G) C L*(G) which as norm ||g|| in view of part (b)
of Lemma 1.26 on the preceding page. If ¢’ € £L°°(G) induces the same functional,
then g and ¢’ must agree almost everywhere on each compact set K C G. Thus, g
and ¢’ define the same class in L*>(G).

On the other hand, suppose that ¢ is a bounded linear functional with respect
to the L'-norm on C.(G); that is, ¢ € L(G)*. By Lemma 1.38 on page 10, G is
the disjoint union

G¢=JG;

of clopen o-compact sets GG;. Certainly ¢ defines, by restriction, a bounded linear
functional of norm at most |||l on L'(G;). Since the restriction of Haar measure
to G; is o-finite, there is a g; € £L°°(G;) such that for all s € G, |g:(s)| < |l¢|| and

o(f) = /G F(8)gi(s) du(s) for all f € Cu(Gy).

Since the G; are disjoint, we can define g by g(s) := gi(s) if s € G;. Since Haar
measure is a Radon measure, to show that g is measurable it suffices to see that
g (V)N K is measurable for all compact sets K. But this follows from the measur-
ability of the g; and the fact that the G; are disjoint and open. Thus g is measurable
and clearly bounded by ||¢||. If f € C.(G), then f = f1 + - + f, with each f;
supported in some G;;. Thus

o(f) = /G F(8)g(s) du(s) for all f € C.(G).

Thus ¢ is given by a necessarily unique element g € L°(G). We have proved the
following result.

Proposition 1.27. If G is a locally compact group and if L*°(G) is defined as in
Definition 1.25 on the preceding page, then we can identify the dual of L*(G) with
L>(G) via the usual pairing given in (1.17).

The following technicality will be needed in Appendix A.2. Recall that we use
the notation

Se(G) ={feClG):Iflh=1}
to suggest that S.(G) is a subspace of the state space of L>=(G).

Lemma 1.28. S.(G) is weak-+ dense in the state space of L°(G).
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Proof. Note that ¢ € £L°°(G) represents a positive element in L>°(G) if and only if
{s€G:¢(s) #0} is locally null. Therefore it is not hard to see that ¢ represents
a positive element in L°°(G) if and only if

/G<p(s)f(s) du(s) >0 for all ¢ € S.(G).

Consequently, this result is an immediate consequence of the next lemma. [l

Lemma 1.29. Suppose that A is a C*-algebra with identity, and that C is a convex
subset of the state space S(A) of A with the property that

a=a" and p(a) >0 for all p € C implies that a > 0. (1.18)
Then C is weak-+ dense in S(A).

Proof. Let C be the weak- closure of C. If C were not dense, then there would
be a 7 € S(A) ~ C. Then 7 has a convex open neighborhood D disjoint from the
convex set C. It follows from [139, Lemma A.40] that there would be an a € A and
an o € R such that

Re7(a) < « <Rep(a) forall peC.

Since p(a*) = p(a) for all p € S(A), we can replace a by ag := 3(a + a*) so that
T(ap) < a < p(ag) forall p e C. (I.19)

Then (I.18) implies that ag — alg > 0. Since 7 is a state, and hence positive, we
have 7(ap) > «. This contradicts (I.19), and completes the proof. O

I.6 Point Maps

Under certain circumstances a map from a o-algebra to itself may be induced by
a map on the underlying space. Although there is considerable literature available
(cf. [154, Chap. 15], [29, Appendix IV], [4, Proposition 2.14], [106, Theorem P.4]),
we’ll settle for a special case. Suppose that (X, ) is a Borel space and that .Z is
the collection of p-null sets in o7 for some measure p on (X, o). We define o7 / #
to be the quotient &7 /~ where E ~ F' if the symmetric difference EAF € .. 1f [F]
denotes the equivalence class of F' in & /.4, then it is not hard to see that we can
define a partial order on & /.# by [E] < [F]if EN\F € .. Similar considerations
show that

[E] = [X~E] [E]V[F]:=[EUF] and [E]A[F]:=[ENF]  (120)

are well-defined operations on &/ /.#. Since the countable union of null sets is null,

we can also define -
\/[E] = [U E} (1.21)
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Let (Y, #) be a Borel space and .4 the null sets in 2 for a measure v on Y. A map
O : B — o/ M is called a o-homomorphism if ®(Y) = [X], ®(Y \ E) = &(E),
P(EUF) = ®(E)V ®(F) and ®(JE;) = \/ ®(E;). Notice that if o : X — Y is
any Borel map, then ®(E) := [p~!(E)] is a o-homomorphism. If ®(E) = ®(F)
whenever E A F € 4, then ® induces a map ® : B/.A — of /.4 which is also
called a o-homomorphism. We want to see that under mild hypotheses on ® and
(Y, #), any o-homomorphism is induced by a map . Since measures play no role
in the next result, we’ll introduce the terminology of a o-ideal; we say that 4 C A
is a o-ideal in & if 4 is closed under countable unions and if .#" has the property
that any B in & which is contained in an element of .4 is itself in 4.

Remark 1.30 (Boolean Algebras). In general, a set %, together with operations
V, A and ’ modeled on (1.20), is called a boolean algebra. If there is a countable
operation \/ as in (I1.21), then & is called a boolean o-algebra. A subset .4 of
2 is called a o-ideal if 4 is closed under \/ and if A € 4 and B C A implies
B € 4. Then the quotient #/.4" is again a boolean o-algebra and the notion of
o-homomorphism is defined in the obvious way. A general discussion of boolean
o-algebras and their properties can be found in [154, §15.2].

Proposition 1.31. Suppose that (X, /) is a Borel space and that A is a o-ideal in
. Suppose that (Y, B) is a standard Borel space and that © : B — o | M is a o-
homomorphism. Then there is a Borel map ¢ : X — Y such that ®(B) = [p~1(B)].
If p1 : X — Y is another map implementing ®, then ¢ = @1 off a set in A .

We won’t give a complete proof here. Instead, we’ll show that the proposition
follows almost immediately from [154, §15.6 Proposition 19]. To do this properly,
we need the following lemma.

Lemma 1.32. Suppose that (X, P) is a standard Borel space. Then there is a
Polish space Q such that (Q, B(Q)) is Borel isomorphic to (X, B).

Proof. We may assume that X is a Borel subset of a Polish space P and that &
is the relative Borel structure coming from %(P). Then [2, Theorem 3.2.1] implies
that there is a Polish space ) and a one-to-one continuous map f : Q — P such
that f(Q) = X. Then [2, Theorem 3.3.2] implies that f defines a Borel isomorphism
of (Q,AB(Q)) onto (X, A). O

Proof of Proposition 1.31. Using Lemma 1.32, we can assume that Y is a Polish
space. If Y is uncountable, then the proposition is exactly [154, §15.6 Proposi-
tion 19]. If Y is countable, say Y = {y1,92, ...}, then we can choose Borel sets
E; C X such that ®({y; }) = [E;]. Since ®(Y) = [X], we may as well assume that
U E; = X. Notice that if ¢ # j, then E; N E; € .#. We can define disjoint Borel
sets by By = E; and

n—1
By :=E.~ |J E:
i=1
such that [E,] = [B,] and | B; = X. (Some of the B,, could be empty.) Then we
define a Borel function by
p(x) =y, ifze B,
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If F is a Borel set in Y, then

= U B

yieF

V [E]

y; EF

=V e{u})
yi€F

= ®(F),

and ¢ implements ®. If p; : X — Y is another such map, then i # j implies

e {yHner'{y}) e
But ¢ and ¢; must agree off

Ue'dwhner'(u ) e
1#]
This completes the proof. [l

If the map @ in Proposition 1.31 on the previous page doesn’t see null sets (more
precisely, if ® induces a o-homomorphism on %/.4), then we can significantly
weaken the hypothesis that Y be a standard Borel space. The classical definition
is as follows.

Definition 1.33. We say that (Y, %, v) is a standard measure space if v is o-finite
and if there is a v-conull set £ C Y which is a standard Borel space in its relative
Borel structure.

Standard measure spaces are more common than one might guess.

Lemma 1.34. Suppose that (Y, B) is an analytic Borel space and that v is a o-finite
measure on' Y. Then (Y, B, v) is a standard measure space.

Proof. Since v is equivalent to a finite measure, we may as well assume that v
is finite. We can also assume that X is an analytic subset of a Polish space P
([2, Corollary 1 to Theorem 3.3.4]). Then we can extend v to a measure 7 on P by
v(E) :=v(ENX). Since analytic subsets of Polish spaces are absolutely measurable
([2, Theorem 3.2.4]), there are Borel sets F and F in P such that

ECXCF and D(FNE)=0=v(X \E).
Since F is, by definition, a standard Borel space, this suffices. ([

Remark 1.35. If (Y, %) is an analytic Borel space and ® : B — &/ 4 is a o-
homomorphism, then Proposition 1.31 on the preceding page does not apply (since
it requires (Y, %) to be standard). However, if v is a o-finite measure on (Y, %)
with null sets A, then (Y, %, v) is a standard measure space by Lemma 1.34. If
O(F) = ®(F) whenever F A E is a v-null set, then ® factors through %£/.4", and
the next lemma is a useful substitute for Proposition 1.31.
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Lemma I.36. Suppose that (X, .o/) is a Borel space and that A is a o-ideal in <.
Let (Y, B,v) be a standard measure space with null sets N'. If @ : BN — of | M
is a o-homomorphism, then there is a Borel map ¢ : X — Y such that ®([F]) =
[0 YN (F)]. If v : X —Y is another such map, then o = off a set in A .

Proof. Let N be a v-null set in Y such that Y \ N is a standard Borel space. Let
PAB(Y ~ N) be the Borel sets in Y\ N. Then we can define a o-homomorphism
U:RBY \N)— o/ M by UV(F) := ([F]). Proposition .31 on page 499 implies
that there is a Borel map ¢ : X — Y ~. N C Y such that W(F) = [p~}(F)] for all
Borel sets F'in Y ~. N. But if F' is any Borel set in Y, then

o ([F]) = ([F ~ NJ)
= U(F < N)
= [ (F N N)]

which, since p(X) CY N N, is

= [ (F)].

Thus ¢ implements ® as required.

Suppose that 1 is another Borel map from X — Y such that ®([F]) = [ ~'(F)].
If Ne A4, then M =9 1(N)€.#. Fix yo €Y ~ N and define 1o : X - Y\ N
by

z) ifze X~ M,and
1/10@)—{1/}( ) .
Yo ifxe M.

Then vy is Borel and equals ¢ off a set in .. Thus ¥([F]) = [¢; " (F)]. Propo-
sition 1.31 on page 499 implies that ¢ = 1 off a set in .#. Therefore ¢ = 1 off a
set in . as required. O

Let (X, o, ) and (Y, %, v) be standard measure spaces with null sets .# and
A, respectively. Suppose that ® : B/ AN — of /4 is a o-homomorphism. Then
Lemma 1.36 implies that there is a Borel map ¢ : X — Y such that ®([F]) =
[~ Y(F)]. If ® is a bijection, then @1 is also a o-homomorphism, and it makes
sense to call ® a o-isomorphism. In this case, we could hope that we could choose
¢ to be a Borel isomorphism. However, this can fail to be the case (cf. [154, §15.6
Exercise 26]). But it is nearly the case.

Theorem 1.37. Suppose that (X, o7, ) and (Y, B,v) are standard measure spaces
with null sets M and N, respectively. If ® : B/ N — o | M is a o-isomorphism,
then there is a Borel map ¢ : X — Y and null sets Xg € A and Yy € N such
that ®([F]) = [~ *(F)] and such that the restriction of ¢ to X ~ Xo is a Borel
isomorphism of X \ Xy onto Y \'Yy.

Proof. Lemma 1.36 implies that there are Borel maps ¢ : X - Y and¢:Y — X
such that ®([F]) = [¢~!(F)] and @' ([E]) = [ "'(E)]. Then 1 o ¢ implements
that identity map on &/ /.#. The uniqueness assertion in Lemma 1.36 implies that
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there is a null set X, € .# such that ¢ (p(z)) = z if z ¢ X{. Since [ (X \X{)] =
o1 ([X \ X{(]) = @71([X]), there is null set Y € .4 such that ¢~} (X \ X{) =
Y \Yy. However, we also have that ¢ ot implements the identity on %/.4". Thus
there is a null set Yy € 4 such that ¢(¢(y)) =y for all y ¢ Y. We can enlarge
Yy if necessary so that Yy C Yy. (This ensures that v~ 1(X \ X}) DY N\ Yp.) As
above, ¢ 1Y \Yp) differs from X by a null set, and we can find Xy € .# such
that
X~ Xo=¢p HY N Yo)N (X~ X))

Of course, if z € X \ X, then ¢(x) € Y Y. On the other hand, if y € Y \ Yy,
then we have 1(y) € X \ X{ and ¢(¢(y)) = y. Thus ¢(y) € X \ Xo. In particular,
 is a Borel isomorphism of X \ X onto Y \ Yj. [l

As an application of these ideas, we consider isomorphisms of abelian von Neu-
mann algebras. A collection F of positive elements in a von Neumann algebra N
is said to be filtering if given a,b € F, then there is a ¢ € F such that a < ¢ and
b < c¢. Naturally, we say d = lubF if d e N, a < dforalla € F and if c € N
also satisfies a < ¢ for all a € F, then d < c. For example, if N' = L>°(X, u) and
if { B;} are Borel sets in X, then lub{1p, } = 1p,. A filtering subset of N'*
which is bounded above must have a lub as above [29, 1.1.3 and Appendix II]. A
positive linear map L : N' — M is called normal if given a filtering subset F with
a = lub F, then

L(a) =lub{ L(b) : b e F}.

Since an isomorphism of one von Neumann algebra onto another must be an order
isomorphism on the positive cones, it must be normal [29, 1.4.3].

Corollary 1.38 (von Neumann). Let (X, p) and (Y, v) be standard measure spaces
and suppose that ¥ : L=(Y,v) — L (X, u) is an isomorphism. Then there are
(a) a p-null set N C X,
(b) av-null set M CY and
(¢) a Borel isomorphism 7: X ~ N =Y ~ M
such that
U(f)(x) = f(r(2)). (1.22)

Remark 1.39. Since elements of L> are almost-everywhere equivalence classes of
functions, (1.22) is a rather sloppy, but intuitive, way to state our conclusion. To be
precise, we should say that if f is a bounded Borel function on Y and [f] its class
in L°°(v), then the class of ¥([f]) is given by the function  — f(7(z)). Obscuring
this sort of detail is probably to everyone’s advantage.

Proof. Let o7 be the Borel sets in X and % the Borel sets in Y. Let .# and A
be the v- and p-null sets, respectively. If E is a projection in L*°(v), then ¥(E)
is a projection in L°(u). Thus there are Borel sets B € # and A € & such that
E=1p and ¥(F) =14. Since A and B are determined up to null sets, we obtain
a map

O BIN — M.
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We claim that ® is a o-homomorphism. Since ¥ is unital, we certainly have
®([B]) = ®([B)). Since 1p,1p, = 1p,np,, it follows that ®([B1] A [B2]) =
®([B1]) A ¥([Bs]). Since ¥ is normal,

o(\iB1) =\ @((B).

This proves the claim. Therefore Theorem 1.37 on page 501 implies that there are
null sets N and M as well as a Borel isomorphism 7 as in (a), (b) and (c) such that

o((B]) = [r(B)].

Thus for p-almost all x,
\I/(]IB)(LL') = ]13 (T(l‘))

Define ¥’ : L>®(v) — L>®(u) using 7: ¥/(f)(x) := f(r(z)). Then ¥ and ¥’ are
isomorphisms which agree on the linear span of the projections in L*°(v). Thus
U=y, ([l

Royden’s proof of Proposition 1.31 on page 499 for standard Borel spaces, re-
quires Kuratowski’s Theorem which says that any two uncountable standard Borel
spaces are Borel isomorphic.

Theorem 1.40 (Kuratowski’s Theorem). Every uncountable standard Borel space
is Borel isomorphic to [0,1] with the usual Borel structure.

The usual reference for Kuratowski’s Theorem is Remark (i) on page 451 of
his classic treatise on Topology [96]. Since it is a formidable task to sort of the
details from [96], it’s nice to know that a more accessible treatment is given in
[154, Theorem 15.10] where the result is proved for a standard Borel space of the
form (Q,%’(Q)) with @ an uncountable Polish space. To recover Kuratowski’s
Theorem as stated here, it suffices to apply Lemma 1.32 on page 499.

I.7 Representations of Cy(X)

We need to revisit the situation in Appendix E.1, but in slightly greater generality
so that we have an appropriate reference for our applications in Section 8.3. Let
1 be a Radon measure on a locally compact space X. For each bounded Borel
function f € B’(X) define an operator Ly € B(L?(X,u)) by Lgh(z) := f(z)h(x).
As in Appendix E.1 we let . be the *-algebra of operators { Ly : f € BY(X) }. As
in Appendix 1.5, we let L (X, u) be the collection of locally p-almost everywhere
equivalence classes of functions in B°(X).10 If X is paracompact, then X is the
disjoint union of clopen o-compact sets [31, Theorem XI.7.3], and the proof of
Proposition 1.27 on page 497 shows that L>°(X, u) is the dual of L'(X, ). For a
Radon measure on an arbitrary locally compact space, the result still holds, but the
proof seems quite difficult (see [71, Theorem II1.12.18] or [13, Chap. V.5.8 Theorem
4]). We'll assume the general result here, but in fact, when we need to apply these

10That is, f ~ g if f and g agree off a Borel locally null set.
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results in Section 8.3 (in the form of Lemma 1.42 on the facing page), X will be a
locally compact abelian group and Proposition 1.27 on page 497 suffices.

As in Appendix E.1, we let 7, be the representation of Co(X) on L*(X, u1) given
by 7, (f) := Ly. Note that

&' ={T e B(L*(X,pn)) : TLy = L;T for all f € B"(X)}
is a von Neumann algebra. The following result is a variation on [2, Theorem 2.2.1].

Proposition 1.41. Suppose that p is a Radon measure on a locally compact space
X. Let m,, Ly and £ be as above. Then

(a) £ =2, and
(b) mu (CO (X)) is dense in £ in the strong operator topology.

Proof. Let " be the von Neumann algebra generated by .#. The Kaplansky
Density Theorem [110, Theorem 4.3.3] implies that the unit ball ((£); of £ is
dense in the unit ball (£"); of £” in the strong operator topology (and a priori
in the weak operator topology).

Since each h € L?(X,u) vanishes off a set which is the countable union of
sets of finite measure, Ly depends only on the class of f in L>(X,u). Clearly
ILs]l < [[f]loo-tt A standard estimate shows that || L¢|| = || f]|ec. Since

(Lsh| k) = /X £ (@)h(@) (@) dp(),

it follows that f +— Ly defines an isometric map with is continuous from L*(X, u)
with the weak-* topology (as the dual of L' (X, p)) into B(L?*(X, 11)) with the weak
operator topology. Since the unit ball of L (X, u) is weak-+x compact, its image,
(&)1 is compact, and hence closed, in the weak operator topology. Therefore
it must equal (£");. Thus ¥ = £ and £ is a von Neumann subalgebra of
B(L*(X, ).

Let T € &'. If C C X is compact, then 1¢ € L*(X) N L*(X). In particular,
there is a Borel function go € £2(X) such that T1¢ = go. (Really we should say
that the class of g is T1e, but this seems more distracting than helpful.) Since
Tic =T(1¢)? = TLy l¢ = Li,T1¢c, we can assume that gc vanishes off C. We
view £2(C) as the square integrable Borel functions on X that vanish off C. Then,
if h € £2(C) N BY(X),

| sc@h@F@ du(o)| = | (471 | 1)
= |(TLpic | k)] (1.23)
= | 18)
< Tl ]z

Using (1.23), it is not hard to show that |gc(x)| < ||T|| for p-almost all z € C.
Therefore we can assume that go € BY(X), that g¢ vanishes off C and that |g(x)| <

Here, || - || is the essential sup norm on L>°(X, u) as in Appendix L.5.
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| T|| for all z. If h € B*(C) (viewed as bounded Borel function on X which vanishes
off C), then h € £2(X) and

Lyoh =gch = Lpgc = LTl =TLplc =Th

Since BY(C) is dense in L?(C), T = Ly, on L?(C). Since C.(X) is dense in L?(X),
it is not hard to see that { L. } converges to the identity on L?(X) as C increases.
Then

Th= lién TLy h= hén T(lch) = hén Ly, (1ch) = hén Lg.h.

Therefore Ly, — T in the strong operator topology. Since .Z is a von Neumann
algebra, T € .. This proves that £’ C .. Since the other containment is clear,
this proves part (a).

For part (b), let f € B*(X). If C C X is compact, let V be a precompact
open neighborhood of C. Given € > 0, Lusin’s Theorem (cf., [156, Theorem 2.24]
or [57, Theorem 7.10]) implies there is a g; € C(V) such that ||g1lcc < | f|lc and
such that p({z € V: g1(z) # f(z)}) <e If go € CF(X) is such that 0 < go < 1,
g2(x) =1 for all z € C and such that go vanishes off V, then

g1(x)g2(z) ifxeV
9c0@) = {0 gV

defines an element of C.(X) such that ||g(c,e)lloc < || flloc and such that

n({z e C:geel(x) # flx)}) <e

We can complete the proof by showing that 7, (g(c,)) — Ly in the strong operator
topology as C increases and e decreases. Since { 7,(g(c.)) } is bounded and since
Ce(X) is dense in L?(X), it will suffice to see that

Tu(9(c,e))h — Lgh in L*(X) for all h € Ce(X).
But if C D supph,

Imu(g(c.e))h = Lyhll = [ Ligic,o—phll < €llhll2.
This completes the proof. [l

This rather technical result will be useful in understanding the type structure
of transformation group C*-algebras.

Lemma 1.42. Suppose that X, Y and Z are locally compact spaces and that p
is a Radon measure on Y and that v is a Radon measure on Z. Letv:Y — X
and j : Z — X be continuous injections, and let 111 and Ils be the corresponding
representations of Co(X) on L*(Y,p) and L*(Z,v), respectively, given by

IL(f)h(y) = f(i(y))M(y) and Ta(fk(z) = f(j(2))k(z).

If iY)YNn j(Z) = 0, then II; and Iy have no equivalent subrepresentations. In
particular, 111 and Iy are not equivalent.
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Proof. Let 'H be an invariant subspace for II;. We want to see that H must be of
the form L?(E, ) for a Borel subset E C Y. Let C(H) be the collection of Borel
subsets F' of Y such that 1p € H. If h € H, let

Eo={yeY: )l ==}

Then E,, has finite measure and y — h(y)~'1g, is a bounded Borel function on Y.

Claim 1. Let m, be the natural representation of Co(Y) on L*(Y,u). If g is a
bounded Borel function on Y, then there is a net { f; } in C¢(X) such that IT; (f;) —
m,(g) in the weak operator topology.

Proof of Claim 1. In view of Proposition 1.41 on page 504, we can take g € Co(Y).
If C C Y is compact, then i restricts to a homeomorphism of C onto its compact
image in X. Thus, by the Tietze Extension Theorem, there is a fo € C.(X) such
that fo(i(y)) = g(y) for all y € C. Then, as in Proposition 8.27 on page 244,
IL(fc) — mu(g) in the weak operator topology. This proves the claim. O

Claim 2. 1g, € H.

Proof of Claim 2. Tt suffices to see that (1g, | k) = 0 for all k € H*. Let g
be the bounded Borel function y — h(y) '1g, (y). Using Claim 1, there is net
{fi} € Cc(X) such that II;(f;) — m,(g) in the weak operator topology. Then
since H is invariant for IIy,

(i, | )= (mu(o)h | k) = im(ILi(fi)h | k) = 0.
This proves the claim. O

Notice that if h,, := 1g,h, then h, — h in L?*(Y) (by the Dominated Conver-
gence Theorem). If F' € C(H) and if F' D E,,, then || Lrph — k|2 < ||hy, — h||2. Thus
{1F } rec(n) converges strongly to the identity on H as I’ increases.

Claim 3. If k € H*, then 1pk = 0 for all F € C(H).

Proof of Claim 8. Note that H* is also an invariant space. If £ € C(H'), then
(1p | 1g) =0. Since 1p and 1g are nonnegative functions, it follows that 1plg =
0.2 But
]].Fk: lim ]].F]].Ek:().
EcC(H*L)

This proves the claim. [l

Now if f € L2(Y), then we can write f = f; + fo with f; € H and fo € H*.
Using Claim 3, we have

li 1pf= i 1 = i 1 =J1-
FEICI‘I(lH) rf FEICH(lH) rlfitf) Felcn(lH) rii=h

12If 15 (y)1g(y) is not zero for p-almost every y, then [1plg dy # 0.
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Thus if P is the orthogonal projection of L?(Y) onto H, then L;, — P in the
strong operator topology. Since % = {L, : g € B*(Y)} is a von Neumann
algebra (Proposition 1.41 on page 504), P € %y and P = Ly, for some Borel set
E C Y. Thus we have shown H = L?(E) as claimed. Of course, a similar statement
holds for Iy invariant subspaces of L?(Z,v).

Now suppose that II; has a subrepresentation IT} equivalent to a subrepresen-
tation IT, of IIs. The above discussion proves that IT] must act on a subspace of
the form L?(E) for some Borel set E C Y. Since L?(E) is not the zero subspace,
E must contain a set of nonzero finite measure. By the regularity of u, there must
be a compact subset C C E with p(C) > 0. Then L?(C) is an invariant subspace
of II; and determines a subrepresentation of II; which is equivalent to a subrep-
resentation of IIy on a subspace of the form L?(F,v) for F C Z. As before, there
is a compact subset K C F such that v(K) > 0. L?*(K) is invariant for Iz, and
the corresponding subrepresentation is equivalent to a subrepresentation of II; on
a subspace of L?(C). But i(C) and j(K) are disjoint compact sets in X. Then
there is a f € C.(X) such that f if identically zero on i(C) and identically one on
J(K). But then II;(f) = 0 on L?(C) and Ilz(f) is the identity on L?(K). This is
a contradiction, and the completes the proof. [l

I.8 Invariants of Morita Equivalent C*-Algebras

Recall that a C*-algebra is CCR if m(A4) = K(H,) for all 7 € A. We say that A
is GCR if 7(4) D K(Hy) for all 7 € A. A C*-algebra is called elementary if it
is isomorphic to the compact operators on some Hilbert space. Notice that a C*-
algebra is elementary if and only if it is Morita equivalent to the complex numbers
C.

The following observations probably should have been made in [139]. These
results, and much more, are due to Zettl [174,175]. The proofs here come from
[81]. In the case of separable algebras, or more generally for o-unital algebras, these
results also follow from The Brown-Green-Rieffel Theorem [139, Theorem 5.55]
which implies that Morita equivalent C*-algebras are stably isomorphic.

Proposition 1.43. Suppose that X is an A — B-imprimitivity bimodule. If B is
CCR, then A is CCR.

Proof. Let hx : PrimA — Prim B be the Rieffel homeomorphism [139, Corol-
lary 3.33(a)]. If 7 € A, then let P = kerw. Then hy(P) € PrimB. Since B
is CCR, B/hx(P) is elementary. Since A/P and B/hx(P) are Morita equivalent
[139, Proposition 3.35], A/P is Morita equivalent to C, and therefore elementary.
Since 7 factors through A/P, 7 is onto the compacts on H,. Therefore, A is CCR
as claimed. O

Proposition I.44. Suppose that X is an A — B-imprimitivity bimodule. If B is
GCR, then so is A.

Proof. Let hx : Prim A — Prim B be the Rieffel homeomorphism. Fix 7 € A and
let P := kerw. [139, Proposition 3.25] shows that A/P is Morita equivalent to
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B/hx(P). Since B is GCR, B/hx(P) has an elementary ideal which is therefore
Morita equivalent to C. The Rieffel correspondence implies that A/P must also
have an elementary ideal I. Since w(I) # {0}, 7|; is an irreducible representation
on H.. Since I is elementary, n(I) = K(H,), and 7(A) D K(H,). Since m was
arbitrary, A is GCR. O
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