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ROTATION NUMBERS FOR AUTOMORPHISMS
OF C* ALGEBRAS

Ruy ExXeL

Poincaré’s notion of rotation number for a homeomorphism of the
circle is generalized to a large class of automorphisms of C* algebras.
This is accomplished by the introduction of a C* algebraic notion of
determinant. A formula is obtained for the range of a trace on the K|,
group of a cross product by Z in terms of the rotation number of the
automorphism involved.
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Introduction. In [16] Poincaré introduced the notion of rotation
number for homeomorphisms of the circle. The idea is to associate to any
orientation-preserving homeomorphism of the circle a complex number of
absolute value one which, in some sense, represents the average amount
by which each individual point in the circle is “rotated” by the given
homeomorphism. If R, denotes the rotation by the angle 6 on the circle,
that is, the transformation z — e’’z, we may compute its rotation number
which, not surprisingly, turns out to be equal to e*.

Suppose we replace the circle by the 2-torus T2 (viewed as the
cartesian product of two circles) and let R, , be the homeomorphism of
T? which rotates the first and second circle coordinates by different
angles n and 6. It seems plausible to assert that R, , admits two rotation

numbers, namely ¢’ and e.
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The reader could certainly think of other examples where rotation
numbers may be heuristically defined. The discussion above suggests that
there may be a general notion of rotation number for homeomorphisms of
spaces other than the circle.

Compact topological spaces are in one-to-one correspondence with
commutative C* algebras containing a unit by [5], so we may generalize
further and ask whether it is possible to define a suitable notion of
rotation number for automorphisms of any C* algebra. This is precisely
what is studied in this work.

As the example of the 2-torus suggests, there may be more than one
rotation number involved. To account for this, our rotation number is
defined to be a function into the circle instead of a single number, so we
shall refer to it as the rotation number map.

Before giving the precise definition of the rotation number map we
need to extend the notion of determinant to the context of C* algebras
and this turns out to be a very interesting problem in itself. The idea is to
associate to a trace 7 on a unital C* algebra 4 a homomorphism, det,
from the group of unitary matrices over 4 into the circle group which
satisfies the familiar property det(e”) = e”") for all self adjoint matrices
h over A. We find that this is not alwlays possible unless the pair (A4, 7)
satisfies a certain K-theoretical property which we call integrality. Roughly,
this is an extension of the notion of connectedness to the category of C*
algebras. In precise terms, a traced unital C* algebra (A4, 7) is called
integral if the range of the trace on K(A4) is contained in Z.

Our main result, Theorem (V.13), gives necessary and sufficient
conditions for an integral algebra to remain integral after we take its
crossed product by an action of Z. We show that this happens precisely
when the rotation number map of the automorphism involved vanishes.
We get the above result as a special case of Theorem (V.12) which is
basically a formula for computing the range of a trace on the K, group of
a crossed product algebra by Z in terms of the rotation number map of
the automorphism involved. As one corollary we obtain a result of Rieffel,
Pimsner and Voiculescu [15, 18] on the range of the trace on K, of
irrational rotation algebras.

As indicated earlier, our definition of rotation number may be applied
to homeomorphisms of compact topological spaces where an invariant
measure is given. In this context we extend to compact spaces a result of
Connes (Corollary 3 of [1]) on the nonexistence of proper projections in
some crossed product algebras of the form C(V) X,Z where V is a
connected manifold for which H(V,Z) = 0. We are thankful to the
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referee who pointed out that our initial result for CW-complexes could be
extended to general compact spaces.

Another problem which we discuss (VIIL.4) is the question of nonex-
istence of proper projections in the C* algebras of torsion free groups,
which are obtained as the semidirect product of free abelian groups and Z,
e.g., the discrete Heisenberg group. Although the class of groups men-
tioned above is much too small, we hope that our techniques may give
some insight on the long standing conjecture according to which the result
above holds for all torsion free groups. The next step should be, in our
opinion, to prove that if a torsion free group G is such that its reduced C*
algebra contains no proper projections, then the same is true for a
semidirect product of G by Z.

We must mention that our work relies heavily on a paper by Paschke
[11] as well as on the existence of the Pimsner-Voiculescu exact sequence
for crossed products by Z [14]. Recent papers by Pimsner [13] and Packer
[25] should also be noted as they are closely related to the present work.
In [13] some of our results are generalized to crossed products by free
groups.

Concerning our theory of determinants we should also mention a
paper by P. de la Harpe and G. Skandalis [6] where they define a
determinant which is closely related to ours, the difference being that our
determinant is defined for all unitary matrices while theirs is defined only
on a subgroup of the group of unitary matrices, namely the connected
component of the identity. The price we pay is that our determinant is not
unique. Advantages are that we can carry out a theory of determinants on
algebras where a group action is given (see Chapter I1I) and this turns out
to be related to the integrality of crossed product algebras (see (V.13.iv)).

The organization of the present work is as follows. In Chapter I we
lay the groundwork for our theory of determinants which is exposed in
Chapter II. Chapter III studies the behavior of determinants in the
presence of a group action. Rotation numbers are defined and studied in
Chapter IV. In Chapter V we use the ideas of the previous sections to
arrive at our main results, which are (V.12) and (V.13). In Chapter VI we
study the special case of commutative C* algebras and give an alternative
definition of rotation number. We also show how the two definitions of
rotation number are related. In Chapters VII through IX we apply our
main results to various classes of automorphisms of C* algebras: almost
periodic automorphisms, automorphisms induced by group automor-
phisms and automorphisms induced by affine transformations on topo-
logical groups.
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We would now like to introduce some notation. If X is a compact
topological space (always assumed to be Hausdorff) we denote by C( X)
the C* algebra of all continuous complex valued functions on X.

If G is a topological group, we write [G,G] for the commutator
subgroup which is defined to be the closed subgroup generated by the set
{ghg'h™':g,h € G}. The connected component of the identity in G is
denoted by G,,.

For any *-algebra A over the field of complex numbers, we let 4, be
the set of all self adjoint elements in A. For every natural number n we
denote by M,(A) the *-algebra of all n X n matrices over 4. If A4 is
unital, that is, if 4 has an identity, U,(A) stands for the group of all
unitary n X n matrices over A. The identity n X n matrix and the zero
element of M, (A) are denoted respectively by I, and 0,. If  is in M, (A4)
and v is in M, (A), we denote by u & v the (n + m) X (n + m) matrix
over A containing u as the top left hand side n X n block, v as the
bottom right hand side m X m block and zeros elsewhere.

A trace on a *-algebra A is a continuous linear map 7: 4 - C
satisfying 7(ab) = 7(ba) and 7(a*) = 7(a) for all a and b in A. Given a
trace T on 4 we automatically assume that 7 is extended to M, (A) for all
n by the formula 7(a) =X, _,_,7(a,,) forall a = (a, ;);.; ., € M,(A).

A trace is called positive if 7(a*a) > 0 for all a in A. If, moreover,
7(a*a) > 0 for a # 0 we say that 7 is faithful. A trace defined on a unital
algebra A is said to be normalized if 7(1) = 1.

We shall assume our traces to be normalized whenever working with a
unital algebra. Positiveness and faithfulness are assumed only where
explicitly mentioned.

If 7 is a fixed trace on A4, we say that the pair (4,7) is a traced
algebra.

The K-theory groups of a given C* algebra A are denoted by K,(A4)
and K,(A). If p is a self adjoint projection in some matrix algebra over 4,
we denote by [ p], its class in Kj(A). Likewise, for any unitary matrix u
over A the symbol [u], stands for its class in K,;(A).

A trace 7 on A defines a group homomorphism (also denoted by 7)
m: K,(A) — R via the formula 7([ p], — [¢],) = 7(p) — 7(q) for all self
adjoint projections p and ¢ in some matrix algebra over 4.

An automorphism of a *-algebra A4 is always assumed to preserve the
*-operation. If « is such an automorphism we shall not introduce any
extra notation for the induced automorphism on M,(A). That is, for

= (ai,j)lsi,jsn in Mn(A) we let a(a) = (a(ai,j))lsi,jsn'

Our general references for C* algebras are [3, 12, 20]. References for
K-theory are [2, 7, 9, 10, 24].
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I would like to express my deepest gratitude to Prof. Marc A. Rieffel
who supervised my Ph.D. work at Berkeley which culminated with the
present article.

I. WINDING NUMBERS

In this chapter we develop the technical tools needed for our theory of
determinants for C* algebras.

Let A be a unital C* algebra. We denote by C(T, A) the C* algebra
of all continuous functions from the circle

T={zeC:z|=1)

into A. Whenever it is convenient we will identify C(T, A) with the
algebra of periodic continuous functions from R into 4 with period 2.
We use the notation C*(T, A) to denote the subalgebra of C(T, A)
formed by C* functions from T to 4.

Let 7 be a trace on A.

1. DEFINITION. If n €N, n>1 and u € U,(C*(T, A)), we define
the winding number of u with respect to 7 by

() =5 [ o(w(e)u()*)

2mi 0
Therefore w! is a map
w!:U,(C=(T, A)) - C.

Some properties of the winding number map are collected in the next

2. LeMMA. Letn € N, n > 1 and u € U,(C*(T, A)).
@) Ifm>nandv=ud®1,_, € U, (C®T, A)) then w(v) = w;(u).
(i) If h € M, (C*(T, A)),, then e € U, (C=(T, A)) and w'(u)=
w"(ue™).
Proof. (i) Note that for all t € R
v()o(e)* = (u'(2) ® Om_n)(u(t)* ® Im_n)
= (u’(t)u(t)*) ®0,_,.

Therefore 7(v'(¢)v(t)*) = (u’(t)u(t)*) proving (i).
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(ii) The fact that e € U,(C*(T, A4)) is a consequence of the fact that
the exponential is a C* map. We have

ot (ue) = 3= [ o G (w0 ") (u(r) ) )

27i

_ %fzw T((u,(t)eih(t) + u(t)ih/(t)eih(t))e—ih(t)u(t)*)dt
=gty 0 g [ ol () a
= w"(u) + ﬁj:ﬂ iT(h’(t)) dt

1
= &2(U) + 5= (r(h(2m)) = 7(h(0))) = ().
Our goal is to construct out of w” a map
v: K,(C(T, 4)) > R.

The next result will be useful in that direction.

3.LEMMA. Letn € N, n > 1. Then
(1) U, (C*(T, A)) is dense in U, (C(T, A)) with respect to the norm
topolegy.
(i) For any u € U, (C(T, A)) thereisv € U, (C*(T, A)) such that the
classes [u), and [v], in K,(C(T, A)) are the same.
@ii) If u € U, (C(T, A)) N U,(C(T, A)), there are elements
hyy...,h, € M, (C*(T, A)),, such thatu = e'" - - e,

Proof. (i) it is well known that C*(T, A) is dense in C(T, A) so that
also M, (C*®(T, A)) is dense in M, (C(T, A)). As a consequence
GL ,(C*(T, A)) is dense in GL,(C(T, A)) since the latter is open. The
map

ue GL,(C(T, A)) » u(u*u)* € U, (C(T, 4))

is a continuous retraction and clearly leaves U, (C*(T, 4)) invariant. The
image of GL,(C*(T, A4)) is then U, (C*(T, A)), which therefore is dense
in U, (C(T, A)).

(i1) Follows from (i).

(ii1) Consider the subgroup S of U,(C(T, 4)) defined by

S =1U,(C*(T,A)) NnU,(C(T, A)),.
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With the norm topology S becomes a topological group. Using the fact
that in a connected group a neighborhood of the identity is always a
generating set, it is enough to prove the following statements:

(a) S is path connected.

(b) The set {e”:h € M, (C™(T, A)),,} is a neighborhood of the
identity in S.

We prove (b) first. If u € S is such that Jju — 1]| < 1 the series

1) X (1/p)a-u)’
1<p<oo

is absolutely convergent and adds up to a self adjoint element 4 €
M, (C*=(T, A)) satisfying u = e'”.

To prove (a) let u € S and let {#,:0 < ¢t < 1} be a continuous path
in U,(C(T, A)) with u, = u and u, = 1. Take a partition 0 = 7, < ¢, <

-<tk—1w1th|lu—u N<1/3 j=12,...,k and by (i) let v; €

U, (C*(T, A)) be such that Hv —ull<1/3,j= 0 1,..., k where v, = u,

v, = 1. Then |lv; — v;_,|| < 1s0 ||v (v;-) 7Yl < 1and by (b) v, = e, _
for some h; € M (C°°(T A)) qa-
The path {e"v,_,:0 <t <1} connects v;_, and v, and stays within

U,(C™(T, A)). Puttlng together all these paths we have connected v, to
v., that is, u to 1, by a path in U,(C*(T, 4)) which certainly lies in
U,(C(T, A)),. In other words our path lies in S.

We are now ready to make the following

4. DEFINITION. Given a traced unital C* algebra (A4, 7) we denote by
y the mapping

given by y(x) = w/(u) where n and u are chosen so that
ue U/(C*(T, A4))

and [u], = x.

Note that (3.i1) provides such a u, while (2) shows that the definition
of y does not depend on the choice of u and n. Therefore y is well
defined.

A useful result in K-theory of C* algebras states that K,(C(T, 4)) is
isomorphic to K,(A) via an isomorphism

k:Ky(4) ® Ko(4) - K,(C(T, 4))

satisfying k([u];,[ply) = [u ® 1]; + [e?], where e stands for the map
t - e,
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In our next proposition we investigate the relationship between k and

5. PROPOSITION. The following diagram is commutative:
K(c(T,4) 5> ¢
T Zoar
K(4) ® Ko(4)

Proof. Let u € U, (A), and let p € M, (A) be a self adjoint projec-
tion. Then

y(k([ul, [plo) = v([u® 1], + [e”p]l) = Y([uelwh)
1

. 2@ .
= w"(ue'?) = ﬁ-/o T(gl;(ue”")e“’l’u*) dt

1 7 )
= ﬁfo (uipu*) dt = 7( p).

6. COROLLARY. (i) v is a group homomorphism into the additive group
of complex numbers.

(ii) The range of v is (K (A)).

(iil) Ifhy,..., h,, € M (A),, and e™ --- e =1 then

(1/277)7( Y hj)ET(KO(A)).

1<j<m

Proof. (1) and (i1) follow immediately from (5). To prove (iii) let
u(t) = e'™/2m ... eithn/27 t € [0,27]. So u € U, (C*(T, A)) and we have

1 27 ,
v(luh) = o (w) = 5 [ (@ (u(0)*)
1 27 ( ith, /2 . ith /2 ith
= — T e'l T oo lh 277 el/ W...e”m/z'”
277'1./0 15;‘25»1 ( s/ )
'e—ith,,,/Zﬂ A e—ilhl/Zw) dt
1 27

- (2'n')2 0 1<j<m

The result now follows from (ii).
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A last technical result to be used later will occupy our attention in the
remainder of this section.

7. LEMMA. Let (A, T) be a traced unital C* algebra. Given u and v
in U/(A) there are hy,...,h, € M,,(A),, such that (uvu*v*)® I, =
e’ ... emand 7(X, ., k) =0.

Proof. 1t is well known [10] that v & v* € U,,(A4),. So let k,,..., k,
€ M,,(A),,satisfying v ® v* = e’f1 ... ¢* Then

wu*v* @ I, = (u @ I,)(v ® v*¥)(u* & I,)(v* @ v)

= (u (23] In)eikl “ e eikr(u [23) In)*e—ikr “ e e_ikl

i(uol)ky(udl)* | ., o (udl)k(udl)*p-ik, | —iky

== e . e
Ifweput h;=(u® L)k (u®1,)*forl <j<rand h;=-k,,_;,, for

r + 1 <j < 2r we have the desired conclusion.

8. COROLLARY. Let (A, ) be a traced unital C* algebra and u,v €
U,(A). Suppose we are given elements k,,...,k, € M,(A),, such that
uvu*v* = e'*1 ... ek Then

%7( Yy kj)ET(KO(A)).

l<j<r

Proof. Let hy,..., h, € M,,(A) be as in (7). We have

eikle(),, .. eik,GBO,, — (uvu*v*) o) In — eih1 - eihm.
By (6.111) we have
1 1
ET( > kj) =5 ( Y (k,e0,)- X hj) € 1(K,(4)).
I<j<r l<j<r 1<j<m

As a consequence we obtain a result of Rieffel [18] on the range of the
trace on K, of the irrational rotation algebras, as well as the rational ones.
Recall that for every 8 € R the algebra A, is defined to be the crossed
product of C(T) by Z where the action is by rotation by §. For our
purposes it is enough to know that 4, contains two unitaries u and v such
that uv = e?™uy.

9. COROLLARY. The range of the trace on K ( A,) contains Z + 0Z.

Proof. If u and v are as described above, then uvu*v* = ¢2™%, By (8)
we have 0 = (1/27)7(270) € 7(Ky(Ay)).
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Since it is obvious that Z C 7(K,(A4,)) the result follows.
See (IX.12) for a proof that 7(K,(A4,)) is actually equal to Z + 6Z.

II. DETERMINANTS.

In studying the algebra of complex matrices one cannot avoid the use
of traces and determinants. While the generalizations of the concept of a
trace to the context of C* algebras have proved to be extremely useful,
the theory of determinants on C* algebras is only now beginning to be
studied (see [6] as well as (11)). Concerning von Neumann algebras. we
must mention a paper by B. Fuglede and R. V. Kadison on determinants
for finite factors [4], but as we shall see (Theorem 10), it is more natural to
study determinants in the realm of C* algebras rather than for von
Neumann algebras since the existence of too many projections in the
algebra constitutes an obstruction to the existence of determinants with
certain properties. We thus dedicate this chapter to the study of determi-
nants on C* algebras. The results we obtain here will prove to be crucial
for the forthcoming sections.

Let 4 be a unital C* algebra.

1. DerFINITION. We denote by U(4) or by U_(4) the unitary group of
A defined to be the inductive limit of the sequence of groups

Int1

U(4) > Gy(4) > U, (4) S U, (4) 5 -
where, for all n, i, is defined by
i(uy=udl, €U,,(4), VueU, (A).

A concrete realization of U(A4) may be obtained by taking the set of
all oo X oo matrices u over A which agree with the oo X oo identity,
I, =(8;;); jen> except for finitely many entries and moreover satisfy
uu* = u*u = 1I_.

The product as well as the * operation are defined as usual, observing
that in the definition of the product, the infinite sums involved contain
only a finite number of nonzero terms.

Let 7 be a trace on A4.

2. DEFINITION. We say that a group homomorphism
det:U(4) > T
is a determinant associated with the trace 7 if for all # € M, (A4), one has

det(e) = e,
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We now develop some concepts to be used in the study of determi-
nants.

3. DEFINITION. Let (A4, 1) be a traced unital C* algebra. For every
integer n > 1 we let

SU(A) = {e”’l etk €N, hy,... h, € M,(A),,

T( > hj)=0}

1<j<k

4. PROPOSITION. For all integers n > 1

(1) SU;(A) is a normal subgroup of U,(A),

(ii) SU;(A) is connected with respect to the norm topology,
(1) SU;(A) is contained in U,(A), and
(iv) SUJ,,(A) contains [U,(A4),U,(A)] & I,.

Proof. (i) It is clear that SU;(A4) is a subgroup. If v € U, (A4) and
v=-e™ ... " e SU;(A4)where 7(¥,_ ;) = 0, we have

uou* = eiuhlu* R eiuhku*'

Since 7(X, . ;< puhju*) = 7(X, . ;< h;) = 0it follows that uou* is another
element of SU;(A4), so SU;(A4) is normal.

(i) Let u € SUJ(A). Then there are h, --- h, € M, (A4),, with
T(X1<j<ih;) = Osuchthat u = e™ ... e’ Thepath u, = e - e,
t € [0,1], is contained in SU;(A), is norm continuous and joins I, to u.
So SU(A) is connected.

(iii) Follows immediately from (ii).

(iv) Let u,v € U,(A4). According to Lemma (1.7) there are elements
hy,....,h, € M,,(A), such that 7(X, _,;_,, k) = 0 and (uu*v*) & I, =
e’ ... e Thus (wu*v*) ® I, € SUJ (A).

The question of whether SU;(A4) is closed in U, (A) arises naturally at
this point but it turns out not to be important for our purposes. A
discussion of this question may be found in Appendix B.

Observe that for all n > 1 the mapping i, defined in (1) carries
SU;(A) into SU], ;(A). Therefore i, passes to the quotient, giving a group
homomorphism, still denoted by i,

i,:U,(4)/SU(4) = U,,,(4)/SU;,,(4).

Each of these quotients are groups by (4.i).
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5. DEefFINITION. We denote by K{(A) the inductive limit of the
sequence

n+1

Uy(4)/SUI(A) S - U,(4)/SUI(A) 3 U, , ,(4)/SUL,(4) " -

If ue U,(A4) we use the symbol [u]] to denote the class of u in
K{(A).

Given x € K{(A), let n € N and u € U,(A4) be such that x = [u]]
and put 7(x) = [u], € K,(4).

6. PROPOSITION. (1) K{(A) is an abelian group.
(1) 7 is well defined and is a group homomorphism from K{(A) to K,(A)
which moreover is surjective.
(i) K| is a covariant functor from the category of traced unital C*
algebras with unital, trace preserving homomorphisms, to the category of
abelian groups, and 7 is a natural transformation of functors from K] to K.

Proof. The proof is essentially contained in (4). We simply observe
that (i) follows from (4.iv) while (ii) is a consequence of (4.iii) except for
the surjectivity which is trivial. We leave the proof of (iii) to the reader.

In our next step we consider the mapping

JIAET - [A]] € K{(A)

where we view A as a unitary 1 X 1 matrix over A4.

7. PROPOSITION. The sequence
0 — exp(2mit(K,(A4))) » TS Ki(4) > K,(4) - 0

is exact.

Proof. We already know that « is onto. Clearly 7 - j = 0. To prove
Ker(7) € Im(j) let u € U,(A4), (n € N) be such that #([u]]) = [u], = 0.
So, for some meN, u® 1,€ U, (A4), and we can find elements

hy,....,h, €M, (A, such that u® I, =e™ --- e Let A=
exp(iT(X; < ;< h;)). Then A € T and

(u ® Im)(}\ ® Im-*—n—l)_1

v 2 b |

1<j<k
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which shows that [u @ 1,,]{ =[A® I,,,_,]{, or just that [u]] = [A]] =
J(A), proving exactness at K[(A). Moving our attention now to 7, let
t € 1(K,(A)). We will prove that j(e*™) = 0. Let n € N and let p,q €
M (A) be self adjoint projections with 7(p) — 7(q) = t. Note that
e?mre2map=2mit®0,-) & SUT(A). But e*™? = ¢~274 = | . Thus

j(e2mt) _ [ez"”]f - [627”(1660,_‘)];' =0.

Conversely let A € T be such that j(A) = 0. We will prove that
A € exp(2miT(Ky(A))). Since j(A) = 0, there will be an integer n > 1 and
hy,....,hy € M,(A), such that 7(X,_;_,h)=0 and A&, _, =
e ... et Write A = ¢2™% for § € R, and note that

e27ri(€€90,,,1)e—ihk e e—ihl = ]n_

Using corollary (1.6.ii1) we have

1
2—7;(2770 — 'T(

Y k)| r(Ky(4),
l<i<k

that is, 8 € 7(K,(A4)), proving that A € exp(2wiT(Ky(A))). This con-
cludes the proof.

As a consequence we have

8. COROLLARY. The sequence
0> TSK(A)SK,(4) -0

is exact if and only if T(K,(A4)) C Z.

We thus arrive at an important point of our study. We will see that
the equivalent conditions of the corollary above will play a central role in
the theory of determinants. The following definition is intended to single
out the class of C* algebras to which we will direct our attention.

Unfortunately most von Neumann algebras will be ruled out. What
follows, especially Theorem 10, should explain the difficulty Fuglede and
Kadison [4] had in obtaining 7" valued determinants on von Neumann
algebras.

9. DEFINITION. Let (4, ) be a traced unital C* algebra. We say that
(A4, 7)is integral if 7(K(A)) C Z.
See (VI.1) for a characterization of integral commutative C* algebras.
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10. THEOREM. Let (A, 7) be a traced unital C* algebra. Then A admits
a determinant associated with 7 if and only if (A, T) is integral. In this case
any determinant is continuous on U, (A) for all n € N. Moreover, given a
determinant det, all other determinants are given by

det(u) = dety(u)o([u]), Vue U(A)

where ¢ is a fixed group homomorphism from K,(A) into T.

Proof. Suppose (A,7) admits a determinant, denoted by det. Let
p € M, (A) be a self adjoint projection. Then e>™” = I, so det(e*™'?) =
det(1,) = 1. Equivalently e*""?) = 1, which implies that 7( p) € Z, and
thus proves (4, 7) to be integral.

Conversely assume that (A4, 7) is integral. By (8) the sequence

0 - T Ki(4) 3 K,(4) -0

is exact. Because T is an injective group in the category of abelian groups
[19, p. 184], the exact sequence above splits.

So let A: K[(A) —» T be a group homomorphism satisfying A - j =
id ;. Define det: U(A4) — T by the formula

det(u) = A([u]]) for u € U(4).

We claim that det is a determinant associated with 7. In fact let h €
M, (A), Setv=-e"and A = "™ € T. Then

(M@ 1, ) v = e'CM%ve=h & SU( 4).
Therefore [A]] = [A ® I,_,]] = [v]]. It follows that
det(v) = A([0]7) = A([A]7) = A(J(X)) = A

In other words det(e”) = /™. This proves that det is in fact a determi-
nant for 4 associated with 7.

To prove that any given determinant det is continuous we must prove
that it is continuous on U,(A4) for all n € N.

The formula det(e'”) = ™" can be expressed on a neighborhood of
the identity matrix by det(u) = e"1¢(*) a5 long as log is well defined. This
proves that det is continuous on a neighborhood of the identity of U, (A4).
Since det is a group homomorphism this proves it to be continuous on all
of U,(A4).

Given two determinants det, and det let g be defined on U(A4) by
g(u) = det(u)det,(u)~*. Clearly g is a group homomorphism into 7. If
u € U(A), there will be some n € N and h,,...,h, € M, (A),, such that
uec U/ (A), and u=e™ --- e’ By a simple computation one has
g(u) = 1. Thus g factors through U(A4)/U(A4), and this is precisely
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K,(A4). If ¢:K;(A4) = T is defined by ¢([u],) = g(u) for all u € U, (A)
we have

det(u) = dety(u)o([u],) Vue U, (4).

On the other hand if ¢: K,(A4) — T is any group homomorphism and
det,, is a determinant, the map

u € U,(A4) - deto(u)([u],)

is a determinant for (A4, 7) since for all n € N and h € M,(A) we have

¢([e™”]) = ¢(0) = 1.

11. Note. The notion of determinant exposed in [6] is closely related
to what we did above, the main difference being that our determinant is
defined in the whole of U(A) while theirs is defined only on U(4),. We
shall see in what follows the consequences of having a determinant
defined on all of U(4).

III. INVARIANT DETERMINANTS

In the last section we developed a theory of determinants for C*
algebras and gave a characterization of those traced unital C* algebras
admitting a determinant. Here we shall study determinants on C* alge-
bras where a group action is given. Throughout this section (A4, 7) will
denote a fixed traced unital C* algebra which we will assume to be
integral.

We shall denote by Aut( A4, 7) the group of trace preserving automor-
phisms of 4.

Given a subgroup G of Aut(4, ), we consider the problem of finding
a G-invariant determinant. That is, a determinant det satisfying det( a(u))
= det(u) for all u € U(4) and a € G.

As a preliminary result we have:

1. PrROPOSITION. If u € U(A), and det is any determinant for (A, T)
then det(a(u)) = det(u) for any trace preserving automorphism a of A.

Proof. Since u € U(A4), we may find n € N such that u € U,(A4),.
Therefore there will be hy,...,h, € M,(A) such that u = e’ - - e,
We then have, for any a € Aut( 4, 7)

det(a(u)) = det(e’e ... giathd)

= eimah) ... gim(ah) = it(h) ... oith) = det(u).
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This is evidence that the problem to be studied here is related to the
possible values of a determinant outside U(A4),, and so it would be
meaningless if one defined the determinant only on U(4), as it is done in
[6].

Let G be a subgroup of Aut(A4, 7). There is a natural action of G on
K,(A) given by

ay([u],) = [a(w)],  VueU(4),a€G

as well as on the Pontryagin dual K,(4) of K,(A4) (with discrete topology).
The action on K,(A4) is defined by

(a())(x) = ¢(az'(x))

e

foralla € G, ¢ € K,(4) and x € K,(A).

2. DEFINITION. Let det be a determinant for (4, ) and let G be a
subgroup of Aut( 4, 7). We denote by { the mapping

{:G—>K (A)

given by {(a)([u],) = det(a }(u*)u) for all @ € G and u € U(A).

In case we need to make clear which group of automorphisms and
which determinant we are using in the definition of {, we will use the
notation {&,.

The next proposition will show that our definition carries no ambigu-
ity.

3. PROPOSITION. Given det and G as above
(i) ¢(a) indeed belongs to I_(:I—(T) for all a € G,
(i) ¢ satisfies the 1-cocyle identity {(aB) = a({(B)) + {(a) Va, B E G
and
(iii) if det’ is another determinant for (A, ) with associated 1-cocycle ¢,
then ¢’ — { is a coboundary in the sense that there is ¢ € K,(A) such that
(£ = §)a) = a(¢) —¢Va EG.

Proof. In order to prove (i) we need to verify the following statements
for all u,v € U(A) and a € G:

(a) If [u], = [v],, then det(a'(u*)u) = det(a™'(v*)v).

(b) det(a ((uv)*uv) = det(a(u*)u) det(a=*(v*)v).
From (a) it will follow that {(«) is a well-defined map from K,(A4) to T,
and (b) will show it to be a homomorphism.
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Assume that u,v € U, (4) (n € N) and suppose that h,,..., h, are
elements in M, (A),, satisfying u = ve’™ - -- e’ Then

det(a Y (u*)u) = det(e‘i"_l("k) e emi T gl (p) peth e”’k)

= det(a }(v*)v).
This proves (a).
As an immediate consequence of the fact that det is a homomorphism

taking values in a commutative group we get (b).
In order to prove (ii) let &, B8 € G. For all [u], € K,(A4) we have

E(aB)([uly) = det( B~ (a7 (u*))u)
= det( B (a7 (u*)) e (u) a ™ (u*)u)

= §(B) (! ([u]1) $(a)([uly)
= (a(§(8))([uly) S(a)([ul) = («(£(B)) + E(@)([uly),

proving (ii).

Finally we prove (iii). Let ¢: K;(A4) = T be defined by ¢([u],) =
det’(u) det(u*) for all u € U(A4). We claim that ¢ is well defined. In fact
if v € U(4) and [v], = [u];, then there will be some integer n and
hy,...,h, € M (A),, such that u,v € U,(A4) and u = ve'™ --- e So

det’(u) det(u*) = det’(v)e™™) ... emhde-irthe) ... g=17(h) det(p*)
= det’(v) det(v*).

The fact that ¢ is multiplicative follows from the multiplicativity of
determinants. Therefore for all @« € G and u € U(A4)

(&= ) )(u]y) = det(ofl(u*)u)(det’(oz‘l(u*)u))_1
= det’(a(u)) det(a*(u*)) (det’(u) det(u*))™"
= ¢(ax'([u])o([u]) ™ = (a(¢) — ¢)([u])).

This completes the proof.
We may now give the following

4. DEFINITION. The class of {$, in H'(G, K,(A4)) is denoted by {(G)
and is called the G-invariant determinant obstruction.
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Observe that by (3.ii1) {(G) does not depend on the determinant used
in its definition.

Before we state the main result of this section, we study how {(G)
changes with G.

5. PROPOSITION. If G, C G, C Aut(A, 1) then {(G,) is the image of
$(G,) under the restriction homomorphism:

r:HYG,,K,(4)) » HY(G,,K,(4)).

Proof. Let det be any determinant for (A4, 7). It is enough to prove
that {$2 is the restriction of {52 to G, and this is obvious.

We thus see that for any G C Aut(A4, 7) {(G) is the “restriction” of
$(Aut(4, 7)) to G. It is remarkable that for any integral algebra (A4, 7)
the process above singles out in a canonical way an element in
H'(Aut(A4, 1), K,(A4)).

The following is the main result of this chapter. It justifies the name
given to the G-invariant determinant obstruction.

6. THEOREM. Let (A, T) be an integral unital C* algebra and let G be a
group of trace preserving automorphisms of A. The following are equivalent:

() (A4, 7) admits a G-invariant determinant.

(i) $(G) = 0 in HY(G, K,(A4)).

Proof. Assume (i) and thus let det be a G-invariant determinant. It is
clear that {$, = 0 and thus {(G) = 0. Conversely let det be any determi-
nant for (A4, 7). If {(G) = 0 then {$,, which we denote simply by ¢, is a
coboundary. Pick ¢ € K,(4) such that {(a) = a(¢) — ¢ for all « € G
and define det’: U(4) —» T by det’(u) = det(u)¢p([ul;). It is clear that
det’ is a determinant for (4, 7). Moreover, for any a € G and u € U(4)

det(a(u*)u) = {(@)([u])) = ¢(azX([u]))o([u]))
Equivalenily

det(u)¢([u],) = det(a (u))¢([a2(u)],)

which proves that det’ is G-invariant.

7. PROPOSITION. If det, is a G-invariant determinant for (A, T) then
any other G-invariant determinant det is of the form

det(u) = deto(w)9([u]),  Vu e U(4)

where ¢ € K,(A) is G-invariant.
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Proof. By (11.10) we know that any (not necessarily G-invariant)
determinant det is of the form

det(u) = dety(u)o([u])), VueU(4)

where ¢ € K,(A4). For a € G we have

o(ax([u]y) = det(a(u))deto(u)_l

from what we see that det is G-invariant if and only if ¢ is G-invariant.
IV. ROTATION NUMBERS

If a is any orientation preserving homeomorphism of the circle it is
possible to define as in [8, 16] its rotation number. In this chapter we
generalize this notion to automorphisms of integral C* algebras. Special-
izing this concept for commutative algebras we obtain a notion of rotation
numbers for homeomorphisms of any compact connected topological
space with an invariant probability measure (see Chapter VI).

We should note that what we do here is somewhat related to the mass
flow homomorphism introduced by Schwartzman in [22].

The concept of rotation number applies only to integral algebras.
With this in mind we let (4, 7) be a unital integral C* algebra, considered
fixed throughout this chapter. We also fix a trace-preserving automor-
phism of A4, denoted by a.

1. DerINITION. The rotation number map of « with respect to the
trace 7 is the group homomorphism

oLk, (4)" > T

defined as follows. Its domain K;(A)* is the subgroup of fixed points for
the action of a on K,(A4), i.e.

K (4)" = {x € Ky(4):au(x) = x}.
For each x € K,(A)* we put
oo = det(a(u*)u),

where u € U(A) is such that [u], = x and det is a determinant for A4.
The next proposition shows there is no ambiguity in our definition.

2. PROPOSITION. The rotation number map
(1) is well defined,
(1i) is a group homomorphism and
(iii) does not depend on the determinant used in its definition.
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Proof. (i) and (ii) follow from (a) and (b) in the proof of (IIL.3) by
simply replacing « by ™. In order to verify (iii) let det’ be another
determinant and u € U(A4) be such that [u];, € K;(A)“ By (I.10)

det’(a(u*)u) = det(a(u*)u)d([a(u*)u],)

for some ¢ € K,(A) but since [a(u*)u], = 0 the result follows.

We should note that although the rotation number map has some
similarities with the map { defined in the previous section, it will play a
very different role in what follows.

A natural question to ask is how the rotation number map of the
composition of two automorphisms behaves with respect to each of the
factors. The answer to this question is proved in the next

3. PROPOSITION. Let a and 8 be trace-preserving automorphisms of the
unital integral C* algebra (A,T) and let Yy = aff. Denote by K,(A)*P the
intersection of K,(A)* and K,(A)¥. Then K,(A)** C K,(A)" and

P3| kycyer = Pal kycay=s = Pl cayes-

The multiplication above is to be understood pointwise.

Proof. 1t is clear that K,(A)** C K, (A)". If x € K,(A)*F let u €
U(A) be such that [u], = x. If det is a determinant for (A4, 7) we have

pr(x) = det(y(u*)u) = det(a(B(u*)) a(u)a(u*)u)
= det(a(B(u*)u)) det(a(u*)u).

Now note that B(u*)u = e --- e for some h,,...,h, € M, (A),,
and some n € N. It follows that

det(a( B(u*)u)) = det(eiat) ... grath)
= et . o) = det( B(u*)u).
Thus
oy (x) = det( B(u*)u) det(a(u*)u) = pi(x)o5(x).

As a consequence we get

4. COROLLARY. If a is a trace-preserving automorphism of (A, T) and
n > 1 is an integral number, we have

Por KA = (PZ)n-



ROTATION NUMBERS 51

Concluding this section we give a few examples in which one can
effectively compute rotation numbers. This should show that the compu-
tations involved are quite easy once we have a good description of the
algebra, its trace and the given automorphism.

5. ExaMpLE. (Rotations on the circle.) Let 4 = C(T'), the algebra of
continuous complex valued functions on the circle. The normalized Haar
measure on 7 defines via integration a trace on A:

(/) = fo(z)dz, feA.

Let @ be a real number and define the “rotation by §” automorphism
of Aby a(f)z)=f(e %) forall fe C(T), z€ T.

It is easy to show that (A4, 7) is integral (see (VI.1)) and that a is
trace-preserving. We compute the rotation number map of a with respect
to 7. First of all observe that a, = id on K,(A4) because « is homotopic
to the identity on A so that

K(A)* =K,(4) = {[z"ly:ne Z) =2,
where z is the unitary in A4 representing the inclusion map of 7 into C.

We have a(z*)z = e so that p’([z],) = det(e’) = e”®. Conse-

quently pZ([z"],) = ¢’ Vn € Z.

6. EXAMPLE. (Translations on the 2-torus.) Let 4 = C(T?), let 7 be
the trace associated to the Haar measure on 72 and let
a(f)(z,w) =f(e 2, e *w), VfeC(T?), (z,w)eET
where 6 and ¢ are fixed real numbers. Again it is easy to prove that (A4, 7)
is integral and « is trace-preserving. As before a, = id on K,(A4) so that

K, (4)" =K\(A4) = {[z'w"];:n,me Z} =7
where z and w represent the two canonical coordinate functions on the
2-torus.
We have a(z*)z = e while a(w*)w = e'®. Therefore p7([z],) = e
and pI([w];) = . It follows that p, is the map

[z'w™], € K (4) - e™leim™ e T.

7. EXAMPLE (Twist of the annulus.) Let X be the annulus,
X={zeC:1<|z]<2}
and A = C(X). The Lebesgue measure of X is 37 so that

fr(f)=3Lﬂfo(x+zy)dxdy Vi€ A
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is a normalized trace on A which makes (4, 7) integral. Let §:[1,2] - R
be any continuous function and define the #-twist to be the automorphism
of A given by

a(f)(z) = f(e®Dz), Vze X, fe C(X).

Integration with polar coordinates shows that « leaves r-invariant.
Since a is homotopic to the identity we have, as in the examples above,
a, = id and

K\(4)*=K\(4) = ([u"]i:ne Z} =2,
where u is the unitary in 4 given by u(z) = z|z|™'. We have

(a(u*)u)(z) = 0D,
So

pullu) = dex(e) = exp| 31 [ 0(1t) ).

To make it more concrete assume §(r) = 2ar. Then

g2 3 20 a1
/Xﬂ(lzl)dz—j(; fl 0(r)rdrd0—27rj; 2mridr = 4m’z.

Thus p[([u],) = e'"®/?. Whence pj([u"],) = 7@/,
V. Crossep PrRobpuCTS

We devote this chapter to the study of the range of the trace on K|,
groups of crossed product algebras by Z.

As we shall see, this problem is deeply related to the theory of
rotation numbers described in Chapter IV. In fact it was our interest in
crossed product algebras and their traces which led us to the definition of
rotation numbers.

We begin by briefly defining crossed product algebras. We refer the
reader to [12] for an extensive treatment on that subject.

Given a unital C* algebra 4 and an action a of Z on 4, the crossed
product algebra is a C* algebra denoted by 4 X , Z, or simply by 4 X Z
if the action is understood, which is generated by a copy of 4 and a
unitary L satisfying the following conditions

(a) For all a€ 4 and n € Z we have L"aL " € A and L"aL™" =
a,(a).

(b) It is universal with this propery, i.e. given any C* algebra B
containing A and a unitary L’ satisfying (a) there is a unique *-homo-
morphism ¢: 4 X Z — B such that ¢(a) = a for any a € 4 and ¢(L)
=L
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It follows that the subset of A X Z given by

{Z a,L":a €AVneZ, ¥ ||a,,||<oo>

nezl nel

is a dense *-subalgebra.

If 7 is a trace on A which is invariant under the action «, the formula
F(X,eza,L") = 7(a,) defines a trace on the dense subalgebra mentioned
above. One can prove that 7 is bounded so it extends to the whole of
A X Z giving a trace which we shall denote also by 7 as no confusion will
arise. This extended trace is sometimes called the dual trace.

An important tool which we shall use is the Pimsner-Voiculescu exact
sequence for K-theory of crossed product algebras by Z [14]. Given a C*
algebra 4 and an action a of Z on A as above, it asserts that there is an
exact sequence

1.
Ko(4) =" Ko(4) > Ko(A4 X, Z)
exp T 1o

1-a3!
KI(A X Z) < K1(A) « KI(A)

Among all the maps involved, the most important one for our
purposes is the right hand side vertical map indicated by 9.

When doing computations involving d we will make use of a result of
Paschke [11] proving that the K-theory of a crossed product algebra by Z
is isomorphic to the K-theory of the mapping torus with a shift in the
grading index. Paschke’s result will turn out to be our main tool, so we
briefly describe it.

Let A be a unital C* algebra and a be an automorphism of 4. We
thus get an action of Z on A by taking powers of a. Note that all actions
of Z on A are of this form.

2. DEeFINITION. The mapping torus of the pair (4,a) is the C*
algebra T,(A) consisting of all A4 valued continuous functions f on the
interval [0, 1] satisfying f(1) = a( f(0)).

3. THEOREM (W. Paschke [11], A. Connes [1].) There are isomorphisms

ko:Ko(T(4)) = K\(4 X Z),
ki K\(T,(4)) > Ko(4 X Z).
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It is k, which will be most useful in our study. Unfortunately the
formula for k, in [11] is too cumbersome. Our technique will be to make
use of a sort of “suspension” argument which will enable us to use k,
instead of k,. A description of k, is in order (see [11]).

4. Description of k. Let n € N, n > 1, and let p € M, (T, (A)) be
a self adjoint projection. We may view p as a continuous function
p:10,1] = M,(A4) such that p(¢) is a self adjoint projection for all
t €[0,1] and p(1) = a( p(0)). According to [11] there is a continuous
path of unitaries, {w(¢):0 <t <1}, such that w(0) =1, p(¢)=
w(t) p(O)w(z)* for all ¢ in [0,1], (L ® I,)*w(1) commutes with p(0) and
we have

ko([plo) = [(L ® 1,)*w(1) p(0) + I, — p(0)],.

In the following we explain how our “suspension” argument works.
Consider the pair (4 ® C(T'), « ® 1) and recall that

(A® C(T)) X o Z=(AX%,2)®C(T) and
T,e:(4 ® C(T)) = T,(4) ® C(T).

Using the identifications above we arrive at a description of k; in
terms of k. Consider the diagram

5.
KT8 C(T) = K((4072)8C(T)
ind T Vo
K(T()) 5 K(4x2)

where 7 is the projection corresponding to the natural decomposition
K((AXZ)®C(T))=K,(A4XZ)®K,(AX1Z)
and ind is the inclusion corresponding to the natural decomposition.
Ky(T,(4) @ C(T)) = K\(T,(4)) ® Ko(T,(4)).

This diagram is commutative because it actually defines k; in [11].

Although an explicit formula for &, is provided in [11] we shall avoid
it and use (5) together with the formula for k, described in (4) whenever
we need to compute k;. We believe that this procedure will make things
clearer than a direct use of the formula for &, as given in [11].
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Let us pause for a moment to give a concrete formula for ind.

6. Description of ind. (See [1].) For any unital C* algebra B the map
ind:K,(B) —» K,(B ® C(T))
may be defined as follows: for u € U,(B)

ind([u],) = [plo - [Po]o
where p, p, € M, (B ® C(T)) are self adjoint projections given by

po(s) = [g’ g] Vs € [0,27] and

po) =k 2 rer | o kel P ]re

Vs € [0,27]
where
cos(s/4)I, —sin(s/4)I,

sin(s/4)I, cos(s/4)1, vs € [0,27]

-

or any other path of unitaries joining [§ 7 Jto[j ~{1.

The following result, which is implicitly in [11], relates k; to d and
will be helpful when computations involving d are performed.

Let val: T,(A4) — A be defined by val(f) = f(0) for all f € T,(A).

7. THEOREM. ( Paschke.) The following diagram is commutative.

Ky(T,(4)) 5 Ko(4 x Z)

o

val, ()
K,(4)

This concludes our preparations. We may now start the main argu-
ment.

Our first major step will be the computation of 7 - k,. Putting
together (1.5) and (5) we get the following commuting diagram
ko
Ky(T,(4) e C(T)) = K((4x2Z)®C(T)) >R
ind I /T
ky
K\(T,(4)) - K,(4 x12)

a



56 RUY EXEL

so that 7k, =y - k, - ind. We use the right hand side to perform our
computations. This will be accomplished step by step in two lemmas.

8. Note. The algebra T,(A) ® C(T) will be identified with the subal-
gebra of C([0,1] X [0,27], 4) formed by those elements x satisfying

x(1,0) = x(¢,27) Vte[0,1]
x(1,s) = a(x(0,s)) Vse[0,27].
9. LEMMA. Let p = p(t,s) be a self adjoint projection in T,(A) ® C(T).
Also let w:[0,11 > A ® C(T) be a continuous path of unitaries satisfy-

ing w(0) =1 and p(t,-) = w(t)p(@, -)w(t)*. With the notation
w(t,s):= w(t)(s) the conditions above are equivalent to

w(0,s) =1, 0<s<27

p(t,s)=w(t,s)p(0,s)w(z,s)*, 0<s<27,0<t<]1.
Assume that s —» w(l,s) and s — p(0, s) are C* maps. Then

V(ko(p)) = 37 [ 7 w15 (L) p(0.5) ) .

Proof. Let v € (A X Z) ® C(T) be given by
v(s)=L*w(1,5)p(0,s) +1 — p(0,s).

By definition (see (4)) [v]; = k([ p],) and we have

dvoy_ W ap _o
s (s)=1L* P (1,5)p(0,s) + L*w(1,s) 5 (0,s) %5 (0,s).
Therefore
Q * *M *
= (s)v(s)* =L P (1,s)p(0,s)w(1,s)*L

+Low(1,5) 22 (0,5)(1 - p(0.5))
+L*w(1,s)%€(0,s)p(0, s)w(l,s)*L

= 32(0,5)(1 = p(0.5)) ~ 2£(0.5)p(0, 5)w(1, ) L.
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Applying 7, we have
o266 = [ G 1,9)p0,)w(1,5)7)

( 1sa—p0s)(1— (OS)))

el o)
( (0,5)(1 - p(0, s)))
_T(%%(O’S)P(Oas)w(l’s)*L)'

Note that the second and last terms above vanish because 7(L*a) =
7(aL) = 0 for all a € A. Also observe that differentiating the expression
p(0, 5)? = p(0, s) with respect to s we obtain

320,5)p(0,5) +p(0,5) 22(0,5) = 2L(0,).

It follows that

3 (0,5)(1 - p(0.5)) = p(0.5) L 0,5).

from which we see that the third and fourth terms above cancel each
other, and we are left with

(0] - v 0],

If we now use the definition of y as in (1.4) we get the conclusion.

10. LeMMA. Let u € T, (A). For all (t,s) € [0,1] X [0,27] put

Q(t.5) = R(s)| 4(D)* o}R .
(t,5) (S)[ 0 1 (s)
where R(s) is as in (6).
Let p(t,s) = Q(¢, s)[} 919(¢, s)* and
w(t,s) = Q(t,s)[u(“/zﬂ) u(0) 0 2(0,s)*
0 u(st/2m)u(0)*

for all (t,s) € [0,1] X [0,27]. Then
1) w(t,-) e U,(4 ® C(T)) Vet €]0,1].
(i) w0, -) =4 ?
(iii) p(¢,s) = w(t,s)p(0,s)w(t, s)* Y(t,s) € [0,1] X [0,27].
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Proof. We verify (i) by proving that w(¢,0) = w(¢,2) for all ¢ € [0, 1].
We have

w(t,0) = Q(Z,O)[(l) (1)]9((),0)* — [u((t))* ;)“uE)O) (1)]

_ [u<t>;u<o> (;],

While

u(t)*u(0) 0
0 u(t)u(0)*

=[1 0 ]u(t)*u(O) 0 [1 0]
0 u(t)* 0 u(1)u(0)* 0 u(0)

_ [u(r);u«» 2],

To prove (i1) we simply compute:

- 10 +_ |10
w(o,s)_sz(o,s)[() I]Q(O,s) [0 1].
Another computation gives (iii):

w(t,s)p(0,s)w(t,s)*

w(t,2m) = Q(t,Zw)[

u(st/2m)*u(0) 0

* g 1 0
0 u(st/zw)u(o)*]ﬂ(o’s) 8@, ){0 0]

= Q(1, s)[
(0)*u(st/2m) 0

0 u(O)u(st/2w)*]Q(t,S)

-Q(O,s)*Q(O,s)[u

_ Q(t,s)l(l) 8]9(1,s)* ——

The following completes our computation of 7 - &;.

11. THEOREM. Let n €E N, n > 1 and let u € U, (T, (A)). Viewing u as
a function u:10,1] = U, (A4), assume that u is C*. Then

(k([u]) = 5 [ (w(0)"u(r)) do



ROTATION NUMBERS
Proof. We already know that
"'(kl([“] ) = y(ko(ind([u] 1)))

By replacing A4 by M,(A) we may assume that n = 1. Let p, p,
M, (T, (A) ® C(T)) be given by

p(t,s) = Q(t,s)[(l) 3]Q(t,s)* and

polts) = |} 3] vir,9) € 011 x[0,27)

where (¢, s) is defined in terms of u as in (10). By (6) ind([u«],) = [ p],
[Polo- Thus

7("1([“]1)) = Y(ko([P]O)) - Y(ko([l’o]o))~

59
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We use Lemma (9) to compute the right hand side. With respect to p,
note that if wy(z,s) = [} 9] for all (7, s) € [0,1] X [0,2] then w, satisfies
the hypothesis of (9). We then conclude that y(k([ pol,)) = 0. As for p,
let w = w(¢, s) be as in (10). It satisfies the hypothesis of (9) with respect

to p so we have
(ko(lp10) = 57 [ 7(w(1,5)* (1) p(0,5)
Y 0 p 0 277,1 o ) as ’ ) .
The integrand equals
aw *
’r(ﬁ(l,s)p(o,s)w(l,s) )
Let us first compute p(0, s) w(1, s)*. We have

p(0,5)w(1,5)* = 20,91 9]200,9)20,5)

_[u(o)*u(s/zw) 0

Q(,s)*
0 u(O)u(s/277)*} ()

- )| #(0) u(s/2m) 0} $)F
(0, )[ 0 o Q(1,)
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Therefore

(20, (0, 5w(01,5)")

|

0Q u(s/2m)*u(0) 0 "
s (0, s
3s a5 (1 )[ 0 u(s/27r)u(0)*:| (0,)

u'(s/2m)*u(0) 0 :lﬂ(o’s)*

+(1/2w)ﬂ(l’s)[ 0 w/(s/2m)u(0)*

u(s/2m)*u(0) 0 30 )
m(l’s)[ 0 u(s/zw)um)*}as(o’))

) )| #(0) u(s/2m) 0 o*
20, )[ 0 0}9(1’ )}

=(1/277)7{9(1,s)[“’(s/2'”);“(s/2ﬂ) 8}9(1,”*}

o{5r0ag glenar) +o{5 0ra0lg gl

We now observe that since u € T,(A) we have u(1) = a(u(0)). There-
fore

s) = s u(l)* 0 s *
2(L.s) = R( >[ 0 1}1«)

=« s u(0)* 0 $)¥) =« s
[ )[ ; 1}1«)} (2(0,5)).

a5 005 o))

~o{5s00)g glac.sr).

Thus

T{%‘l(l s)[(l) 0] (15"}
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So

T(%‘g‘(la s)p(0,s)w(l, S)*)

=(1/2w)f(sz(1,s)[“'(s/z”);“(s/z”) g]sz(m)*)

+q-(%?(0,s){(1) 8]Q(O,s)*)+7’(ﬂ(0,.€)[é 8]%%—(0,s)*)
= (1/2m)e(wls/2m) uls/2m) + o (200§ Qlow.5)"))

= (1/277)1'(u’(s/277)*u(s/277)) + %7([(1) 8])
= (1/27r)'r(u’(s/2\7r)*u(s/27r)).

The computation above gives us
1 27 1 J S \* [ s
v(ko([plo) = mfo 5;;7(14 ('27) u(ﬁ))ds
and, after the change of variables s = 27t we have
1 '
k == w'(t)*u(t))dr.
v(ko([p10) = 77 [ o{w(0)*u(0))

I

The proof is now complete.

In our next result we make full use of the technical facts developed in
this chapter, condensing everything into a simple commuting square.

12. THEOREM. Let (A, T) be an integral unital C* algebra and o be a
trace-preserving automorphism of A. The following diagram is commutative

Kof(4x,Z) > R

31, lw
K (4)° - T

P

where m denotes themapt € R —» e?™" € T.

Proof. First observe that by exactness of the diagram in (1) the range
of 0 is precisely K;(A4)* Next note that for x € K, (A4 X Z) we have
a(7(x)) = 1 whenever d(x) = 0. In fact, if 9(x) = 0 then x is in the
image of the map

Ky(4) = Ko(4 % Z)
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(see (1)), and it follows that 7(x) € 7(Ky,(A4)) =Z, so =(7(x)) = 1.
Therefore the formula
p/(a(x)) — eZm"r(x)
defines a map p’: K,(A4)* — T making the diagram below commutative.
Kf(AXxZ) > R

3l L=
K,(4)" - r
P

Our proof will be complete once we prove that p’ = p’.

Let x € K,(A)* and pick n € N and u € U,(A) such that x = [u],.
From a,(x) = x it follows that there is m > n and elements h;,..., h, €
M, (A),, such that

(ua(u)*) ©I, ,=eM .. e
Replacing 4 by M, (A), we may assume that m = n = 1 and
ihy L. pihy

ua(u)* =e e

Define ii(¢) = e - - - e~"f1y, and notice that #(0) = u and #(1) = a(u).
Thus # represents a unitary element in 7,(A) whose image under ‘val’ is
u.

At this moment we need to recall (7) in order to write the following
commuting diagram

K(T,(4) 5 Kf4xz) > R
val, ™\ 3l la

o’

K,(4)® - T

We have p'(x) = p'(val,([#1],)) = #(7(k,([%],))) and if we use the
formula for 7 - k, given in (11) we get

w(e(a1) = 7 [ o{w(0)*a(0)

1 1 , . .
= —_—— * lthl e e 7 ith .. lthk
Yo j(; T E u*e lhje g e

l<j<k

ce e L. e—lthlu) dt

=21—,,f01"( y hj)dt=21—ﬂ_’r( Y h,).

l<j<k l<j<k
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If we now fix a determinant det for (A4, 7) we get

=l 1) -t o

= det(ua(u*)) = det(a(u*)u) = pl(x).

Recall that by (IV.2.iii) the rotation number map is independent of
the choice of a determinant. This completes the proof.

We close this chapter with a result that summarizes most of our work
from this and the previous chapters.

13. THEOREM. Let (A, ) be an integral unital C* algebra and let a be
a trace-preserving automorphism of A. The following are equivalent:
(1) p, is the trivial homomorphism.
(i) A X, Z is integral with respect to the dual trace.
(i1i) If () denotes the subgroup of Aut( A, ) generated by o then the
( a)-invariant determinant obstruction vanishes, i.e. {({a)) = 0.
(iv) A admits an a-invariant determinant.

Proof. (i) — (i) By (12) we have 7 - 7= p] - 9 = 1 so for any x €
Ky(A X Z) we have e*""® = 1. Thus 7(x) € Z. .

(i1)) — (iv) Let det be a determinant for A X Z. By restriction we get a
determinant for 4 and if u € U,(A4) for some n € N we have

det(a(u)) = det((L ® 1,)u(L ® 1,)*)
= det(L ® I,)det(u)det(L ® I,)" = det(u).

(iv) — (1) Let det be an a-invariant determinant for A. Given x =
[u], € K,(A)~we have

pa(x) = det(a(u*)u) = 1

whence (i).

(iit) « (iv) This is precisely Theorem (IIL.6).
VI. CoMMUTATIVE C* ALGEBRAS

In this chapter we specialize the theory developed so far to commuta-
tive algebras. We have tried to make it as self contained as possible since
all concepts involved are fairly elementary and do not require much of
what was done up to now. We give an alternative definition of rotation
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number and exploit its relationship with the previously defined one. This
will also be used in our applications, namely the ones involving commuta-
tive algebras.

Let X be a compact Hausdorff space and consider the algebra C( X).
Given a (not necessarily positive) regular Borel measure p on X with
p(X) = 1, the formula

W)= [ f()du(x), e c(X)

defines a trace on C( X). It is well known that any traced unital commuta-
tive C* algebra is of the form (C(X), 7,) for some X and p as above. In
our next proposition we characterize the integral ones.

1. PROPOSITION. Given X and p as above a necessary and sufficient
condition for (C(X),t,) to be integral is that for any subset C C X which is
both open and closed, one must have p(C) € Z.

Proof . (Sufficiency) Suppose p = (p;;) € M,(C(X)) is a self adjoint
projection. Then

n(p)= L n(p)= L [ pux)dn(x)

l<i<n l1<i<n

= [ u(p(x) du(x).

Let forevery k = 0,1,...,n
Co={xeX: tr(p(x)) =k}.

Clearly { C,: 0 < k < n} is a partition of X in open-closed sets. It follows
that

w(p)= L [ kdp(x)= ¥ kn(c)eZ

O<k<n "G O<ks<n
thus proving (C(X), 7,) to be integral.
(Necessity) Given that (C(X),7,) is integral, let C C X be an open-

closed subset. Let p: X — C be the characteristic function of C. Then p
is a self adjoint projection in C( X) and by our hypothesis

p(C)=1(p) €Z.

Of course it follows that for any compact connected space X and for
every probability measure p on X, the pair (C(X),7,) is an integral
algebra. In what follows we will assume this is the case. We therefore fix a
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compact connected space X and a probability measure g on X for the rest
of this chapter.

2. DerINITION. We will denote by [ X, T'] the group of homotopy
classes of continuous mappings from X to T with the group operation
given by pointwise multiplication.

Any homeomorphism «: X — X induces a group automorphism
ay: [X,T] - [X,T] by the formula a,[u] = [u - a”'] where [u] indicates
the homotopy class of « in [ X, T'] for any continuous u: X — T.

It is routine to verify that [ X, T'] is an abelian group and that a,, is an
automorphism.

Let a: X — X be a homeomorphism which moreover fixes p, i.e.
p(a(E)) = p(E) for all Borel subsets E of X. Denote by [X,T]* the
subgroup of [ X, T'] formed by the fixed points of a,, i.e.

[X,T]*={ce[X,T]: ax(c)=c}.

Let u: X = T be continuous and assume [u] € [ X, T']* That is to
say that

[a(u™)u] = au(-[u]) +[u] = 0.

It follows that the mapping x — u(a™*(x)) 'u(x) is homotopic to a
constant, and thus liftable to the universal cover of 7. Equivalently there
is a continuous function A: X — R such that

u(al(x))'u(x) = e vx e X.

3. DerFINITION. We will denote by R%(u) or simply by R (u) the
number

R.(u) = exp(ifx h(x)d,u(x)) eT.

4. LEMMA. Givenuandv in [ X, T1*

(i) R (u) does not depend on the lifting h,
(i) R (uv) = R (u)R (v) and
(iif) if [u] = [v] then R (u) = R (v).

Proof. (i) Assume h; and h, are continuous functions from X to R
and

u(a(x)) 'u(x) = e = ¢ yx e X.
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Then for all x in X hy(x) — h,(x) € 27Z. Since X is assumed to be
connected and h,(x) — h,(x) is a continuous function of x, there will be
an integer n such that A,(x) — h,(x) = 2#n for all x in X. Therefore

exp(ifx hy(x) d,u(x)) = exp(ifx(hz(x) + 2an) dpn(x))

_ exp(i/Xhz(x)dpL(x))

proving (i).
(i1) Let /& and k be continuous functions from X to R satisfying

u(a(x)) 'u(x) = "™ and
U(a”l(x))—lv(x) = 'k,
So

((w)(a(x))) ((ww)(x)) = e*De*() = ihx)+k(x),

Therefore we have

R, (w) = exp ] (h(x) + k() du(x)|

=exp(i/Xh(x)du(x))exp(ij;(k(x)d,u(x))
= R, (u)R,(v).

(iii) Let w = uv™!. Then u = wv so R (u) = R (w)R (v) and it is
enough to prove that R (w) = 1. Since [u] = [v] by hypothesis, it follows
that [w] = 0. So w is homotopic to a constant which implies that

w(x)=e'® VxeX

for some continuous function /: X — R. We then have

w(a—l(x))_lw(x) — e—zl(a’l(x))ezl(x) — el(l(x)—l(a'l(x)))

thus
Ra(w)=exp(iLz(x)dp(x)) exp(_ifxz(a-l(x))du(x) —1

because p is invariant under a. The proof is now complete.
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In view of this last result we may give the following

5. DEFINITION. The (commutative) rotation number map of a with
respect to p is the group homomorphism

R, [X,T]*>T

defined by R ([u]) = R (u) for all [u] in [ X, T']*. If we need to make the
measure p explicit we will use the notation R%.

In order to set the technical tools to relate R, to our previous
definition of rotation number, we introduce some extra notation.

6. DEFINITION. Given a commutative unital C* algebra 4 we denote
by T, and Det, the maps from M, (A4) to A defined for every n X n
matrix a = (a; 1< j<n by

T(a)= X a;; and

l<i<n
Det,(a) =) sgn(o) [1 a; .
e l<i<n

where the sum is over all permutations o of » elements.

7. LEMMA. For all h in M,( A) we have

Det, (") = e,

Proof. Represent 4 as C(Y) for some space Y. Then
Det, (e")(y) = det(e"») = e"h() = ¢GLION = oL (y) Wy € Y.

8. DErFINITION. We denote by Det, the mapping
Det,: K,(C(X)) - [X,T]
defined by Det,([u];) = [Det,(u)] for all u in U, (C(X)).

9. PROPOSITION. Det, is well defined and is a group homomorphism.

Proof. If u is in U,(C(X)) and m > n it is clear that Det (u) =
Det, (u® 1,_,).

If {u,: 0 <t < 1} is a continuous path in U,(C(X)) then Det, (u,) is
a homotopy between Det,,(u,) and Det,(u,) so [Det,(u,)] = [Det,(u,)]
proving that Det, is well defined. The formula Det, (uw) =
Det, (u)Det,(v) is easily verified for all  and v in U,(C(X)) and proves
that Det, is a group homomorphism.
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10. PROPOSITION. If a is any homeomorphism of X and z € K,(C(X))
then

Det,(a4(2)) = a,.(Dety(z)).

In other words Det, is covariant under the action of homeomorphisms of X.

Proof. If u is a unitary n X n matrix over C( X) and z = [u], then
Dety(ay(z)) = [Detn(a(u))] = [a(Detn(u))] = a,(Dety(z)).

We are now ready to state the main result of this chapter relating the
notion of commutative rotation number to the one defined in Chapter I'V.

11. THEOREM. Let X be a compact connected topological space, let o be
a homeomorphism of X and let p. be an invariant probability measure. The
following diagram is commutative.

k(c(x)® - T

Det, »L 7

[x, 7]

Proof. First note that Det, is indeed a map between the indicated
groups by (10). Let [u], € K,(C(X))* where u € U,(C(X)). Replacing n
by a suitable m > n and u by u & I, _, we may assume that there are
hy,...,h, in M, (C(X)) such that a(u*)u =e™ --- e". We simply
compute p([u],) and R¥%(Det,([u],)) to check they agree. Before comput-
ing the latter we must write a(Det,,(u))*Det, (u) as an exponential. We

have

a(Det,, (1)) 'Det,,(u) = Det,,(a(u*)u)

— Detm(elhl oo elhr) = eiTm(hl) “ .. eiTm(h,) — exp(le( Z hk))'
l1<k=<r

Thus according to (5) we have

R%(Dety([ul,)) = R4([Det,,(u)]) = Rh(Det,,(u))

=exp(ij;(Tm( y hk)(x)du(x)).
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To compute p([u];) let det, be a determinant associated with 7, as
in (II). So
px([u])) = det,"(a(u*)u) = detfu(e""l o eihr)

L h)

= e”;‘(hl) .o e";a(hr) = exp(lfru( )
l<k<r

= exp(i/X T,,,(

completing the proof.

L he)(o) du)

1<k<r

One of the interesting features of our last result is the fact that p}
factors through [ X, T']*. Based on this we obtain the following generaliza-
tion of Corollary (3) of [1].

12. COROLLARY. Let X, a and p be as above and assume that the first
Cech cohomology group H'( X, Z) is zero. Then
(i) p% is the trivial homomorphism,
(ii) the crossed product algebra C(X) X , Z is integral with respect to
its natural trace and
(iii) (C(X), 7,) admits an a-invariant determinant.

Proof. Following [23, pp. 323 ff.] one may prove that [X,T]=
HY(X,Z) = 0. The result then follows from (11) and (V.13).

VII. ALMOST PERIODIC AUTOMORPHISMS .

With this chapter we start a sequence of applications of the theory
developed above, especially Theorems (V.12) and (V.13) which in a way
summarize the main ideas exposed up to now. Our goal will be to give
examples for which (V.12) or (V.13) can be applied giving new informa-
tion in a more or less concrete setting.

For our first application we consider almost periodic automorphisms
of integral algebras. In one of our results we shall give sufficient condi-
tions for the crossed product by Z to be integral.

In order to fix the objects to be studied here we let 4 be a unital C*
algebra and a be a *-automorphism of A.

1. DerFINITION. We say that a is almost periodic if for every a in A its
orbit is relatively compact in the norm topology. In other words the set
{a"(a): n € Z} must have compact closure for all a in A4.
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2. LEMMA. If a is an almost periodic automorphism of A then
(1) id ® a is an almost periodic automorphism of M, (A) for alln € N
and
(i1) for every a in A, n € N and ¢ > 0 there is m > n such that
[la™(a) — a|| < e. Roughly speaking, the orbit of any a in A comes close to
a infinitely often.

Proof. The first statement is obvious. As for (ii) let B be the open ball
centered at a with radius e. We clearly have

{a"(a):neZ}c U «*(B)
nez
and if we observe that the distance between the set {a"(a): n € Z} and
the complement of U, . , «"( B) is greater than ¢ we see that

{a"(a):neZ}c U a"(B).

neZl

By compactness there is a finite set F of integers such that

{a"(a):neZ}c U o*(B).

keF

For some k € F we must therefore have ||a"(a) — a*(a)|| < ¢ for in-
finitely many integers n. The conclusion now follows by taking m = n — k
or m = k — n, whichever is positive, for a suitable n.

Let us now introduce the notion of fixed point for an automorphism
of a C* algebra.

3. DEFINITION. Let ¢ be a *-homomorphism of A into the complex
numbers. We say that ¢ is a fixed point for a if ¢ - a = ¢.

We should observe that the expression “fixed point” refers to the action
of « on the set of complex homomorphisms of A rather than the action on
A itself.

Note also that since many C* algebras have no complex homomor-
phisms at all, our definition has a limited range of applications. But if 4 is
commutative, say 4 = C(X) for some compact space X, and if « is
induced by a homeomorphism 8 of X, then the notion above corresponds
to the standard notion of fixed point for the action of 8 on X.

Suppose ¢ is a complex homomorphism of 4 which is a fixed point
for a in the sense of (2). There are two relatively canonical ways to extend
¢ to the crossed product algebra 4 X, Z. On the one hand we can view ¢
as an invariant trace on 4 and extend it as one usually extends invariant
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traces. This procedure yields a trace
¢ AXZ-C

satisfying ¢,(X, a,L") = ¢(a,) where L is again the unitary in 4 X Z
implementing the action. As a trace, ¢, extends as usual to M, (A4 X Z)
for all n and we keep the same notation as we have been doing so far.
Adopting a different point of view, we may consider ¢ as being part of the
covariant 1-dimensional representation of the C*-dynamical system
(A4, a,Z) given by (¢,t) where ¢ is the 1-dimensional representation of
the algebra A4 and ¢ is the trivial representation of the group Z. By the
universal property of the crossed product it follows that there is a unique
1-dimensional representation of A X Z, here denoted by ¢,, satisfying

#(Za,L7) = L o(a)i(1)" = L o(a,).

It should be stressed that ¢, and ¢; are never the same since
$o(L) = 0and ¢,(L) = 1.

Another map obtained from ¢ which we will use is the extension of ¢
to any matrix algebra over 4 when ¢ is viewed as a trace. Precisely, we let
for all n > 1 ¢: M,(A) > C be defined by ¢(a) = Yicicn,9(a;,) for
every n X n matrix a4 = (4, ;)1 c;;<, in M,(4). As a trace, ¢ induces a
map (also denoted by ¢) on K,(A4)

¢: Ko(4) > R

in the usual way. Observe that this map is equal to the map
oy Ko(A4) = Ky (C) once K (C) is identified with Z as usual. It follows
that the range of ¢ on K,(A) is equal to Z.

Observe that ¢,, ¢, and ¢ when restricted to 4 (or M,(A4)) are all
equal to the original ¢. Whenever we are required to choose one of the
above notations for ¢ on A we should pick the notation that seems most
appropriate in each special case. For instance, when we use (as we shall
do) a convex combination of a given trace T on 4 and ¢ considered as a
trace we will use the notation (1 — f)7 + t¢ instead of (1 — t)7 + t¢
even if it makes no difference.

4. THEOREM. Let (A, 7) be a traced unital C* algebra and let o be a
trace-preserving automorphism of A. Assume that « is almost periodic and
has a fixed point ¢ satisfying ¢ =1 on K,(A). Then the equivalent
conditions of (V.13) are satisfied and ¢, = 7 on Ko(A X, Z). Here ¢, is
defined as ¢ when A is replaced by A X Z and ¢ is replaced by ¢,.
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Proof. We first notice that the hypothesis that ¢ = 7 on K,(4)
implies that (A4, 7) is integral. Next we prove (V.13.1).

Let u € U,(A4) be such that [u], € K;(4)* We must show that
p([u];) = 1. Replacing n by a larger integer, we may assume that there
are elements h,,..., h, in M,(A), such that

ihy ... pih

a(u*)u=ce e

In order to simplify our notation we define the following symbols:

hi=(hy,...,h,),

ih e ,ih ih
e = 1 oo l’

Y hi=h, + - +h,,

a(h):= (a(h1)> te a(hl))

Given & > 0 with ¢ < 1, choose m > 1 according to (2.ii) such that

e e

lo™(u) — ull < &
thus
“a’”(u*)u -1 <e.

We may therefore pick k in M,(A),, such that a™(u*)u = e'* with
k|l < v(e) where v = v(¢) i1s some positive valued function such that
lim__, ,»(&) = 0. This is simply because the exponential map is a local
homeomorphism. Writing

a™(u*)u = a" Ya(u*)u) -+ ala(u*)u)a(u*)u
we get
am(u*)u = i@ (M) ... elaMgth — ik

By (1.6.iii) we have that for any trace 7 on A4 with respect to which A
is integral

T(X a™ (h)) + --- +T(X h) - T(k) € 27Z.

How many traces with this property are at hand? Certainly 7 and ¢ are
among them but because r and ¢ agree on K,(A), any convex combina-
tion of these is just as good. So for every ¢ € [0,1] let 7, be the trace on 4
defined by

'r,=(1—t)'r+t<7>.
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It follows that

(L " (k) + -+ +1(L h) - (k) € 27Z

must be constant, or
‘T(Z a'"‘l(h)) + .- +1’(Z h) - 7(k)
=o(X am X (h) + -+ +9(X ) — (k).

Since both 7 and ¢ are a-invariant, the expression above becomes

(+) mr( L h) — (k) = mo( L h) — &(k).

Before we continue, we need to prove that ¢(Lk) € 27Z. To do this
apply id ® ¢ to both sides of the expression

a(u*)u = eihl .« o eihl
to get
I, = ¢i0d®eXh) ... (i@ea)Xh) in M (C).
Applying the standard determinant it follows that
1 = i tGd®S)R) .. . Hit(d@$)(h)
where tr is the standard, non normalized trace on M, (C). We then have
1= eitr((id®¢)(2h)) — eiE():h)

so that (L h) € 27 Z as claimed.
The expression () above gives

|7(Z 1) = 3(X #)|= @/m)|r(k) - $(k)]|
< (/m)(I]+ |31kl < A /m)(|7]+ n)w(e)

< (Il + n)v(e).

The left hand side does not depend on & while the right hand side has
limit zero for ¢ — 0, so we conclude that

(X h)=¢(X h) €272
Now pick any determinant det for A associated with 7. Then
pa([uly) = det(a(u*)u) = & = 1.
This proves condition (i) of (V.13) and therefore also (ii) through (iv).
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Next we must prove that ¢, = 7 on K,(4 X Z). To do this we use
once more the traces 7, defined earlier. Observe that all the hypotheses
assumed for 7 are satisfied by 7,. Thus by what we have just proved we
conclude that 4 X Z is integral with respect to (the natural extension to
A X Z of) 7,. It is easily seen that

= (1—1)7+ t¢,
on A X Z, by direct computation on the set of elements of the form alL*
fora€ Aand k € Z.
Let p € M, (A X Z) be a self adjoint projection. Then by the ob-
servation above 7,( p) € Z for all ¢ € [0, 1]. More explicitly
(1= 1)7(p) + tép(p) € Z,
from which we deduce that 7( p) = ¢,( p). It is now enough to show that

Po(p) = ‘1_51(17)-
Recall that the circle group T acts on A X Z by the dual action a.

Forall a € A, n € Z we have
ay(aL") = a\"L" vieT.
Consider the mapping E: 4 X Z — A defined by
E(x)= [ &(x)d\, VxedXZ
T

A simple computation shows that for all a € 4 and n € Z with n # 0
one has E(a) =a and E(aL") = 0. One can also prove that E is a
conditional expectation, as defined in [17], from 4 X Z onto A. Note that
oo = ¢, - E. It follows that

do(p) = Z ¢0(Pi,i)= Z ¢1(E(Pi,i))

1<i<n 1<i<n
= Z ‘151(/ &A(Pi,i)d}‘)
1<i<n T

i

Z ¢1(&A(Pi,i)) dA

T 1<i<n

= [ (i, ®(0: - &))(p)) dr.

The argument of ‘tr’ above is a projection in M, (C) varying continuously
with the parameter A, so its trace must be constant. We conclude that
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with A =1
$o(p) = tr((idM,, ®(¢; - &1))(P)>

= tf((idM" ® ‘1’1)(1’)) = Z ¢1(Pi,i) = ¢,(p).

l<i<n

The proof is now complete.

5. COROLLARY. Let (A, 7) be a traced unital C* algebra and o be a
trace-preserving automorphism of A. Assume that a is almost periodic and
that for some integer n, a" has a fixed point ¢ (i.e. a periodic point for «)
satisfying ¢ = 7 on K,(A). Then the range of (the natural extension to
A X Z of) Ton Ky(A X, Z) is contained in (1/n)Z.

Proof. The conclusions of (4) hold for a” . In particular p}. = 1. By
(IV.4) we have (p})" = 1 so the range of p], is contained in the set of nth
roots of unity. By (V.12) the conclusion follows.

In the special case of commutative algebras we obtain the following

6. COROLLARY. Let X be a connected compact topological space with a
probability measure p. Also let a be a homeomorphism of X which leave p
invariant, and assume that the set of all powers of a, {a": n €L}, is
equicontinuous (with respect to the unique uniform structure that a compact
space X admits). If a has a periodic point (in the standard sense) with
period n and if 7 is the extension to C(X) X , Z of the trace on C(X) given
by integration against j., we have

7(Ko(C(X) X, Z)) < (1/n)Z.

Proof. We should note that we are also denoting by a the induced
automorphism on C(X). The proof will of course consist of checking the
hypothesis of (5).

From the Arzela-Ascoli theorem it follows that a is almost periodic as
an automorphism of C( X).

Let ¢ € X be such that a"(q) = ¢ and let ¢ be the complex homo-
morphism of C(X) given by evaluation at g. We will prove that ¢ = 7 on
K,(C(X)). Adopting the vector bundle point of view, note that for any
complex vector bundle F over X the map ¢ gives the dimension of the
fiber F, while 7 gives the common dimension of all fibers since X is
connected. It is then clear that ¢ = 7. This concludes the proof.
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7. Note. In order to show the necessity of the equicontinuity hypothe-
sis assumed in (6) or the almost periodicity assumed in (4) and (5) we
recall the example of the twist of the annulus (IV.7) in which there are
fixed points but where the conclusions of (4), (5) or (6) are not satisfied.

VIII. AUTOMORPHISMS OF CONNECTED GROUPS

In our second application of (V.13) we consider a topological group G
which is supposed to be compact and connected and we fix an automor-
phism a of G. If we let A = C(G), the group automorphism « induces a
x-automorphism on A4 (which we still denote by «) according to

a(f)(t) =f(aM(1)) VieG, fe C(G).

Let p be the normalized Haar measure on G and let 7 be the trace on
A given by integration against .

It is well known that a compact group has a unique normalized Haar
measure, from which it follows that p is invariant under the group
automorphism «a. Consequently 7 is invariant under the algebra automor-
phism a.

Recalling Proposition (VI.1) and also the fact that G is assumed
connected, one sees that A is integral with respect to 7. We are then in a
position to ask whether the triple (A4, 7, «) satisfies the equivalent condi-
tions of (V.13). It is our goal in this section to give an affirmative answer
to this question.

We begin by introducing three maps from C(G) to C(G X G) (equiv-
alently from A to A ® A) which will prove to be of great importance.

1. DerFINITION. For every f € C(G) define A(f), i1(f) and i,(f) in
C(G X G) by
A(f)(x,y) = (),
i0(f)(x,y) =/(x) and

L) (x,y)=f(y) V(x,y)eGXG.

The reader should have no difficulty in checking that A, i, and i, define
x-homomorphisms from C(G) to C(G X G).

2. LEMMA. Let u € U,(C(G)). Then

A:l;([u]l) = i1*([“]1) + iz*([u]l)
in K,(C(G X G)).
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Proof. Let v(x, y) = u(xy)u(x)u(y) for all (x, y) in G X G so that v
is a map v: G X G — T. We claim that v induces the trivial map at the
level of fundamental groups. In fact, let y € II,(G X G) and suppose it is
represented by a continuous loop (x(t), y(¢))y.,<;- Recall that for any
two loops in a topological group the pointwise product has a homotopy
class equal to the sum (in II,) of the individual classes. It follows that the
class of the loop v(x(t), y(¢)) is the sum of the classes of u(x(z)y(t)),
u(x(¢)) and u(y(¢)) in I1(T).

Consider the maps

p:GXG—- G,
¢,:GXG—-> G and
q3,:GX G- G

given by p(x, y) = xy, q,(x,y)=x and ¢,(x, y) =y for all (x, y) in
G X G.
With this notation the statement above becomes
U*('Y) = u*(P*(Y)) - u*(‘h*(Y)) - u*(‘]z*('}’))

in II(T).
The same observation on pointwise product of loops we made earlier
gives us

px(y) = qusly) + 22%(Y)
in I1,(G). Therefore
va(y) = u*(‘h*(Y) + qz*(Y)) - “*(%*(Y)) - u*(‘lz*('Y)) =0

proving our claim. We conclude that v lifts to the universal cover of the
circle, which is equivalent to saying that there is a continuous real valued
function A on G X G such that

v(x,y)=e*>"  V¥(x,y)e GXG.
We then have
A(u)iy(u) liy(u) ™ = e™.
So Ay([ul) = i([uly) + ix([u]y) in Ki(C(G X G)).

We should say a few words about the hypothesis made above that
u € U (C(G)). It looks plausible to expect (2) to hold also for u €
U,(C(G X @G)) for all n, but contrary to our intuition this is not so. We
have found a counter example already for n =2 and G = T3. A brief
discussion of this example is included in appendix B. Nevertheless we will



78 RUY EXEL

be able to use (2) in a very efficient way. What will cover our apparent
deficiency will be the existence of the algebra valued determinant defined
in (VL6).

We now present the main result of this section.

3. THEOREM. Let G be a compact connected topological group. Let a
denote a given automorphism of G, as well as the induced automorphism of
C(G). Denote by T the trace on C(G) given by integration against the
normalized Haar measure on G. Then the triple (C(G), T, ) satisfies the
equivalent conditions of (V.13). In particular C(G) X , Z is integral with
respect to its natural trace and (C(G), ) admits an a-invariant determi-
nant.

Proof. 1t is enough to prove (V.13.iv). Using (VI.1) together with
(I1.10) for the algebra C(G X G) with the trace 7, given by normalized
Haar measure on G X G, we conclude that (C(G X G),7,) admits a

determinant, say det.
For all u € U,(C(G)), n € N let

8(u) = det(il(Detn(u))iz(Det,,(u))A(Detn(u))—l)

where Det, is defined in (VI.6). We shall prove that § is an a-invariant
determinant for C(G). It is certainly a group homomorphism into 7.
Let h € M, (C(G)),,. We have

8(e™) = det(i) (€M) i,(eHM)A(e TM))
= det(exp(i(i,(T,(h)) + i,(T,(h)) = A(T,(h)))))
= exp(in, (iy(T,(h)) + ir(T, (1)) — A(T,,(h)))).

We leave for the reader to verify that i}, i, and A are trace-preserv-
ing. So

8(e™) = exp(i(7(T,(h)) + 7(T,(h)) = 7(T,(h))))
= exp(ir(T, (1)) = e ™.

In order to complete our proof we must verify that § is left invariant
by a. Let n € N and u € U,(C(G)). Put v = Det,(u) and use (2) to
write

i(0)i5(0)A(v) " = e
for some h € C(G X G),,. We have

8(u) = det(il(u)iz(U)A(u)_l) = det(e”) = em®,
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We now compute 8(a(u)). Since a(v) = Det,(a(u)) we have
B(a(w)) = det{iy(a(0))i(a(0)A(a(2))").
Denote by a ® a the automorphism of C(G X G) given by
a® a(f)(x,y) =fla}(x),a"'(p)).

It is routine to verify that

(a) a®a-i;=1i-a,
(b) a®a-i,=i,-a and
(c) a®a-A=A-a

That is i}, i, and A are a-equivariant. One should note that multiplicativ-
ity of a as a group automorphism is used in (c) and nowhere else. It is
nevertheless crucial for our argument.

We then have

8(a(u)) = det(a ® a(il(v)iz(v)A(v)d»
— det(a ® a(eih)) = ein(a®a(h) — ,Hin(h)

since 7, is certainly a ® a-invariant. By comparison we see that §(u) =
0(a(u)) so that (V.13.iv) is verified. This concludes the proof.

4. COROLLARY. Let H be the group obtained as the semidirect product of
a free abelian group by Z. Then C*(H) with its canonical trace T is
integral. Moreover C*( H) contains no non-trivial idempotents.

Proof. Assume that H = Z" X ,Z where n is an integer or equals
+ 00, and a is an automorphism of Z". It is well known that

C*(H) = C(Z") x, Z.

It then follows from (3) that C*( H) is integral.

If p € C*(H) is an idempotent, we have on the one hand 7(p) € Z,
and on the other 7(p) € [0,1]. Thus 7(p) = 0 or 7(p) = 1.

Since H is an amenable group, C*(H) coincides with C*(H), the
reduced C* algebra of H [12]. A simple computation shows that the
canonical trace is faithful on C*(I') for any discrete group I' so that 7 is
faithful on C*(H).

It follows that if 7( p) = 0 we must have p = 0. In case 7(p) = 1 we
have 7(1 — p) = 0'which implies that p = 1.
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We should note that (4) applies to the discrete Heisenberg group, the
group of 3 X 3 upper triangular integer matrices with ones in the diago-
nal. The reason being that it can be described as the semidirect product
Z? X , Z where a is the automorphism of Z? represented as an element of
GL,(Z) by [} 91

We may also use (4) to obtain a collection of torsion free groups
whose C* algebra have no non-trivial idempotents.

IX. TRANSLATIONS AND AFFINE HOMEOMORPHISMS
oF CONNECTED GROUPS

We again consider a fixed connected compact topological group G as
in (VIII), but now we concentrate our attention on a different class of
automorphisms of C(G). We first study the automorphisms of this
algebra induced by translations on G, and then, adding the results of
(VIII), we study affine homeomorphisms (see (8) ff.).

1. DerFINITION. For every g in G we denote by A, the map
At € G — gt € G. We also denote by A, the induced automorphism of
C(G)ie. A (f)2) =f(g ') forall ¢ in G and f in C(G).

In what follows we adopt the topologists’ convention according to
which K,(C(G)) is denoted by K(G).

Since G is connected, for any g in G the group homeomorphism A, is
homotopic to the identity map. The same clearly applies to the x-automor-
phism A, of C(G). This said, we see that at the level of K, groups A is
the identity map, so that K(G)"s (see (IV.1)) is equal to the whole of
K(G) and the rotation number map has K!(G) as its domain of defini-
tion. We may thus give the following

2. DEFINITION. We denote by b the map
b: KN(G)XG->T
defined by b(x, g) = p’,\g(x), where 7 is, as usual, the trace on C(G)

associated with normalized Haar measure on G.

3. PROPOSITION. (i) For all g in G the map x € K G) = b(x,8) € T
is a group homomorphism.

(ii) For all x in KXG) the map g € G — b(x, g) € T is a continuous
group homomorphism, i.e. a character of G.

Proof. (i) Follows from the fact that P, is a group homomorphism
(see (IV.2)).
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(i) Fix x € K(G) and let u € U,(C(G)), (n € N) be such that
x = [u],. Also let det be a determinant for C(G) associated with . We
then have for all gin G

b(x,g) = det(A (u*)u).

Continuity of b(x, g) with respect to the second variable is a consequence
of (11.10).
If & is another element in G we have

b(x, gh) = det(Agh(u*)u) = det()\g()\,,(u*)u))\g(u*)u)
= det(A (A, (u*)u))det( A (u*)u)

= det(\, (u*)u)det(A, (u*)u)

by (III.1) since A,(u*)u € U, (C(G)),. It follows that b(x,gh)=
b(x, g)b(x, h) completing the proof.

The outcome of our last proposition is that b is a bi-character on
K(G) X G. We should note that the process above gives characters of G
for each element of K'(G). Of course not all groups G have non-trivial
characters, so b may well be the trivial bi-character. In this case we have
the following result.

4. PROPOSITION. Let G be as above and assume that G is perfect, i.e.
G = |G, G]. Let 7 be the trace on C(G) associated with normalized Haar
measure. Then for every g in G the triple (C(G),7,\,) satisfies the
equivalent conditions of (V.13).

Proof. From the fact that G is perfect it follows that G admits no
non-trivial characters. Thus b = 1, or equivalently p7} (x) =1 for all g in
G and x in KYG). It follows that (V.13.i) holds. *This completes the
proof.

We now introduce two new mappings.

5. DEFINITION. Let
P: K}(G) » Hom(G,T) and J:Hom(G,T) - KG)
be defined as follows. For x in K!(G) we let

P(x)(g) =ri(x) Vgei.
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For x in Hom(G,T) we view x as a unitary element in C(G) and put

J(x) = [xh-
It is an easy exercise to verify that P and J are group homomor-

phisms.
6. PROPOSITION. Given J and P as above we have P - J = id gomq.1)-

Proof. Let x € Hom(G, T'). Then for every g in G we have
P-J(x)(g) = p3 ([x]1) = det(A(x*)x)-

Now observe that forall t € G

(MOx*)x)(0) = x (A (1)) "x(1) = x(874) "x () = x(g)-
Therefore P - J(x)(g) = x(g) so that P - J(x) = x.

An immediate but relevant consequence is:

7. COROLLARY. J embeds Hom(G, T) as a complemented subgroup of
KY(G) for which P is a left inverse.

We omit the proof, which is elementary.

Yet another consequence of (6) is that any character of G is of the
form b(x, -) for some x in K'(G).

We now start our study of affine homeomorphisms. Some of the
results to be obtained shortly, specifically (11), hold for translations as
well, so that we are not leaving aside our interest in translations.

8. DEFINITION. Let 1 be a homeomorphism of G. We say that 7 is an
affine homeomorphism if there are g € G and a € Aut(G) such that
n = A, - a. In this case we also denote by n the automorphism of C(G)

given by n(f)(1) = f(n" /(1)) Vi € G, f € C(G).

9. LEMMA. Given 0 = A, - a as above

(1) ms = a4 as automorphisms of K'(G),

(ii) the fixed point subgroups K*(G)" and K*(G)* are the same and
(iii) the rotation number map p; is the restriction of p}g to K}(G).

Proof. As noted earlier A, = id 1) because G is connected, whence
N = 0. This proves (i) and also (ii). In order to prove (iii) we use (VIIL.3)
and fix an a-invariant determinant det for (C(G), 7).
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Let x € KY(G)" with x = [u], for some u € U, (C(G)), n € N. We
have

pr(x) = det(n(u*)u) = det()\g(a(u*))u)
= det()\g(a(u*)u))det(}\g(u*)u)

= det()\g(a(u*)u))p&g(x).

It is now enough to check that det(A (a(u*)u)) = 1. To do this first
recall that since [u], € K}(G)* we have that (perhaps for a larger n)
a(u*)u € U,(C(G)),. We may thus apply (I11.1) to conclude that

det( A (a(u*)u)) = det(o(u*)u)
and since det is a-invariant
det(a(u*)u) = det(a(u)) 'det(u) = 1.

Given a € Aut(G), we have seen how a acts on C(G) as well as on
K'(G). We shall also use the natural action of « on Hom(G, T). For
x € Hom(G, T) we let a(x)(t) = x(a7(2)) for all ¢ in G. It is clear that
this becomes an automorphism of Hom(G, T') (which we still denote by
a).

10. LEMMA. P and J are equivariant with respect to the action of Aut(G)
on KYG) and Hom(G,T). In other words given a € Aut(G) we have
P-a,=0a-PandJ -a=a,-J.

Proof. Let a € Aut(G) and x € Hom(G, T'). Then

J(a(x)) =J(x-a) =[x o], = [a(x)]
= ax([x]) = ax(J(x)).

Thus J-a = a,-J.
Next observe that for a € Aut(G)and ¢, g€ G

(A~ a)(1) = ga(r) = a(a(g)1r) = (@ X)),

ie. A - a=a-A,,. Thus for [u], € K'(G) we have for all g € G

Pau([ul)(g) = 3 (au([u]))) = det( X, (a(u*))a(u))

= det(a(?\wx(g)(u*)u)).



84 RUY EXEL

By (II1.1) and the fact that A .1, (4*)u € U,(C(G)), for some n € N we
have

P(O‘*([u]l))(g) = det(xa'l(g)(u*)u) = p&a_,(g)([ull)

= P([u])(a(g)) = a(P([u]1))(g).

Therefore P - ay = a - P.

The following is the main result of this section. Since translations are
a special case of affine homeomorphisms, it applies to the former type of
homeomorphisms as well.

11. THEOREM. Let G be a compact connected topological group and
n = >\g - o where g € G and a € Aut(G). Also let T be the trace on C(G)
given by Haar measure on G.
(i) The following diagram commutes

Hom(G, T)" il

T o\

H J KY{G)" ——T

Hom(G,T)*

where Hom(G, T)® denotes the subgroup of fixed points with respect to the
action of o and -(g) denotes evaluation of characters on g.

(i1) The range of p; is equal to { x(g): x € Hom(G, T)*}.

(iii) The range of the natural trace on Ky(C(G) X, Z) is equal to

{t € R: e*" = x(g) for some x € Hom(G,T)*}.

Proof. (1) First note that the equivariance of P and J as proved in
(10) ensures that the maps in our diagram go into the indicated groups.
Now (6) yields the commutativity of the left hand side triangle. To prove
commutativity of the upper right hand side triangle let x € Hom(G, T')°.
Then using any determinant for (C(G), ) we have

p7(J(x)) = det(m(x*)x) = det( A, (a(x*))x)-
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Note that forall t € G

Thus
P (1) = x().
Finally, if [u], € K'(G)* then
P([u])(g) = p3,([ul)) = p}([ul)) by (9.iii).
To prove (ii) note that since P is surjective
Range(p}) = (P(K,(6)*))(g) = (Hom(G,T)*)(g)

proving (ii).
In view of (V.12) we see that (iii) follows from (ii), completing the
proof.

As a direct consequence of our last theorem we prove a result of
Rieffel, Pimsner and Voiculescu [18, 15] on the range of the trace on K|,
of the irrational (as well as rational) rotation C* algebra.

12. ExampLE. Let @ € R and denote by 4, the algebra C(T') Xy, Z
where g = e?™% € T. Let 7 be the trace on C(T) given by Haar measure
on T. We may then apply (11) with G = T, g = ¢?>"" and a = id ;. The
conclusion is then that

T(Ky(A4y)) = {t €R: e*™" = (e*™?)" forsome n € Z} = Z + 0Z.

Appendix A. For any traced C* algebra (A4,7) and n € Z we have
defined SU(A4) in (I1.3) to be a subgroup of U,(A). A natural question to
ask is whether it is closed in U,(A4). Using K-theory methods we can give
a satisfactory answer for n = oo.

Let SU(A) be defined by

SUZ(4) = U SU(4).

neN

In this way SUJ(A4) becomes a subgroup of U_(A4).

THEOREM SU_(A) is closed in U_( A) if and only if 7(Ky(A)) is closed
in R.
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Proof. Suppose 7(K,(A)) is not closed in R. Then we may find two
sequences of self adjoint projections in U, _, M, (4), say (p,),-, and
(4,),.>1> such that 7(p,) — 7(g,) converges to some ¢ € R — 7(K,(A)).
Let u, = e?>™"(7)=7@) and view u, as an element of U;(4). We claim
that u, € SUZ(A4) for all n. In fact

u, = e =1(@) = 27i(r(p) = TG~ 27ip 27id,

(we should note that since we are working in the inductive limit group we
are allowed to take the product of unitary matrices of different sizes) and

(27 (7(p,) — 7(q,)) — 27p, + 27q,) = 0.

It is clear that u, converges to e>™". But ¢ & SU(4). Otherwise there
would be m € Nand hy,...,h, € M, (A),, such that

eZ'nit — eihl . e

and 7(h; + --- +h,) = 0. By (1.6.1) we would have ¢ € 7(K,(A4)) which
is a contradiction.

Conversely assume that 7(K,(A4)) is closed in R. In order to prove
that SUJ(A) is closed in U_(4) it is enough to show it is closed in
U_(A4), since U_(A4), is closed in U_(A4).

Recalling how is the inductive limit topology defined we see that we
just have to show that SUZ(A4) N U,(A4), is closed in U,(A4), for all
n>1 Let ue UlA), - SUL(A). Write u=e"™ --- e’ where
hy,...,h, € M,(A),,. We claim that (1/2#wi)r(h; + --- +h,) &
T(Ky(A)). In fact if

(A 2mi)r(hy + -+ +h) = 1(p) = 7(q)

for some self adjoint projections p and ¢ in some matrix algebra over 4
we would have

thy

u= eihl .. ethke—ZmpeZ'niq

which would imply that u € SU7(A4).

Let d be the distance from (1/27)7(h, + --- +h,) to 7(Ky(A)).
We claim that the set {ue: h e M,(A),, |r(h)|<27nd} (which is
clearly a neighborhood of u in U,(4),) has no intersection with SU_ (4).
Otherwise there would be h € M, (A), with |7(h)| < 27d and [,,...,1,

e M, (A),,, forsome m > n, with 7(/; + --- +/,) = 0 and
ueih = eihl e eihkeih = eill .. ei[r.
We would have by (1.6.1)

(1/277)(1'(h1 + - +hk) + 'T(h)) S ’T(KO(A));
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hence
dist((1/27)7(h, + -+ +h,),7(K,(A4))) < (1/27)|r(h)|< d

which is a contradiction.

Appendix B. Let G be a compact connected topological group. In
(VIIL.2) we proved that the formula

(1) A*([u]l) = i1*([u]1) + iz*([u]l)

holds for any u in U,(C(G)).

We shall now give an example for G = T to show that (}) does not
hold in general for u in U,(C(T?)). While we skip most of the computa-
tions, we shall describe more or less precisely the element u € U,(C(T?))
for which () fails, as well as the outcome of both sides of ({) when
applied to our u.

Recall that K (C(T?)) = K,(C(T?)) = Z*. A set of generators for
K,(C(T?)) is given by the elements 1, p?, p, and pJ where 1 denotes the
element of K,(C(T?)) corresponding to the free 1-dimensional module. In
order to define the three remaining elements we consider the mapping

ind: K,(C(T)) - K,(C(T) ® C(T)) = Ko(C(T X T))

defined in (V.6). If [w], denotes the standard generator of K,(C(T)) we
let b = ind([w],). One may call b the Bott element.

Let w, and w, denote the coordinate functions of 72 and let x, y and
z denote the coordinate functions of T°.

Consider the *-monomorphisms

i i, C(T?) - C(T7?)

x,y? ly,Z’ lz,x:

given by
ix,y(wl) = X, ix,y(WZ) = y’
iy,z(wl) =), iy,z(w2) =2z,
iz,x(wl) =z, iz,x(WZ) = X.

We define p) =i, ,(b), py =1i,.(b) and p; =1, (b). One can prove
that 1, p!, p; and p; form a basis for Ko(C(T?)). We now describe a
basis for K,(C(T?)). Three of its four elements are just [x],, [y];, and
[z];. In order to define the fourth we observe that there is a canonical
isomorphism

K,(C(T?)) @ Ko(C(T?)) = K,(C(T?)).
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The fourth generator of K,(C(T?)) is just the image of the Bott element
under the isomorphism above. We denote it by [u],. It is possible to show
that [#]; may be represented by a unitary element u € U,(C(T?)) but it
has no representative in U,(C(T?)).

Since we will be working with the map A, on K,(C(T?)) we must
also consider the group K,;(C(T®)) which turns out to be isomorphic to
the 32nd power of Z. In order to avoid dealing with thirty two coordinates
we use the isomorphism

J: K, (C(T%)) ® Ko(C(T?)) ® Ko(C(T?)) ® K, (C(T?) - K,(C(T)))
constructed in [21].

If we let D be defined by J~!- A, we arrive at the commuting

diagram
D
K(c(T?) - K(C(T))eK(C(T) o  K(C(T%)e K, (C(T))
— L 6
K (c(19)

We also let I, =J'-i; and I, =J""'-i, so similar diagrams may be
drawn for I; and I,.

Therefore, in order to compare A, and i, + i,4, We may compare D

and I; + I,. The following table gives the values of the maps D and
I, + I, on the generators of K;(C(T?)).

L +1, D

[x] (x]; ® 1,1 ® [x]) (x}; ®1,1®[x]y)

[yh i e1,1®[y]) (yh®L1®([y}h)

[z], (z}; ® 1,1 ® [z]) (zy ® 1,1 ®[z],)
([ul; ® 1,1 ® [u])

[u]y ([u], ® 1,1 ® [u],) +(x]; ® p;, p; ® [x],)
+({yL ®pS pr ®[yl)
+([z};, ® p?, p? ® [z],)

We thus see that D([u],) # (I; + 1,)([«],) and therefore
A*([“]l) # il*([u]l) + iz*([“]l)-
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