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DYNAMICAL SYSTEMS ASSOCIATED WITH CROSSED
PRODUCTS

CHRISTIAN SVENSSON, SERGEI SILVESTROV, AND MARCEL DE JEU

ABSTRACT. In this paper, we consider both algebraic crossed products of com-
mutative complex algebras A with the integers under an automorphism of A,
and Banach algebra crossed products of commutative C*-algebras A with the
integers under an automorphism of A. We investigate, in particular, connec-
tions between algebraic properties of these crossed products and topological
properties of naturally associated dynamical systems. For example, we draw
conclusions about the ideal structure of the crossed product by investigating
the dynamics of such a system. To begin with, we recall results in this direc-
tion in the context of an algebraic crossed product and give simplified proofs
of generalizations of some of these results. We also investigate new questions,
for example about ideal intersection properties of algebras properly between
the coefficient algebra A and its commutant A’. Furthermore, we introduce a
Banach algebra crossed product and study the relation between the structure
of this algebra and the topological dynamics of a naturally associated system.

1. INTRODUCTION

A lot of work has been done on the connection between certain topological dy-
namical systems and crossed product C*-algebras. In [15] and [16], for example, one
starts with a homeomorphism ¢ of a compact Hausdorff space X and constructs the
crossed product C*-algebra C(X) x4 Z, where C'(X) is the algebra of continuous
complex valued functions on X and « is the Z-action on C(X) naturally induced
by o. One of many results obtained is equivalence between simplicity of the algebra
and minimality of the system, provided that X consists of infinitely many points,
see [2], [@], [15], [16] or, for a more general approach in the metrizable case, [I7]. In
[12], a purely algebraic variant of the crossed product is considered, having more
general classes of algebras than merely continuous functions on compact Hausdorff
spaces as coefficient algebras. For example, it is proved there that, for such crossed
products, the analogue of the equivalence between density of non-periodic points
of a dynamical system and maximal commutativity of the coefficient algebra in the
associated crossed product C*-algebra is true for significantly larger classes of coef-
ficient algebras and associated dynamical systems. In [IT], further work is done in
this setup, mainly for crossed products of complex commutative semi-simple com-
pletely regular Banach-algebras A (of which C'(X) is an example) with the integers
under an automorphism of A. In particular, various properties of the ideal structure
in such crossed products are shown to be equivalent to topological properties of the
naturally induced topological dynamical system on A(A), the character space of A.

2000 Mathematics Subject Classification. Primary 47L65 Secondary 16535, 37B05, 54H20.
Key words and phrases. Crossed product; Banach algebra; ideal, dynamical system; maximal
abelian subalgebra.


http://arxiv.org/abs/0707.1881v4

2 CHRISTIAN SVENSSON, SERGEI SILVESTROV, AND MARCEL DE JEU

In this paper, we recall some of the most important results from [12] and [11],
and in a number of cases provide significantly simplified proofs of generalizations
of results occurring in [I1], giving a clearer view of the heart of the matter. We
also include results of a new type in the algebraic setup, and furthermore start
the investigation of the Banach algebra crossed product ¢§(Z, A) of a commutative
C*-algebra A with the integers under an automorphism o of A. In the case when A
is unital, this algebra is precisely the one whose C*-envelope is the crossed product
C*-algebra mentioned above.

This paper is organized as follows. In Section 2] we give the most general defini-
tion of the kind of crossed product that we will use throughout the first sections of
this paper. We also mention the elementary result that the commutant of the coef-
ficient algebra is automatically a maximal commutative subalgebra of the crossed
product.

In Section Bl we prove that for any such crossed product A xg Z, the commutant
A’ of the coefficient algebra A has non-zero intersection with any non-zero ideal
I C AxyZ. In [II, Theorem 6.1], a more complicated proof of this was given for
a restricted class of coefficient algebras A.

In Section [] we focus on the case when A is a function algebra on a set X
with an automorphism & of A induced by a bijection o : X — X. According to [16]
Theorem 5.4], the following three properties are equivalent for a compact Hausdorff
space X and a homeomorphism o of X:

e The non-periodic points of (X, o) are dense in X;

e Every non-zero closed ideal I of the crossed product C*-algebra C'(X) x,7Z
is such that INC(X) # {0};

e ((X) is a maximal abelian C*-subalgebra of C(X) %, Z.

In Theorem an analogue of this result is proved for our setup. A reader
familiar with the theory of crossed product C*-algebras will easily recognize that
if one chooses A = C(X) for X a compact Hausdorf space in this theorem, then
the algebraic crossed product is canonically isomorphic to a norm-dense subalgebra
of the crossed product C*-algebra coming from the considered induced dynamical
system.

For a different kind coefficient algebras A than the ones allowed in Theorem [£.5]
we prove a similar result in Theorem Theorem and Theorem have no
non-trivial situations in common (Remark [g)).

In Section [§] we show that in many situations we can always find both a sub-
algebra properly between the coefficient algebra A and its commutant A’ (as long
as A C A’, a property we have a precise condition for in Theorem 5] and a non-
trivial ideal trivially intersecting it, and a subalgebra properly between A and A’
intersecting every non-trival ideal non-trivially.

Section [0 is concerned with the algebraic crossed product of a complex commu-
tative semi-simple Banach algebra A with the integers under an automorphism o
of A, naturally inducing a homeomorphism & of the character space A(A) of A.
We extend results from [I1].

In Section [7l we introduce the Banach algebra crossed product £J(Z, A) for a
commutative C*-algebra A and an automorphism o of A. In Theorem [74] we give
an explicit description of the closed commutator ideal in this algebra in terms of
the dynamical system naturally induced on A(A). We determine the characters of
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¢9(Z, A). The modular ideals which are maximal and contain the commutator ideal
are precisely the kernels of the characters.

2. DEFINITION AND A BASIC RESULT

Let A be an associative commutative complex algebra and let ¥ : A — A be an
algebra automorphism. Consider the set

AxgZ={f:7Z— A|f(n) =0 except for a finite number of n}.

We endow it with the structure of an associative complex algebra by defining scalar
multiplication and addition as the usual pointwise operations. Multiplication is
defined by twisted convolution, *, as follows;

(f*g)(n) =>_ f(k) - T*(g(n — k),
keZ
where W* denotes the k-fold composition of ¥ with itself. It is trivially verified that
A Xy Z is an associative C-algebra under these operations. We call it the crossed
product of A and Z under V.

A useful way of working with A Xy Z is to write elements f,g € A Xg Z in the
form f =3, fud" 9 =73 ,cz9m0", where f, = f(n),gm = g(m), addition and
scalar multiplication are canonically defined, and multiplication is determined by
(fn0™) % (gmd™) = fn - ¥"(gm)0"T™, where n,m € Z and f,,gm € A are arbitrary.

Clearly one may canonically view A as an abelian subalgebra of A Xy Z, namely
as {fod"| fo € A}. The following elementary result is proved in [I2, Proposition
2.1].

Proposition 2.1. The commutant A’ of A is abelian, and thus it is the unique
maximal abelian subalgebra containing A.

3. EVERY NON-ZERO IDEAL HAS NON-ZERO INTERSECTION WITH A’

Throughout the whole paper, when speaking of an ideal we shall always mean
a two-sided ideal. We shall now show that any non-zero ideal in A x¢ Z has non-
zero intersection with A’. This result, Theorem [B.I] should be compared with
Theorem .5l which says that a non-zero ideal may well intersect A solely in 0. An
analogue of Theorem B.1]in the context of crossed product C*-algebras is found in
[13, Theorem 4.3]. Note that in [I1] a proof of Theorem Bl was given for the case
when A was completely regular semi-simple Banach algebra, and that this proof
heavily relied upon A having these properties. The present proof is elementary and
valid for arbitrary commutative algebras.

Theorem 3.1. Let A be an associative commutative complex algebra, and let
U : A — A be an automorphism. Then every non-zero ideal of A Xy Z has non-zero
intersection with the commutant A’ of A.

Proof. Let I be a non-zero ideal, and let f = > f,0™ € I be non-zero. Suppose
that f ¢ A’. Then there must be an f,, and a € A such that f,, - a # 0. Hence
fr= (02, fnd™)* ¥~ (a)d~™ is a non-zero element of I, having f,, -a as coefficient
of §° and having at most as many non-zero coefficients as f. If f' € A’ we are done,
so assume [’ ¢ A’. Then there exists b € A such that F := b« f' — f' xb #£ 0.
Clearly F' € I and it is easy to see that F' has strictly less non-zero coefficients than
f' (the coefficient of 6° in F is zero), hence strictly less than f. Now if F' € A’, we
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are done. If not, we repeat the above procedure. Ultimately, if we do not happen
to obtain a non-zero element of 1N A’ along the way, we will be left with a non-zero
monomial G := g,,6™ € I. If this does not lie in A’, there is an a € A such that
gm-a#0. Hence Gx¥"™(a)d ™ =gpm-a€ INACINA. O

Note that the fact that all elements in AxyZ are finite sums of the form ) f,0"
is crucial for the argument used in the proof.

4. AUTOMORPHISMS INDUCED BY BIJECTIONS

Fix a non-empty set X, a bijection ¢ : X — X, and an algebra of functions
A C C¥X that is invariant under ¢ and o1, i.e., such that if h € A, then hoo € A
and hoo~! € A. Then (X, o) is a discrete dynamical system (the action of n € Z
onz € X is given by n :  — ¢"(z)) and o induces an automorphism o : A — A
defined by (f) = f o o~! by which Z acts on A via iterations.

In this section we will consider the crossed product A xz Z for the above setup,
and explicitly describe the commutant A’ of A. Furthermore, we will investigate
equivalences between properties of non-periodic points of the system (X, o), and
properties of A’. First we make a few definitions.

Definition 4.1. For any nonzero n € Z we set
Sepi(X)={zr e X|3he A: h(z) #c"(h)(x)}
X)={x e X|Vhe A: h(z) =" (h)(x)}

)

3

Furthermore, let

Finally, for f € A, put
supp(f) = {z € X[ f(z) # 0}.

It is easy to check that all these sets, except for supp(f), are Z-invariant and that
if A separates the points of X, then Sep’; (X) = Sep™(X) and Per’y (X) = Per"(X).
Note also that X\ Per’; (X) = Sep’s (X), and X \ Per"(X) = Sep” (X ). Furthermore
Sep’s (X)) = Sep,"(X) with similar equalities for n and —n (n € Z) holding for
Per’y (X), Sep™(X) and Per"(X) as well.

Definition 4.2. We say that a non-empty subset of X is a domain of uniqueness
for A if every function in A that vanishes on it, vanishes on the whole of X.

For example, using results from elementary topology one easily shows that for
a completely regular topological space X, a subset of X is a domain of uniqueness
for C(X) if and only if it is dense in X. In the following theorem we recall some
elementary results from [12].
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Theorem 4.3. The unique mazximal abelian subalgebra of A x5 Z that contains A
is precisely the set of elements

Al = {Z [n6" | falseps (x)= 0 for all n € Z}.
neL

So if A separates the points of X, then

A= {Z [n0™ | supp(fn) C Per"(X) for all n € Z}.
nez
Furthermore, the subalgebra A is maximal abelian in A xz7Z if and only if, for every
n € Z\ {0}, Sep’s (X) is a domain of uniqueness for A.

We now focus solely on topological contexts. In order to prove one of the main
theorems of this section, we need the following topological lemma.

Lemma 4.4. Let X be a Baire space which is also Hausdorff, and let 0 : X — X
be a homeomorphism. Then the non-periodic points of (X, o) are dense if and only
if Per™(X) has empty interior for all positive integers n.

Proof. Clearly, if there is a positive integer n such that Per”(X) has non-empty
interior, the non-periodic points are not dense. For the converse we note that we
may write
X\ Per™(X) = | ] Per™(X).
n>0

If the set of non-periodic points is not dense, its complement has non-empty interior,
and as the sets Per" (A(A)) are clearly all closed since X is Hausdorff, there must
exist an integer ng > 0 such that Per™(X) has non-empty interior since X is a
Baire space. (Il

We are now ready to prove the following theorem.

Theorem 4.5. Let X be a Baire space which is also Hausdorff, and let o : X — X
be a homeomorphism inducing, as usual, an automorphism o of C(X). Suppose
A is a subalgebra of C(X) that is invariant under & and its inverse, separates the
points of X and is such that for every non-empty open set U C X there is a non-zero
f € A that vanishes on the complement of U. Then the following three statements
are equivalent.

o A is a maximal abelian subalgebra of A x5 Z;
e Per™(X) is dense in X;
e Every non-zero ideal I C A x5 Z is such that I N A # {0}.

Proof. Equivalence of the first two statements is precisely the result in [12, Theorem
3.7]. The first property implies the third by Proposition [Z] and Theorem Bl
Finally, to show that the third statement implies the second, assume that Per® (X)
is not dense. It follows from Lemma [£.4] that there exists an integer n > 0 such
that Per"(X) has non-empty interior. By the assumptions on A there exists a
non-zero f € A such that supp(f) C Per"(X). Consider now the non-zero ideal I
generated by f+ f&6". It is spanned by elements of the form a;6° * (f + f6™) * a;07,
(f+f8")xa;07, a;0'*(f+ f6™) and f+ f6™. Using that f vanishes outside Per™(X),
so that f6" % a;67 = a; f6" 17, we may for example rewrite

aid" * (f + f0™) * a;07 = [a; - (a; 05 ") * [fo7 + fo™H]

= o (a;057) - (f o3 )6 + [a;- (a05) - (f 05 6",
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A similar calculation for the other three kinds of elements that span I now makes it
clear that any element in I may be written in the form >~ (b;0" + b;6"*%). As i runs
only through a finite subset of Z, this is not a non-zero monomial. In particular, it
is not a non-zero element in A. Hence I intersects A trivially. (I

We also have the following result for a different kind of subalgebras of C(X).

Theorem 4.6. Let X be a topological space, o : X — X a homeomorphism, and
A a non-zero subalgebra of C(X), invariant both under the usual induced automor-
phism o : C(X) — C(X) and under its inverse. Assume that A separates the points
of X and is such that every non-empty open set U C X is a domain of uniqueness
for A. Then the following three statements are equivalent.

e A is maximal abelian in A x5 Z;

e o is not of finite order;

e FEvery non-zero ideal I C A Xz Z is such that I N A # {0}.

Proof. Equivalence of the first two statements is precisely the result in [12, The-
orem 3.11]. That the first statement implies the third follows immediately from
Proposition 1] and Theorem Bl Finally, to show that the third statement im-
plies the second, assume that there exists an n, which we may clearly choose to be
non-negative, such that ¢ = idx. Now take any non-zero f € A and consider the
non-zero ideal I = (f + f0™). Using an argument similar to the one in the proof of
Theorem [.5] one concludes that I N A = {0}. O

Corollary 4.7. Let M be a connected complex manifold and suppose the function
o : M — M is biholomorphic. If A C H(M) is a subalgebra of the algebra of
holomorphic functions that separates the points of M and which is invariant under
the induced automorphism & of H(M) and its inverse, then the following three
statements are equivalent.

e A is maximal abelian in A X5 7Z;

e o is not of finite order;

e FEvery non-zero ideal I C A Xz Z is such that I N A # {0}.

Proof. On connected complex manifolds, open sets are domains of uniqueness for
H(M). See for example [5]. O

Remark 4.8. It is worth mentioning that the required conditions in Theorem
and Theorem can only be simultaneously satisfied in case X consists of a single
point and A = C. This is explained in [12, Remark 3.13]

5. ALGEBRAS PROPERLY BETWEEN THE COEFFICIENT ALGEBRA AND ITS
COMMUTANT

From Theorem [£H]it is clear that for spaces X which are Baire and Hausdorff and
subalgebras A C C(X) with sufficient separation properties, A is equal to its own
commutant in the associated crossed product precisely when the aperiodic points,
Per®™(X), constitute a dense subset of X. This theorem also tells us that whenever
Per®(X) is not dense there exists a non-zero ideal I having zero intersection with
A, while the general Theorem [B]] tells us that every non-zero ideal has non-zero
intersection with A’, regardless of the system (X, o).

Definition 5.1. We say that a subalgebra has the intersection property if it inter-
sects every non-zero ideal non-trivially.
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A subalgebra B such that A C B C A’ is said to be properly between A and A'.
Two natural questions comes to mind in case Per® (X)) is not dense:

(i) Do there exist subalgebras properly between A and A’ having the inter-
section property?

(ii) Do there exist subalgebras properly between A and A’ not having the
intersection property?

We shall show that for a significant class of systems the answer to both these
questions is positive.

Proposition 5.2. Let X be a Hausdorff space, and let 0 : X — X be a homeomor-
phism inducing, as usual, an automorphism o of C(X). Suppose A is a subalgebra
of C(X) that is invariant under ¢ and its inverse, separates the points of X and
is such that for every mon-empty open set U C X there is a non-zero f € A that
vanishes on the complement of U. Suppose furthermore that there exists an integer
n > 0 such that the interior of Per™(X) contains at least two orbits. Then there
exists a subalgebra B such that A C B C A’ which does not have the intersection
property.

Proof. Using the Hausdorff property of X and the fact that Per (X) contains two
orbits we can find two non-empty disjoint invariant open subsets U; and Us con-
tained in Per”(X). Consider

B={fo+ mek . fo € A, supp(fr) C U NPer®(X) for k # 0}.
k£0
Then B is a subalgebra and B C A’. The assumptions on A and the definitions
of U; and Us now make it clear that A C B C A’ since there exist, for example,
non-zero functions Fi, F» € A such that supp(F1) C Uy and supp(Fs) C Us, and
thus F10™ € B\ A and F»6™ € A"\ B. Consider the non-zero ideal I generated by
Fy + F50™. Using an argument similar to the one used in the proof of Theorem (.5l
we see that I N A = {0}. It is also easy to see that I C {>", fr6* : supp(fx) C Us}
since Us is invariant. As U; NUs = B, we see from the description of B that
INBC A sothat INnBCINA={0}. O

We now exhibit algebras properly between A and A’ that do have the intersection
property.

Proposition 5.3. Let X be a Hausdorff space, and let o : X — X be a homeomor-
phism inducing, as usual, an automorphism o of C(X). Suppose A is a subalgebra
of C(X) that is invariant under & and its inverse, separates the points of X and
is such that for every non-empty open set U C X there is a non-zero f € A that
vanishes on the complement of U. Suppose furthermore that there exist an integer
n > 0 such that the interior of Per"(X) contains a point xo which is not isolated,
and an f € A with supp(f) C Per"(X) and f(xo) # 0. Then there exists a subal-
gebra B such that A C B C A’ which has the intersection property.

Proof. Define
B={>_ fxd* € A'| fr(xo) = 0 for all k # 0},
kEZ
where xp is as in the statement of the theorem. Clearly B is a subalgebra and
A C B. Since g is not isolated, we can use the assumptions on A and the fact
that X is Hausdorff to first find a point different from ¢ in the interior of Per" (X)
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and subsequently a non-zero function g € A such that supp(g) C Per"(X) and
g(xzo) = 0. Then gé™ € B\ A. Also, by the assumptions on A there is a non-zero
f € A with supp(f) C Per(X) such that f(zg) # 0, whence fé" € A’ \ B. This
shows that B is a subalgebra properly between A and A’. To see that it has the
intersection property, let I be an arbitrary non-zero ideal in the crossed product
and note that by Theorem 31l there is a non-zero F = Y, ., f6* in TN A’. Now if
for all k # 0 we have that fi(zg) = 0, we are done. So suppose there is some k # 0
such that fx(xzg) # 0. Since fi is continuous and ¢ is not isolated, we may use
the Hausdorff property of X to conclude that there exists a non-empty open set V'
contained in the interior of Per”(X) such that zo ¢ V and fr(xz) # 0 for all z € V.
The assumptions on A now imply that there is an h € A such that h(xp) = 0 and
h(z1) # 0 for some z1 € V C supp(f,). Clearly 0 £ hx F € I N B. O

Theorem 5.4. Let X be a Baire space which is Hausdorff and connected. Let
o : X — X be a homeomorphism inducing an automorphism ¢ of C(X) in the
usual way. Suppose A is a subalgebra of C(X) that is invariant under & and its
inverse, such that for every open set U C X and x € U there is an f € A such that
f(x) #£0 and supp(f) C U. Then precisely one of the following situations occurs:

(i) A= A’, which happens precisely when Per™(X) is dense;

(i) A C A’ and there exist both subalgebras properly between A and A’ which
have the intersection property, and subalgebras which do not. This happens
precisely when Per™(X) is not dense and X is infinite;

(iii) A C A’ and every subalgebra properly between A and A’ has the intersection
property. This happens precisely when X consists of one point.

Proof. By Theorem[H (i) is clear and we may assume that Per® (X)) is not dense.
Suppose first that X is infinite and note that by Lemma [£4] there exists ng > 0
such that Per™®(X) has non-empty interior. If this interior consists of one single
orbit then as X is Hausdorff every point in the interior is both closed and open,
so that X consists of one point by connectedness, which is a contradiction. Hence
there are at least two orbits in the interior of Per(X). Furthermore, no point of X
can be isolated. Thus by Proposition [5.2] and Proposition 53] there are subalgebras
properly between A and A’ which have the intersection property, and subalgebras
which do not. Suppose next that X is finite, so that X = {z} by connectedness.
Then o is the identity map, and A = C. In this case, A x5 Z may be canonically
identified with C[t,#71]. Let B be a subalgebra such that C C B C C[t,t~!], and
let I be a non-zero ideal of C[t,t7!]. We will show that I N B # {0} and hence
may assume that I # C[t,¢7!]. Since C[t,¢7!] is the ring of fractions of C[t] with
respect to the multiplicatively closed subset {¢"|n is a non-negative integer} and
C[t] is a principal ideal domain, it follows from [I, Proposition 3.11, (i)] that I is
of the form (t — aq) -+« (t — a,,)C[t,t71] for some n > 0 and o, ..., a, € C. There
exists a non-constant f in B, and then the element (f — f(aq))--- (f — f(an)) is

a non-zero element of B. It is clearly also in [ since it vanishes at a,...,a, and
hence has (¢t — ay)---(t — an) as a factor. Hence I N B # {0} and the proof is
completed. (I

It is interesting to mention that arguments similar to the ones used in Proposi-
tions 5.2 and B3l work in the context of the crossed product C*-algebra C'(X) x4, Z
where X is a compact Hausdorff space and « the automorphism induced by a
homeomorphism of X. See [13] Section 5] for details.



DYNAMICAL SYSTEMS ASSOCIATED WITH CROSSED PRODUCTS 9

6. SEMI-SIMPLE BANACH ALGEBRAS

In what follows, we shall focus on cases where A is a commutative complex
Banach algebra, and freely make use of the basic theory for such A, see e.g. [6].
As conventions tend to differ slightly in the literature, however, we mention that
we call a commutative Banach algebra A completely regular (the term regular is
also frequently used in the literature) if, for every subset FF C A(A) (where A(A)
denotes the character space of A) that is closed in the Gelfand topology and for
every ¢g € A(A) \ F, there exists an a € A such that a(¢) = 0 for all ¢ € F and
a(ép) # 0. All topological considerations of A(A) will be done with respect to its
Gelfand topology.

Now let A be a complex commutative semi-simple completely regular Banach
algebra, and let 0 : A — A be an algebra automorphism. As in [I2], o induces
a map o : A(A) — A(A) defined by 5(u) = poo~t u € A(A), which is auto-
matically a homeomorphism when A(A) is endowed with the Gelfand topology.
Hence we obtain a topological dynamical system (A(A), 7). In turn, & induces an
automorphism & : A A (where A denotes the algebra of Gelfand transforms of
all elements of A) defined by (@) = @oo ! = o(a). Therefore we can form the
crossed product A Xg 7.

In what follows, we shall make frequent use of the following fact. Its proof
consists of a trivial direct verification.

Theorem 6.1. Let A be a commutative semi-simple Banach algebra and o an
automorphism, inducing an automorphism o : A — A as above. Then the map
®:AxyZ — AxzZ defined by Y onez G0 = Y 5 @nd" is an isomorphism of
algebras mapping A onto A.

We shall now conclude that, for certain A, two different algebraic properties
of A X, Z are equivalent to density of the non-periodic points of the naturally
associated dynamical system on the character space A(A). The analogue of this
result in the context of crossed product C*-algebras is [I6, Theorem 5.4]. We shall
also combine this with a theorem from [I2] to conclude a stronger result for the
Banach algebra L1 (G), where G is a locally compact abelian group with connected
dual group.

Theorem 6.2. Let A be a complexr commutative semi-simple completely reqular
Banach algebra, o : A — A an automorphism and & the homeomorphism of A(A)
in the Gelfand topology induced by o as described above. Then the following three
properties are equivalent:

e The non-periodic points Per™ (A(A)) of (A(A),5) are dense in A(A);

e FEvery non-zero ideal I C A X, Z 1is such that I N A # {0};

o A is a maximal abelian subalgebra of A X, Z.

Proof. As A is completely regular, and A(A) is Baire since it is locally compact and
Hausdorff, it is immediate from Theorem that the following three statements
are equivalent.

e The non-periodic points Per™ (A(A)) of (A(A), o) are dense in A(A);

e Every non-zero ideal I C A x5 Z is such that TN A # {0};

e A is a maximal abelian subalgebra of A Mg 2.
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Now applying Theorem [6.1] we can pull everything back to A x, Z and the result
follows. O

The following result for a more specific class of Banach algebras is an immediate
consequence of Theorem [6.2] together with [I2] Theorem 4.16].

Theorem 6.3. Let G be a locally compact abelian group with connected dual group
and let 0 : L1(G) — Li(G) be an automorphism. Then the following three state-
ments are equivalent.

e o is not of finite order;
e Fvery non-zero ideal I C L1(G) X, Z is such that I N L1(G) # {0};
e L1(G) is a mazimal abelian subalgebra of L1(G) X, Z.

To give a more complete picture, we also include the results [I1, Theorem 5.1]
and [11 Theorem 7.6].

Theorem 6.4. Let A be a complex commutative semi-simple completely regular
unital Banach algebra such that A(A) consists of infinitely many points, and let o
be an automorphism of A. Then

o A X, Z is simple if and only if the associated system (A(A),5) on the
character space is minimal.
o A X, Z is prime if and only if (A(A),d) is topologically transitive.

7. THE BANACH ALGEBRA CROSSED PRODUCT {5 (Z, A) FOR A COMMUTATIVE
C*-ALGEBRA A

Let A be a commutative C*-algebra with spectrum A(A) and 0 : A — A
an automorphism. We identify the set (!(Z, A) with the set {}°, ., fnd"|fn €
A, ez I fall < oo} and endow it with the same operations as for the finite sums
in Section Using that o is isometric one easily checks that the operations are
well defined, and that the usual norm on this set is an algebra norm with respect
to the convolution product.

We denote this algebra by ¢{(Z, A), and note that it is a Banach algebra. By basic
theory of C*-algebras, we have the isometric automorphism A = A = Co(A(A)). As
in Section[6l ¢ induces a homeomorphism, 7 : A(A) - A(A) and an automorphism
o : Co(A(A)) = Co(A(A)) and we have a canonical isometric isomorphism of
(5 (7Z, A) onto £5(Z,Co(A(A))) as in Theorem

We will work in the concrete crossed product £ (Z, Co(A(A))). We shall describe
the closed commutator ideal € in terms of (A(A), o). In analogy with the notation
used in [I4], we make the following definitions.

Definition 7.1. Given a subset S C A(A), we set
ker(S) = {f € Co(A(A))| f(z) =0 for all z € S},
Ker(S) = {) _ fu € £7(Z,Co(A(A))) | fulx) =0 for all z € S,n € Z}.

neZ

Clearly Ker(S) is always a closed subspace, and in case S is invariant, it is a
closed ideal.
We shall also need the following version of the Stone-Weierstrass theorem.
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Theorem 7.2. Let X be a locally compact Hausdorff space and let C be a closed
subset of X. Let B be a self-adjoint subalgebra of Co(X) vanishing on C. Suppose
that for any pair of points x,y € X, with x # y, such that at least one of them
is not in C, there exists f € B such that f(x) # f(y). Then B = {f € Co(X) :
f(z)=0forall z € C}.

Proof. This follows from the more general result [3, Theorem 11.1.8], as it is well
known that the pure states of Cyo(A(A)) are precisely the point evaluations on the
locally compact Hausdorff space A(A), and that a pure state of a sub-C*-algebra
always has a pure state extension to the whole C*-algebra. By passing to the one-
point compactification of A(A), one may also easily derive the result from the more
elementary [4, Theorem 2.47]. O

Definition 7.3. Let A be a normed algebra. An approximate unit of A is a net
{Ex}xen such that for every a € A we have limy ||Exa — a|| = limy ||[aEx — al| = 0.

Recall that any C*-algebra has an approximate unit such that ||E)|| < 1 for all
A € A. In general, however, an approximate identity need not be bounded. We are
now ready to prove the following result, which is the analogue of the first part of
[14, Proposition 4.9].

Theorem 7.4. ¢ = Ker(Per' (A(A))).

Proof. Tt it easily seen that ¥ C Ker(Per'(A(A))). For the converse inclusion we
choose an approximate identity {Ex}aca for Co(A(A)) and note first of all that for
any f € Co(A(A)) we have f * (Ex0) — (Ex0) * f = Ex(f — foo 1)§ € €. Hence
as ¢ is closed, (f — foa 1§ € € for all f € Co(A). Clearly the set J = {g €
Co(A(A))|gd € €} is a closed subalgebra (and even an ideal) of Cy(A(A)). Denote
by I the (self-adjoint) ideal of Cy(A(A)) generated by the set of elements of the
form f — fo5'. Note that I vanishes on Per’(A(A)) and that it is contained in .J.
Using complete regularity of Co(A(A)), it is straightforward to check that for any
pair of distinct points z,y € A(A), at least one of which is not in Per' (A(A)), there
exists a function f € I such that f(z) # f(y). Hence by Theorem [T.2 T is dense in
ker(Per' (A(A))), and thus {f6 | f € ker(Per'(A(A)))} C € since J is closed. So for
any n € Z and f € ker(Per' (A(A))) we have (f6) * (Ey 05)0" ! = (fE\)6" € €.
This converges to 6", and hence € D Ker(Per!(A(A))). O

Denote the set of non-zero multiplicative linear functionals of £3(Z, Co(A(A)))
by Z. We shall now determine a bijection between = and Per!(A(A)) x T. It is a
standard result from Banach algebra theory that any p € = is bounded and of norm
at most one. Since one may choose an approximate identity {Ex}xea for Co(A(A))
such that ||Ey| <1 for all A € A it is also easy to see that ||| = 1. Namely, given
1 € 2 we may choose an f € Cy(A(A)) such that p(f) # 0. Then by continuity of
u we have p(f) = limy p(fEy) = u(f)limy(Ey) and hence limy p(Ey) = 1.

Lemma 7.5. The limit & := limy u(E\0) exists for all p € =, and is independent
of the approzimate unit { Ex}xep. Furthermore, £ € T and limy pu(Ex6™) = ™ for
all integers n.

Proof. By continuity and multiplicativity of p we have that limy p(f)u(Er0) =

wu(f0) for all f € Cy(X). So for any f such that p(f) # 0 we have that limy pu(E\d) =

‘ﬁ(f;;)). This shows that the limit £ exists and is the same for any approximate unit,
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and using a similar argument one easily sees that limy u(Ex0™) also exists and is
independent of {Fx}xea. For the rest of the proof, we fix an approximate unit
{Ex}xren such that [|[Ex]] < 1 for all A € A. As we know that ||u|| = 1, we see
that |¢] < 1. Now suppose |£| < 1. It is easy to see that limy u(Ey) = 1 = £°.
Hence also 1 = limy u(Ey)? = limy u(E%) = limy u((Ex6) * (Ex 0 5)d71)) =
limy p((Ex6)) - limy pu((Ex 0 )0~ 1). Now as we assumed |¢] < 1, this forces
[limy p([(Ex 0 @)671])| > 1, which is clearly a contradiction since ||u|| = 1. To
prove the last statement we note that for any n, {Ex 0 "},ea is an approximate
unit for Cp(X), and that if {Fy}rea is another approximate unit for Cy(X) in-
dexed by the same set A, we have that {FE\F)}rca is an approximate unit as well.
Now note that u(Ex6) - u(Exd) = p((Ex6) x (Exd)) = u(Ex(Ey o 57 1)62). Using
what we concluded above about independence of approximate units, this shows that
€2 = limy, u(E\6)? = limy pu(Ex(Ey 0 57 1)82) = limy u(Ex6?%). Inductively, we see
that limy u(Ex6") = £" for non-negative n. As p((Ex6~1)*(Ex0)) = u(Ex(Ex07)),
we conclude that limy pu(Exd~1) = €71, and an argument similar to the one above
allows us to draw the desired conclusion for all negative n. O

We may use this to see that 2 = () if (A(A),o) lacks fixed points. This is
because the restriction of a map p € = to Co(A(A)) must be a point evaluation,
1z say, by basic Banach algebra theory. If x # o(x) there exists an h € Cyp(A(A))
such that h(z) = 1 and (hoo)(z) = 0. By Lemma we see that u(hd) =
limy p(hE\) = limy u(h)u(ExS)) = h(z)é = £ and likewise pu(hd—1) = £71. But
then 1 = 71 = u((h61) x (hd)) = p(h - (ho o)) = h(z) - (hoo)(z) = 0, which is
a contradiction.

Now for any = € Per'(A(A)) and ¢ € T there is a unique element y € =
such that p(f,0") = fn(x)™ for all n and by the above every element of = must
be of this form for a unique x and £&. Thus we have a bijection between = and
Per' (A(A)) x T. Denote by I(x, &) the kernel of such p. This is clearly a modular
ideal of 3 (Z,Co(A(A))) which is maximal and contains ¢ by multiplicativity and
continuity of elements in =.

Theorem 7.6. The modular ideals of (5 (Z,Co(A(A))) which are mazimal and con-
tain the commutator ideal € are precisely the ideals I(x,£), where x € Per' (A(A))
and £ € T.

Proof. One inclusion is clear from the discussion above. For the converse, let M be
such an ideal and note that it is easy to show that a maximal ideal containing % is
not properly contained in any proper left or right ideal. Thus as £3 (Z, Co(A(A))) is a
spectral algebra, |7, Theorem 2.4.13] implies that £5(Z, Co(A(A)))/M is isomorphic
to the complex field. This clearly implies that M is the kernel of a non-zero element
of =. O
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