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2 PIOTR M. SOLTAN

1. INTRODUCTION

These notes are a draft of a course offered to students of third, fourth and fifth year of theoretical
physics. The aim of the course is to familiarize students with concepts of abstract theory of C*-
algebras and group representations. It is not our objective to give a full fledged course on operator
algebras. In fact, we hope that interested students will either take it upon themselves to read
some of the standard textbooks or choose to attend other courses where the fundamentals such as
Gelfand’s theory of commutative Banach algebras, functional calculus or elements of the theory
of von Neumann algebras would be presented.

We optimalized this course towards minimal prerequisites. Our potential student should have
attended a mathematical analysis course where the notion of a Banach space had been introduced
and an algebra course where the concept of a group had been discussed (even if only finite groups
were mentioned). It would be very helpful if a course on mathematical methods in physics where
topics like representation theory of finite and compact groups as well as the elementary theory
of Lie groups were presented had been taken by our prospective audience. Nevertheless, this last
blessing is not absolutely necessary to understand our subject. An open mind and desire to seek
information on individual basis will, on the other hand, be indispensable.

The main focus of our presentation is the notion of a crossed product of a C*-algebra by an
action of a locally compact group. The subject is presented in the language of abstract theory of
C*-algebras with emphasis on the universal property of the crossed product. We will introduce and
thoroughly analyze the notion of the multiplier algebra of a C*-algebra and that of a morphism
between C*-algebras. Then we will study some simple aspects of the theory of actions of groups
on C*-algebras and representations of groups in C*-algebras. Many examples tieing these subjects
to the theory of unitary representations of groups will be given.

After that our central object — the crossed product — will be constructed and a number of well
known examples will be given. We hope that these examples will show how easily very interesting
C*-algebras can be obtained as crossed products.

The following sections can be divided into two groups. The first group consists of sections in
which practically all statements are given with complete proofs. It is worth noting that these
proofs are usually different form those given in literature. This group includes Sections 4, 5 and
6 (except for subsection 6.6).

The remaining sections are included for merely informative purpose or to provide the bare facts
we simply cannot do without. In section 2 we gather the few definitions and pieces of notation we
are using throughout the notes. Section 3 lists some elements of the theory of topological groups
and, specifically, locally compact groups that are necessary in the study of crossed products. This
includes a presentation of the notion of the Haar integral and its properties. In that section we
only give proofs of some simple general results about topological groups, since these facts are not
usually included in texts on operator algebras. There are no proofs of statements concerning Haar
integrals as the author feels that G.K. Pedersen’s books [3, 4] are much better sources on that
topic than any of his own efforts.

The reader is urged to glance at Section 2 and then to start reading from Section 4 and continue
through Sections 5, 6 returning to Section 3 only when necessary. Section 7 is intended only to
encourage the reader’s interest in the advanced theory and results of the wonderfully rich world
of group actions on C*-algebras.

The reference list for these notes is drastically short, but we do feel that it is fairly complete.

2. PRELIMINARIES

In these notes we shall deal with many topological spaces. Let us list here the standing as-
sumptions and introduce some notation.

Let X be a topological space. The space of all continuous complex valued functions on X will
be denoted by C(X). The subspace of C(X) consisting of bounded continuous functions on X
will be written as Cp(X). A very often used symbol Cu,(X) will denote the space consisting of
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all those continuous functions X — C satisfying
Ve > 0 the set {z € X|[|f(z)| > ¢} is compact.

Finally the symbol C.(X) will denote the space of continuous functions on X with compact
supports. We have the obvious chain of inclusions

Ce(X) € Cxo(X) C Cp(X) C C(X) (2.1)

For a general topological space X some of the spaces (2.1) can be trivial. However if X is a
locally compact space all of the spaces (2.1) are relevant for the study of X. Here and throughout
these notes we are including the Hausdorff separation axiom in the definition of local compactness
(and compactness). Note that in case of a compact space X all the spaces (2.1) are the same.

3. TOPOLOGICAL GROUPS

3.1. Groups with topology. Let G be a group. We say that G is a topological group if there is
a topology on the set G such that the map

GxG>3(ts)—tlsecG

is continuous. It is a standard fact that the topology of a topological group is translationally
invariant, i.e. the maps s — ts and s — st are homeomorphisms for all ¢ € G. In particular, this
means that the topology is uniquely determined by the, so called, local base or more precisely the
local base of neighborhoods of e € G (e will denote the neutral element of a group throughout
these notes). Such a local base can be chosen to consists of sets U such that /= = U. Such sets
are called symmetric. This fact follows from the next lemma.

Lemma 3.1. Let G be a toplogical group. Then for any neighborhood W of e there exists a
symmetric neighborhood U of e such that U? C W.

Proof. Since e? = e and group multiplication is continuous there are neighborhoods U; and Us of
e such that Uyl C W. Take

U=U NN (UTY) N U
and use the fact that the inverse operation is continuous. O

The most important class of groups we shall deal with will be the locally compact groups. These
are the topological groups whose topology is locally compact.

3.2. Uniform continuity.

Definition 3.2. Let G be a topological group.
(1) A function f : G — C is right uniformly continuous if for any € > 0 there exists a
neighborhood U of e € G such that s~'t € U implies |f(s) — f(t)| <e.
(2) A function f : G — C is left uniformly continuous if t — f(t_l) is right uniformly
continuous.
(3) A function f : G — C is wuniformly continuous if it is both left and right uniformly
continuous.

Proposition 3.3. Let G be a locally compact topological group and let f € Coo(G). Then f is
uniformly continuous. In particular any compactly supported function is uniformly continuous.

Proof. Let us first show that f is right uniformly continuous i.e. we want to show that for a fixed
e > 0 there is a neighborhood U of e € G such that st € U implies | f(s) — f(t)| <e.

For any a € G there exists a neighborhood W, of e such that s € aWW, implies |f(s) — f(a)| <5
(this is true for any f € C(G)). Let U, be a neighborhood of e such that U2 C W, (see Lemma
3.1).

Let K C G be a compact set such that |f| < § outside K. Then

(124), .,
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is an open covering of K. Therefore there is a finite set A C K such that

K C U ald,.
acA
Let
U= (U
acA

Now take s € K, t € G such that s~'t € U and choose a € A such that s € ald,. Then
’f(s) — f(a)| < §, and since a™'t = (a7's)(s7't) € Ul C W, we also have ‘f(t) - f(a)‘ <5
We have thus shown that for s € K, t € G the fact that s~'t € U/ implies that
|f(s) - f(t)| <e. (3.1)
If 5, € G with s~'t € U then either one of them is in K or both are outside K. In the former
case we can assume that s € K (we can always rename s and ¢) and we have (3.1). In the latter
case | f(s)],|f(t)| < 5, so we also have (3.1).
We have thus shown that f is right uniformly continuous. Since the function t — f(¢~1!) also
belongs to Co (G) we see that f is left uniformly continuous as well. O

)

We shall need the concept of uniform continuity in the proof of Lemma 5.3 (1) and of Theorem
5.9 in Subsection 5.2. There we will be speaking about Banach space valued uniformly continuous
functions (the generalization from C-valued functions is straightforward). We will then use the
fact that left uniform continuity of a function f is equivalent to the fact that the functions

s — f(us)

converge to f uniformly as u — e in G. Therefore, for f € Co(G), given € > 0, there is a
neighborhood V of e € G such that for any s € G and ¢t € V we have ‘f(s) — f(t_ls)} <e.

3.3. Integration. The crucial development in the theory of locally compact groups was the proof
of existence of an left invariant measure, so called Haar measure, on any locally compact group.
Just as crucial is the fact that such a measure is unique up to rescaling.

We will not develop this theory here, nor are we going to prove any of the statements about
Haar measure. The spirit of there notes is such that we merely want to state the results which
we will use in very special cases (e.g. we will only integrate continuous functions with compact
support).

Let G be a locally compact group. Then there exists a Radon integral on G (positive linear
functional on C¢(G)), denoted by [ -dh%, such that

G

/ﬂ@ﬁ%ﬁz/ﬂwwﬁw)
G G

for any ¢ € G. The measure h” on the o-algebra of Borel subsets of G is called a Haar measure.

o All left Haar measures on G are proportional,

e the Haar measure of any compact subset of G is finite.

e the Haar measure of any nonempty open subset of G is strictly positive (although the zero
measure is invariant, we don’t call it the Haar measure),

e since G°PP is a locally compact group, there exists a right Haar measure h* such that

/ﬂ@%ﬂﬂzfﬂwmmw>
G G

for all t € G, a right Haar measure is also unique up to rescaling,
e it is customary to normalize the Haar measure on a compact group G so that h’(G) = 1;
for discrete G' we normalize so that h%({e}) = 1.
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It is obvious that on an Abelian group the left Haar measure is also a right one. The same is
true for all compact and all discrete groups. In those cases we will write h instead of h% (or h%).
Let us fix a locally compact group G with a left Haar measure h”. For any ¢t € G the map

Ce(G)> fr— /f(st) dh*(s)
G

is a left invariant Radon integral, an by the uniqueness of 2 must correspond to a multiple of h”.
The factor of proportionality is denoted by A(t):

/fst YdhE (s /f YdhE (s

This way we obtain a functlon A on G with Values in the strictly positive real numbers. This
function is called the modular function of G. Note that the definition of A does not depend on
the choice of the Haar measure on G.

Proposition 3.4. Let G be a locally compact group and let A be the modular function of G. Then
(1) A is a continuous homomorphism from G into the multiplicative group of strictly positive

real numbers,
(2) for any f € C.(GQ) we have

/ FEDAW) T dhE () = / F(t) At (2),

(3) the map

is a right invariant Radon integral on G.

The proofs of all the statements above can be found in [4] (except for the existence of the Haar
measure for which we refer to [2]).

The existence of Haar measure brings analysis into the world of locally compact groups. The new
subject obtained in this way is referred to as abstract harmonic analysis. One of the elementary
notions of harmonic analysis is that of convolution of functions. If G is a locally compact group
and h” is a left Haar measure on G then to any two integrable functions f and g we can associate
a new function

(f *g)(t /f (1) dh (s).

It turns out that f x g is integrable and we even have the following result.

Lemma 3.5. Let G be a locally compact group and let f,g € L*(G). Then
I1f*glls < £l

The function f x g is called the convolution of the functions f and g. What is even more
important than the fact that f+g € L'(G) is that convolution is an associative product on L!(G)
which makes it into a Banach algebra (see Subsection 4.1).

3.4. Examples. The most important examples of locally compact groups are the ones which do
not require the abstract theory described above. The first of these is the group R of all real
numbers with addition as group operation. On it we consider the metric topology given by the
absolute value. The left (and right) Haar integral is given by the ordinary Lebesgue integral.
The second very important example is the group T of complex numbers of absolute value 1
with multiplication as the group operation and the topology inherited from C. The left (and

right) Haar integral is
2m
1 .
dh(s) = — 27t dt.
[ sdnts) = o [ 1)
T 0
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A related example is the discrete additive group Z of the integers. The left (and right) Haar
measure in this example is the counting measure.
All the above groups are Abelian. A non Abelian example is the group G of all matrices of the

form
a b
0 1
where a € R\ {0} and b € R. This is the group of all invertible affine transformations of R into

itself. The topology on G is inherited from Ms(R) ~ R*. This group is not Abelian and it has
different right and left Haar integrals. We have

G[ F(5) dhF(s) = ! (5 7)) el e
Zf(s)th(s)—G/f<<g l{)) la| " da db

up to rescaling (integrals on the right hand side a simply Lebesgue integrals over (R \ {0}) x R).

The modular function is
\ a b — ||
0 1 e

The last example opens up the whole world of Lie groups. It is not difficult to construct a left
invariant volume form on any Lie group which will quickly lead to a left Haar integral. Thus, for
example, for G = GL(2,R) we have

dadfB dydé

a1 )

[rmate = [1((3 7)) S
G G

(here, in fact, the integral is both left and right invariant).

4. SOME C*-ALGEBRA THEORY

All vector spaces considered here will be over the field of complex numbers.
4.1. C*-algebras.

Definition 4.1.

(1) An algebra (over C) is a vector space A endowed with a product A x A > (a,b) — ab € A
such that
o a(bc) = (ab)c for all a,b,c € A (associativity),
o a(b+c¢) =ab+acand (b+ c¢)a = ba + ca for all a,b,c € A (distributivity),
o (aa)(Bb) = (af)(ab) for all a, € C and a,b € A (compatibility with scalar multipli-
cation).
(2) A normed algebra is an algebra A with a norm A 3 a + ||a|| such that ||ab|| < |lal|||b|| for
all a,b € A.
(3) A *-algebra is an algebra A provided with a map % : A 3 a — a* € A such that
e (a+b)*=a*+0"forallabe A,
e (aa)* =aa* for all « € C and a € A,
o (ab)* =b*a* for all a,b € A,
o (a*)* =a for all a € A.
The map a +— a* is called the involution.
(4) A normed x-algebra is a normed algebra A which is at the same time a x-algebra and the
norm satisfies ||a*|| = ||a|| for all a € A.
(5) A Banach algebra is a normed algebra which is complete in its norm.
(6) A Banach x-algebra is a normed #-algebra which is complete in its norm.
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(7) A C*-algebra is a Banach *-algebra A such that
la*all = [|al|? (4.1)
for all a € A.
The identity (4.1) is called the C*-identity.
Lemma 4.2. Let A be a C*-algebra. Then for any a € A we have
lall = sup [b"al.
beA
llo]=1

Proof. For b € A with ||b|| = 1 we have ||b*a| < ||la]|. On the other hand for b = —a* we obtain

llall

[6%all = llall 0

The next result is a standard part of any course on C*-algebras. Its proof uses continuous
functional calculus for self adjoint elements of C*-algebras. We will omit the proof, but the result
will be used in what follows.

Proposition 4.3. Let A be a C*-algebra and let J be a left ideal of A. There exists a net (ex)xea
of elements of J such that |lex]] < 1 for all X\ € A and

|z — zexl| o 0 (4.2)

for any x € J. The net (ex)rea can be chosen to consist of positive elements and to be increasing.

Taking in Proposition 4.3 J = A we obtain a net (e))aeca of elements of A such that (4.2) holds
for any € A. Such a net is called an approximate identity for A. If A is unital then (ex)xea
converges in norm to the unit of A (enough to put = I in (4.2)).

4.1.1. Ezxamples.

Example 4.4. Let X be a locally compact space (a locally compact space will, by definition, be a
Hausdorff space). The space Coo(X) consisting of all those continuous functions X — C satisfying
Ve > 0 the set {a: € X‘ ’f(x)‘ > 5} is compact

is an algebra over C (cf. Section 2). With the norm
If]l = sup|f ()|
zeX
it is a Banach algebra. Moreover Co.(X) is a Banach *-algebra with involution f — f* defined by

[r(x) = f(z)
for all x € X. Tt is straightforward to verify that C.(X) is in fact a C*-algebra.
We have the following facts
e C,(X) has a unit if and only if X is a compact space.

e Let (K))xea be a family of compact subsets of X directed by inclusion and such that
U = X. For each A there exists a function f) € Cy(X) such that for each A € A we

A€EA
have || fa|l <1 and fa(y) =1 for any y € K. The net (f1)rea is an approximate unit for
Coo(X).

o If Ais a C*-algebra and the multiplication in A is commutative then there exists a unique
locally compact space X such that A is isometrically isomorphic to Coo (X). More precisely
there exists a unique locally compact space X and a linear isomorphism ® : C,(X) — A
such that ®(f1f2) = ®(f1)P(f2) and ®(f*) = O(f)* for all f, f1, f2 € Coo(X). The map
® is an isometry of the Banach space Co, (X) onto A. This result is referred to as the first
Gelfand-Naimark theorem.
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Example 4.5. Let H be a Hilbert space. The Banach space B(H) is a unital algebra over C.
The multiplication is given by composition of operators. The hermitian conjugation of operators
endows B(H ) with structure of a x-algebra. It is immediate that B(H) is a Banach *-algebra. Let
us prove that B(H) is a C*-algebra.

Recall that for any vector £ € H we have [|£|| = sup |(n]¢)|. Now it is clear that for any

lInll=1

a € B(H) we have ||a*a|| < ||a*|/||a] = ||a||>. On the other hand

la))? = (”supl lag])?

= sup [lag?
lell=1
= sup (agaf)
lell=1
= sup (¢la"al€)
lell=1
< sup sup |(n]a”al¢)]
lell=1 lInll=1
= sup [a”ag]| = [la*all.

We have the following facts:

e Any | - ||-closed *-subalgebra of B(H) is a C*-algebra.
e A particularly important C*-algebra contained in B(H) is the algebra K(H) consisting of

all compact operators (an operator ¢ € B(H) is compact if it is a limit of a sequence of
operators with finite dimensional ranges).

Let (e,),ez be an orthonormal basis of H. Let A be the set of finite subsets of Z ordered
by inclusion. Then A is a directed set. For A € A let py be the orthogonal projection onto
the subspace spanned by elements of A\. Then for each A the operator py € K(H) and
(px)xea 1s an approximate unit for C(H).

For any C*-algebra A there exists a Hilbert space H and a linear isomorphism & from A
onto a || - ||-closed *-subalgebra of B(H). This isomorphism is multiplicative, *-preserving
and isometric. In other words any C*-algebra can be realized as a C*-algebra of operators
on a Hilbert space. This result is referred to as the second Gelfand-Naimark theorem.

4.2. Multipliers.

Definition 4.6. Let A be a C*-algebra. A linear operator m : A — A is called a multiplier of A
if for any a € A there exists a ¢ € A such th for all b € A we have

a*mb = c*b. (4.3)

The set of all multipliers of A is denoted by M(A).
Proposition 4.7. Let A be a C*-algebra.

(2)

M(A) is a unital algebra.

For each m € M(A) and for any a € A the element ¢ € A such that (4.3) holds for all
b € A is unique. Denoting this unique ¢ by m*a we define an operator m* : A — A. Then
m* € M(A) and the map m — m* endows M(A) with a x-algebra structure.

Each multiplier is a bounded operator on A.

The operator norm turns M(A) into a unital C*-algebra.

For any a € A the operator L, : A 3 b+ ab € A belongs to M(A) and the left regular
representation L : A > a — L, € M(A) is an injective x-homomorphism onto a closed
essential ideal.

Proof. Tt is straightforward to check that a product and sum of multipliers is a multiplier. The
identity map on A is a multiplier. This takes care of (1).
Ad (2). Assume that we have ¢,d € A such that

c*b=d"b
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for all b € A. Then (¢ —d)*b =0 for all b. In particular for b = (¢ —d) we have (c—d)*(c—d) = 0.
Thereofore
le = dl* = [|(c = d)*(c = d)|| = [[o] =0,

so ¢ = d. Thus given a € A the element ¢ such that (4.3) holds for all b € A is unique.

Let m* be the map sending a to the unique c¢ satisfying (4.3). Then m* is a linear operator on
A and for a,b € A we have

(a*m*b)* = (m"b)*a = b*ma,

so taking * of both sides of this equation we see that m* € M(A) and (m*)* = m. It is easy to
check that * is an involution on M(A).

Ad (3). To see that M(A) C B(A) it is enough to show that each m € M(A) is a closed map.

Assume that (a,,) is a sequence in A and a,, —— a. Assume also that ma,, —— b. Then for
n—oo n—oo

any c € A
c*ma, = (m*c)*a, —— (m*c)*a = c¢*ma,
n—oo

but the left hand side converges to ¢*b. It follows, as in the reasoning proving Statement (2), that
ma = b. It is also easy to see that the involution m — m* is an isometry for the operator norm.

Ad (4). We must show that the C*-identity is satisfied and that M(A) is complete. Take
m € M(A) and ¢ € A with |la]| = 1. We have by lemma 4.2

Ime* 2 = [|(me)me]
= |l¢Ffm*mc]||
< sup [l5"m*me] = [mme]
beB
llbll=1
Taking sup over ¢ with [|c|| = 1 we obtain ||m||* < |[m*m]|. On the other hand we of course have

[[m*m]| < [|m]|*.

Now let us check completeness of M(A). Let (my,)nen be a sequence of multipliers of A which
is Cauchy for the operator norm. Then there exists its limit ¢ € B(A). Since x is isometric, there
also exists a limit s of (m}),en. Let us see that t € M(A). Take a,b € A.

a*th = nh_}néo a*mpb = nlinéo(mfla)*b = (sa)*b.
It follows that ¢t € M(A) and t* = s.

Ad (5). One can check that for any a € A the operator L, of left multiplication by a is a
multiplier and that the adjoint of L, is L,+. Moreover the map a +— L, is linear and multiplicative.
It is also injective because L, = 0 implies L,a* = 0, so that ||a||? = ||a*||? = |laa*| = ||Lsa*|| =0
and a = 0.

Let m € M(A). We have for any a,b € A

Lymb = amb = (a*)*mb = (m*a*)*b = Lp+q+)-b,
so L,m belongs to the image L. Similarly
mLyb = mab = L,,,b.

It follows that L(A) is an ideal in M(A). Any injective x-homomorphism of C*-algebras is isometric,
but we can also see directly that ||L,|| = ||a|| (cf. Lemma 4.2). Consequently L(A) is closed in
M(A).

Let J be an ideal in M(A). If 7N L(A) = {0} then J = {0} because if j € J then jL, belongs
to J N L(A), so jL, = 0. On the other hand we have already checked that jL, = Lj,. If this is 0
for all a € A then ja = 0 for all @ and this means that j is the zero operator on A. O

From now on we shall consider any C*-algebra A as a subset of its multiplier algebra M(A). It
therefore makes sense to consider extending maps defined on A to M(A). The identity map id 4
of A onto itself will be denoted by I4 whenever it is considered as an element of M(A).

Proposition 4.8. Let A be a C*-algebra. Consider A as a subset of M(A). Then A = M(A) if
and only if A is unital.
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Proof. A is an ideal in M(A). Therefore if A has a unit I then E = I4 — I generates an ideal J
which has zero intersection with A. But A is essential in M(4), so J is {0}. Since E = EI4 € J
we have £ =0, i.e. I = I4.

Conversely, if A =M(A), then clearly A has a unit. O

4.2.1. Ezxamples.

Example 4.9. Let X be a locally compact space. The C*-algebra of multipliers of Co(X) is the
algebra Cp,(X) consisting of all bounded continuous functions X — C. The norm, multiplication
and involution of Cy,(X) are given by the same expressions as for elements of Coo (X).

Note that Coo(X) = M(Cuo(X)) if and only if X is a compact space.

The C*-algebra Cp(X) is unital and commutative. Therefore, by the first Gelfan-Naimark
theorem, there exists a compact space X such that

Cp(X) = C(BX). (4.4)

This space has been known to topologists since the nineteen thirties. The space X is called the
Stone-Cech compactification of X. It can be defined as the maximal compactification of X, but
formula (4.4) can just as well serve as the definition of 5X.

Lemma 4.10. Let H be a Hilbert space. Let &,m € H. Then |||€) (nw = I&IllInl]-
Proof.
11€) (nlll = sup [[[€) (n] ¢]]

Ieli=1
= sup ||(n]¢) ||
Ieli=1
= i€l sup |(n[¢)] = ligllnll.
Iel=1

O

Example 4.11. Let H be a Hilbert space. The C*-algebra of multipliers of JC(H) coincides with
B(H). Notice first that any bounded operator m on H defines a multiplier (H) 3  +— mx €
KC(H). The adjoint of this multiplier is left multiplication by m*.

Now let t € M(K(H)). Take &,1,¢,7 € H and let fiz = (1¢) (¢))t(I€) (n]). Then fiz €
K(H). Moreover ran fiz C C¢. Since
() (Lt 1€) (nl = (1v) (<)1) (al = (¢ [4) (<) [€) (],
we see that ker fig D {n}+. It follows that
FSE=ApelC) (nl.
Clearly Ay ¢ is linear in £ and antilinear in . The computation

aellENnll = o.elll1€) (alll = 17520 < 1S Collliml[[1€) Calll = ISl N ml ] ]

shows that the sesquilinear form (¢,{) — Ay ¢ is bounded. Therefore there exists a bounded
operator t° on H such that

(P[E°1€) = Ape
for all ¢, & € H. Moreover the formula
1) (W] £1€) (nl = (@[t°1€) 1€) (n] = [¢) (&[2°]€) (]

shows that the action of ¢ coincides with left multiplication by ¢° on a dense set of compact
operators.
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4.3. Morphisms of C*-algebras.

Notation 4.12. Let B be a C*-algebra and let X,) be subspaces of B. The symbol XY will
denote the linear span of the set

{acy‘xeé\f, yey}

Definition 4.13. Let A and B be C*-algebras. A morphism from A to B is a x-homomorphism
®: A — M(B) such that ®(A)B is dense in B. The set of all morphisms from A to B is denoted
by Mor(A4, B).

Proposition 4.14. Let A and B be C*-algebras and let ® € Mor(A, B). Then there exists a
unique extension of ® to a unital x-homomorphism from M(A) to M(B). If ® is injective (as a
map from A to M(B)) then so is its extension to M(A).

Proof. Since @ is a morphism, we know that ®(A)B is dense in B. For m € M(A) we will first
define ®(m) as a linear operator on ®(A)B by

N N
m) (Z @(ak)bk> = Z@(mak)bk. (4.5)
k=1 k=1

We must now check that this operator is well defined and that it is bounded.
Let (ex)rea be an approximate unit for A. Then

N N
Zq)(mak)bk Z (mexag)b
k=1 k=1

= hm

(4.6)

< |Iml|

N
Z @(ak)bk
k=1

(we used the fact that any *-homomorphism of C*-algebras is norm decreasing). This computation
shows first of all that the definition (4.5) is correct. Indeed, assume that two combinations

N

Z@(a;)b; and Z@(ag)bg (4.7)

are equal. Then we write their difference as Z ®(ay, )b, and, by (4.6), we get that the result of
=1
applying ®(m) to both the combinations (4. 7) is the same.

Secondly, (4.6) says that ®(m) is bounded on ®(A)B and consequently it extends to a bounded
operator on B.
To see that ®(m) € M(B) take a,a’ € A and b,b’ € B. We have

(®(a)b)" ®(m)(2(a')V') = (2(a)b) ®(ma’)V/
= b"®(a)"®(ma’)t’
= b*®(a*ma’ )V
=b"®((m*a)*a’)t’
=b*®(m*a) @ (a")’
= (®(m*a)b) @ ()b
Using the fact that ®(A)B is dense in B we obtain that ®(m) € M(B) and ®(m)* = ®(m*). It

is clear that the extension of ® we have just defined is a *-homomorphism M(A) — M(B). It is
equally clear that the unit of M(A) is mapped to the unit of M(B).



12 PIOTR M. SOLTAN

Uniqueness of extension of ® is obvious: for any extension ® of ® to M(A) and any m € M(A),
a € A, b € B we must have

B(m)®(a)b = ®(m)®(a)b = ®(ma)b = ®(ma)b = ®(m)®(a)b

because ® is a homomorphism coinciding with ® on A € M(A). The density of ®(4)B in B
guarantees that ® coincides with the extension defined by (4.5).

Now assume that (the original) ® is an injective map. The kernel of the extension of ® to M(A)
is an ideal. But A is an essential ideal in M(A) and we know that the intersection of A and the
kernel of extended @ is {0} (because @ is injective on A). It follows that the kernel of ® extended
to M(A) is trivial. O

Existence of canonical extension of a morphism has the following consequences:

o Let A and B be C*-algebras and let ® € Mor(A, B). Then for any m € M(A) we can
consider ®(m) which is a multiplier of B.

e If A, B and C are C*-algebras and ® € Mor(A, B), ¥ € Mor(B, C) then, a priori, ® is a
s-homomorphism A — M(B) and ¥ is a *-homomorphism B — M(C'). Now we can take
the canonical extension of ¥, i.e. a map M(B) — M(C) and compose it with ® to obtain
a *-homomorphism A — M(C). It is easy to check that such a composition is a morphism
from A to C: since ®(A)B = B and ¥V(B)C = C, we have

)
U(®(A))C =T (2(A))¥(B)C
U (P(A)) (B
(4)
)B

U(®(4)B)C
V(®(A)B)C =¥ (B)C = C.

So described composition is denoted by Wo®. In what follows all compositions of mor-
phisms will be understood precisely in this sense.

A morphism ® € Mor(A, B) is called an isomorphism if there exists ¥ € Mor(B, A) such that
for any a € A we have ¥(®(a)) = a and for any b € B we have ®(¥ (b)) = b. Note that in the first
formula ®(a) is an element of M(B) and we need to use the conical extension of ¥ to make sense
of ¥(®(a)). Similarly ¥(b) € M(A) and ®(¥(b)) is the result of applying the canonical extension
of @ to U(b).

This definition of an isomorphism is the usual one known from category theory. ® € Mor(A, B)
is an isomorphism if there exists ¥ € Mor(B, A) such that To® =id4 and ®o¥ = idp.

Proposition 4.15. Let A and B be C*-algebras and let & € Mor(A, B) be an isomorphism. Then
the image of the x-homomorphism ® coincides with the subset B of M(B) and ® is a x-isomorphism
of A onto B.

Proof. Let ¥ € Mor(B, A) be the morphism related to ® as in the definition of an isomorphism of
C*-algebras. Let us denote by ® : M(A) — M(B) and ¥ : M(B) — M(A) the canonical extensions
of ® and ¥ to multiplier algebras. Our assumptions are that

\Tl(q)(a)) =a,

®(U(b) =b
for all @ € A and b € B. Take a = ¥(bg)ap. Then

<I>(a) = CAI;(\I/(()Q))CI)(CLQ) = b0<1>(a0) € B.
Since elements of the form ¥(bg)ap span a dense subspace of A, we have ®(A) C B. Similarly
U(B) C A.
Now if a € A then a = U(®(a)). We have just shown that ®(a) € B, so a is the image of

an element of B under U. This of course means that a is really in the image of ¥ and we get
¥ (B) = A. Similarly ®(A) = B.
The fact that ® is a *-isomorphism of A onto B is obvious. O
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Example 4.16. Let X and Y be locally compact spaces and let &, : X — Y be a continuous
map. For any f € C(Y) define the function ®(f) on X by the formula

(@) (@) = f(Pu(2)).
One easily checks that ®(f) € Cp(X). Moreover the mapping ® : f +— ®(f) is an element of
Mor(Coo (Y), Coo(X)).
It can be shown that any ¥ € Mor(Co(Y'), Coo(X)) is obtained in this way from some (uniquely
determined) continuous map ¥, : X — Y.

4.4. Representations of C*-algebras. Before continuing with examples of morphisms of C*-
algebras let us give one more definition.

Definition 4.17. Let A be a C*-algebra and let H be a Hilbert space. A representation of A on
H is a #-homomorphism 7 : A — B(H). A representation 7 is non degenerate if the set

{m(a)¢|la€ A, ¢ € H} (4.8)
is dense in H. We say that a representation 7 is faithful if 7 is an injective map.

A representation which fails to be non degenerate is called “degenerate”. The following Lemma
gives an alternative description of the notion of a non degenerate representation.

Lemma 4.18. Let A be a C*-algebra and let m be a representation of A on a Hilbert space H.
Then 7 is non degenerate if and only if for any non zero n € H there exists a € A such that

m(a)n # 0.

Proof. Assume that 7 is non degenerate and for some n € H we have w(a*)n = 0 for all a € A.
Then for any £ € H

0= (¢[m(a®)[n) = (7(a)¢|n),
so n is orthogonal to a linearly dense set and in conclusion n = 0.

Now let 7 be any representation of A on H (possibly degenerate) and let K be the closure of
{W(a)g‘a €A e H} If K # H then there is a non zero n € K+. Then for all £ € H and all
a € A we have

0= (nlm(a®)|€) = (m(a)ns).
Thus 7(a)n is orthogonal to H for any a € A, which means that m(a)n = 0 for all a € A. O

Remark 4.19. It is interesting to note that the, so called, Cohen’s factorization theorem implies
that if the set (4.8) is dense in H then it is, in fact, equal to H. A particularly simple proof of
this for g-unital C*-algebras is due to S.L.. Woronowicz.

Example 4.20. Let A be a C*-algebra and let H be a Hilbert space. Then every element
S Mor(A,IC(H )) defines a non degenerate representation of A on H. Conversely any non
degenerate representation m of A on H is an element of Mor(A, IC(H)).

The first statement is trivial, since M(K(H)) = B(H). For the second statement we must
show that if 7 is a non degenerate representation of A on H then 7(A)K(H) is dense in K(H).
This is also clear: take £, € H. It is enough to show that |£) (7| is in the closure of the set
m(A) K(H). Now since 7 is non degenerate, for any € > 0 there exist £, € H and a. € A such that
||m(ac)ée — €| < e. Therefore

|7 (ac) 16) (nl = 1€) (nll] <elln]
which proves that |£) (7] is in the closure of w(A) KC(H).
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4.5. One more look at multipliers. We have defined multiplier algebras in an abstract setting.
Here we will show how to identify the multiplier algebra of a C*-algebra represented on a Hilbert
space.

First let us note that if A is a C*-algebra and 7 is a non degenerate representation of A on a
Hilbert space H then 7 € Mor(A, K(H)). Therefore the map 7 extends to a (unital) representation
of the C*-algebra M(A), i.e. a x-homomorphism from M(A) to B(H). Furthermore, if 7 is faithful
then the map M(A) — B(H) is injective. We can therefore identify M(A) with a certain set of
operators acting on H. The next proposition gives a concrete description of this set.

In what follows we shall say that a C*-algebra B contained in B(H) for some Hilbert space H is
acting non degenerately on H if the inclusion map B — B(H) is a non degenerate representation
of B.

Proposition 4.21. Let H be a Hilbert space and let B be a C*-algebra of operators on a Hilbert
space H. Assume that B is acting non degenerately on H. Then

M(B) = {m € B(H)|mb,bm € A for all b € B}.

Proof. Since B is an ideal in M(B), we see that any multiplier m of B must have the property
that mb,bm € B for all b € B. It remains to show that every bounded operator m on H with this
property defines a multiplier of B. This is quite obvious: if mb,bm € B for all b € B then the
map B 3 b— mb is a multiplier of B, since

b*mb = (m*b)*t
for all b,b' € B. We have already seen that the map from the abstractly defined C*-algebra M(B)

into B(H) is injective, so this multiplier is realized as left multiplication by a unique operator in
B(H). Therefore this operator must be m. O

Proposition 4.21 provides a method of determining the multiplier algebra of the C*-algebra
Coo(X) for a locally compact space X (Example 4.9). It is enough to represent Co(X) faithfully
and non degenerately on a Hilbert space and then M(Coo (X )) can be easily found. The easiest (but
usually not the most economical) way is to take H = ¢?(X) and represent C, (X ) by multiplication
operators.

4.6. Representations of groups in C*-algebras.

Definition 4.22. Let G be a topological group and let B be a C*-algebra. A representation of
Gin Bisamap U:G >t — U, € M(B) such that

(1) Uy is unitary for all t € G,

(2) for any t,s € G we have UpUg = Uy,

(3) for any b € B the map G >t — U;b € B is continuous.

The set of all representations of G' in B will be denoted by the symbol Rep(G, B).

Proposition 4.23.

(1) Let G be a topological group and let H be a Hilbert space. Then each U € Rep(G,IC(H))
18 a strongly continuous unitary representation of G on H.

(2) Conversely, any strongly continuous unitary representation of G on 'H defines an element
Ue Rep(G,lC(H)).

Proof. Ad (1). Clearly t — U; is a homomorphism from G into the unitary group of B(H) =
M(K(H)). Take z € H. For any y € H the operator |z ) (y| belongs to K(H). Therefore if for
t € G we define Ty = Upolz ) (y| — |2 ) (y| then

I —o. (49)
On the other hand
Il = sup 1T2) = swp [l2) (Ui = )] = Iyllvee — 21, (410)

so by (4.9) we have | Uiz — z|| P 0.
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Ad (2). If for any z € H we have | Uiz — z| i~ 0 then the computation (4.10) shows that
—e
we in fact have (4.9) and it remains true when |z) (y| is replaced by any finite rank operator.
Now any compact operator m is a limit of a sequence of finite rank operators. Let € > 0 be given.
There exists a finite rank operator ¢ such that [[m — c|| < 5. We have
[Um — m|| < ||Ugm — Usc|| + ||Uie — ¢|| + ||c — m]| < %5 + || Ue — €|
which is smaller than e for ¢ in a sufficiently small neighborhood of e. O

4.7. Group actions on C*-algebras.

Definition 4.24. Let G be a topological group and let A be a C*-algebra. A map
a:GE3t— ap € Aut(A)
is called an action of G on A if

(1) for any t,s € G we have azoas = s,
(2) for any a € A the map G >t — ay(a) € A is continuous.

The set of all actions of G on A will be denoted by the symbol Act(G, A).
When G is a locally compact group and « is an action of G on A then we say that (A, G, a) is
a C*-dynamical system.

Proposition 4.25. Let G be a topological group and let A be a C*-algebra. Let U € Rep(G, A).
Define oo : G 5t — oy € Aut(A) by

at(a) = Uy
Then o € Act(G, A).
Proof. Tt is easy to see that ¢ — oy is a homomorphism from G into Aut(B). We must prove that
it is appropriately continuous.

We shall extensively use the fact that for any unitary element u of M(A) and any x € A we
have ||zu|| = ||z|| = ||uz|| (proof uses the C*-identity). Take t,s € G and b € B.

e (b) = s (B)[| = | U6V — UbUL |
= ||UbU;-15 — Usb||
SNUbUi-15 = UsbUp—14|| + | UsbUp-15 — Ush||
= Ut — Usb|| + [|bUp-15 — b
= [|Ub — Usb|| + [[bUs-1 — bUs- ||
= [Usb — Usb|| + [|bU} — bU{ |
= [[Ub = Usd|| + [|U:b* — Usb™|.
Now since ||Upy — Ugyl| - 0 for any y € B (because U € Rep(G, B)) we see that o € Act(G, B).
O

Notation 4.26. Let G be a topological group and let A be a C*-algebra. Let U € Rep(G, A).
Then the action a € Act(G, A) defined in Proposition 4.25 will be denoted by the symbol Ady.

An automorphism of a C*-algebra given by conjugation with a unitary multiplier is called inner.
Of course if A is a C*-algebra, G a topological group and and U € Rep(G, A) then Ady is an
action of G on A by inner automorphisms. Such an action is called an inner action.

Example 4.27. Let X be a locally compact space and let G be a topological group acting on X.
This means that we have a continuous map
GxX>({ta)r—treX

such that for each ¢ the map = +— tz is a homeomorphism X — X and ¢(sxz) = (ts)z for all
t,se G,z e X.
There is a naturally associated action a of G on the C*-algebra C.(X) defined by

(ar(f))(x) = f(t"a) (4.11)
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for all f € Coo(X), t € G and x € X. Moreover, any action « of G on Cy (X) arises in this way
from a unique action of G on X.
Notice that any group action on a commutative C*-algebra is inner if and only if it is trivial.

5. CROSSED PRODUCTS
5.1. Definition and uniqueness.

Definition 5.1. Let (A, G, a) be a C*-dynamical system.

(1) A covariant representation of (A,G,«) in a C*-algebra B is a pair (7,U), where m €
Mor(A, B) and U € Rep(G, B) are such that for any a € Aand t € G

m(ow(a)) = Upr(a)U; .

(2) A crossed product of A by (the action « of) G is a C*-algebra C with a covariant rep-
resentation (w,U) of (A,G,a) in C such that for any C*-algebra B and any covariant
representation (p, V) of (4,G,a) in B there exists a unique ® € Mor(C, B) such that
p=Por and V; = &(U;) for all t € G.

Proposition 5.2. Let (A,G,a) be a C*-dynamical system. Then for any two crossed products
(C,m,U) and (C', 7", U") of A by G there is an isomorphism ¥ € Mor(C,C") such that ' = Uor
and Ul = U (Uy) for allt € G.

Proof. By the definition of crossed product there is ¥ € Mor(C, C’) satisfying the conditions of
the proposition save, perhaps, for being an isomorphism. A corresponding ¥’ € Mor(C”, C) also
exists. Moreover their compositions Wo®¥’ and ¥’'oW fulfill the conditions for the unique element
of Mor(C’,C") and Mor(C, C) respectively which do not interfere with neither 7’ nor U’ (7 and
U respectively). But the identity morphisms on C’ and C' are such morphisms and they are, by
definition of crossed product, unique. It follows that ¥ is an isomorphism. O

Let (A, G, a) be a C*-dynamical system. Proposition 5.2 shows that a crossed product of A by
G is unique up to isomorphism preserving the covariant representation of (A, G, «) in the crossed
product. We shall denote the crossed product of A by the action « of G by the symbol A x, G.
The associated covariant representation of (A, G, a) in A X, G will be denoted by (7, U).
The property of (Ax,G,w,U) that for any C*-algebra B and any covariant representation of
(A,G, ) in B there exists a unique ® € Mor(A x, G, B) such that
T = Pom,
U, =o(Uy)

for all ¢t € G is called the universal property defining the crossed product.

(5.1)

5.2. Existence. Let (A, G, «) be a C*-dynamical system. We shall put normed *-algebra struc-
ture on the space C.(G, A) consisting of all continuous functions G — A with compact support.
Let us fix a left Haar measue h” on G and let A be the modular function of G. For §,® € C.(G, A)
and t € G we set

(3% 8)(t) = / §(s)ora (B(s~11)) dh(s),
G

(1) = AW L (301)), 652)
51 = [ 5] an* o)
G

The integrals in these formulas are well defined. In both cases we integrate continuous functions
over compact sets. In the last formula this is obvious. In the first formula the integration is over
t(supp &) ! N supp § which is compact.

Lemma 5.3. Let (A,G,a) be a C*-dynamical system. Then (5.2) endows the wvector space
C.(G, A) with a normed x-algebra structure. In other words

(1) for any §,® € C.(G, A) the function §x & belongs to C.(G, A),
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(2) for any § € C.(G, A) the function F* belongs to C.(G, A),
(3) the map C.(G,A)? > (F,8) — F & is bilinear,
(4) F+®)%H =F*(G%9H) for all §, 6,9 € Co(G, A),
(5) (F+®)" = F & for all §,® € Co(G, A),
(6) |l |l1 is a norm on the vector space C.(G, A),
(7) 5+ &ly < [IB]|11&][1 for all §,® € Cc(G, A),
(8) 1571 = [IBll1 for all § € Cc(G, A).

Proof. (2), (3) and (6) are obvious. For (8) we use Proposition 3.4 (2).

Ad (1). The integral defining § * & is non zero only if ¢(suppF)~* Nsupp & # (. Therefore
for (§ * ®)(t) to be non zero it is necessary that ¢ € supp § supp ® which is compact (r € supp §
belongs to t(supp &)1 if and only if there is s € supp & such that ts~! = r, ie. t = rs). The
continuity of § x & follows from the fact that the functions

Gos—B(st)ecA

converge uniformly to s — &(s7't) as t — t, i.e. from the uniform continuity of compactly
supported functions (Proposition 3.3).

Ad (4). Here we need to use continuity of «, twice Fubini’s theorem and once the left invariance
of hE:

(F*8)x9)(t) = /(3* ®)(s)as (H(s71t)) dhl(s)

G

-/ (/ §(r)ar(&(rs)) dh%)) s (9(s71)) dh™ (s)

G

_ / 31 (S(r15)) s (H(s 1)) d(hE © hE)(r, )

_ / 8 (B0 s)a,1.(9(s7H) ) (Bt @ hE)(r, )

_ /3’(7’)047, (/@(Tls)arls(f)(slt)) dhL(s)) dh* (r)
G

G

= /S(T)ar (/ﬁ(s)as(f}(s_lr_lt)) dhL(s)) dh(r)
G

G

= /3@«)% (& *9)(r~'1)) dh*(r) = (F* (&% 9H))(¢).

G
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Ad (5). Remembering that A is a homomorphism we compute:

(5" &) /g S)ars (&% (s711)) dh (s)
_ /A(s)flas((g(sfl)*)as (AT o (8(5)%) ) dhE(s)
G

=A(t)! /as(S(sfl)*)at(Qﬂt*ls)*) dh®(s)

=A@t) oy /atfls(g(s_l))*ﬁ(t_ls)* dhL(s))
G

=A@t) oy s)a-15(F(s™h)) dhL(s)] )

= At) oy / &(s)a, (§(s~ 1)) dhL(s)] )

LG

=AW oy ([(B*F)(1)]7) = (B%F)" (1)

Q

Ad (7). Since

|5+ = / /g(s)as(ﬁ(s*t)) dh®(s)|| dh*(t) //Hg )|[||&(s¢)|| dh*(s) dh™(t)
é lla
we see that the desired inequality follows from the clabslcal 1nequahty

I1f > gl < [1F 12 llgll,
(with “+” and ||-||; denoting the usual convolution and norm of L' functions on G) for f(t) = ||§(t H
and g(t) = HQﬁ H cf. Lemma 3.5).

Definition 5.4. Let (A4, G, a) be a C*-dynamical system. The product “x” on C.(G, A) defined
in (5.2) is called the convolution product. The normed *-algebra C.(G, A) is called the twisted
convolution algebra of the dynamical system (A, G, ).

Remark 5.5. Let (4, G, «) be a C*-dynamical system. The name “twisted convolution algebra”
is in literature used also for the completion of C.(G, A) in the norm || - ||;. The Banach *-algebra
obtained this way is denoted by L!(G, A).

Let (A, G, a) be a C*-dynamical system and let us endow C.(G, A) with the normed x-algebra
structure described by formulas (5.2). The fact that C.(G, A) is a normed *-algebra will not be
essential at all for our purposes. We will only need the obvious fact that for each § € C.(G, A)
the quantity ||||1 is finite.

Lemma 5.6. Let (A,G,«) be a C*-dynamical system and let C.(G, A) be the associated twisted
convolution algebra. Let B be a C*-algebra and let (w,U) be a covariant representation of (A, G, ).
Then the formula

(T2 U)(F) = / 7(§(t)) U dh™(t)
G
defines a x-homomorphism 7w x,U : C.(G, A) — M(B) such that

(1) (mx,U)(Ce(G, A))B is dense in B,
) (w2 D)Y@ < 1311
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Proof. Let us first check that m x, U is a *-homomorphism:

(Wmﬂ0®*®%*/ (3% )(1))Us dh (2)

/ (/3 s)as )UtdhL()

(3(s s7')) )Urd(h" @ hE)(t,5)

:q

G

7(§(8))Usm (S (s 1)) Us—1, d(h* @ BE)(t, 5)

 — é\

G

/ 7 (3(5)) U, ( / w(@(s‘lt))U51tdhL(t)) dh’ (s)
G

G

Qe A

T(F(s))Us (/w(@(t))Ut dhL(t)) dh*(s)

G

(§(5))Us dh™(s) | 7(&(t))U, dh*(t) = (7 2o U)(F)(7 %12 U)(S),

Q\

and
*

(Pixa0)®) = | [ 7(3®)U: dhL(t))

PO
Q\

Uy (3(6)*) dh*(t)

Ui (§#)*) U1 Up—1 dh™ (t)

A(t)_lw(at (g(t—l)*)) U, dh*(t)

o Y O > D - LN

W(A(t)_lat (S(t‘l)*))Ut dh ()

(cf. Proposition 3.4 (2)).

Ad (1). Take a € A and b € B. Since w(A)B is dense in B, it is enough to show that 7(a)b is
in the closure of (7 x4 U)(Cc(G, A))B. To that end let (fi)xea be a net of positive continuous
functions on GG with compact support and such that supp fy is a directed descending family with
Maea supp fr = {e} and ffA t)dht(t) = 1 for all A € A. Let Fx(t) = fr(t)ay-1(a). Then (Fx)rea

is a net in C.(G, A) and
(r1aU)() = [ 7(50)Uedn (0) = [ Vi (u(30)) an* (0 /h (1)U, dh* (1) (@)

G G
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which converges to m(a)b.
Statement (2) is immediate. O

In the next proposition we shall use the fact that for any Hilbert space H the Hilbert space
tensor product H ® L?(G) can be identified with the Hilbert space L?(G,H). This last Hilbert
space can be viewed as the completion of the space C.(G,H) in the norm coming from the scalar
product

wle) = [ wole) anto
G
for ¢, & € C.(G, H).
Proposition 5.7. Let (A,G,«) be a C*-dynamical system. Let mo be a non degenerate represen-
tation of A on a Hilbert space H. Let H = H ® L*(G). Definem: A — B(H) and U : G — B(H)
by
(m(a)€)(s) = 7o (avs-1(a))&(s),
(U£)(s) =€(t™"s)

for all s,t € G and all £ € C.(G,H). Then

(1) m € Mor(A,K(H)),

(2) Ue Rep(G,/C(H)),

(3) (mw,U) is a covariant representation of (A, G,«a) in K(H),

(4) if mo is faithful then 7 x, U is injective.
Proof. Statement (2) is obvious. As for (1) let us see that for any non zero ¢ € C.(G,H) there is
a € A such that 7(a)¢ # 0. Indeed, if £ # 0 then there is t € G such that £(¢) # 0. Since mg is
non degenerate, by Lemma 4.18, there is an element b € A such that b&(t) # 0. Now let a = a4 (b).
Then (7(a))(t) = mo(b)&(t) # 0 and by continuity this function is non zero in a neighborhood of
t. Therefore if is non zero as an element of H = H ® L*(G).

For a general non zero n € H ® L?(G) we approximate n by elements of C.(G,H) and find

an element a € A such that 7(a)n # 0. It follows from Lemma 4.18 that 7 is a non degenerate

representation of A on H. In other words 7 € Mor(A, K(H)).
Ad (3). Take £ € C.(G,H), a € A and ¢t € G. Then for any s € G we have

(Uim(a)U;€) (s) = (m(a)Ust) (¢ 's)
= To (045*115((1)) ((Ut*f)(tils))
= 7o (as—l (at(a)))f(S) = (W(at(a))ﬁ) (5).

Ad (4). Let § € C.(G, A) be non zero. There is r € G such that F(r) # 0. Since 7 is injective
there are vectors &y, 19 € H such that

(10| 7m0 (3(r)) |€0) # 0. (5.3)
We will produce two vectors &£, € H such that

|(n](m %0 U)(F)]E) = (no|m0(F(r))[€0) | < | (n0|m0(F(r))|€0)|-
This means that (n](7x,U)(F)|€) # 0, so (7 x,U)(F) # 0.
Since (t,s) — (as-1(F(t)) — F(r)) is a continuous function, there is a neighborhood V of (r,e)
such that for (¢,s) € V we have

s 30) - 30 <

Now let f and g be functions on G such that

(10|70 (T (r)) |0) |
€0 llll70]l .

e f and g are positive,
e f,9€C(G),
o g(s)f(t7's) #£0 = (t,5) €V,
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o gg(s)f(fls) d(h* @ hl)(t,s) = 1.

This means that f and g are positive continuous functions with compact s supports such that
supp f is close to {r~1'} and suppg is close to {e}, so that the support of the function (t,s) —
g(s)f(t™1s) is contained in V. The fourth condition is only matter of normalization.

We let £(s) = f(s)& and 7(s) = g(s)no. Now we will compute the left hand side of (5.3).
Step 1:

(T2 U)(F)E](5) =

1
Q

/ﬂ(&(t))Ut dh* (1) f] (s)

[7(3(t)U:&] (s) dh™(t)

Qe O Q% O

Step 2:

((xxa U)@)E) = | (n(s)|[(m 2 U)(F)E] (5)) dh*(s)

(77(8) [ 7o G0))res) dhL(t)) d* (s)
G

(9(5)770

— [ g (no \WO (a (g(t)))go) F(t~ls) d(hE @ hE)(t, s).

G X

|
QA QY

Q\

/Wo (Oés—l (S(t)))fof(fls) dhL(@) dh*(s)
G

[}
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Step 3:
[(](m % U)(F)[€) = (110 w0 ((r)) |€0) |

[ 9 (o (a1 (50 )60) £le 1 9) din* @ nE )

GxG

- / 9(5) F(7s) d(RE @ BE)(E, 5) (10 |0 (1)) |€0)

GXG

[ 9 (m]mo (s (510 )éo) £t~ 9) din® )t )

GXG

- / 9(s) (0| mo (8(1) |&0) F(1s) d(hE @ hE)(t, )

GxXG
< / 9(s) (|0 (01 (8(1) = 5(r)) &) F(t7"s) dlhE @ hF) (1, 5)
GxG
< [1olllloll / 9(8) F(t"s)||os—1 (F(2)) — F(r)|| d(R" @ ") (2, 5)
GxG
which is strictly smaller than |(170 ‘71'0 (S(r)) ‘50) | O

Definition 5.8. Let (A, G, «) be a C*-dynamical system and let 7y be a non degenerate repre-
sentation of A on a Hilbert space H. The covariant representation of (4, G, «) in K(H ® L*(G))
described in Proposition 5.7 is called the regular representation of (A, G, «) associated to 7.

Let (A, G, ) be a C*-dynamical system. The construction of regular representations of (4, G, «)
gives us many covariant representations. In particular, since there always is a faithful representa-
tion 7y of A, we obtain a covariant representation (7, U) with injective m x4 U.

Let us also remark that the construction of regular representation of (A4, G, ) can be generalized
in a way allowing to obtain representations in much more general C*-algebras (not only C(H) for
some H). This requires using the language of Hilbert C*-modules.

Theorem 5.9. Let (A,G,a) be a C*-dynamical system. Then the crossed product of A by G
erists.

Proof. The proof will be given in several steps:

(1) definition of the C*-algebra A x, G,
(2) definition of the elements 7w and U of the universal covariant representation (m,U),
(3) establishing boundedness of 7(a) for each a € A,
(4) establishing boundedness of U, for each t € G,
(5) proof that for each a € A we have w(a) € M(A %, G),
(6) proof that for each t € G we have Uy € M(4A %, G),
(7) proof that w € Mor(A, Ax,G),
(8) proof that U € Rep(G, Ax,G),
(9) proof that (m,U) is a covariant representation of (A, G, @) in A x, G,
(10) proof of the universal property of (A x,G, 7, U).
Ad (1). We shall define a new norm on C.(G, A). This new norm will be a C*-norm and so the
completion of C¢(G, A) in this norm will be a C*-algebra.
For § € C.(G, A) let

I5] = sup{||(7r XQU)(S)H ‘ (m,U) is a covariant representation of (A4, G, a)} (5.4)

2
3
4
5
6
7
8
9

M e
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It is not possible to take supremum over a class, but the right hand side of the above equation is
a supremum of a subclass of a set (namely R), so it is a supremum of a subset of R.
Let us note the following facts:

e thanks to Lemma 5.6 (2) we have ||§|| < oo for all § € C.(G, A), in fact |F] < |I§|x for
all § € Co(G, A),

o (5.4) defines a seminorm on C.(G, A),

e the seminorm || - || satisfies |F*F|| = ||F] for all § € C.(G, A),

e the seminorm || - || is in fact a norm.

The last statement is a direct consequence of the fact that there always exists a covariant repre-
sentation (U, 7) of (4, G, «) such that mx, U is injective (cf. paragraph after Definition 5.8).

We let A x,, G be the completion of C.(G, A) with respect to the norm defined by (5.4). As
mentioned in the beginning of the proof, A x, G is a C*-algebra. Moreover C.(G, A) is a dense
x-subalgebra of A x,G.

Ad (2). Let us now define the universal covariant representation (U, 7) of (4, G, a) in Ax,G.
Forae Aandt e G let

(m(a)3)(s) = aB(s)
(UB)(s) = et (F(t™s))

for any § € C.(G, A) and any s € G. This defines 7(a) and U; as maps C.(G, A) — C.(G, A).
Ad (3). The map m(a) extends to continuous a map of A x,, G into itself because

(20 U) (e (@)F) ]| = / (a3 () Uy dh (1)

G
< lal | [ 7(3(60)v: dn* () =l | (=20 0)(3)

a
for any covariant representation (m, U) of (A, G, «). Therefore
7(

(@3] < llallI31
for any § € C.(G, A).
Ad (4). To see that U, is continuous we note that

(7 %0 U) (UF)]|| = /W(at (S(t_ls)))Us dh*(s)

G

_ / 7 (0 (3(5)) ) Uss i (5)

Q

™ (ozt (S(s))) UU, dhX(s)

I
Q—

Uy (3(s))Us dh™(s)

|
Q—_

— Ut/w(s(s))US dh®(s)
G

77(3(5))(]8 dhL(S) = H(Tr X0 U)(3)

I
Q—
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for any covariant representation of (w,U) of (4, G, a), so for each ¢ € G the operator U, is an
isometry of A x,G.
Ad (5). Checking that operators m(a) are multipliers is easy:

(T *m(a)®)(t) = /S*(s)as (a®(s™'t)) dh™(s)
G
_ /A(s)*las (F(s1)") as(@)as (S(s71)) dh(s)
/A ) a)as (B(s™'t)) dh*(s)

“la,(a*F (s ) s (6(s71t)) dh®(s)

1)) dh®(s) = ((m(a*)§)" * &) (1).

[
Jro

Since this holds on the dense subspace C.(G, A), we have that w(a) € M(A x4, G). Moreover
w(a)* = w(a*).
Ad (6). Take t € G. We have

(3 *U8)(u) = /S*(s)as((Utﬁ)(s_lu)) dh*(s)

— [ 5 @ (@ s ) ) dnt()

Q

/A(s)flas(5(371)*)043(04,5(6(2? 1571u))) dh*(s)

I
Q—_ Q

s ({S’(s’l)*at(6(t’1571u)))A(5)’1 dh¥(s).

Now recall (Proposition 3.4 (3)) that A(s)~! dh%(s) is a right Haar measure, so

(g**UtQS)(u):/ (3(3—1)*at(®(t 18—1u)))A(s)—1 dh™(s)

Q
w

Qg (S(ts_l)*at(GS(s_lu)))A(s)_l dh(s)

s~ tu)) dh(s)

g
VA
~—
Q
n
+
-
—~
=
—~
~
VA
~—
~—
Q
w
—~
G
—~

A(s) s (@ (3(t571)7) ) (6 (57 1)) dE (s)

I
— O O O 0~ O

A(s)_las (((Ut—lg)(s_l)*))as (Qﬁ(s_lu)) dhL(s)

(Ui-13)"(s)as (B (s~ ) dh™(s).
G
This means that Uy € M(Ax,G) and U; = Uy-1.
Ad (7). Let (ex)rea be an approximate unit for A. Then for any § € C.(G, A) we have

m(ex)§ o 5
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in the norm || - ||;. Indeed, given € > 0 we can first cover supp§ with a finite collection of open
sets Uy, ..., Un with distinguished elements ¢ € Uj such that

I3() =8t < 5
forall t e Uy (k=1,...,N). Then we note that there is Ay € A such that for any A > Ag
lexS(tr) —3(te)| < §
for k=1,...,N. Therefore for any t € Uj we have
lex3 (@) = F@)|| < [|ex3 @) — exF(tw)|| + |leaS(tr) — S(te)|| + [|3(tr) = F@)|| < S+5+E5=¢
for all A > Ag. Since Uy, ..., Un cover supp§ we see that for A > Ay
Hﬂ'(eA)S — SHl < e(Haar measure of supp §).

Now we have already seen in the proof of (1) that || - || < - |1, so in fact

77(6/\)5 E ‘3

in the C*-norm || - ||. In particular w(A)(A X, G) is dense in A X, G.
Ad (8). We shall first show that for any § € C.(G, A) we have
Ut§ — 8 (5.5)
in the norm || - [|1.

Let us then begin with noting that for any § € C.(G, A) and any s,t € G we have
[865) — (306 )) | < 150 — (B | + o (305)) — e (50675)|
= [I3(s) = e (F(s))[| + [[8(s) = 3 9)]

Fix € > 0 and let Uy, ...,Upn be open subsets of G with distinguished elements s, € Uy, (k =
1,..., M) such that supp§ C U; U--- UUps and for any k we have

(s € Z/{k) = (H%’(s) —F(si)|| < %)

(5.6)

We have the following facts:
e since § is uniformly continuous (see Proposition 3.3 in Subsection 3.2), there exists a
neighborhood V; of e € G such that
(tew) = (IIsts) -3 ")l < 5).

for all s € G,
e since « is continuous, there exists a neighborhood V5 of e € G such that

(rev) = ([86s0) — ar(B(s1)] < 5).
fork=1,..., M.

We put V =V N Vs.

Now for any k and any s € U we have

18 (s) = e (F()) ] < [I8(s) = Fsa)| + [[FCsw) = (Fsu))[| + [l (F(s1)) — e (3(5) |
= [18(s) = Ssu)|| + [I3(sk) = @ (Fsi) | + [[8Cs) = F()] < 5
and
(HORSIGESIES

provided ¢ € V.

Thus if t € V and s € G then s belongs to some U, and we have by (5.6)

[8(s) — e (37 1s)) || < e.
Consequently given ¢ > 0 there exists a neighborhood V of e € GG such that for any ¢ € V we have

13— UtSH1 = /HS(S) —ay(F(t 1)) dh(s) < e(Haar measure of supp F)
G
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which proves (5.5) for the norm || - ||;.

Since || - || < || - |1 we see that (5.5) holds for the C*-norm || - || on C.(G, A) C Ax,G.

Let = be an arbitrary element of A x, G. Then for any € > 0 there is § € C.(G, A) such that
|z — 3|l < 5. Also there is a neighborhood V of e € G such that for ¢ € V we have ||§—U3|| < 5.
Therefore for t € V

e~ Uel| < e~ 5] + 5 - US| + U5 - Usa
=z =F|+ |5 -US| + |5 —z|| <=

This ends the proof of the fact that U € Rep(G, A%, G).
Ad (9). Take t € G and a € A. For any § € C.(G, A) we have

(Um(@U;3)(s) = o ((r(@)UFF) (t75))
Oét( UtS t_ )

at(aa )
1(@)F(s) = [m(ar(a))§] ()

for any s € G, so that Uymw(a)U;§ = 7T(Oét ))3 for § in a dense subset of Ax,G. It follows that
(w,U) is a covariant representation of (A, G, a) in Ax,G.

Ad (10). We must show that for any covariant representation (m, U) of (4, G, a) in a C*-algebra
B there exists a unique ® € Mor(A x,, G, B) such that (5.1) holds.

We shall first address existence of ®. Lemma 5.6 gives us existence of the x-homomorphism
mxaU from C.(G, A) into M(B). Now this homomorphism is norm decreasing by definition of the
norm on Ax,G. Therefore it extends to a x-homomorphism ® from Ax,G to M(B). By Lemma
5.6 (1) we have ® € Mor(A %, G, B).

Let us check that ®(U,) = U, for all t € G. First note that if § € C.(G, A) then

O(UF) = (mx, U)(UJ)
_ / 7 ((U3)(s))Us dh* (s)

G

_ / 7 (a0 (3(t71)) ) Uy dh(s)

Q

/Uﬂr ) Up-1, dh*(s)

- Ut/ﬂ(g(t_ls))UtasdhL(s)

G

_y, / 7 (3(5))Us di™(s)
G
=Ui(m 1, U)(F) = U 2(F).
Therefore for any § € C.(G, A) and b € B we have
D(U)D(F)b = O(UF)b = U, B(F)b.
Since ®(Cc(G, A))B is dense in B, we obtain ®(U,) = U;.
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Similarly if a € A and § € C.(G, A) then
®(m(a)F) = (7o U)(7(a)F)

~ [ #((=@8) ) v art ()

7(aF(s))Us dh™(s)

Q\Q\Q

m(a)m(F(s))Us dh™(s)

= W(@)/W(%(S))US dh*(s)
el
= 7(a)(m X U)(F) = 7(a)2(3)
And we show that m = ®om exactly as in the case of ®(U;) = U;. We have proved that ® defined
as the extension of 7, U defines an element of Mor(A %, G, B) such that (5.1) holds.
To prove the uniqueness of @ let us first formulate one important lemma. The crucial ingredient

is the fact that (ar,U) is a covariant representation of (A, G, a) in A x, G. Therefore, according
to Lemma 5.6, there exists a map X, U defined on C.(G, A) into M(A x,G).

Lemma 5.10. The map © Xo U from C.(G,A) to M(A x4 G) extends to the identity map
Ax,G— Ax,G.

Proof of Lemma 5.10. Let § € C.(G,
compute (7 x,U)(F)S for & € C.(G,

)

A). Since (7 x4 U)(F) is a multiplier of A x, G we can
A):

[(m = U)(F)8](t) =

m(§(s))Us dh* (s)(’ﬁ] (t)

G

[ (8(5) (U®)] () dh"(s)

S(s)(U®)(t) dh™(s)

F(s)as (B(s7't)) dh(s) = (Fx ®)(t).

ol ol ol

In other words (7 x, U)(F)® = § = &. Since this holds for all & € C.(G, A) and this space is
dense in A x, G, we see that (7 x,U)(F) is the operator of left multiplication by §. This proves

that 7 x, U is the identity on C.(G, A), so by continuity we get the desired result. O
It follows from Lemma 5.10 that
{/W(S(S))US dhL(S) S CC(G7A)} = Cc(Ga A)a (57)
G

as subsets of M(A X, G) (in particular the left hand side is contained in A %, G).
Now let &g € Mor(Ax,G, B) be such that ®pomr = 7 and &o(U;) = Uy for all t € G. Then we
can apply ®g to elements of the left hand side of (5.7):

@ ( [ =G dh%)) — [ ANV (s) = (71 U)(5) = 0(E)
G G
so that ®¢ coincides with ® on a dense set. O
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Let us also note the following corollary of Lemma (5.10):

Corollary 5.11. Let (A,G,,a) be a C*-dynamical system and let (w,U) be the covariant repre-
sentation of (A,G,«) in Ax,G. Then the set

/ﬂ(&(s))Us dh*(s)|F € C(G, A)
G
is a dense x-subalgebra of Ax,G. Consequently the set

(a) / F()U dhE(s)| £ € Co(@)
G

is a linearly dense subset of Ax,G.

Let (A,G,a) be a C*-dynamical system. By definition of the crossed product any covariant
representation (mw,U) of (A,G,a) in a C*-algebra B there exists a unique ® € Mor(A x4 G, B)
such that (5.1) holds. The next proposition states the (obvious) converse result.

Proposition 5.12. Let (A,G,«) be a C*-dynamical system. Let B be a C*-algebra and let ® €
Mor(Ax,G, B). Define m and U by (5.1). Then m € Mor(Ax,G, B), U € Rep(G, B) and (7, U) is
a covariant representation of (A, G, a) in B. Moreover the morphism form Ax,G to B associated
to this covariant representation is .

5.3. Group C*-algebras.

Definition 5.13. Let G be a locally compact group and let « be the (necessarily) trivial action
of G on the C*-algebra C. The crossed product C x,, G is called the group C*-algebra of G and
is denoted by C*(G). The associated representation U € Rep (G, C*(G)) is called the universal
representation of G.

Corollary 5.14. Let G be a locally compact group and let U € Rep(G,C* (G)) be the universal
representation of G. Then for any C*-algebra B and any representation V € Rep(G, B) there
exists a unique ® € Mor(C*(G), B) such that V = ®oU.

Remark 5.15. The group C*-algebra is determined uniquely up to isomorphism by the universal
property described in Corollary 5.14.

Group C*-algebras are very important for general C*-algebra theory. However, their primary use
comes from the theory of unitary representations of locally compact groups. If G is a locally com-
pact group then representations of C*((G) are in bijection with strongly continuous unitary repre-
sentations of G. More precisely, by Proposition 4.23, for any Hilbert space H there is a bijection be-
tween strongly continuous unitary representations of G on H and elements of Mor(C*(G), K(H)).
This correspondence preserves direct sums, equivalence and quasi-equivalence. Any concept of the
theory of representations of locally compact groups can be expressed in terms of group C*-algebras.
Moreover many such concepts are easily generalized and fruitful in the theory of C*-algebras.

Let (A4, G, a) be a C*-dynamical sysetm and let (7, U’) be the universal covariant reresentation
of (A,G,a) in Ax,G. Then U is a representaion of G in A x, G, so it determines uniquely a
morphism &g € Mor(C*(G),AxaG). Also € Mor(A7A><1aG). By Corollary 5.11 any morphism
from A x, G to a C*-algebra B is uniquely determined by its compositions with = nd ®y.

Moreover, it follows from the universal property of group C*-algebras that for any two locally
compact groups G and G’ and any continuous group homomorphism 6 : G — G’ there is a unique
© € Mor(C*(G),C*(G")) such that if U and U’ are the universal representations of G and G’
respectively then O(U;) = Ug(t) forallt € G.

6. EXAMPLES

6.1. Transformation group C*-algebras. A large class of important C*-algebras are the trans-
formation group C*-algebras, i.e. crossed product C*-algebras arising from C*-dynamical systems
of the type described in Example 4.27.
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Let X be a locally compact space and let G be a locally compact group acting continuously
on X. Then (4.11) defines an action o : G 3 t — oy € Aut(Coo(X)) of G on Coo(X) and
(Co(X), G, a) becomes a C*-dynamical system.

The crossed product Coo(X) x4 G is called the transformation group C*-algebra of the system
(COO(X),G,a).

We will describe a dense *-algebra of Co(X) X, G. Let us first note that

Ce (G, Coo (X)) D Ce(G, Ce(X)) D Ce(G x X)

and each subspace is dense in the larger one (an element F' € C.(G x X)) gives rise to the function
G >t F(t,-) which is an element of C, (G, Cc(X))).
Now the formulas (5.2) give us product and involution on C.(G x X):

(FxG)(t,x) = /F(s,x)G(s_lt,s_lx) dh*(s),
G

F*(t,x) = A(t) ' F(t=1,t 1x)

(note that the involution F' — F* is different from the standard involution on C.(G x X) coming
from Coo(G x X)).

It follows from these formulas that C.(G x X) is indeed a *-subalgebra of Coo(X) x4 G. It is
dense in C.(G, A) in the norm || - ||;, and so it is dense in the crossed product by Lemma 5.6 (2)
(and the construction of the norm on Cy(X) X4 G).

Transformation group C*-algebras are objects encoding all information about the dynamical
system (X, G). Moreover they are very useful in constructing examples of C*-algebras.

6.2. Crossed product by a finite cyclic group. In this subsection we let G = Zy. A C*-
dynamical system (A, G, «) is given by specifying an automorphism of A (which we will also call
a) whose N'*! power is the identity automorphism. We shall describe the crossed product A x,G
completely.

Let us begin by noticing that if we map A into My (A) via the injective *-homomorphism

a
a(a)
a?(a)
A>avr— m(a) a3 (a) € My(A)
aN—l (a)
then the automorphism « will be implemented by conjugation with
0 I
0 I
0 I
U — 0 I
0 I
1 0

Thus (7, U) is a covariant representation of (A4, G, «) in My (A).
Now let § € C.(G, A). Clearly § is simply an ordered collection (a;); " of elements of A.
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It is easy to see that (7 x4, U)(F) is equal to the matrix

Qo a a2 T anN-3 anN—2 anN-—1
alay—1) alag) alay) alan—_4) alan—3) alan_2)
o?lay—2) o*(an—1)  ?(ap) a?(an_s) Zlay—4) *(an—3)
aV3(az) aV3(as) aVN"3(az) --- a3 (ag) oV 3(a)  aN"3(as)
aV"2(ag) oV %(a3) aN72%(as) --- VN Zan_1) V" 2(ag) VN %(ay)
aN_l(al) aN—l(az) ozN_l(ag) aN—l(aN72) OéN_l(aN,l) aN—l(ao)

Moreover 7 X, U is injective. On the other hand the set of matrices of the form (7 1, U)(F) is a
x-subalgebra of My (A) which is closed in norm of My(A). Thus we see that C.(G, A) carries a
C*-norm in which it is already complete. Since the norm is unique on a C*-algebra (a standard
fact proven using the notion of the spectral radius) there can be no other C*-norm on C.(G, A)
and so we have C.(G, A) = Ax,G. Moreover (w,U) = (m,U) is the universal representation of
(A,G,a) in Ax,G.

6.3. Crossed product by a finite group acting on itself. Let G be a group. Then there
is always an action on G on itself by left multiplication. This action can be transferred to the
space of functions defined on G. In particular, if G is a locally compact group then G >t — a4 €
Aut(Coo (@) with (au(f))(s) = f(t's) is an action of G on Co(G). In this subsection we shall
describe the C*-algebra Coo(G) %G for a finite group G. In what follows we shall use the symbol
Fun(G) to denote the algebra of all functions from G to C (it coincides with C(G), Cs(G) and
Cc(G) and saves the reader a lot of confusion).

Let m be the representation of Fun(G) in L?(G) as multiplication operators: for f € Fun(G)
and ¢ € L*(G)

(r(N)e) (1) = F(£)(t)

for all t € G. Also let U be the left regular representation of G in L?(G): for ¢ € L?(G) and s € G

(Usth)(t) = (s~ 1)
for all t € G. First let us note that for any g € Fun(G) the operator

ot = Y a1

G seG

is the operator of convolution with the function g: for any ¥ € L?(G) we have

(Zg@)m) (1) =3 g()0(s~ ) = (g% 0)(1)
seG seG
forallt e G .

Recall that in case of a general C*-dynamical system (A4, G, «) the %-algebra C.(G, A) is dense
in Ax,G. Now in our case Cc(G, A) is the set Fun(G, Fun(G)) of all functions from G to Fun(G).
Therefore it is a finite dimensional algebra. Since finite dimensional spaces are complete in all
norms, and norm on a C*-algebra is unique, it is enough to exhibit one C*-norm on Fun(G7 Fun(G))
and this must be the norm coming from the construction of the crossed product. The easiest
candidate is the norm inherited from B(L?(G)).

In conclusion we find that for a finite group G the crossed product Coo(G) X4 G is isomorphic
to the C*-algebra of operators on L?(G) of the form

Z W(S(S)) Usv
seG

where § € Fun(G,Fun(G)) (cf. Corollary 5.11). We shall now prove that this C*-algebra is
isomorphic to My, where N is the order of G.
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Quite obviously Fun(G, Fun(G)) is isomorphic as a vector space to the algebra Fun(G x G) of

all functions on G x G. The product and involution on this algebra is given by
(FxF)(t,s) = > F(u,s)F (u't,u"'s),
ueG
F*(t,s) = F(t=1,t71s)

for all F, F' € Fun(G x G) and all ¢, s € G (cf. Subsection 6.1).

Let us label the elements of G:

G = {81,...751\]}
Now to any function F' € Fun(G x G) we can assign a matrix m(F) by setting
[m(F)]kyl = F(s:ksl_l7 Sk)

for k,1=1,...,N.
It is easy to see that the map F' — m(F') sets up a *-isomorphism of algebra Fun(G x G) with
the algebra My. Indeed, let F,G € Fun(G x G). Then

N

[m(FYym(G)],, = > [m(F)],, [m(&)],,

r=1

N
= Z F(sksr_la Sk)G(S'I‘S;Ia sr)
r=1

= Z F(u,s,)G(u spspt u™tsy)
ueG

= (F*G)(sks; ' s6) = [m(F +G)] -
Similarly

[m(F*)]kl = F*(sksl_l,sk) = F(slsgl,sl) == [m(F)]“C = (m(F)*)kl.
As the map F +— m(F) is clearly surjective and dim Fun(G x G) = N2, it follows that we have
Coo(G) %o G = My.

Remark 6.1. It is a fact that for any locally compact group G the crossed product of Co(G) by
the action « of left translation by elements of G is always isomorphic to the algebra IC(L2(G)):

Coo(G) %0 G = K(LX(G)).

6.4. C*-algebra of a semidirect product of groups. In this subsection we shall present a
construction which gave birth to the notion of a crossed product.

Let N and P be locally compact groups and let a : P 3 p — «;, € Aut(N) be a homomorphism
such that for each n € N the map P 3 p — «,(n) € N is continuous. Then the locally compact
space N x P can be made into a locally compact group with the multiplication

(nvp)(mv Q) = (nap(m)7pq)'
The neutral element for this multiplication is, of course (en, ep) and the inverse operation is given
by

(n.p) ™" = (ap-1(n7h),p7 ).
The group so obtained is called the semidirect product of N by the action « of P and is denoted
by N %, P. The groups N and P can be identified with closed subgroups of N x,, P via

v N 23>n+— (n,ep),
wp P23 pr— (en,p).
It is easy to see that ¢ (V) is a normal subgroup of N x, P and that we have

wp(p)ev (n)ep(p) ™ = v (ap(n)).-
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Recall that with any (continuous) group homomorphism there is an associated morphism between
the corresponding group C*-algebras. Let us denote the morphisms arising from 2y and 2p by the
same symbols:

in € Mor(C*(N),C*(N x4 P)), 1p € Mor(C*(P),C*(N x4 P)).

Also, for each p € P the automorphism ), of N induces an automorphism of C*(N) (which we
shall denote by the same symbol). This way we get a C*-dynamical system (C*(N), P, ).

Proposition 6.2. We have C*(N x, P) = C*(N) x4 P.

Proof. We will show that C*(N) X, P is isomorphic to C*(N %, P) by exhibiting a representation
UN*F of N x, P in C* (N) xq P and proving that it has the universal property of the group
C*-algebra of N x, P (cf. Corollary 5.14).

Let us first introduce some notation. The universal representations of N and P in C*(N) and
C*(P) will be denoted respectively by UY and U”. Further let (7, U) be the universal covariant
representation of the C*-dynamical system (C*(N), P,a) in C*(N) x4 P.

For (n,p) € N x4 P let

Uysl =m(U)U,. (6.1)

We have UM ¢ Rep(N 3 P,C*(N) x4 P).
Now let B be a C*-algebra and let U € Rep(N x P, B). We have representations

N 3 nv+—— U, m € M(B),

r(p) € M(B)

which give rise to unique morphisms 7 € Mor(C*(N), B) and 7 € Mor(C*(P), B) such that
TN UR) = Uy ()
WP(U;:) =Uir(p)

for all n € N and p € P. Let us also denote the restriction of U to P by U”: U; =U,,(p) for all

peP.

Now we note that (¥, U”) is a covariant representation of (C*(N), P, «) in B. Therefore there
exists a unique ® € Mor(C*(N) x, P, B) such that

P>p— U,

(6.2)

N

Pomr =7,

6.3
(U, =U) (6.3)
for all p € P.

We have by (6.1), (6.3), (6.2) and the definition of U’
NxoP N N
UG = o(w(U)2(U,) = 7" (U, = Ui Uirp) = Utnp)
for all (n,p) € N x4 P. Clearly this property is equivalent to (6.3), so that ® with this property
is also unique.
‘We have thus shown that the pair (C*(N ¥ P, U NxaP ) has the universal property of the croup
C*-algebra of N x, P. O

6.5. C*(Zg * Z3). The C*-algebra in the title of this subsection is very interesting and it is an
example of three different constructions presented so far. Namely it is a group C*-algebra, but it
can also be viewed as a crossed product which is, in fact, a transformation group C*-algebra. There
is yet anther interpretation for this C*-algebra. It can be shown to be the universal C*-algebra
generated by two projections. However, we shall not address this point here.

Let us begin by showing that ZsZs is isomorphic to Zx /2, where the period two automorphism
a of Z is given by a(n) = —n (of course, it is the only non trivial such automorphism).

The group Zs * Zs consists of the following elements

{5’ x’ y’ xy7 yz7 xgx’ yxy? xyxy7 y:ryx’ M '}
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where by £ we denoted the empty word (neutral element of the free product) and x and y are the
non trivial elements of the two copies of Zy sitting inside Zy * Zo. Clearly {€, 2} is a subgroup
isomorphic to Zs, while
{5, TY, YT, TYTY, YTYL, . . }
(words with even number of letters) is a normal subgroup isomorphic to Z. The isomorphism is
given by xy — 1. It is trivial to see that conjugation by x implements the automorphism «a. All
this shows that we indeed have Zg % Zy = Z X, Zs. In particular, by the results of Subsection 6.4,
we have
C*(Z2 * Zg) = C*(Z ><104Z2) = C*(Z) ><104Z2

To procede with the analysis of C*(Za * Zs) we must make use of the result identifying the
group C*-algebra of an Abelian group with the C*-algebra of continuous functions vanishing at
infinity on the dual group (Subsection 7.2). In our case this means that

C*(Z) =2 C(T).
Moreover the automorphism « becomes the map
C(T) > f r— a(f) € C(T),
where a(f)(e2™) = f(e2™(1=9) for all ¢ € [0, 1]. We have so far reached the conclusion that
C*(Zg * Z3) = C(T) x4 Zs.

Now the C*-algebra on the right hand side is a crossed product by an action of a finite cyclic
group which we analyzed in Subsection 6.2.
We know that C(T) x4 Zs is isomorphic to the subalgebra of M, (C(T)) consisting of elements

{(a{g) a(gf)> fg¢€ C(T)} _

We obtain an isomorphic C*-algebra if we conjugate these matrices by
11
2\

which yields

(f+al) - (g+a(9) (f—alf))+(g—alg))
{<(f—a(f))—(g—a(g)) (f+a(f))+(g+a(g))>f,g€C("JI‘)}.

Note that the off diagonal entries vanish at the points {1, —1} C T. Moreover the diagonal entries
of the matrix are invariant and the off-diagonal change sign under «. This means that it is enough
to consider e2™* for t € [0, 5] (each element of (6.4) is determined by its values on half of the
circle T). All this shows that C(T) x4 Z2 is ismorphic to the C*-algebra of My valued continuous
functions on an interval such whose values at the endpoints are diagonal:

{(?1 ?2> f11, f12, fa1, fa2 € C([0,1]), f12(0) = f21(0) = f12(1) = far (1) = 0}'
21 J22

6.6. Reduced crossed products. Let (4, G, a) be a C*-dynamical system. Let 7y be a faithful
and non degenerate representation of A on a Hilbert space H. As in Proposition 5.7 we can con-
struct a covariant representation (m,U) of (A, G, ) in K(H), where H = H ® L?(G). Proposition
5.7 (4) asserts that in this case m,U is injective. Let A € Mor(Ax,G, K(H)) be the corresponding
morphism (extension of 74U from C.(G, A) to the whole of Ax,G). One might ask two important
questions:

e Does the C*-algebra of A(Ax,G) C B(H) depend on the choice of my?

e Is A an injective map?

(6.4)
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The answer to the first question is quite satisfactory: the C*-algebra A(Ax,G) C B(H) does not
depend on the representation my of A. The proof (which falls beyond the scope of these notes)
may be found in [3, Theorem 7.7.5].

The answer to the second question is more complicated. There is no general statement, but we
have many partial results. The most important is that if G is amenable then A is injective and so
the image of A is isomorphic to A X, G. Amenability is a property of (topological) groups which
will be explained in more detail in Subsection 7.5. We shall, however, refrain from developing the
necessary harmonic analysis to prove any of the statements concerning amenability. There is ample
literature on this subject and the book [1] is strongly suggested as one of the best expositions of
the theory.

All Abelian groups are amenable and so are all compact (in particular finite) groups. Any
closed subgroup of an amenable groups is amenable. Moreover if a group has a amenable normal
subgroup such that the quotient is amenable then the original group is amenable. Solvable groups
are amenable.

On the other hand semisimple Lie groups are not amenable (unless they are compact). The free
group on two generators is not amenable. It is important to note that amenability is not a purely
group theoretical concept. It depends on the topology of the considered group. For example SO(3)
is a compact group (hence amenable), but it contains the free group on two generators which fails
to be amenable. Therefore SO(3) with discrete topology is not amenable.

The injectivity of A depends also on the action a of G on A. It can happen that a non amenable
group acts in such a way that A is an isomorphism.

Definition 6.3. Let (4, G, a) be a C*-dynamical system. The image of Ax,G under the map A
corresponding to any faithful representation m of A is called the reduced crossed product of A by
the action o of G. It is denoted by A xqG.

In case of A = C we obtain the image of C*(G) under the left regular representation in L?(G).
This C*-algebra is called the reduced group C*-algebra of G and is denoted by C;(G).

7. ADVANCED THEORY

7.1. Pontriagin duality for Abelian locally compact groups. Let G be an Abelian topo-
logical group. A character of G is a continuous homomorphism G — T. It is easy to see that the
set G of all characters of G is a group under pointwise multiplication. Moreover the topology on
G makes it possible to make G into a toplogical group.

The topology on G is the well known compact-open topology. In this topology a base of
neighborhoods of x € G is given by the collection (UK,U) where K is a compact subset of G and
U is an open subset of T and R

Ugy = {y € Gly(K) c U}.
Since T is a metric space, there is a well defined notion of uniform convergence of functions with
values in T. The compact-open topology on G is precisely the topology of uniform convergence
on compact subsets of G.

Definition 7.1. Let G be an Abelian topological group. The group G of all characters of G with
compact-open topology is called the Pontiagin dual of G. The value of x € G on t € G is denoted
by (x,t) and the map
GxG>(z,t)— (z,t) €T
is called the pairing between G and G.
The next theorem is called the duality theorem.

Theorem 7.2. Let G be an Abelian locally compact group and let G be the Pontriagin dual of G.
Then

(1) G is a locally compact Abelian group,

(2) for any t € G the function G > a (x,t) €T is a character of G,

(3) the map G >t (-,1) eG is an isomorphism of topological groups.
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Here are some of the important facts concerning duality of locally compact Abelian groups:
e The dual of R is R, the dual of Z is T and the dual of Zy is Zy.
e The dual of a compact group is discrete (and hence the dual of a discrete group is compact).
e The dual of a topological vector space X can be identified with X* via

X x X3 (p,x) — (p,z) = 9@ T,
This shows that without the assumption of local compactness the duality theorem fails.
The passage from G to G is a functor: given a continuous homomorphism of locally

compact Abelian groups 6 : G — G’ there is a continuous homomorphism 0:G0 — G
determined by

(z,0t) = (0(2),t)
forall z € G/, t € G (in other words 5(2) = zo06). We have idg = idg for any G and

@ = 67200: whenever #; and 65 can be composed.

The duality functor commutes with finite Cartesian products. (This follows from the fact
that in the category of Abelian groups we have both the operation of Cartesian product
and the operation of direct sum and they coincide.) In case of an infinite product or sum,
direct products are transformed into direct sums and vice versa.

If G is an Abehan topological group then so is dG — the group G with discrete topology.
The dual dG of dG is a compact Abelian group containing G (it is the group of all
homomorphisms G — T , not just the continuous ones). Applying this procedure to G

instead of G we obtain a compact abelian group dG containing GG. This compact group is
called the Bohr compactification of G and is denoted by bG. It is relevant for the theory
of almost periodic functions.

7.2. C*-algebra of an Abelian locally compact group. In this section we shall state a theorem
which gives a very convenient description of C*(G) for an Abelian locally compact group G.

Let G be an Abelian locally compact group and let G be the dual group of G. The duality
between G and G is described by the pairing

G x G 3 (x,t) — (z,1).
Let U be the universal representation of G in C*(G). We also have a representation V' €
Rep (G, Coo (G)) given by
(Vif)(x) = (. ) f(z)
for all f € Cy (@), r € é, t € G. By the universal property of C*(G) there is a unique
® € Mor(C*(@), Coo (@)) such that for all t € G

@(Ut) = Vt.
Let us take an element f of C*(G) from the dense *-subalgebra C.(G) identified with

/ f(8)ULdh(s)| f € Co(G)
G

(cf. Corollary 5.11). Then ®(f) is a bounded continuous function on G. For z € G we have

_ / F(5)(x, ) dh(s). (7.1)
G

The reader will have recognized in (7.1) the classical Fourier transform.

Theorem 7.3. The map (7.1) extends to an isomorphism of C*(G) onto Cu (CAT')
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Sketch of proof. Probably the best way to approach this problem is to use Gelfand’s theory of
commutative C*-algebras (see [4, Chapter 4]). First we identify G with the spectrum of the
commutative C*-algebra C*(G), i.e. the set Mor(C*(G),C). This identification is practically
obvious given the connection between representations of G and those of C*(G). It is also a
simple matter to see that the compact-open topology on G coincides with the weak* topology
Mor(C*(G),C) inherits from the dual space of C*(G).

Next we note that (7.1) is nothing else, but the Gelfand transform applied to an element
f € Cc(G) seen as a subset of C*(G). It is known that the Gelfand transform is an isomorphism
for commutative C*-algebras and its image is the algebra of all continuous functions vanishing at
infinity on the spectrum. ]

7.3. Landstad’s theorem. In this subsection we want to state the theorem of M. Landstad which
gives a precise description of those C*-algebras B for which there exists a C*-dynamical system
(A, G, a) with Abelian G such that B = Ax,G. It turns out a C*-algebra B is a crossed product
of some C*-algebra by an action of a commutative group G if and only if B has the structure of
a G-product.

Definition 7.4. Let G be an Abelian locally compact group and let B be a C*-algebra. We say
that B is a G-product if there exist
e U € Rep(G, B),
e a € Act (G, B)
such that for any ¢t € G and = € G we have
&w(Ut) = <$,t>Ut

Definition 7.5. Let G be an Abelian locally compact group and let B be a G-product with
U € Rep(G, B) and & € Act (@, B) as in Definition 7.4. An element b € M(B) satisfies Landstad’s
conditions if
(1) a,(b) =bforall z € G,
(2) b [ f(s)Usdh(s) € B for all f € Co(G),
G

(3) the map G >t UpbU; € M(B) is continuous (in the norm topology).

Remark 7.6. In literature (e.g. [3, Section 7.8.2]) condition (2) is written as

b / F(s)Us dh(s), / F(s)Us dh(s)b € B,
G G

but the combination of (1) and (3) can be used to show that once b [ f(s)Us dh(s) is an element
G
of B, the product [ f(s)Us dh(s)b must also lie in B.
a

Theorem 7.7 (Landstad). Let G be an Abelian locally compact group and let B be a G-product
with U € Rep(G, B) and a € Act(@, B) as in Definition 7.4. Let A be the set of all elements of
M(B) satisfying Landstad’s conditions. Then
(1) A is a C*-algebra,
(2) foranyt € G the map oy : A > a— UgaU € A is an automorphism of A and the mapping
a:G 3t aqp is an action of G on A,
(3) B> Ax,G,
(4) any C*-dynamical system (C,G, ) such that B = C x5 G is covariantly isomorphic to
(4,G, ).

Let us see that, conversely, for any C*-dynamical system (A4, G, «) with Abelian G the crossed
product A, G carries a natural structure of a G-product. Let (m,U) be the universal covariant
representation of (4,G, ) in A x, G. Then we already have a representation of G in A x,, G,
namely U.
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For each z € G let U® be the representation of G in A x, G given by
Uy = (x,t)U;
for allt € G. Then (mw,U”) is a covariant representation of (4, G, a) in Ax,G, and so there exists
a unique @, € Mor(A x, G, Ax,G) such that
Q o = T,

8,(U,) = U? = (20U, (7.2)

It is easy to see (by considering &,—1) that @, is an automorphism of A x, G for each z € G. To
see that & : G >z — O, is an action of Gon A X G we must check that for each ¢ € A x, G the

map z — @ (c) is continuous. For this it is enough to consider first ¢ from the dense x-subalgebra
C.(G, A), i.e. ¢ of the form

c= /ﬂ'(&(s))Us dh(s)
G
(cf. Lemma 5.10 and Corollary 5.11). Then &, (c) € C.(G, A) and

[ /ﬂ-(&'(s))Usdh(s)—/ﬂ(@(g))(m,s)Usdh(s)
G

G

_ /ﬂ(g(s))@ — (2,5)) U, dh(s)
& 1
< sup ‘1—<$75>H|CH1
sEsupp §

Now recall from Subsection 7.1 that the topology on G is precisely such that the above quantity
goes to 0 as ¢ — e € G. In other words

o @t —

Since the C*-norm || - || on A X, G is smaller than || - ||1, we see that also
||c - az(C)H — 0.
r—ecG
Now all we need to do is use the standard £ trick (as e.g. in the proof of Theorem 5.9 (7)) to get
continuity of z — &, (c) for any c € Ax,G.
We have thus constructed an action @ of G on A x4 G. Together with U € Rep(G, A x4 @) it
endows A X, G with structure of a G-product (by the second line of (7.2)).

Definition 7.8. The action @ of G on Ax,G constructed above is called the dual of a or simply
the dual action.

It is not so hard to see that Landstad’s conditions applied to the canonical structure of a G-
product on Ax,G coming from the dual action select precisely the image m(A) of A in M(Ax,G).

7.4. Takai’s duality for crossed products. Let G be an Abelian locally compact group and let
« be an action of G on a C*-algebra A. We have already seen in the final paragraphs of Subsection
7.3 that there is an action of G on A Xo G. Tt is interesting to see what happens if we take the
crossed product by this action.

In the formulation of the next theorem we shall use the right regular representation p of G on
L?(G). Tt is given by

(Pr)(s) = Als) 4 (st)

for all s, € G and v € L?(G). Here A is the modular function of G. Of course, for Abelian G' we
have A = 1.

Theorem 7.9 (Takai). Let (A, G, ) be a C*-dynamical system with G Abelian. Let & be the dual
action of G on Ax,G.
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(1) the C*-algebra (Ax,G) x5 G is isomorphic to A® K(L*(G)),
(2) the action & dual to & on A® K(L*(G)) is a @ Ad,, where p is the right reqular repre-
sentation of G on L*(G), i.e. for any a € A, and c € K(L*(G)) we have

ai(a®c) = arla) @ prep}
forallt € G.

Taking in Theorem 7.9 A = C we obtain the generalization of the result given in Subsection
6.2 to all locally compact Abelian groups. The proof of Takai’s theorem is quite complicated and
all details can be found in [3, Section 7.9]. A corresponding result for crossed products of von
Neumann algebras was proved a few years before Takai’s paper by M. Takesaki.

7.5. Amenable groups. In this section we will try to shed some light on the concept of amenabil-
ity of locally compact groups (which we brushed on in Subsection 6.6). A very good reference on
this subject is the book [1].

Definition 7.10. Let G be a group and let F be a vector space of functions G — C containing
the constant functions and invariant under left translations, i.e. if f € F then for any ¢t € G the
function
fi:Gos— f(t7ls)eC

also belongs to F. A linear functional m on F is called left invariant mean on F if

o m(fy) =m(f) for all t € G,

e m(f) > 0if fis a non negative function,

e m(I) =1, where I is the constant function equal to 1.

Of course, there is a corresponding notion of a right invariant mean.

Definition 7.11.

(1) A group G is called amenable if there is a left invariant mean on £>°(G).
(2) A locally compact group G is called amenable if there is a left invariant mean on Cy(G).

It is somewhat misleading that the two notions defined above are referred to by the same word.
There are simple examples of groups which are amenable as locally compact groups, but are not
amenable as groups without topology.

We have already given a short list of Amenable groups in Subsection 6.6. Let us now prove
that the free group on two generators o is not amenable.

To see this note that if m is a left invariant mean on a discrete group G then the map

1293 Q— m(xa)

is a finitely additive, left invariant measure defined on 2¢ (the power set of G). Note that we have
wG) =1.

Now let a and b be generators of Fy. Elements of Fy are words on the two letters a and b and
we can always write such words in a reduced form. This means that each z € Fy can be written
as a finite product

T = aplbpzaps -
where either all indices ps, ps, . .. are different from 0 or they are all equal to 0 (and in this case
x = aP?). For n € Z let S(n) be the subset of Fy sonsisting of reduced words beginning with a™.
In particular S(0) is set of words beginning with a non zero power of b and the empty word. For
different n,m € Z the sets S(n) and S(m) are disjoint.

We have the following facts:

o the left translation x +— ax maps S(n) onto S(n + 1) for all n € Z,
o the left translation x +— bx maps S(n) with n # 0 into S(0).

The first fact implies that the measure g must assign to each S(n) the same number. On the
other hand all the sets S(n) are disjoint and they are all contained in Fy whose measure is 1. Thus

1(S(n)) =0 (7.3)
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forall n € Z.
Now the second fact above says that ,u(S (0)) is greater or equal to

RS ED)
n#0
because the set |J S(n) is mapped onto a subset of S(0) by the map x — bz. In view of (7.3),

n#0
this means that

u U S(n) | =0.
n#0
On the other hand we have
U S(n)us() =F,

n#0
SO

] U S(n) | +p(S(0)) =1
n#0
which is a contradiction.
Now it is amusing to note that the two matrices

61 = ()

generate a free subgroup in any of the matrix groups that contain them (e.g. SL(2,Z) or SL(2,C)).
The next theorem gives a profound interpretation of amenability of locally compact groups.
The proof may be found in [3, Section 7.3].

Theorem 7.12. Let G be a locally compact group and let \ € Mor(C*(G), Cx (G)) be the morphism
associated to the left reqular representation of G on L*(G). Then G is amenable if and only if A
is an tsomorphism.
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