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ABSTRACT. Starting from Kirchberg’s theorems announced at the
operator algebra conference in Geneve in 1994, namely O, ® A = O
for separable unital nuclear simple A and O, ® A = A for separable
unital nuclear purely infinite simple A, we prove that K K-equivalence
implies isomorphism for nonunital separable nuclear purely infinite
simple C*-algebras. It follows that if A and B are unital separable
nuclear purely infinite simple C*-algebras which satisfy the Universal
Coefficient Theorem, and if there is a graded isomorphism from K, (A)
to K.(B) which preserves the Ko-class of the identity, then A & B.

Our main technical results are, we believe, of independent in-
terest. We say that two asymptotic morphisms ¢t — ¢; and t +—
from A to B are asymptotically unitarily equivalent if there exists
a continuous unitary path ¢ — wu; in the unitization B¥ such that
lluepr(a)uy — e(a)|| — O for all a in A. We prove the following two
results on deformations and unitary equivalence. Let A be separable,
nuclear, unital, and simple, and let D be unital. Then any asymptotic
morphism from A to K ® Oy, ® D is asymptotically unitarily equiv-
alent to a homomorphism, and two homotopic homomorphisms from
Ato K ® Oy ® D are necessarily asymptotically unitarily equivalent.
We also give some nonclassification results for the nonnuclear case.
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We prove that the isomorphism class of a separable nuclear unital purely infi-
nite simple C*-algebra satisfying the Rosenberg-Schochet Universal Coeflicient
Theorem is completely determined by its K-theory. More precisely, let A and
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50 N. CHRISTOPHER PHILLIPS

B be separable nuclear unital purely infinite simple C*-algebras which satisfy
the Universal Coefficient Theorem, and suppose that there is a graded isomor-
phism « : K.(A) — K.(B) such that a([14]) = [1p] in Ko(B). Then there
is an isomorphism ¢ : A — B such that ¢, = «. This theorem follows from
a result asserting that whenever A and B are separable nuclear unital purely
infinite simple C*-algebras (not necessarily satisfying the Universal Coefficient
Theorem) which are K K-equivalent via a class in K K-theory which respects
the classes of the identities, then there is an isomorphism from A to B whose
class in K K-theory is the given one.

As intermediate results, we prove some striking facts about homomor-
phisms and asymptotic morphisms from a separable nuclear unital simple C*-
algebra to the tensor product of a unital C*-algebra and the Cuntz algebra
Os. If A and D are any two C*-algebras, we say that two homomorphisms
0, Y+ A — D are asymptotically unitarily equivalent if there is a continuous
unitary path ¢t — u; in D such that limy_,o usp(a)usx = 1(a) for all a € A.
(Here D=DifDis unital, and D is the unitization D* if D is not unital.)
Note that asymptotic unitary equivalence is a slightly strengthened form of
approximate unitary equivalence, and is an approximate form of unitary equiv-
alence. Our results show that if A is separable, nuclear, unital, and simple,
and D is separable and unital, then K K°(A4, D) can be computed as the set
of asymptotic unitary equivalence classes of full homomorphisms from A to
K ® Oy ® D, with direct sum as the operation. Note that we use something
close to unitary equivalence, and that there is no need to use asymptotic mor-
phisms, no need to take suspensions, and (essentially because O is purely
infinite) no need to form formal differences of classes. We can furthermore
replace A by K ® O ® A, in which case the Kasparov product reduces ex-
actly to composition of homomorphisms. These results can be thought of as
a form of unsuspended E-theory. (Compare with [16], but note that we don’t
even need to use asymptotic morphisms.) There are also perturbation results:
any asymptotic morphism is in fact asymptotically unitarily equivalent (with
a suitable definition) to a homomorphism.

We also present what is now known about how badly the classification fails
in the nonnuclear case. There are separable purely infinite simple C*-algebras A
with Oso ® A 2 A (Dykema—-Rgrdam), there are infinitely many nonisomorphic
separable exact purely infinite simple C*-algebras A with O, ® A = A and
K.(A) =0 (easily obtained from results of Haagerup and Cowling—Haagerup),
and for given K-theory there are uncountably many nonisomorphic separable
nonexact purely infinite simple C*-algebras with that K-theory.

Classification of C*-algebras started with Elliott’s classification [19] of AF
algebras up to isomorphism by their K-theory. It received new impetus with
his successful classification of certain C*-algebras of real rank zero with non-
trivial Kj-groups. We refer to [21] for a recent comprehensive list of work in
this area. The initial step toward classification in the infinite case was taken in
[8], and was quickly followed by a number of papers [48], [49], [33], [34], [22],
[50], [35], [7], [51], [32], [36]. In July 1994, Kirchberg announced [27] a break-
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through: proofs that if A is a separable nuclear unital purely infinite simple
C*-algebra, then O ® A = O3 and Oy, ® A =2 A. (The proofs, closely following
Kirchberg’s original methods, are in [29].) This quickly led to two more papers
[44], [52]. Here, we use Kirchberg’s results to nearly solve the classification
problem for separable nuclear unital purely infinite simple C*-algebras; the
only difficulty that remains is the Universal Coefficient Theorem. The method
is a great generalization of that of [44], in which we replace homomorphisms
by asymptotic morphisms and approximate unitary equivalence by asymptotic
unitary equivalence. We also need a form of unsuspended E-theory, as alluded
to above. The most crucial step is done in Section 2, where we show that, in
a particular context, homotopy implies asymptotic unitary equivalence. We
suggest reading [44] to understand the basic structure of Section 2.

Kirchberg has in [28] independently derived the same classification theorem
we have. His methods are somewhat different, and mostly independent of the
proofs in [29]. He proves that homotopy implies a form of unitary equivalence
in a different context, and does so by eventually reducing the problem to a
theorem of this type in Kasparov’s paper [26]. By contrast, the main machinery
in our proof is simply the repeated use of Kirchberg’s earlier results as described
above.

This paper is organized as follows. In Section 1, we present some im-
portant facts about asymptotic morphisms, and introduce asymptotic unitary
equivalence. In Section 2, we prove our main technical results: under suit-
able conditions, homotopic asymptotic morphisms are asymptotically unitarily
equivalent and asymptotic morphisms are asymptotically unitarily equivalent
to homomorphisms. These results are given at the end of the section. In
Section 3, we prove the basic form (still using asymptotic morphisms) of our
version of unsuspended E-theory. Finally, Section 4 contains the classification
theorem and some corollaries, as well as the nicest forms of the intermediate
results discussed above. It also contains the nonclassification results.

Most of this work was done during a visit to the Fields Institute for Re-
search in Mathematical Sciences during Fall 1994, and I would like to thank
the Institute for its support and for the stimulating research environment it
provided. I would also like to thank a number of people for useful discussions,
either in person or by electronic mail, including Marius Dadarlat, George El-
liott, Uffe Haagerup, Eberhard Kirchberg, Alex Kumjian, Huaxin Lin, Mikael
Rgrdam, Jonathan Samuel, Claude Schochet, and Shuang Zhang. These discus-
sions have led me to considerable simplification of the arguments and improve-
ment of the terminology. I am also grateful to the referee for a careful reading
of the paper and useful suggestions. In addition, the participants of a semi-
nar on an earlier version, including Siegfried Echterhof, Ralf Meyer, Bernhard
Neubiiser, Christian Valqui, and Wilhelm Winter, made a number of helpful
comments.

Throughout this paper, U(D) denotes the unitary group of a unital C*-
algebra D, and Uy(D) denotes the connected component of U(D) contain-
ing 1. We will use repeatedly and without comment Cuntz’s result that
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Ki(D) = U(D)/Uy(D) for a unital purely infinite simple C*-algebra D, as
well as his corresponding result that Ko(D) is the set of Murray-von Neumann
equivalence classes of nonzero projections [14]. We similarly use Kasparov’s
K K-theory [26], and we recall here (and do not mention again) that every
separable nonunital purely infinite simple C*-algebra has the form K ® D for
a unital purely infinite simple C*-algebra D [61].

1 ASYMPTOTIC MORPHISMS AND ASYMPTOTIC UNITARY EQUIVALENCE

The basic objects we work with in this paper are asymptotic morphisms. In
the first subsection, we state for convenient reference some of the facts we need
about asymptotic morphisms, and establish notation concerning them. In the
second subsection, we define and discuss full asymptotic morphisms; fullness
is used as a nontriviality condition later in the paper. In the third subsection,
we introduce asymptotic unitary equivalence of asymptotic morphisms. This
relation is the appropriate version of unitary equivalence in the context of
asymptotic morphisms, and will play a fundamental role in Sections 2 and 3.

1.1 ASYMPTOTIC MORPHISMS AND ASYMPTOTIC UNITARY EQUIVALENCE

Asymptotic morphisms were introduced by Connes and Higson [11] for the
purpose of defining E-theory, a simple construction of K K-theory (at least if
the first variable is nuclear). In this subsection, we recall the definition and
some of the basic results on asymptotic morphisms, partly to establish our
notation and partly for ease of reference. We also prove a few facts that are
well known but seem not to have been published. We refer to [11], and the
much more detailed paper [54], for the details of the rest of the development of
E-theory.

If X is a compact Hausdorff Hausdorff space, then C(X, D) denotes the C*-
algebra of all continuous functions from X to D, while if X is locally compact
Hausdorff Hausdorff, then Cy(X, D) denotes the C*-algebra of all continuous
functions from X to D which vanish at infinity, and Cy (X, D) denote the C*-
algebra of all bounded continuous functions from X to D.

We begin by recalling the definition of an asymptotic morphism.

1.1.1 DEFINITION. Let A and D be C*-algebras, with A separable. An asymp-
totic morphism ¢ : A — D is a family t — ¢, of functions from A to D, defined
for t € [0, 00), satisfying the following conditions:

(1) For every a € A, the function t — ¢;(a) is continuous from [0, o) to D.

(2) For every a,b € A and «, § € C, the limits
Hm (i (aa + Bb) — api(a) = Be (b)),
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Jim (pr(ab) = pi(a)pr(b)), and  lim (¢r(a”) = ¢i(a)”)

are all zero.

1.1.2 DEFINITION. ([11]) Let ¢ and 4 be asymptotic morphisms from A to D.

(1) We say that ¢ and ¢ are asymptotically equal (called “equivalent” in
[11]) if for all a € A, we have lim;_ o (¢1(a) — ¥ (a)) = 0.

(2) We say that ¢ and ¢ are homotopic if there is an asymptotic morphism
p:A— C([0,1], D) whose restrictions to {0} and {1} are ¢ and %) respectively.
In this case, we refer to a +— p(®) = ev, o p (where ev, : C([0,1],D) — D
is evaluation at «) as a homotopy from ¢ to 1, or as a continuous path of
asymptotic morphisms from ¢ to .

The set of homotopy classes of asymptotic morphisms from A to D is de-
noted [[A, D]], and the homotopy class of an asymptotic morphism ¢ is denoted

[[e]].

It is easy to check that asymptotic equality implies homotopy ([54], Re-
mark 1.11).

1.1.3 DEFINITION. Let p,9 : A — K®D be asymptotic morphisms. The direct
sum @1, well defined up to unitary equivalence (via unitaries in M (K ® D)),
is defined as follows. Choose any isomorphism § : Ma(K) — K, let § : Ma(K ®
D) — K ® D be the induced map, and define

woun=7(( 7" 0 )

Note that any two choices for § are unitarily equivalent (and hence homotopic).

The individual maps ¢; of an asymptotic morphism are not assumed
bounded or even linear.

1.1.4 DEFINITION. Let ¢ : A — D be an asymptotic morphism.

(1) We say that ¢ is completely positive contractive if each @, is a linear
completely positive contraction.

(2) We say that ¢ is bounded if each @; is linear and sup, ||| is finite.

(3) We say that ¢ is selfadjoint if pi(a*) = pi(a)* for all ¢ and a.

Unless otherwise specified, homotopies of asymptotic morphisms from A
to D satisfying one or more of these conditions will be assumed to satisfy the
same conditions as asymptotic morphisms from A to C([0,1], D).

Note that if ¢ is bounded, then the formula ¥(a) = 3(¢:(a) + ¢i(a*)*)
defines a selfadjoint bounded asymptotic morphism which is asymptotically
equal to ¢. We omit the easy verification that ¢ is in fact an asymptotic
morphism.

1.1.5 LEMMA. ([54], Lemma 1.6.) Let A and D be C*-algebras, with A sepa-
rable and nuclear. Then every asymptotic morphism from A to D is asymptot-
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ically equal to a completely positive contractive asymptotic morphism. More-
over, the obvious map defines a bijection between the sets of homotopy classes
of completely positive contractive asymptotic morphisms and arbitrary asymp-
totic morphisms. (Homotopy classes are as in the convention in Definition
1.1.4.)

1.1.6 LEMMA. Let ¢ : A — D be an asymptotic morphism. Define o : AT —
DT by pela+ A1) = pi(a) + A1 for a € A and A € C. Then ¢t is an
asymptotic morphism from AT to DT, and is completely positive contractive,
bounded, or selfadjoint whenever ¢ is.

The proof of this is straightforward, and is omitted.
The following result is certainly known, but we know of no reference.

1.1.7 PROPOSITION. Let A be a C*-algebra which is given by exactly stable
(in the sense of Loring [37]) generators and relations (G, R), with both G and
R finite. Let D be a C*-algebra. Then any asymptotic morphism from A to
D is asymptotically equal to a continuous family of homomorphisms from A
to D (parametrized by [0, 00)). Moreover, if ¢(®) and o) are two homotopic
asymptotic morphisms from A to D, such that each ¢§0) and each <p§1) is a
homomorphism, then there is a homotopy a +— ¢(® which is asymptotically
equal to the given homotopy and such that each ¢§a) is a homomorphism.
Note that it follows from Theorem 2.6 of [38] that exact stability of (G, R)

depends only on A, not on the specific choices of G and R.

Proof of Proposition 1.1.7: Theorem 2.6 of [38] implies that the algebra A is
semiprojective in the sense of Blackadar [4]. (Also see Definition 2.3 of [38].)
We will use semiprojectivity instead of exact stability.

We prove the first statement. Let ¢ : A — D be an asymptotic morphism.
Then ¢ defines in a standard way (see Section 1.2 of [54]) a homomorphism
P : A — Cp([0,00),D)/Co([0,0), D). Let

I,(D) ={f € Cp([0,00),D) : f(t) =0 for t > n}.

Then Cy([0,00), D) = |U,— In(D). Semiprojectivity of A provides an n and
a homomorphism o : A — Cy([0,00), D)/I,(D) such that the composite of &
and the quotient map

Cb([ov 00)7 D)/[n(D) - Ob([oa OO), D)/CO([Ov 00)7 D)

is 1. Now o can be viewed as a continuous family of homomorphisms o; from
A to D, parametrized by [n, 00). Define ¢ = o, for 0 < ¢t < n. This gives the
required continuous family of homomorphisms.

The proof of the statement about homotopies is essentially the same. We
use Cp([0,1] x [0,00), D) in place of Cy, ([0, x0), D),

J={f€Cy(0,1] x [0,00),D) : f(a,t) =0 for « =0,1}
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in place of Cy([0,00), D), and J N I,,([0, 1], D) in place of I,(D). We obtain
gpga) for all t greater than or equal to some tp, and for all ¢ when @ = 0 or 1.
We then extend over (0,1) x [0,tg) via a continuous retraction

[0,1] % [0, 00) — ([0, 1] x [to, 00)) U ({0} x [0, 00)) U ({1} x [0, 00)).

We refer to [11] (and to [54] for more detailed proofs) for the definition
of E(A, B) as the abelian group of homotopy classes of asymptotic morphisms
from K ® SA to K ® SB, for the construction of the composition of asymptotic
morphisms (well defined up to homotopy), and for the construction of the
natural map KKY(A, B) — E(A, B) and the fact that it is an isomorphism if
A is nuclear. We do state here for reference the existence of the tensor product
of asymptotic morphisms. For the proof, see Section 2.2 of [54].

1.1.8 PROPOSITION. ([11]) Let Ay, A2, B1, and Bs be separable C*-algebras,
and let ¢ : A; — B; be asymptotic morphisms. Then there exists an asymp-
totic morphism ¢ : A1 ® Ay — B; ® By (maximal tensor products) such that
(a1 ® ag) — cpgl)(al) ® cp§2)(a2) —0ast— oo, for all a; € A; and as € As.
Moreover, v is unique up to asymptotic equality.

1.2 FULL ASYMPTOTIC MORPHISMS

In this subsection, we define full asymptotic morphisms. Fullness will be used
as a nontriviality condition on asymptotic morphisms in Section 3. It will also
be convenient (although not, strictly speaking, necessary) in Section 2.

We make our definitions in terms of projections, because the behavior of
asymptotic morphisms on projections can be reasonably well controlled. We
do not want to let the asymptotic morphism ¢ : Co(R) — Co(R), defined by
©i(f) = tf, be considered to be full, since it is asymptotically equal to the zero
asymptotic morphism, but in the absence of projections it is not so clear how
to rule it out. Fortunately, in the present paper this issue does not arise.

We start with a useful definition and some observations related to the
evaluation of asymptotic morphisms on projections.

1.2.1 DEFINITION. Let A and D be C*-algebras, with A separable. Let p € A
be a projection, and let ¢ : A — D be an asymptotic morphism. A tail
projection for ¢(p) is a continuous function ¢ — ¢, from [0, 0o0) to the projections
in D which, thought of as an asymptotic morphism ¢ : C — D via () = Ags,
is asymptotically equal to the asymptotic morphism 1;(X\) = Ap:(p).

1.2.2 REMARK. (1) Tail projections always exist: Choose a suitable tg, apply
functional calculus to 1(p¢(p) + ¢i(p)*) for ¢t > to, and take the value at ¢ for
t <ty to be the value at ty. (Or use Proposition 1.1.7.)
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(2) If o is an asymptotic morphism from A to D, then a tail projection for
©(p), regarded as an asymptotic morphism from C to D, is a representative of
the product homotopy class of ¢ and the asymptotic morphism from C to A
given by p.

(3) A homotopy of tail projections is defined in the obvious way: it is a
continuous family of projections (a,t) — qga) with given values at & = 0 and
a=1.

(4) If ¢ is an asymptotic morphism, then it makes sense to say that a tail
projection is (or is not) full (that is, generates a full hereditary subalgebra),
since fullness depends only on the homotopy class of a projection.

1.2.3 LEMMA. Let A and D be C*-algebras, with A separable. Let ¢ : A —
D be an asymptotic morphism, and let p; and py be projections in A. If
p1 is Murray-von Neumann equivalent to a subprojection of ps, then a tail
projection for ¢(p1) is Murray-von Neumann equivalent to a subprojection of
a tail projection for ¢(ps).

Proof: Let t — q,gl) and t — q§2) be tail projections for ¢(p1) and ¢(p2)

respectively. Let v be a partial isometry with v*v = p; and vv* < py. Using
asymptotic multiplicativity and the definition of a tail projection, we have

Jim () or(0) = ”) =0 and i (47 r0)n(0)a” — o) <o

It follows that for ¢ sufficiently large, qgl) is Murray-von Neumann equivalent to

a subprojection of qt(Q), with the Murray-von Neumann equivalence depending

continuously on ¢. It is easy to extend it from an interval [tg,00) to [0,00). O

1.2.4 LEMMA. Let A and D be as in Definition 1.2.1, let & — ¢(® be a
homotopy of asymptotic morphisms from A to D, and let py, p1 € A be homo-
topic projections. Let ¢(°) and ¢ be tail projections for ¢(®) (po) and w(l)(pl)
respectively. Then ¢(©) is homotopic to ¢(!) in the sense of Remark 1.2.1 (3).

Proof: This can be proved directly, but also follows by combining Remark
1.2.2 (2), Proposition 1.1.7, and the fact that products of homotopy classes of
asymptotic morphisms are well defined. ]

1.2.5 DEFINITION. Let A be a separable C*-algebra which contains a full
projection, and let D be any C*-algebra. Then an asymptotic morphism ¢ :
A — D is full if there is a full projection p € A such that some (equivalently,
any) tail projection for ¢(p) is full in D.

This definition rejects, not only the identity map of Cy(R), but also the
identity map of Cy(Z). (The algebra Cy(Z) has no full projections.) However,
it will do for our purposes.

Note that, by Lemma 1.2.3, if a tail projection for (p) is full, then so is
a tail projection for ¢(q) whenever p is Murray-von Neumann equivalent to a
subprojection of gq.
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We now list the relevant properties of full asymptotic morphisms. We
omit the proofs; they are mostly either immediate or variations on the proof of
Lemma 1.2.3.

1.2.6 LEMMA. (1) Fullness of an asymptotic morphism depends only on its
homotopy class.

(2) If p,9p : A — D are asymptotic morphisms, and if ¢ is full, then so is
the asymptotic morphism ¢ @1 : A — Ms(D).

(3) Let B be separable, and have a full projection, and further assume
that given two full projections in B, each is Murray-von Neumann equivalent
to a subprojection of the other. Then any asymptotic morphism representing
the product of full asymptotic morphisms from A to B and from B to D is
again full.

The extra assumption in part (3) is annoying, but we don’t see an easy
way to avoid it. This suggests that we don’t quite have the right definition.
However, in this paper B will almost always have the form K ® Oy, ® D with
D unital. Lemma 2.1.8 (1) below will ensure that the assumption holds in this
case.

1.3 ASYMPTOTIC UNITARY EQUIVALENCE

Approximately unitarily equivalent homomorphisms have the same class in
Rgrdam’s K L-theory (Proposition 5.4 of [51]), but need not have the same class
in K K-theory. (See Theorem 6.12 of [51], and note that K L(A, B) is in general
a proper quotient of KK°(A, B).) Since the theorems we prove in Section 3
give information about K K-theory rather than about Rgrdam’s K L-theory, we
introduce and use the notion of asymptotic unitary equivalence instead. We
give the definition for asymptotic morphisms because we will make extensive
technical use of it in this context, but, for reasons to be explained below, it is
best suited to homomorphisms.

1.3.1 DEFINITION. Let A and D be C*-algebras, with A separable. Let ¢, :
A — D be two asymptotic morphisms. Then ¢ is asymptotically unitarily
equivalent to v if there is a continuous family of unitaries ¢t — wu; in D, defined
for ¢ € [0, 00), such that

Jim fsge(@y; — wu(a)] =0

for all @ € A. We say that two homomorphisms ¢, : A — D are asymptotically
unitarily equivalent if the corresponding constant asymptotic morphisms with
p: =  and ¢, = 1 are asymptotically unitarily equivalent.

1.3.2 LEMMA. Asymptotic unitary equivalence is the equivalence relation on
asymptotic morphisms generated by asymptotic equality and unitary equiva-
lence in the exact sense (that is, urpr(a)uf = ¥:(a) for all a € A).
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Proof: The only point needing any work at all is transitivity of asymptotic
unitary equivalence, and this is easy. ]

1.3.3 LEMMA. Let A and D be C*-algebras, with A separable.

(1) Let ¢,¢ : A — K ® D be asymptotically unitarily equivalent asymp-
totic morphisms. Then ¢ is homotopic to .

(2) Let v, : A — K ® D be asymptotically unitarily equivalent homo-
morphisms. Then ¢ is homotopic to ¢ via a path of homomorphisms.

Proof: (1) Let t — wu; € (K ® D)T be an asymptotic unitary equivalence.
Modulo the usual isomorphism M (K) = K, the asymptotic morphisms ¢ and
1 are homotopic to the asymptotic morphisms ¢ & 0 and ¥ @ 0 from A to
Ms(K ® D). Choose a continuous function (a,t) — w4, from [0,1] x [0, 00)
to U(M2((K ® D)*)) such that vo; = 1 and v1; = uy @ u} for all ¢. Define
a homotopy of asymptotic morphisms by pga)(a) = Vat(pe(a) © 0)vy, ;. Then
P9 = @0 and pV) is asymptotically equal to 1) & 0. So ¢ is homotopic to .

(2) Apply the proof of part (1) to the constant paths t — ¢ and ¢t — .
Putting ¢ = 0 gives homotopies of homomorphisms from ¢ to pgl) and from
1 to ¥ @ 0. The remaining piece of our homotopy is taken to be defined for

t € [0, 00|, and is given by t — pgl) for t € [0,00) and oo +— 9 & 0. o

1.3.4 COROLLARY. Two asymptotically unitarily equivalent asymptotic mor-
phisms define the same class in E-theory.

If the domain is nuclear, this corollary shows that asymptotically uni-
tarily equivalent asymptotic morphisms define the same class in K K-theory.
Asymptotic unitary equivalence thus rectifies the most important disadvantage
of approximate unitary equivalence for homomorphisms. Asymptotic unitary
equivalence, however, also has its problems, connected with the extension to
asymptotic morphisms. The construction of the product of asymptotic mor-
phisms requires reparametrization of asymptotic morphisms, as in the following
definition.

1.3.5 DEFINITION. Let A and D be C*-algebras, and let ¢ : A — D be an
asymptotic morphism. A reparametrization of o is an asymptotic morphism
from A to D of the form ¢ — ¢y ;) for some continuous nondecreasing function
f:]0,00) — [0, 00) such that lim;_, f(t) = 0.

Other versions are possible: one could replace “nondecreasing” by “strictly
increasing”, or omit this condition entirely. The version we give is the most
convenient for our purposes.

It is not in general true that an asymptotic morphism is asymptotically uni-
tarily equivalent to its reparametrizations. (Consider, for example, the asymp-
totic morphism ¢ : C(S') — C given by ¢:(f) = f(exp(it)).) The product
is thus not defined on asymptotic unitary equivalence classes of asymptotic
morphisms. (The product is defined on asymptotic unitary equivalence classes
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when one factor is a homomorphism. We don’t prove this fact because we don’t
need it, but see the last part of the proof of Lemma 2.3.5.) In fact, if an asymp-
totic morphism is asymptotically unitarily equivalent to its reparametrizations,
then it is asymptotically unitarily equivalent to a homomorphism, and this will
play an important role in our proof. The observation that this is true is due
to Kirchberg. It replaces a more complicated argument in the earlier version
of this paper, which involved the use throughout of “local asymptotic mor-
phisms”, a generalization of asymptotic morphisms in which there is another
parameter. We start the proof with a lemma.

1.3.6 LEMMA. Let A and D be C*-algebras, and let ¢ : A — D be an
asymptotic morphism. Suppose ¢ is asymptotically unitarily equivalent to all
its reparametrizations. Then for any € > 0 and any finite set ¥ C A there
is M € [0,00) such that for any compact interval I C R and any continuous
nondecreasing functions f, g : I — [M, c0), there is a continuous unitary path
t — vy in D satisfying lvep sy (@)vy — pg)(a)l| <eforallt el andac F.

Proof: Suppose the lemma is false. We can obviously change I at will by
reparametrizing, so there are € > 0 and F C A finite such that for all M €
[0,00) and all compact intervals I C R there are continuous nondecreasing
functions f, g : I — [M,c0) for which no continuous unitary path ¢t — v,
in D gives lvep s (@)vy — vy (a)ll < € for t € I and a € F. Choose f1
and g1 for M =My =1land I =1L =[1,1+ %] Given f,, and g,, choose
frn+1 and gn41 as above for M = M, 11 = 1 4+ max(f,(n + %),gn(n + %)) and
I=ILu=mhh+1n+1+ %] By induction, we have M, > n. Let f, g :
[0,00) — [0,00) be the unique continuous functions which are linear on the
intervals [n+ 3, n+1] and satisfy flinnt1) = fr and gl oy 17 = gn- Since f and
g are nondecreasing and satisfy f(t), g(t) > n for t > n, the functions t — @)
and t — ;) are asymptotic morphisms which are reparametrizations of ¢. By
hypothesis, both are asymptotically unitarily equivalent to ¢, and are therefore
also asymptotically unitarily equivalent to each other. Let ¢ — v; be a unitary
path in D which implements this asymptotic unitary equivalence. Choose T'
such that for a € F and t > T we have |[vipru)(a)vf — og¢)(a)l < /2.
Restricting to [n,n + 3] for some n > T gives a contradiction to the choice of
M and e. This proves the lemma. ]

1.3.7 PROPOSITION. Let A be a separable C*-algebra, and let ¢ : A — D be
a bounded asymptotic morphism. Suppose that ¢ is asymptotically unitarily
equivalent to all its reparametrizations. Then ¢ is asymptotically unitarily
equivalent to a homomorphism. That is, there exist a homomorphism w : A —
D and a continuous path ¢ — v; of unitaries in D such that for every a € A,
we have lim;_, o vipt(a)vy = w(a).

Recall from Definition 1.1.4 (2) that bounded asymptotic morphisms are
assumed in particular to be linear.
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Proof of Proposition 1.3.7: Choose finite sets Fy C I} C --- C A whose union
is dense in A. Choose a sequence tg < t; < ---, with ¢, — 0o, such that

let(ab) = wi(a)pr (D)), llwi(a”) = pi(a)”]| < 1/2"

for a,b € F,, and t > t,,, and also such that, as in the previous lemma, for any
compact interval I C R and any continuous nondecreasing functions f, g : I —
[tn,00), there is a continuous unitary path t +— vy in D satisfying |lvip ) (a)vf —
pgy(a)]| <27 torallt € I anda € F,. Forn > 0let t — u; (") be the unitary
path associated with the particular choices I = [t,,, t41], f(t) =t, and g(t) =

CSet @™ = (u (”))*u§"). We have ||(u§:))*g0t (a)uy (") — ¢, (a)] < 277! for
a € Fy, so @™ eu(a)@™)* — ¢p ()] < 27" for ¢ c [tn,tns1] and a € F,.
Also note that uﬁj = 1. Now define a continuous unitary function [0, 00) — D

by
vy = UEO) ﬂz(ti) . .aﬁ:—l) .a§")
for t, <t <tp41.

We claim that w(a) = lims_o vepe(a)vf exists for all a € A. Since
SUDe(0,00) 2]l < 00, it suffices to check this on the dense subset [J;—, F)
So let a € Fj,. We prove that the net t — v (a)vf is Cauchy. Let m > k, and
let t > t,,. Choose n such that t, <t <t,41. Then

[vep(a)vy — v, e, (a)vf |
~(m+1 ~(n—1 ~(n
H[ m gD g g >}

tm42 tn

~(m ~(m+1 ~(n—1 ~(n *
ela) [l -l ] = e (@)
Y@ (@) = e, ()

n—1
Bl ) o

AN
/N
£
2

"1
SZQ—J

j=m
Therefore, if r,t > t,,, we obtain
[orpr(a)or — vepe(a)op]| < 1/2m2

So we have a Cauchy net, which must converge. The claim is now proved.
Since ¢y is multiplicative and *-preserving to within 27" on F,, for ¢ > t,,

it follows that w is exactly multiplicative and *-preserving on each F,. Since

[wll < supseo,00) [lpt]] < 00, it follows that w is a homomorphism. o

In the rest of this section, we prove some useful facts about asymptotic
unitary equivalence.
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1.3.8 LEMMA. Let ¢ : A — D be an asymptotic morphism, with A unital.
Then there is a projection p € D and an asymptotic morphism ¢ : A — D
which is asymptotically unitarily equivalent to ¢ and satisfies 1¢(1) = p and
Yi(a) € pDp for all t € [0,00) and and a € A.

Proof: Let t — q; be a tail projection for ¢(1), as in Definition 1.2.1. Standard
results yield a continuous family of unitaries ¢ — u; in D such that uo =1 and
usqruy = qo for all t € [0,00). Define p = qo and define p:(a) = urqrpr(a)gru;
for t € [0,00) and a € A. Note that the definition of an asymptotic morphism
implies that (¢,a) — qrpi(a)g: is asymptotically equal to ¢, and hence is an
asymptotic morphism. Thus p is an asymptotic morphism which is asymptot-
ically unitarily equivalent to ¢.

The only problem is that p;(1) might not be equal to p. We do know that
pt(1) — past — oo. Choose a closed subspace Ag of A which is complementary
to C-1, and for a € Ag and X € C define ¢1(a+ - 1) = pi(a) + Ap. o

1.3.9 LEMMA. Let ¢,9 : A — K ® D be asymptotic morphisms, with A and
D unital. Suppose that there is a continuous family of unitaries ¢ — wu; in the
multiplier algebra M (K ® D) such that lim;_ [Juipi(a)uf —¢(a)]| = 0 for all
a € A. Then ¢ is asymptotically unitarily equivalent to 1.

Proof: We have to show that u; can be replaced by v; € (K @ D).

Applying the previous lemma twice, and making the corresponding mod-
ifications to the given u;, we may assume that ¢:(1) and (1) are projec-
tions p and ¢ not depending on ¢, and that we always have p:(a) € pDp and
Yi(a) € gDg.

We now want to reduce to the case p = ¢. The hypothesis implies that
there is to such that [luspui, — q|| < 1/2. Therefore there is a unitary w in
(K ® D)* such that wuy,puj w* = q. Now if p, ¢ € K ® D are projections
which are unitarily equivalent in M (K ® D), then standard arguments show
they are unitarily equivalent in (K ® D)%. Therefore conjugating ¢ by wusy,
changes neither its asymptotic unitary equivalence class nor the validity of the
hypotheses. We may thus assume without loss of generality that p = gq.

Now choose t1 such that ¢ > ¢ implies ||uspu;—p|| < 1. Define a continuous
family of unitaries by

ce =1 —p+ pugp(puipup) '/ € (K @ D)*

for t > t;. (Functional calculus is evaluated in p(K ® D)p.) For any d €
p(K ® D)p, we have

llctde; — updui || = |lpdp — c; ugpdpuy c||
< 2|[d|[[p = ciupll < 2[|d||([[wip — pual| + [|p — i puepl])-

The first summand in the last factor goes to 0 as t — co. Substituting defini-
tions, the second summand becomes |p — (pu}pusp)'/?||, which does the same.
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Since ¢¢(a) € p(K @ D)p for all a € A, and since (using Lemma 1.2 of [54] for
the first)

limsup ¢ (a)|| < llafl - and  lim fucpr(a)us —r(a)l] =0,

it follows that lim; o ||crpr(a)c; — ¢i(a)|| = 0 as well. This is the desired
asymptotic unitary equivalence. ]

2 ASYMPTOTIC MORPHISMS TO TENSOR PRODUCTS WITH O.

The purpose of this section is to prove two things about asymptotic morphisms
from a separable nuclear unital simple C*-algebra A to a C*-algebra of the form
K ® Oy ® D with D unital: homotopy implies asymptotic unitary equivalence,
and each such asymptotic morphism is asymptotically unitarily equivalent to
a homomorphism. The basic method is the absorption technique used in [35]
and [44], and in fact this section is really just the generalization of [44] from ho-
momorphisms and approximate unitary equivalence to asymptotic morphisms
and asymptotic unitary equivalence.

There are three subsections. In the first, we collect for reference various
known results involving Cuntz algebras (including in particular Kirchberg’s
theorems on tensor products) and derive some easy consequences. In the second
subsection, we replace approximate unitary equivalence by asymptotic unitary
equivalence in the results of [48] and [35]. In the third, we carry out the
absorption argument and derive its consequences.

The arguments involving asymptotic unitary equivalence instead of ap-
proximate unitary equivalence are sometimes somewhat technical. However,
the essential outline of the proof is the same as in the much easier to read
paper [44].

2.1 PRELIMINARIES: CUNTZ ALGEBRAS AND KIRCHBERG’S STABILITY THE-
OREMS

In this subsection, we collect for convenient reference various results related to
Cuntz algebras. Besides Rgrdam’s results on approximate unitary equivalence
and Kirchberg’s basic results on tensor products, we need material on unstable
K-theory and hereditary subalgebras of tensor products with O, and on exact
stability of generating relations of Cuntz algebras.

We start with Rgrdam’s work [48]; we also use this opportunity to establish
our notation. The first definition is used implicitly by Rgrdam, and appears
explicitly in the work of Ringrose.

We will generally let s1,s9, ..., s, be the standard generators of O,,, and
analogously for O.
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2.1.1 DEFINITION. ([47], [46]) Let A be a unital C*-algebra. Then its (C*)
exponential length cel(A) is

sup inf Z |hill:m €N, hi,..., h, € A selfadjoint,
u€eUp(A) b—1

u = exp(ih1) exp(ihg) - - ~exp(ihn)} .

In preparation for the following theorem, and to establish notation, we
make the following remark, most of which is in [48], 3.3.

2.1.2 REMARK. Let B be a unital C*-algebra, and let m > 2.
(1) If 9,9 : O, — B are unital homomorphisms, then the element v =
> ¥(si)e(s;)* is a unitary in B such that up(s;) = ¢(s;) for 1 <j <m.
(2) If ¢ : O, — B is a unital homomorphism, then the formula

Aola) = plsg)ap(s;)”

j=1

defines a unital endomorphism A, (or just A when ¢ is understood) of B.
(3) If ¢ and A are as in (2), and if v € B has the form u = vA(v*) for some
unitary v € B, then vep(s;)v* = up(s;) for 1 <j < m.

2.1.3 THEOREM. Let B be a unital C*-algebra such that cel(B) is finite and
such that the canonical map U(B)/Uy(B) — K1(B) is an isomorphism. Let
m > 2, and let p,¢ : O,, — B, A\: B — B, and u € U(B) be as in Remark
2.1.2 (1) and (2). Then the following are equivalent:

(1) [u] € (m = 1)K1(B).

(2) For every € > 0 there is v € U(B) such that ||lu — vA(v*)]| < e.

(3) [l = [¥] in KK°(Op, B).

(4) The maps ¢ and ¢ are approximately unitarily equivalent.

Proof: For m even, this is Theorem 3.6 of [48]. In Section 3 of [48], it is also

proved that (1) is equivalent to (3) and (2) is equivalent to (4) for arbitrary m,
and Theorem 4.2 of [44] implies that (3) is equivalent to (4) for arbitrary m. O

We will not actually need to use the equivalence of (3) and (4) for odd m.
That cel(D) is finite for purely infinite simple C*-algebras D was first
proved in [42]. We will, however, apply this theorem to algebras D of the form
O ® B with B an arbitrary unital C'*-algebra. Such algebras are shown in
Lemma 2.1.7 (2) below to have finite exponential length. Actually, to prove
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the classification theorem, it suffices to know that there is a universal upper
bound on cel(C(X) ® B) for B purely infinite and simple. This follows from
Theorem 1.2 of [62].

We now state the fundamental results of Kirchberg on which our work
depends. These were stated in [27]; proofs appear in [29)].

2.1.4 THEOREM. ([27]; [29], Theorem 3.8) Let A be a separable nuclear unital
simple C*-algebra. Then Oy @ A = 0.

2.1.5 THEOREM. ([27]; [29], Theorem 3.15) Let A be a separable nuclear unital
purely infinite simple C*-algebra. Then O, ® A = A.

We now derive some consequences of Kirchberg’s results.

2.1.6 COROLLARY. Every separable nuclear unital purely infinite simple C*-
algebra is approximately divisible in the sense of [6].

Proof: Tt suffices to show that O is approximately divisible. Let ¢ : Oy ®
Ooo — O be an isomorphism, as in the previous theorem. Define ¢ : Oy —
O by ¥(a) = p(1 ®a). Then 9 is approximately unitarily equivalent to idep_
by Theorem 3.3 of [35]. That is, there are unitaries u,, € Oy such that u,p(1®
a)ul — a for all @ € Oy. Let B C Oy be a unital copy of My & Ms. Then for
large enough n, the subalgebra u,p(B ® 1)u’ of Oy commutes arbitrarily well
with any finite subset of Q. ]

2.1.7 LEMMA. Let D be any unital C*-algebra. Then:

(1) The canonical map U(Os ® D)/Up(Ose @ D) — K1(Oo ® D) is an
isomorphism.

(2) cel(Ox ® D) < 3.

Proof: We first prove surjectivity in (1). Let n € K1(Ox ® D). Choose n and
u € U(M, ® Ox ® D) such that [u] = n. Let e;; be the standard matrix units
in M,,. Define (nonunital) homomorphisms

0:06®D > M, ®0,600D and ©: M, QR 0Oxp @D — Ox ® D

by
pla) =enn®a and (e @b) = (s; @ 1)b(s] @ 1).

Then ¢, is the standard stability isomorphism
K1(Ox ® D) = K1(M,, ® Ox ® D).

Also, Yop(a) = (s1®1)a(s; ®1) for a € Ose ® D. Since 51 @1 is an isometry,
this implies that ) o ¢ is the identity on K-theory. Therefore v, = ;!
Consequently

n= ¢ ([u]) = Yullu]) = [(u) +1 - (1),

showing that 7 is the class of a unitary in O ® D.
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Now let u € U(Ou ® D) satisty [u] =0 in K1(Ox ® D). We prove that u
can be connected to the identity by a path of length at most 37 + €. This will
simultaneously prove (2) and injectivity in (1).

Using approximate divisibility of O and approximating u by finite sums
of elementary tensors, we can find nontrivial projections e € On with |Ju(e ®
1) — (e ® 1)ul| arbitrarily small. If this norm is small enough, we can find a
unitary v € K ® Oy ® D which commutes with e ® 1 and is connected to u by
a unitary path of length less than £/2. Write v = v1 + v2 with

v1 €U(eOxe® D) and vy € U((1 —e)Ox(1l—¢)® D).

Choose a partial isometry s € O, with s*s =1 — e and ss* < e. The proof of
Corollary 5 of [42] shows that v can be connected to the unitary

w = v [(6_33*)@9 1+ (s® (s ®1)* +v§}

l—-e®1+v {(s®1)v2(s®1)*+(e—ss*)®1}

by a path of length 7.

Since O is purely infinite, there is an embedding of K ® eOqe in Oy
which extends the obvious identification of e11 ® eOy e with eOe. It extends
to a unital homomorphism ¢ : (K ® eOxe ® D)t — Qs ® D whose range
contains w, and such that [~ (w)] = 0 in K1 (K ® eOne® D). Thus ¢~ (w) €
Up((K @ eOse ® D)T). Theorem 3.8 of [43] shows that the C* exponential
rank of any stable C*-algebra is at most 2 + . An examination of the proof,
and of the length of the path used in the proof of Corollary 5 of [42], shows
that in fact any stable C*-algebra has exponential length at most 27. Thus, in
particular, ¢ ~!(w) can be connected to 1 by a unitary path of length 27 +¢/2.
It follows that u can be connected to 1 by a unitary path of length at most
3T+ €. O

A somewhat more complicated argument shows that in fact cel(Ooo ® D) <
27. Details will appear elsewhere [45].

2.1.8 LEMMA. Let D be a unital C*-algebra. Then:

(1) Given two full projections in K ® O, ® D, each is Murray-von Neumann
equivalent to a subprojection of the other.

(2) If two full projections in K ® Oy ® D have the same Kj-class, then
they are homotopic.

Proof: Taking direct limits, we reduce to the case that D is separable. Then
O ® D is approximately divisible by Corollary 2.1.6. It follows from Propo-
sition 3.10 of [6] that two full projections in K ® O ® D with the same
Ky-class are Murray-von Neumann equivalent. Now (2) follows from the fact
that Murray-von Neumann equivalence implies homotopy in the stabilization
of a unital C*-algebra.
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Part (1) requires slightly more work. Let P be the set of all projections
p € O ® D such that there are two orthogonal projections q1, g2 < p, both
Murray-von Neumann equivalent to 1. One readily verifies that P is nonempty
and satisfies the conditions (II1)-(T14) on page 184 of [14]. Therefore, by [14],
the group Ko(Ou ® D) is exactly the set of Murray-von Neumann equivalence
classes of projections in P. Since projections in P are full, Proposition 3.10
of [6] now implies that every full projection is in P. Clearly (1) holds for
projections in P. We obtain (1) in general by using the pure infiniteness of
O to show that every full projection in K ® Oy ® D is Murray-von Neumann
equivalent to a (necessarily full) projection in O ® D. i

Next, we turn to exact stability. For O,,, we need only the following
standard result:

2.1.9 PrROPOSITION. ([35], Lemma 1.3 (1)) For any integer m, the defining
relations for Op,, namely sis; = 1 and 2211 spsy = 1 for 1 < j < m, are
exactly stable.

We will also need to know about the standard extension E,, of O,, by the
compact operators. Recall from [13] that F,, is the universal C*-algebra on
generators t1,.. ., ¢y, with relations t7¢; = 1 and (tjt;)(tktZ) =0forl1<jk<
m, j # k. Its properties are summarized in [35], 1.1. In particular, we have
li_n} E,, = O using the standard inclusions.

Exact stability of the generating relations for F,, is known, but we need the
following stronger result, which can be thought of as a finite version of exact
stability for O . Essentially, it says that if elements approximately satisfy
the defining relations for E,,, then they can be perturbed in a functorial way
to exactly satisfy these relations, and that the way the first k elements are
perturbed does not depend on the remaining m — k elements.

Recently, Blackadar has proved that in fact O, is semiprojective in the
usual sense [5].

2.1.10 PROPOSITION. For each § > 0 and m > 2, let F,,(d) be the universal
unital C'*-algebra on generators t%t) for 1 < j < m and relations

ey =1 <o an | (426)) (e )| <o

for j # k, and let n((;m) : E,,(0) — E,, be the homomorphism given by send-
ing t(jg) to the corresponding standard generator tgm) of E,,. Then there are
0(2) > 0(3) > -+ > 0, nondecreasing functions fy, : [0,0(m)] — [0,00) with
lims—q fm(8) = 0 for each m, and homomorphisms gogm) : By — Ep(0) for
0 < 6 < é(m), satisfying the following properties:

1) &™) oM — idg .
5 Ps m
2) [lo§™ (™) = 71 < f(8).
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(3) If0 < § < 9" < §(m), then the composite of @E;t") with the canonical map
from Ey,(8') to Ep () is 5™

(4) Let L((;m) : B (0) — En41(6) be the map given by L((;m) (tg-z;)) = t%ﬁl)
for 1 < j < m. Then for 0 < § < §(m+1) and 1 < j < m, we have
m m m m+1 m—+1
i ) = e ).

Proof: The proof of exact stability of F,,, as sketched in the proof of Lemma
1.3 (2) of [35], is easily seen to yield homomorphisms satisfying the conditions
demanded here. o

2.1.11 PROPOSITION. Let D be a unital purely infinite simple C*-algebra.
Then any two unital homomorphisms from O, to D are homotopic. Moreover,
if ,9 : Ox — D are unital homomorphisms such that ¢(s;) = ¥(s;) for
1 < j < m, then there is a homotopy ¢t — p; such that p.(s;) = ¢(s;) for
1 <j<mand all t.

Proof: We prove the second statement; the first is the special case m = 0.
We construct a continuous path ¢t — p; of unital homomorphisms from
Ow to D, defined for ¢ € [m, c0) and satisfying the following conditions:

(1) For k > m, for t € [k,00), and for 1 < j < k, we have p.(s;) = ¢¥(s;)-

(2) Pm = ¢.

Given such a path, p(s;) — ¥(s;) for all j. Since the s; generate O as a
C*-algebra, standard arguments show that p:(a) — ¥(a) for all a € Oy. We
have therefore constructed the required homotopy.

It remains to carry out the construction. We construct the paths ¢t — py,
for t € [m,n], by induction on n. The initial step is thus simply to take p,, = ¢.
For the induction step, it suffices to do the following. Assume we are given
t — py, for t € [m,n], and satisfying p,(s;) = ¥(s;) for 1 < j < n. We then
extend t — p; over t € [n,n + 1] so that pi(s;) = ¢(s;) for 1 < j < n and
t € [n,n+ 1], and in addition pp41(Sp+1) = Y(Sn+1)-

Let p =37, pu(s;)pn(s;)*, which is a projection in D. Then define

€0 = pn(snﬂ-l)pn(snﬁ-l)* and e = "/}(Snﬂ-l)w(snﬁ-l)*-

Both eg and e; are proper projections in the purely infinite simple C*-algebra
(1 —p)D(1 — p) with Ky-class equal to [1p], so they are homotopic. It follows
that there is a unitary path s — us in (1 —p)D(1 — p) such that ug =1 —p
and uiepuf = ey. For s € [0,1/3], define pnys(s;) = pn(s;) for 1 < j < n
and pn4s(sj) = ugspn(s;) for j > n + 1. This yields a homotopy of homomor-
phisms p,4s 1 O — D, with p, as already given, and such that the isometries
Prt1/3(Sn+1) and ¥(s, 1) have the same range projection, namely e, although
they themselves are probably not equal.
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By a similar argument, we extend the homotopy over [n+1/3,n+2/3] in
such a way that p,4s(s;) is constant for s € [n+1/3,n+2/3Jand 1 < j <n+1,
and so that p,12/3(sny2) and ¥(s,y2) also have the same range projection,
say f.

Now e; and f are Murray-von Neumann equivalent, so we can identify
(e1 + f)D(e1 + f) with Ma(ey1Dey). Since

_( (Snt1)Pnt2/3(8n41)" 0 )
w1 = ( 0 [’I/J(Sn+1)pn+2/3(sn+1)*]* € UO(MQ(@lD@l)),

there is a continuous path of unitaries s — wy in Ma(e;Deq), with wg = 1
and w; as given. For s € [2/3,1], we now define p,ys(s;) = pn(s;) for j #
n+1, n+2, and pnis(sj) = wW3s—2pp42/3(s;5) for j = n+1, n42. This is again
a homotopy, and gives pp4+1(s;) = ¥(s;) for 1 < j < n+ 1, as desired. The
induction step is complete. a

2.1.12 COROLLARY. Let D be any unital C*-algebra, and let p € K @ Oo ® D
be a projection. Then On @ p(K ® Qs @ D)p = p(K @ O @ D)p.

Proof: We may replace p by any Murray-von Neumann equivalent projection.
So without loss of generality p < e®1® 1 for some projection e € K. Using the
pure infiniteness of O, we can in fact require that e be a rank one projection.
That is, we may assume p € Oy ® D.

By Theorem 2.1.5, there is an isomorphism ¢ : Oy @ Ope — O . Using it,
we need only consider projections p € Oy ® O ® D. By the previous proposi-
tion and Theorem 2.1.5, a — 1®4§(a) is homotopic to ido. g0o., - Therefore such
a projection p is homotopic to ¢ = 1 ® (6 ®idp)(p), and hence also Murray-von
Neumann equivalent to q. Now

1(Oc0 ® Ooe © D)q = Ooo @ [(6 ® idp)(p)] [0 @ DI[(6 @ idp)(p)];
which is unchanged by tensoring with O, by Theorem 2.1.5. O

2.1.13 COROLLARY. Let D be a unital C*-algebra. Then the hypotheses on
B in Theorem 2.1.3 are satisfied for any unital corner of K ® Oy ® D.

Proof: Combine the previous corollary and Lemma 2.1.7. i

2.2 ASYMPTOTIC UNITARY EQUIVALENCE OF HOMOMORPHISMS FROM
CUNTZ ALGEBRAS

In this subsection, we strengthen the main technical theorems of [48] (restated
here as Theorem 2.1.3) and of [35], replacing approximate unitary equivalence
by asymptotic unitary equivalence in the conclusions. We use the strong ver-
sions to obtain variants of several other known results in which we replace
sequences of homomorphisms by continuous paths.
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The first lemma contains the essential point in the strengthening of Theo-
rem 2.1.3. Its proof uses the original theorem in a sort of bootstrap argument.
The remaining results lead up to the strengthening of the main theorem of [35].
They are proved by modifying the proofs there.

The first two lemmas are stated together, because the proofs are very
similar.

2.2.1 LEMMA. (Compare with Theorem 2.1.3.) Let Dy be a unital C*-algebra,
and let D = O ® Dy. Let m > 2, and let ¢ — ¢ and t +— 9y, for t € [0, 00),
be two continuous paths of unital homomorphisms from O,, to D. Suppose
that the unitary uo = 7", 1o(s;)po(s;)* satisfies [uo] € (m —1)K1(D). Then
o and 9 are asymptotically unitarily equivalent.

2.2.2 LEMMA. (Compare with Proposition 1.7 of [35].) Let D be a unital
purely infinite simple C*-algebra, with [1] = 0 in Ky(D). Let ¢ — ¢; and
t +— 1y, for t € [0, 00), be two continuous paths of unital homomorphisms from
Os to D. Then t — ¢; and t — 1y are asymptotically unitarily equivalent.

We will actually only need Lemma 2.2.1 for m = 2.

The two lemmas are actually valid for unital asymptotic morphisms (with
a suitable modification of the definition of u¢ in Lemma 2.2.2), as can be seen
by applying Proposition 1.1.7. We don’t need this generality, so we don’t state
it formally.

The proofs of the two lemmas are rather technical. We do the first (which
is easier) in detail, and then describe the modifications needed for the second.
Before proving them, we outline the basic idea. Given two continuous paths as
in Lemma 2.2.1, we can start by applying Theorem 2.1.3 to the homomorphisms
from O,, to C([0,1]) ® D obtained by restricting the paths to t € [0, 1], with

a certain error tolerance. The result is a continuous unitary path t — v,gl),

for t € [0,1], such that (v\™)*y(s;)v{™ is close to @i(s;). Extend t +— v\")
over [0,00) by taking it to be constant on [1,00). Now replace ¢t +— ; by
t— ’yt(l) = (vt(l))*v,/)t()vt(l). Next, we want to repeat this over [1,2], with a
smaller error tolerance. Because there will be infinitely many steps, requiring in
the end a product of infinitely many unitaries, there is a potential convergence
problem. Thus, we insist here that the new unitary vt(l) be equal to 1 for
t € [0,1]. In order to arrange this, we must have homomorphisms from O,
to C([1,2]) ® D which agree when restricted to {1} C [1,2]. But 79) is only
close to ;. However, if 'yil) is close enough to ¢1 on the generators, then
we can use exact stability of the relations to construct a new homomorphism
o: O — C([1,2]) ® D which is close to t — %(1) for t € [1,2] and does agree
with @1 at t = 1. We apply Theorem 2.1.3 to this homomorphism, and proceed
as before. Now repeat on [2, 3], etc.

In the actual proof, it is technically convenient to reduce to the case in
which ¢ — ¢, is constant, and to start over {0} rather than over [0, 1].
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The proof of Lemma 2.2.2 is essentially the same, but it is complicated by
the fact that there are infinitely many generators. We deal with only finitely
many of them over each interval [n,n + 1], but more and more as n increases.

Proof of Lemma 2.2.1: Corollary 2.1.13 shows that both D and C([0,1], D)
satisfy the hypotheses of Theorem 2.1.3.

By transitivity of asymptotic unitary equivalence, it suffices to show that
t — ; and t — 1 are both asymptotically unitarily equivalent to some con-
stant path. Thus, without loss of generality ¢ — ; is a constant path ¢y = ¢
for all t. Let A: D — D be A, as in Remark 2.1.2 (2).

Let f :[0,0] — [0,00) be a function associated with the exact stability of
O, (Proposition 2.1.9) in the same way the functions f,,, of Proposition 2.1.10
are associated with the exact stability of F,,.

Choose ¢, > 0 with f(ef) < 1. Choose g9 > 0 with g9 < 1/2, and also
so small that if w : O,, — A is a unital homomorphism, and a1,...,a, € A
satisfy ||a; —w(s;)|| < €0, then the a; satisfy the relations for O,, to within &,

that is,
m
Z arpay, — 1
k=1

for 1 < j < m. Set ug = 377", 1o(s;)p(s;)*; this is the same as the ug in the
statement of the lemma, so its Ki-class is in (m — 1)K;(D). Theorem 2.1.3
therefore yields a unitary v(()o) € D such that |lug — v(()o))\(véo))*ﬂ < €g. Define
v,go) = vc()o) for all ¢, and define ’yt(o) : Om — D by 'yt(o)(a) = (vt(o))*d)t(a)vt(o).
Using Remark 2.1.2, we calculate:

lo(si) =GO = o8 0(s)@5)* = wols;)ll
= [P AW o(s5) —uop(s;)l| < o

laja; —1]| <&y and <€

for 1 <j<m.

We now construct, by induction on n, numbers &,,&/, > 0 and continuous
paths ¢ — U,S") of unitaries in D and t — 'yt(n) of unital homomorphisms from
O, to D, for t € [0,00), such that g, £, vgo), and %(0) are as already chosen,
and:

(1) %™ (@) = ™) (@)™ for a € O, and t € [0,00).
(2) Ifn > 1, thenvgn) =1fort<n-1.

(3) If n > 1, then [j¢(s;) — 'yt(n)(sj)H <27 for t € [n— 1,n], and if n > 0
then ||¢(s;) — 'yt(")(sj)H < ey fort=n.

(4) flen) <27

(5) Whenever w : O, — A is a unital homomorphism, and a1,...,a, € 4
satisfy [|a; — w(s;)|| < €n, then the a; satisfy the relations for O, to
within &,.

DOCUMENTA MATHEMATICA 5 (2000) 49-114



NUCLEAR PURELY INFINITE SIMPLE C*-ALGEBRAS 71

(6) €, <2+,
Suppose that &, &}, vﬁ"), and 'yt(") have been chosen. Choose ¢/, ; and
then e,41 as in (4), (5), and (6).

For a € [0, 1], define

aj(@) = (1= a)(@(s;) =1 (7)) + 7 Vasy)-

Then ||a;(a)— fﬂ)a(s])ﬂ <epforl <j<manda € [0,1]. Conditions (4) and
(5), and the choice of f, provide a unital homomorphism o : O, — C([0, 1], D)
such that |o(s;) —a;|| < 27" for 1 < j < m. Define 0, : O,,, — D by
oq(a) = o(a)(e) for a € [0,1] and a € O,,. Then

(n)

oa(s5) = Tnpal(si)ll <en+27"

Functoriality of the approximating homomorphisms (the analog of (3) of Propo-
sition 2.1.10) guarantees that op = ¢ and o1 = ’77(11)1-

Define a unitary z € C([0,1], D) by 2o = 272 0a(s;)p(s;)* for a € [0,1].
Note that zg = 1, so z € Up(C([0,1], D)). Theorem 2.1.3 provides a unitary
a — yo in C([0,1], D) such that ||zo — Yar(Ya)*|| < ent1/2 for a € [0,1].
Putting o = 0, using zp = 1, and rearranging terms, we obtain ||yiA(yo) — 1| <
€n+1/2. Now define

1 t<n
UzS"H) =4¢ YtnyYy n<t<n+l
Y1%0 n+1<t
and define 7" (@) = (D) ™ (@)oY,

It remains only to verify condition (3) in the induction hypothesis. For
a € [0,1],

n+1 n+1)\x * * *
1z = oSEOATED < 20 = 9o AGa) I + [l 11 = w2 wo) |l A (wa)|
< 5n+1/2+€n+1/2:5n+1-

Therefore, for t € [n,n + 1], Remark 2.1.2 yields

n+1 n+1 n+1)\x n
lp(si) = 7" (sl = o™ P p(si) (0T =4 (s5)]]
n+1 n+1)\x n
< oA o(55) = zemnp (i) F lloe—n(s5) = 1™ ()]
< 5n+1+5n+27n <27(n+2)+27(n+1)+27n <27n+1-

Furthermore, if ¢ = n + 1, then actually o,_,(s;) = %(")(sj), and we obtain

llo(s;) — 'yt("+1)(sj)|| < €n+1. This completes the induction.

0,1

To complete the proof, we now define v; = lim, o0 vy v; for
t € [0,00). Note that the limit exists and defines a continuous unitary path
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: 1 2
t — vy, since v§"+ ) vt("+ ).

t € [n,n + 1], we have

lp(si) — vive(s)oell = llp(ss) — "D (sy)]| < 27+

This implies that ¢ and t +— 1, are asymptotically unitarily equivalent. a

. are all equal to 1 on [0,n). Furthermore, for

For the proof of Lemma 2.2.2, we need the following lemma.

2.2.3 LEMMA. Let D be a unital purely infinite simple C*-algebra with [1] =0
in Ko(D). Let m < n, and identify F,, with the subalgebra of O,, generated by
S1,---58m. Let ¢ : E,, — D be an injective unital homomorphism. Then there
exists a unital homomorphism ¢ : O, — D such that @|g, = ¢. Moreover,
if we are already given a unital homomorphism ¢ : O, — D, then ¢ can be
chosen to satisfy [¢] = [¢] in KK°(O,, D).

Proof: This is essentially contained in the proof of Proposition 1.7 of [35], using
the equivalence of conditions (1) and (3) in Theorem 2.1.3. m

Proof of Lemma 2.2.2: We describe how to modify the proof of Lemma 2.2.1
to obtain this result.

First, note that U(D)/Uy(D) — K1(D) is an isomorphism because D is
purely infinite simple. Furthermore, cel(C([0, 1], D)) < 57/2 < oo by Theorem
1.2 of [62]. (It turns out that we only need this result for D = O, so we could
use Corollary 2.1.13 here instead.) Thus, the conditions on D in Lemma 2.2.1
are satisfied.

As in the proof of Lemma 2.2.1, we may assume that ¢ — ¢, is a constant
path ¢, = ¢ for all ¢.

Let the functions f,, be the ones associated with the exact stability of F,,
as in Proposition 2.1.10.

The proof uses an induction argument similar to that of the proof of
Lemma 2.2.1, except that at the n-th stage we work with extensions to Os,, of

©|g, and ¥¢|g,. To avoid confusion, we let s1,s2,... be the standard genera-
tors of O, with the first n of them generating E,,, and we let 552"), . sgi")

be the standard generators of Os,, with Fy, for k < 2n, being identified with
the subalgebra generated by the first k& of them.

We start the construction at n = 2 so as not to have to worry about Fy
and El.

In the preliminary step, we choose €5 > 0 and €} > 0 so that g2 < 1/8,
fa(eh) < 1/4, and whenever w : F3 — A is a unital homomorphism, and
ar,as € A satisfy |ja; — w(s;)|| < e2, then the a; satisfy the relations for Es

to within €}. Use Lemma 2.2.3 to choose unital homomorphisms {5(2),{/;&2) :

Os — D such that 3@ |z, = ¢|g,, 5|5, = Volm,, and [FP] = [$57] in
KKO(O4,D). Set

4
o 4)\ ~ 4)\*
NI CON

j=1
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From (2) implies (3) in Theorem 2.1.3, we obtain a unitary vg) € D such that

lu = 08 X (057) " < €.

Define vt@) = UéQ) for t € [2,00), and define fyt@) : O — D by %(2) (a) =
(v§2))*1pt (a)v,g). As in the proof of Lemma 2.2.1, a calculation shows that

15 (s5) — () 5P (s1)us?|| < e

for 1 < j < 4. It follows that

2
lo(s;) =157 ()| < e

for1 <j<2.
(2)

In the induction step, we now require that t € [2,00), that eq, €5, v,;~, and

v§2) be as already given, that ’yt(") : Ose — D, and that:

(1) v (a) = ™) 7" (@)™ for a € Oy and t € 2, 00).
(2) If n > 3, then vt(n) =1fort<n.

(3) If n > 3, then ||p(s;) — %(")(sj)H <27l forten—1,njand 1 <j <
n—1, and if n > 2 then [|¢(s;) —%(")(sj)H <egpfort=nandl<j<n.

(4) falen) <27

(5) Whenever w : E, — A is a unital homomorphism, and a4,...,a, € A
satisfy |a; — w(s;)|| < en, then the a; satisfy the relations for E, to
within &/,.

(6) €, <2~ (nF1),

For the proof of the inductive step, we first choose ¢, ; and €,,41 to satisfy
(4), (5), and (6). Then construct, as in the proof of Lemma 2.2.1, a continuous
path of homomorphisms o, : F,, — D such that o9 = ¢|g, , 01 = 7,(11)1|En, and

o0 (55) = AnFals)ll < en+27"

for1 <j<n.

We now claim that there is a unitary path a — w, in D such that wg =
1, waoa(sj) = oo(sj) for o € [0,1] and 1 < j < n, and w1’7g’21(8n+1) =
¢(sn+1). To prove this, start by defining go = >°7_; 0a(s;)0a(s;)*. Then set
wy, = Y01 00(85)0a(s;)*, which is a partial isometry from g, to go such that
whoa(s;) = oo(s;) for 1 < j < n. Next, define

p1 =2 (5 (041)* and o = (sn41)(snt1)".
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Since ’yn+1|E = o1 and ¢|g, = 0p, we see that p; and pg are proper subpro-
jections of 1 — g1 and 1 — g respectively, both with the same class (namely
[1] = 0) in Ko(D). Standard methods therefore yield a unitary path a — ¢, in
D such that ¢y = 1, coqncl = qo, and c1p1¢f = po. Then cp(sn_kl)%(:fl(snﬂ)*c’{
is a unitary in poDpo, so there is a unitary d € (1 —qo — po)D(1 — o — po) such
that

P(sne1)7 1 (sn1)"¢i + d € Uo(1 = 00) D(1 — o),

and a unitary path o — w/ in (1 — qo)D(1 — qo) such that

wy =1 and wj = <p(sn+1)'y7(£_)1(sn+1)*c’{ +d.

Set wq, = W/, + wecy; this is the path that proves the claim.

Use Lemma 2.2.3 to choose a unital homomorphism "1 : Oy, 10 — D
such that "*Y|g . = ¢|g,,,. Define unital homomorphisms G, : O2pt2 —
D by

&a (S(2n+2) )

~(n 2n+-2
) ( +1)(S§ + ))

=w,
for 1 <j <2n+ 2. Then

o) = ~ _ . m
Uo—go(" ), OalB, =00, and 0i1lE,., = Yni1lBei-

Define z and choose y as in the proof of Lemma 2.2.1, using 02,42 in place
of O, 7 in place of o, (1) in place of ¢, and A = A~ Ztn+n - Define v("+ ) and

,Yt(n+1) as there. The same computations as there show that

lo(s;) — 7 (7))

= ||~(n+1)( ;2"+2)) (v §n+1))*5t—n(5§-2n+2))'U,gnJrl)H < 9—n+tl
for1<j<nandté€([nn+1], and

(n+1)

lo(s5) — A8 (8501l = (137D (s872) — (™)1 (s D)ol V|| < e

for 1 < j < n+ 1. This completes the induction step.

Define v; = limy, o0 v§2)v§3) e ut(”). Calculations analogous to those in the

proof of Lemma 2.2.1 show that ¢ — v, is a continuous unitary path in D, and
that for n > 2 we have

llo(s;) — viwbe(sj)ve]| < 277
for t € [n,n + 1] and 1 < j < n. This implies that
M, <¢(a) - ”;W(a)vt) =0
for all a € O. .

DOCUMENTA MATHEMATICA 5 (2000) 49-114



NUCLEAR PURELY INFINITE SIMPLE C*-ALGEBRAS 75

2.2.4 LEMMA. There exists a continuous family ¢ — ¢; of unital endomor-
phisms of O, for t € [0,00), which is asymptotically central in the sense that

lim <<pt(b)a - agat(b)> =0

t—o0

for all a,b € Ox.

Proof: Let A, be the tensor product of n copies of O, and define u, : 4,, —
Apt1 by pin(a) =a®1. Set A =lim A,,, which is just @]° Oc. Theorem 2.1.5

implies that A, = O, so Theorem 3.5 of [35] implies that A = O,. (Actually,
that A = Oy is shown in the course of the proof of Theorem 2.1.5. See [29].)
It therefore suffices to construct a continuous asymptotically central inclusion
of Oy in A rather than in O4.

Let v, : A, — A be the inclusion. Proposition 2.1.11 provides a homotopy
a — 14 of unital homomorphisms 14, : Qoo — Ooe®Oy such that ¥p(a) = a®1
and ¢¥1(a) =1®a. For n > 1 and ¢ € [n,n + 1], we write t = n + « and define

pr(a) =vn2(1@1® - @1 ®Ya(a)),

where the factor 1 appears n times in the tensor product. The two
definitions of ¢, (a) agree, so t — ; is continuous. We clearly have
limy o (pe(b)a — apy (b)) = 0 for b € O and a € |, -, vn(Ay), and a stan-
dard argument then shows this is true for all a € A. i

The notation introduced in the following definition is the same as in [34],
[35], and [44].

2.2.5 DEFINITION. Let A be any unital C*-algebra, and let D be a purely
infinite simple C*-algebra. Let ¢,v : A — D be two homomorphisms, and
assume that ¢(1) # 0 and [(1)] = 0 in K¢(D). We define a homomorphism
©®1h : A — D, well defined up to unitary equivalence, by the following con-
struction. Choose a projection ¢ € D such that 0 < ¢ < ¢(1) and [¢] = 0 in
Ko(D). Since D is purely infinite and simple, there are partial isometries v and
w such that

w*=p(1)—q, vv=¢(l), ww' =q and w'w=1vY(1).
Now define (p®v)(a) = vo(a)v* + wi(a)w* for a € A.

The proof of the following lemma could be simplified considerably by using
semiprojectivity of O ([5]) and Proposition 1.1.7. Since [5] remains (to our
knowledge) unpublished, we retain the original proof.

2.2.6 LEMMA. (Compare with Proposition 2.3 of [35].) Let D be a unital
purely infinite simple C*-algebra, and let ¢ € D be a projection with [¢] = 0 in
Ko(D). Let ¢ : Oso — D and ¢ : Ose — qDq be unital homomorphisms. Then
¢ is asymptotically unitarily equivalent to o@1.
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Proof: Let t — 7 be a continuously parametrized asymptotically central in-
clusion of O in O, as in Lemma 2.2.4. Let e € O, be a nonzero projection
with [e] =0 in Ko(Ow), and set e; = y:(e). Choose a continuous unitary path
t — u; such that uteiuy = ep.

Let the functions fp, : [0,0(m)] — [0,00) be as in Proposition 2.1.10.
Choose numbers g3 > 3 > ---0 and ¢/, > 5’3 > ..-0 such that:

(1) e/, < d(m) and f,(el,) <1/m.

(2) Whenever w : E,, — A is a unital homomorphism, and a1,...,a, € 4
satisfy ||a; — w(s;)|| < €m, then the a; satisfy the relations for E,, to
within &/ .

(3) em <1/m.

Next, use the asymptotic centrality of £ +— e; to choose t5 < t3 < ---, with
t,, — 00 as m — oo, such that

for 1 <j <m and t > t,,. Define

55 — {etsjet + (1 —e)s(1 - et)} H < Em

a;(t) = uy [etsjet + (1 —ey)si(1— et)} uy € egOs0en @ (1 — €9)Oxo (1 — €eg).

Conditions (1) and (2), and Proposition 2.1.10, then yield continuous paths
t— agm) of homomorphisms from FE,, to e0Ouxceq® (1 —ep) Do (1 —eg), defined
for t > t,,,, such that ||Utm)(sj)—aj(t)|| <1/mfor1l < j<m,and a§m+1)|Em =
o™ for t > ty1.

Define

agm) : B, — e00s0ep  and 5§m> By — (1—e9)Ox(1 — )
by
agm) (a) = eoa,gm)(a)eo and 5,5’”) (a)=(1- eo)a,gm) (a)(1 — eq).

(m+1)
tm+1

(m+1)

Note that a{™ is homotopic to a fmt

tm
(m)
tm
to extend a,E:) to a homomorphism ay,, : O — €9Oscep. Proposition 2.1.11
provides homotopies ¢t — «a; of homomorphisms from O to egOxep, defined
(m)
t

|E,,; since a |, is injective, it

follows that ay ’ is injective. Since egOqe€q is purely infinite simple, it is easy

for t € [tm,tm+1), such that oy|g,, = a; ~ and such that a4, and ay,,,, are
as already given. Putting these homotopies together, and defining a; = o,
for t € [0,t2], we obtain a continuous path ¢ — «; of unital homomorphisms
from O to egOxeo, defined for t € [0, 00), such that oy|p,, = agm) whenever
t > ty,. Similarly, there is a continuous path ¢ — (; of unital homomorphisms
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,00), such that 3|g, = t(m)
= at(a) + Bi(a).

)
Jur = u}‘ot(m)(sj)ut, and

from O to (1 —e9)Ouxo(1 —ep), defined for ¢t € [0
whenever t > t,,. Define 0; : Oy — O by ot(a
For t > t,, and 1 < j < m, we have ujoy(s;

lugoi™ (si)ue—si|l < llos™ (s5) —aj (0)]|+[luja; (t)ue—s;]| < 1/m+em < 2/m.

Therefore lim;_. ||ufo§m)(sj)ut — 3|l = 0 for all j. Thus t — oy is asymptoti-

cally unitarily equivalent to idp_ . So ¢ is asymptotically unitarily equivalent
to t — pooy.

Let f < ¢(ep) be a nonzero projection with [f] = 0 in Ko(D). Let wq, ws €
D be partial isometries satisfying

wiw; =1, wwy =1—f, and wi(l—¢(eg)) = (1 —@(eg))ws =1 — p(ep)
and
wawe =¢q and wowjy = f.

The homomorphism &1 is only defined up to unitary equivalence, and we can
take it to be

(pBY)(x) = wip(x)w] + warh(x)w;.
We make the same choices when defining (@ o Ut)éw. Writing pooy = poay +
@ o ﬂt; with

poar: Ox — pleo)Dip(eo) and o fi: O — (1 —eg)Dip(1 — eo),

this choice gives

(pooi)dp = [(poa)dP] + @ o fi.

By Lemma 2.2.2, t — (poa;)@1) is asymptotically unitarily equivalent to poay.
Therefore, with ~ denoting asymptotic unitary equivalence, we have

PBY ~ (poay)BY + po B ~poar+ o~ p.

This is the desired result. O

2.2.7 PROPOSITION. (Compare with Theorem 3.3 of [35].) Let D be a uni-
tal purely infinite simple C*-algebra, and let p,% : Oy — D be two unital
homomorphisms. Then ¢ is asymptotically unitarily equivalent to .

Proof: Let e = 1 — 5187 — s285 € O, and let f = ¢(e) € D. Define p :
O — [Df by B(s;) = ¢(sj+2)f. Let w € Ms(D) be a partial isometry with
w*w = 1@ f and ww* = ¢@ 0 for some ¢ € D. We regard w(yp & @)(—)w* and
w(y & P)(—)w* as homomorphisms from O to ¢Dgq. Furthermore, [g] = 0 in
Ky(D), so
p@w(y ©P)(—)w" and PSw(p & P)(-)w’

are defined; they are easily seen to be unitarily equivalent. Using Lemma 2.2.6
for the other two steps, we therefore obtain asymptotic unitary equivalences

@ ~ pdw(y @ P)(—)w* ~ vdw(p ® P)(—)w* ~ . o
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2.2.8 COROLLARY. Let A be any unital C*-algebra such that O @ A = A.
Then there exists an isomorphism 5 : Ox ® A — A such that the homomor-
phism a — 3(1 ® a) is asymptotically unitarily equivalent to id 4.

Proof: We first prove this for A = O,. Theorem 2.1.5 implies that Oy ® O, =
Ooo; let B : Ooo®Os — Ouo be an isomorphism. Then a — Fy(1®a) and idp_,
are two unital homomorphisms from Oy to O, so they are asymptotically
unitarily equivalent by Proposition 2.2.7. Let ¢t — wu; be a unitary path such
that lim; oo (Bo(1 ® a) — ugau;) = 0 for all a € Ox.

Now let A be as in the hypotheses. We may as well prove the result for
Oo ® A instead of A. Take 8 = By ® id4; then a — (1 ® a) is asymptotically
unitarily equivalent to idp_ g4 via the unitary path ¢ — u; ® 1. ]

2.3  WHEN HOMOTOPY IMPLIES ASYMPTOTIC UNITARY EQUIVALENCE

In this subsection, we will prove that if A is a separable nuclear unital simple
C*-algebra and Dy is unital, then two homotopic asymptotic morphisms from
A to K®0Os ® Dy are asymptotically unitarily equivalent. We will furthermore
prove that an asymptotic morphism from A to K ® O, ® Dy is asymptotically
unitarily equivalent to a homomorphism. The method of proof of the first
statement will generalize the methods of [44]. We will obtain the second via a
trick.

The following two definitions will be convenient. The first is used, both
here and in Section 3, to simplify terminology, and the second is the analog of
Definition 2.1 of [44].

2.3.1 DEFINITION. Let A, D, and @ be C*-algebras, with A and @ separable
and with @) also unital and nuclear. Let ¢ : A — D be an asymptotic morphism.
A standard factorization of ¢ through @ ® A is an asymptotic morphism ¥ :
Q ® A — D such that pi(a) = (1 ® a) for all ¢ and all a € A. An asymptotic
standard factorization of ¢ through @ ® A is an asymptotic morphism ¢ :
Q®A — D such that ¢ is asymptotically unitarily equivalent to the asymptotic
morphism (¢,a) — ¥ (1 ® a).

2.3.2 DEFINITION. Let A, D, and ¢ be as in the previous definition. An
(asymptotically) trivializing factorization of ¢ is a (asymptotic) standard fac-
torization with @ = Os. In this case, we say that ¢ is (asymptotically) trivially
factorizable.

2.3.3 LEMMA. (Compare [44], Lemma 2.2.) Let A be separable, nuclear, unital,
and simple, let Dy be a unital C*-algebra, and let D = O, ® Dgy. Then any
two full asymptotically trivially factorizable asymptotic morphisms from A to
K ® D are asymptotically unitarily equivalent.

Proof: Tt suffices to prove this for full asymptotic morphisms ¢, : A - K® D
with trivializing factorizations ¢’, 1’ : Oo® A — K® D. Note that ¢’ and 1)’ are
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again full, and it suffices to prove that ¢’ is asymptotically unitarily equivalent
to ¢’. By Theorem 2.1.4, we have O ® A = Oy, and Proposition 1.1.7 then
implies that ¢’ and 1)’ are asymptotically equal to continuous families ©” and
1" of homomorphisms.

We now have two continuous families of full projections ¢ — ¢} (1) and
t — /(1) in K ® D, parametrized by [0, 00). Standard methods show that
each family is unitarily equivalent to a constant projection. Moreover, the pro-
jections ¢f (1) and v (1) have trivial Ky classes, so are homotopic by Lemma
2.1.8 (2). Therefore they are unitarily equivalent. Combining the unitaries in-
volved and conjugating by the result, we can assume ¢} (1) and v (1) are both
equal to the constant family ¢ +— p for a suitable full projection p. Now replace
K ® D by p(K ® D)p, and apply Lemma 2.2.1; its hypotheses are satisfied by
Corollary 2.1.12. a

2.3.4 COrROLLARY. (Compare [44], Lemma 2.3.) Under the hypotheses of
Lemma 2.3.3, the direct sum of two full asymptotically trivially factorizable
asymptotic morphisms ¢,9 : A — K ® D is again full and asymptotically
trivially factorizable.

Proof: Since asymptotic unitary equivalence respects direct sums, the previous
lemma implies we may assume ¢ = 1. We may further assume that ¢ actually
has a trivializing factorization ¢’ : O ® A — K ® D. Then ¢ ® ¢ has the
standard factorization id yz, ® ¢’ through (Mo®O3)® A, and this is a trivializing
factorization because My ® Oy = O,.

Fullness follows from Lemma 1.2.6 (2). O

We also need asymptotically standard factorizations through O, ® A. The
special properties required in the following lemma will be used in the proof of
Theorem 2.3.7.

2.3.5 LEMMA. Let A be a separable unital nuclear C*-algebra, let D be
unital, and let D = Oy ® Dy. Let ¢ : A — K ® D be an asymptotic morphism.
Then ¢ has an asymptotic standard factorization through O, ® A. In fact, ¢
is asymptotically unitarily equivalent to an asymptotic morphism of the form
Pi(a) = 6o (ido,, ® ¢¢)(1 ® a), in which § : O ® K® D — K ® D is an
isomorphism, ¢ is completely positive contractive and asymptotically equal to
¢, and idp_, ® @ is defined to be the tensor product of completely positive
maps and is again completely positive contractive.

Proof: Lemma 1.1.5 provides a completely positive contractive asymptotic mor-
phism ¢ which is asymptotically equal to ¢. Then idp__ ® ¢ is the minimal ten-
sor product of two completely positive contractive linear maps, and is therefore
bounded and completely positive by Proposition IV.4.23 (i) of [58]. Looking
at the proof of that proposition and of Theorem IV.3.6 of [58], we see that
such a tensor product is in fact contractive. Thus, |ido_ ® @ < 1 for all .
One checks that ¢t — (ido_, ® @¢)(b) is continuous for b in the algebraic tensor
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product of Oy and A. It follows that continuity holds for all b € O, ® A.
Similarly, one checks that t — idp_ ® @; is asymptotically multiplicative, so is
an asymptotic morphism.

Use Corollary 2.2.8 to find an isomorphism g : Ox ® D — D such that
d — 0p(1 ® d) is asymptotically unitarily equivalent to idp. This induces an
isomorphism § : O, ® K® D — K ® D, and a unitary path ¢t — ugo) €
M (K ®D) such that ||u{”§(10d)(u{”)* —d|| — 0 for all d € K ® D. By Lemma
1.3.9, there is a unitary path ¢ — u; € (K®D)™ such that ||u:6(1®d)uf—d| — 0
forallde K ® D.

We prove that the ¢ that results from these choices is in fact asymptotically
unitarily equivalent to @; this will prove the lemma. Choose finite subsets
Fy, C F5 C --- whose union is dense in A. For each n, note that the set
Sp = {@t(a) : a € F,, t € [0,n]} is compact in D, so that there is r, with
lusd(1 @ dyuy —d|| < 27 for all d € S, and t > r,. For a € [0,1] define
f(n+a) = (1—-a)r,+ar,1. Then define unitaries v; € (KQD)t by vy = u (.
For ¢t € [n,n+ 1] and a € F,, this gives (using f(t) > r,)

[ope(a)vy — @i(a)ll = lluge)d(1 @ pia))ufyy — @ila)l] <277

Thus % is in fact asymptotically unitarily equivalent to . a

2.3.6 LEMMA. (Compare [44], Proposition 3.3.) Assume the hypotheses of
Lemma 2.3.3. Let ¢, : A - K ® D be full asymptotic morphisms with
asymptotically trivially factorizable. Then ¢ @ ¢ is asymptotically unitarily
equivalent to ¢.

Proof: By Lemma 2.3.5, we may assume that ¢ has a standard factorization
through O, ® A, say ¢’ : O ® A — K ® D. Using Lemma 1.3.8 on ¢’ and on
an asymptotically trivializing factorization for ¢, we may assume without loss
of generality that there are projections p,q € K ® D such that ¢’ is a unital
asymptotic morphism from A to p(K ® D)p and 1) is an asymptotically trivially
factorizable unital asymptotic morphism from A to ¢(K ® D)gq.

Choose a nonzero projection e € Oy, with trivial K, class. Let t — f;
be a tail projection for ¢’(e ® 1). Choose a continuous unitary family ¢ — u;
in p(K ® D)p such that u;fiuj = fo for all ¢. Define bounded asymptotic
morphisms

0:(1-€)0x(l-€)@A— (p—fo)(K®D)(p— fo)
and
7:e0xe® A — fo(K®D)fo
by
or(x) = u(p — fo)ey(x)(p — fouy  and  7e(z) = ufrpy (@) fruf.

These are in fact asymptotic morphisms, because lim;_, o || ft — ¢} (e ® 1)|| = 0.
Then define asymptotic morphisms

dg: A= (p—fo)(K@D)(p—fo) and 7:A— fo(K®D)fo
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by
gi(a) =0¢(1—e)®a)) and Ti(a) = (e ® a).

It follows that
Jim g (1® a)u; = i (a) = Fula)l] = 0

for all a € A, so ¢ is asymptotically unitarily equivalent to o @ 7. Since [e] =0
in Ko(Ox), there is a unital homomorphism v : Oy — eOe, and the formula
Ti(a) = (1o (r®ida))(1®a) shows that 7 has a trivializing factorization. Fur-
thermore, 7 is full because ¢’ is. So 7 @ v is full and asymptotically trivially
factorizable by Corollary 2.3.4, and therefore asymptotically unitarily equiva-
lent to 7 by Lemma 2.3.3. The asymptotic unitary equivalence of ¢ and o ® T
now implies that ¢ & 1 is asymptotically unitarily equivalent to ¢. ]

‘We now come to the main technical theorem of this section.

2.3.7 THEOREM. Let A be separable, nuclear, unital, and simple. Let Dg be a
unital C*-algebra, and let D = Oy, ® Dy. Then two full asymptotic morphisms
from A to K ® D are asymptotically unitarily equivalent if and only if they are
homotopic.

This result is a continuous analog of Theorem 3.4 of [44], which gives a
similar result for approximate unitary equivalence. In the proof of that theo-
rem, to get approximate unitary equivalence to within € on a finite set F) it
was necessary to approximately absorb a large direct sum of asymptotically
trivially factorizable homomorphisms—a direct sum which had to be larger for
smaller € and larger F. In the proof of the theorem stated here, we must con-
tinuously interpolate between approximate absorption of ever larger numbers
of asymptotic morphisms. The resulting argument is rather messy. We try
to make it easier to follow by isolating two pieces as lemmas. For the first of
these, recall from Definition 1.1.4 (2) that bounded asymptotic morphisms are
assumed in particular to be linear.

2.3.8 LEMMA. Let A and D be C*-algebras, with A separable. Let a — (@)
be a bounded homotopy of asymptotic morphisms from A to D. Then there
exists a continuous function f : [0,00) — (0,00) such that for every a € A, we
have

t=00 \ Joy —aa| <1/ £ (1)

lim < sup ||(,01(§a1)(a) - SDEQZ)(G)||> = 0.

Proof: Choose finite sets Fy C Fy C --- C A whose union is dense in A.

For each n and each fixed a € A, the map (¢, o) — cpga)(a) is uniformly

continuous on [0,n] x [0,1]. So there is d,, > 0 such that
sup{[l¢{* (a) — 0{** (@)]| : t € [0,n], o1 — az| < 8ny a € Fr} <27"
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We may clearly assume §; > do > ---. Let t — &(t) be a continuous function
such that 0 < §(t) < §,, for t € [n —1,n].
We claim that if a € |, Fy, then

tlim < sup ||(,01(§a1)(a) - w§a2)(a)ll> =0.
TN\ Jar—az|<(t)

To see this, let a € F,,. Forn > m+1,¢t € [n—1,n], and |ag — aa| < §(t), we
have in particular |1 — ag| < 6y, so that [|¢'* (a) — ¢!*?) (a)|| < 277
The statement of the lemma, using f(t) = 1/46(t), follows from the claim

by a standard argument, since ¢ is bounded and UZOZO F,, is dense in A. ]

2.3.9 LEMMA. Let A and @ be C*-algebras, with @ unital and nuclear. Let
N > 2, let eg,e1,...,eny € Q be mutually orthogonal projections which sum to
1, and let w € @ be a unitary such that weow* < e;, we;w* < e; + e;41 for
1<j<N-1,and weyw* < ey +eg. Let ag,...,an,bg,...,bn € A. Then in
Q ® A we have

N N

(w®1) Zej®aj (w®1)*726j®bj

=0 =0
< max{|lan —bol|,|ao — b1 + [[a1 — b1||,[|ar — b2|| + [|az — b2,

o llan—1 = bl + llay — bn|}-
Proof: Let
N N N
r=(w®1l) Zej®aj (w®1)*:Zwejw*®aj and yzZej®bj.
7=0 3=0 =0

Observe that if we take the indices mod NN 41, then ey, is orthogonal to we;w*
whenever k # j, 7 + 1, and also if j = k = 0. Therefore we can calculate

(Ze“}@l) (x —y) (Zew@l)
i=0 k=0

rT—=y

N
> [(ej ® 1)(wejw” @ a; + wej1w” @ aj_1)(e; ®1) —e; ®b;
=0

N
+ [ej(wejW*)€j+1 + €j+1(werJ*)€j} ® b;.
=0

We now claim that the second term in the last expression is zero. The
projections wepw* are orthogonal and add up to 1, and e;4 is orthogonal to
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all of them except for £ = j and k£ = j+1. Therefore e;11 < we;w* +wej i w*.
Also, ejwe;jr1w* = 0, so we obtain

* —_— . . * . * . e . . e
ej(wejw)ejin = ej(wejw” + wejpw*)ejrn = ejejrn = 0.

Similarly, e;41(we;jw*)e; = 0. So the claim is proved.

It remains to estimate the first term. Since the summands are orthogo-
nal, the norm of this term is bounded by the maximum of the norms of the
summands. Using again e; < we;_qw* + we;w*, we obtain

l[(e; ® 1)(wejw* @ a; + wej—1w* ®aj_1)(e; ®1) —e; @ by
llaj—1 —a;ll + [l(e; ® 1)(we;w* @ aj + wej_1w* ®a;)(e; @ 1) — e; @ bj|
llaj—1 —a;ll +[le; ® (a; — bj)[l < llaj—1 — a;|| + [la; — bj]|.

A

If 7 =0, then j — 1 = N. We then have also eqweqw* = 0, so eg < weyw®,
whence

[[(e0 ® 1)(weow™ ® ag +weyw* @ ay)(eo ® 1) — eo @ bo|
= lleo ® (an —bo)| < [lan — bol|-

This proves the lemma. O

Proof of Theorem 2.3.7: That asymptotic unitary equivalence implies homo-
topy is Lemma 1.3.3 (1). We therefore prove the reverse implication.

Using Lemma 2.3.5, we may without loss of generality assume our homo-
topy has the form (ﬁta) (@) =d(1lo, ®30§a)(a)), where 6 : O @ K@D — K®D
is a homomorphism and ¢ is a completely positive contractive asymptotic mor-
phism from A to C([0,1], K ® D). It then suffices to prove the theorem for
the homotopy of asymptotic morphisms from A to O, ® K ® D given by
@ﬁa) (@) =1® goga) (a). (We get an asymptotic unitary equivalence of $(*) and
@M by applying 4.)

The next step is to do some constructions in Oy, and Oy. Choose a pro-
jection e € Oy with e # 1 and [e] = [1] in K(Os ). Choose a unital homomor-
phism v : Oy — (1—€)Os(1—e). Define isometries §; € O by 5; = 7(s;). Let
A 1 Oz — O3 be the standard shift A(c) = s1es]+s2¢s5. Since any two unital en-
domorphisms of O3 are homotopic (by Remark 2.1.2 (1) and the connectedness
of the unitary group of Os), there is a homotopy a — w, of endomorphisms of
Oy with wy = idp, and w; = A.

We will now suppose that we are given continuous functions

ap t [n—1,00) — [0,1]
for n > 1 such that
1 (n) = an(n) 1)
for all n, and a continuous function F : [0,00) — (0,00). (These will be chosen

below.) Then we define 1; : O2 ® A — O ® K ® D by
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n

Yelc®a) =Y H57(0)EETE) @ ol (a)
k=1

~n ~n\* ant10F
+337(wr ) -n(@) () @ [T (@) for P(t) e+ (2)
(This is an orthogonal sum since the projections
5157, 5251(5251)%,..., 857 '51(55 718", S5(3h)

are mutually orthogonal.) As in the proof of Lemma 2.3.5, each v; is well
defined, linear, and contractive, and t — ;(b) is continuous for b in the alge-
braic tensor product of Oy and A (using (1) when F(t) € N), and so for all
be O, ® A.

We now claim that v, as defined by (2), is actually an asymptotic mor-
phism from O ® A to Ox ® K ® D. It only remains to prove asymptotic
multiplicativity. By linearity and finiteness of sup, ||¢¢||, it suffices to do this
on elementary tensors. Since 7, wy, and the maps ¢ +— 55 Elc(gg_lgl)* and
¢ +— $5c(s%)* are homomorphisms (and so contractive), a calculation gives, for
F(t) € [n,n+1],

tlggo | ((c1 @ a1)(ca ® az2)) — Pu(c1 @ a1)i(ca @ az)||

< lim flerea| ( s?p]Hda)(am) ¢§a>(a1)¢§a>(a2)H> ~0.
-0 a€l0,1

Definet : A — O3®A by t(a) = 1®a. Then 1o¢ is an asymptotic morphism
from A to Oy ® K ® D. By definition, it has a trivializing factorization, so
Lemma 2.3.6 implies that 3(®) @ (1 0 1) is asymptotically unitarily equivalent
to 3(®). The theorem will therefore be proved if we can choose the functions F
and a,, in such a way that E(O) @ (¢ o) is asymptotically unitarily equivalent
to M @ (Y o).

Before actually choosing F' and the «,, we construct, in terms of F, the
unitary path we will use for the desired asymptotic unitary equivalence. Let
T be an automorphism of M2(Os) which sends 1@ 0 to e ® 0 and 0 @ ¢ to
c®0forall c € (1—-e)Ox(1—e). Let T be the obvious induced automorphism
of M3(Ox ® K ® D). It suffices to prove asymptotic unitary equivalence of
70 (@Y @ (or)) and 7o (B @ (¢ 01)). Furthermore, these two asymptotic
morphisms take values in O, ® K ® D, embedded as the upper left corner, so
we only work there. This results in the identification

Fo@ Y @ (o) =e®p®(=)+ Wou).

We further note that, by Lemma 1.3.9, it suffices to construct a continuous
family of unitaries in the multiplier algebra M (O ® K ® D).
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With these identifications and reductions, our unitary path will take the
form u; = v(F(t)) ® 1 for a suitable unitary path r — v(r) in O, defined for
r € [0,00). The construction of v requires further notation.

Define projections in Oy by pr = §’2€_1'§1(~k_1~
Then

55 51)" and g, = 55(5%)"

pi+pa+- - Fppt+gnte=1 and ppi1+ Gui1 = Gn.

Choose projections f, < pr with [fi] = 1 in Ko(O). Note that fr11 < gn.
Then there are partial isometries vy with

* * * *
Voo =€, Vovy = f1, vLukr = fr, and vy = fit1,

and w,, with
wiwy = fpy1 and  wyw) =e.
Using the connectedness of the unitary group of (frn+1+ frnt+2)Oco (frt1+ frt2),

choose a continuous path « — y,(a) of partial isometries from fy, 1 + fni2 to
fn+2 + e such that y,(0) = w, + frnie and y,(1) = vyy1 + wpy1. Then define

v(nta) = (p1—fi)+ +Pnt1— far1) H(Gnt1— fat2) trotvit+: - +on+yn(a)

for n € N and a € [0,1]. There are two definitions at each integer, but they
agree, so v is a continuous path of unitaries. Furthermore, one immediately
verifies that for fixed r € [n,n + 1], the unitary w = v(r) and sequence of
projections

€0 =€, €1 =P1, €2 =P2,...,€n = Pn, Entl = (n (3)

satisfy the hypotheses in Lemma 2.3.9.

Now take f to be as in Lemma 2.3.8, and set F(t) = f(t) + 2. Define
ag : [0,00) — [0,1] by ag(r) = 0 for all r, and choose the functions a,, :
[n —1,00) — [0,1] to be continuous, to satisfy (1), and such that a,41(r) =1
for r € [n,n + 1] and

laks1(r) —ar(r)| <1/(n—1) for r € [n,n+1] and 0 <k < n.

Take 1 and u to be defined using these choices of F' and the a,. Let
t € [0,00). Set r = F(t) and choose n € N such that r € [n,n + 1]. Let
w = v(r) and let eq,...,e,41 be as in (3). For a € A, we then have

Jue [e® 0@ + 1@ )] i — [e@¢D(@)+ w10 a) |
n+1

el

k=0

n+1
co® e (a) + Y er ® soﬁak“”(a)] H .
k=1

(w®1) (w®1)*

DOCUMENTA MATHEMATICA 5 (2000) 49-114



86 N. CHRISTOPHER PHILLIPS

Apply Lemma 2.3.9 with ay = by = gaga’“(r))(a) for 1 <k <n+1, and with
ao = ¢\ (a) and by = ¢V (a) = @{*"** () = a,11. It follows that the
expression above is at most

max(0, ||ap — a1]l, .-, ||an — @nt1l|)
= max{[o{™ (@) - g (a)]| 0 <k <}
< sup{[lpl™ — o Jon — aa] <1/(n—1)}.

Since n—1>r—2 = f(t), we have 1/(n—1) < 1/f(t), and this last expression
converges to 0 as t — oo. Thus we have shown that

e® V(=) +@Wou) and e®pl(-)+(Wor)
are asymptotically unitarily equivalent. This completes the proof. ]

2.3.10 COROLLARY. Let A be separable, nuclear, unital, and simple, let Dy
be unital, and let D = Oy ® Dy. Then any full asymptotic morphism ¢ : A —
K ® D is asymptotically unitarily equivalent to a homomorphism.

Proof: Tt is obvious that an asymptotic morphism is homotopic to all of
its reparametrizations. The result therefore follows from Theorem 2.3.7 and
Proposition 1.3.7. o

2.3.11 REMARK. The hypothesis of fullness can be removed in Theorem 2.3.7
(and in Corollary 2.3.10) in the following way. Let a +— (%) be a homotopy of
asymptotic morphisms from A to K® D, with D = O, ® Dy. Applying Lemma
1.3.8, we can assume o — ¢(® is a homotopy of unital (hence full) asymptotic
morphisms from A to D’ = p(K ® D)p for a suitable projection p. The algebra
D’ is stable under tensoring with O, by Corollary 2.1.12. So we can apply
the result already proved to asymptotic morphisms from A to K ® D’. Then
embed K ® D' in K ® D.

3 UNSUSPENDED E-THEORY FOR SIMPLE NUCLEAR C*-ALGEBRAS

In [16], Dadarlat and Loring proved that for certain C*-algebras A, one can
obtain the groups KKY(A, B) via “unsuspended E-theory”: KKY(A, B) =
[[K ® A, K ® B]] (notation from Definition 1.1.2) for all separable B. The ter-
minology comes from the omission of the suspension that is normally required.
The conditions on A are quite restrictive, and in particular fail for trivial rea-
sons as soon as A has even one nonzero projection.

In this section, we want to take A to be separable, nuclear, unital, and
simple. To make enough room, we assume B is a tensor product Oy, ® D with
D unital. We then discard the class of the zero asymptotic morphism (the
source of the difficulty with projections). We are able to prove, with the help
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of Kirchberg’s results as stated in Section 2.1 and also using Theorem 2.3.7,
that we do in fact get KK°(A, B) as a set of suitable homotopy classes of
asymptotic morphisms from K ® A to K ® B. (Corollary 2.3.10 implies that we
can even use asymptotic unitary equivalence classes of homomorphisms. See
Section 4.1.)

In the first subsection, we construct for fixed A a middle exact homotopy
invariant functor from separable C*-algebras to abelian groups in a manner
analogous to the definition of Ky(D), but using asymptotic morphisms from A
to K ® Os ® DT in place of projections in K ® DT. The fact that the target
algebra is infinite means that, as for K of a purely infinite simple C'*-algebra,
we do not need to take formal differences of classes. We do, however, need to
introduce the unitization of the target algebra for essentially the same reason
that it is necessary in the definition of K. In the second subsection, we then
show that this functor is naturally isomorphic to KK9(A4, —).

3.1 THE GROUPS [[A, K ® O ® D]y AND E4(D)

Let A be separable, nuclear, unital, and simple. In this subsection we construct
a functor [[4, K ® O ® —|]+ on unital C*-algebras and the corresponding
functor E4(—) on general C*-algebras (obtained via the unitization). We then
prove that E 4 1s a cohomology theory on separable C*-algebras in the usual
sense. This information is needed in order to apply the uniqueness theorems

for K K-theory in the next subsection.

3.1.1 DEFINITION. Let A be separable and unital, and assume each ideal of
A is generated by its projections. Let B have an approximate identity of pro-
jections. Then [[A, B]]+ denotes the set of homotopy classes of full asymptotic
morphisms from A to B.

3.1.2 PROPOSITION. Let A be simple, separable, unital, and nuclear. For any
unital C*-algebra D, give [[A, K ® O ® D]]4 the addition operation that it
receives from being a subset of [[4, K ® Ox ® D]]. Then [[A, K ® O ® —]]+
is a functor from separable unital C*-algebras and homotopy classes of unital
asymptotic morphisms to abelian groups. The zero element is the class of any
full asymptotic morphism from A to K ® O, ® D with a standard factorization
(see Definition 2.3.1) through Os ® A.

Proof: Lemma 1.2.6 (2) shows that [[A, K ® O ® D]]+ is closed under the
addition in [[A, K ® O ® D]]. Therefore [[4, K @ Ox ® D]+ is an abelian
semigroup, provided it is not empty.

According to Theorem 2.3.7, homotopy is the same relation as asymptotic
unitary equivalence in this set. So we can use them interchangeably.

For functoriality, let £ be another unital C'*-algebra, and let ¢ : D — E
be a unital asymptotic morphism. Let ¥ = idxgo,, ® ¢ (see Proposition 1.1.8)
be the induced asymptotic morphism from K ® Oy, ® D to K @ Oy ® E. It
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is full because if e € K is any nonzero projection, then e ® 1 ® 1 is a full
projection in K ® Ox ® D which is sent to the full projection e ® 1 ® 1 in
K®0Ox%®FE. Lemmas 1.2.6 (2) and 2.1.8 (1) now imply that n — [[¢]] - sends
full asymptotic morphisms to full asymptotic morphisms.

We now construct an identity element. Theorem 2.1.4 provides an isomor-
phism v : O3 ® A — Os. Let 7 : O3 — O be an injective homomorphism
(sending 1 to a nonzero projection in Oy with trivial Ky-class), and define a
full homomorphism ¢ : A — Os by ((a) = (7 o v)(1 ® a). Composing it with
the full homomorphism z — e®z ® 1 from Oy to K @ Oy ® D, where e € K
is any nonzero projection, we obtain a full asymptotic morphism from A to
K ® O ® D which has a standard factorization through Oy @ A.

Lemma 2.3.3 implies that any other full asymptotic morphism with a triv-
ializing factorization is asymptotically unitarily equivalent to ¢. This class acts
as the identity by Lemma 2.3.6.

Finally, we must construct additive inverses. Let n € [[A, K ® O ® D]]+.
By Lemma 2.3.5, we can take n = [[¢]], where ¢ has a standard factorization
through O ® A, say ¢i(a) = (1 ® a) for some asymptotic morphism ) :
O ®A — KR@0s®D. Choose a projection f € Oy with [f] = —1in K¢(Os).
Define 1, = 4| ro.. foa, and define @ : A — K®On ® D by B,(a) = pi(f ®a).
Choose a unital homomorphism

o (1) moa (1)

Then (id s, ®¢) ov provides a standard factorization of ¢ @ @ through O, ® A.
Note that ¢ @ P is full because ¢ is, so it is asymptotically unitarily equivalent
to ¢ by Lemma 2.3.3. This shows that [[i]] is the inverse of 7. O

3.1.3 DEFINITION. If D is any C*-algebra, then we denote by D# the C*-
algebra K @ Oy, ® DT. We use the analogous notation for homomorphisms.
If D is separable, we define E4(D) to be the kernel of the map [[4, D¥]]; —
[[4, K ® O]+ induced by the unitization map Dt — C.

3.1.4 PROPOSITION. Let A be separable, nuclear, unital, and simple. Then
FE 4 is a functor from separable C'*-algebras and homotopy classes of asymptotic
morphisms to abelian groups.

Proof: This follows from Proposition 3.1.2 and the fact that unitizations and
tensor products of asymptotic morphisms are well defined (Lemma 1.1.6 and
Proposition 1.1.8). O

3.1.5 REMARK. It is obvious that if D; and D> are unital, then there is a
natural isomorphism

[[A4, K ® Ooo @ (D1 & D2)]]+ 2 [[A, K ® Ooe @ D1]]+ & [[A, K ® O @ D2)]] 4.
It follows that for unital D, there is a natural isomorphism

EA(D)2[[A, K ® Ou @ D]|4.
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We will sometimes denote by . the map [[A, D1]]+ — [[4, D2]]+ or the
map Fa(D1) — Ea(D2) induced by a (full) homomorphism ¢ : D1 — Ds.

3.1.6 LEMMA. Let A be separable, nuclear, unital, and simple. Let
0—J5 D5 D/J—0
be a short exact sequence of separable C*-algebras. Then the sequence
EA(J) 25 Ex(D) = EA(D/J)
is exact in the middle.

Proof: Tt is immediate that m, o p, = 0.

For the other half, we introduce the maps yp : D#¥ — K ® O and
tp : K ®@ Oy — D# associated with the unitization maps Dt — C and
C — D™. Define xp,,, tp,y, etc. similarly. Now let 1 € ker(w,), and choose
a full asymptotic morphism ¢ : A — D# whose class is 7. By definition, we
have [[7% o ¢]] = 0 in [[A, (D/J)#]]+. Choose a full homomorphism ¢ : A —
K ® Oy with a standard factorization through Os ® A, as in the proof of
Proposition 3.1.2. Theorem 2.3.7 then implies that 7# o ¢ is asymptotically
unitarily equivalent to ¢, o(, so there is a unitary path ¢ — u; in ((D/J)#)*
such that u (7% o @) (a)u; — (tpyso¢)(a) for all a € A.

Without changing homotopy classes, we may replace ¢ by ¢ @0 and ¢ by
¢ ®0. This also replaces 7# o ¢ and tpyj ¢ by their direct sums with the zero
asymptotic morphism. We then replace u; by u; @ u;. We may thus assume
without loss of generality that u is in the identity component of the unitary
group of Cy, ([0, 00), ((D/J)#)*). Therefore there is v € Uy (Ch ([0, 00), (D#) 1))
whose image is u. Then 77 (v;) = u; for all ¢, whence

}ig%ﬂ#(vt%(a)vf —(tpo()(a)) =0

for all a € A.
Let o : (D/J)# — D# be a continuous (nonlinear) cross section for 7#
satisfying o(0) = 0. (See [1].) Define ¢, : A — D# by

be(a) = vige(a)e; — (0 0 7#) (wtw)vz‘ ~(ipo o(a)) |

This yields an asymptotic morphism asymptotically equal to ¢t — vy (—)vf,
and hence asymptotically unitarily equivalent to . Furthermore,
7#(Ye(a) — (tp o ¢)(a)) = 0 for all ¢+ and a. It follows that ¢;(a) € J#
and that xj(¢t(a)) = ((a). So ¢ is in fact a full asymptotic morphism from
A to J# such that [[xs o ®]] = 0, from which it follows that ¢ defines a class

[[¢] € Ea(J). Clearly p.([[¢]]) = 5. This shows that ker(m,) C Im(s.). o

3.1.7 COROLLARY. Let A be separable, nuclear, unital, and simple. Let

0—J5 D5 D/J—0
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be a split short exact sequence of separable C*-algebras. Then there is a natural
split exact sequence

0—EA(J) 25 EA(D) =5 EA(D/J) — 0.

Proof: This is Proposition 4.1 (b) of [15], noting that the proof of Part (b) there
doesn’t use stability. Indeed, since E 4 is middle exact (the previous lemma)
and homotopy invariant, Lemma 5 in Section 7 of [26] provides a long exact
sequence

B BSD) BT Bu(S(D) ) ——Ea(J) 5 Ea(D) =5 EA(D)).

The desired conclusion can now be immediately obtained using the splitting
map. O

3.1.8 REMARK. It should be pointed out that we need much less than the
full strength of Theorem 2.3.7 here. Only knowing that homotopy implies
asymptotic unitary equivalence for full asymptotic morphisms from A to K ®
O ® C([0,1]), it is possible to prove middle exactness in the first stage of the
Puppe sequence, namely

EA(Cr) — E4(D) — EA(D/J).

This sequence can be extended to the left as in the proof of Proposition 2.6 of
[56]. Proposition 3.2 of [16] can then be used to show that Ej4 is split exact.

We now prove stability of E4 under formation of tensor products with
both K and O.

3.1.9 LEMMA. Let A be separable, nuclear, unital, and simple, and let D be a
separable C*-algebra. Then the map d — 1® d, from D to O ® D, induces
an isomorphism E4(D) — FA(Ox ® D).

Proof: By naturality, Proposition 3.1.7, and the Five Lemma, it suffices to
prove this for unital D. By Remark 3.1.5, we have to prove that d — 1 ® d
induces an isomorphism [[A, K @ O ® D]]+ — [[4, K ® Ox ® Ox @ D]]+.
This follows from Theorem 2.1.5 and Proposition 2.1.11, since these results
imply that the map  — z ® 1, from Oy to Os ® O, is homotopic to an
isomorphism. ]

The other stability result requires the following lemma. We really want
an increasing continuously parametrized approximate identity of projections,
but of course such a thing does not exist. The quasiincreasing version in the
lemma is good enough.

3.1.10 LEMMA. Let D be a unital purely infinite simple C*-algebra, and let
eo € K ® D be a nonzero projection. Then there exists a continuous family
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t — e; of projections in K ® D such that, for every b € K ® D, we have

lim (e;b — b) = lim (be; — b) = tlim (etber — b) =0,

t—oo t—oo

such that eg is the given projection, and such that e, > e; for s > ¢t + 1.

Proof: Choose a nonzero projection p € K ® D such that [p] =0 in Ko(D). We
start by constructing a family ¢ — f; in K ® pDp. Note that

[diag(1ppyp, 0,0)] = [diag(1ppp, 1ppp; 0)] = 0

in Ko(Ms(pDp)). Therefore there is a homotopy ¢t — ¢; of projections in
M3 (pDp) such that

qo = diag(1,0,0) and g¢; = diag(1,1,0).

Now define
fots = 1n, 1 (op) @ ¢s ©0 € K @ pDp

for n =0,1,... and s € [0,1]. The family f; is clearly continuous. It satisfies
Jo = p®p. We have fi > 1y, . (ppp) fort > n,sot — f; really is an approximate
identity. Finally, fi < 1a, ,ppp) for t < n, so fs > fi for s >t +4. We can
replace 4 by 1 in this last statement by a reparametrization.

To get the general case, choose a projection r € pDp with [r] = —[eg] in
Ko(D). Then f; > p>rforall ¢, sot+— fi —r is a continuously parametrized
approximate identity of projections for (1 —r)(K ® pDp)(1 —r). (Here 1 is the
identity of (K ® pDp)™.) There is an isomorphism

p: K®D— (1-7r)(K®pDp)(l—r),

and since [fo — 7] = [eo] in Ko(D), we can require that p(eg) = fo — r. Now set
et = o L(fi — ). Then clearly eb — b, be; — b — 0 as t — oo. It follows that

lesbes = bl| < llesb — bl [|ex]| + [|be; — bl — O

as well. O

3.1.11 LEMMA. Let A be separable, nuclear, unital, and simple, let D be
separable, and let e € K be a rank one projection. Then the map d — e ®d,
from D to K ® D, induces an isomorphism E4 (D) — E4(K ® D).

Proof: By Lemma 3.1.9, we may use O ® D in place of D, and as in its proof
we may assume D is unital.

Let s € O be a proper isometry, and define v : O @ D — Ox ® D
by y(a) = (s ® 1)a(s ® 1)*. We claim that v, : EA(Os ® D) — EA(Ox ®
D) is an isomorphism. It follows from Remark 3.1.5 and Definition 3.1.3
that this map can be thought of as composition with idggo., ® 7 from
[[A, K ® O ® O ® D]]+ to itself, even though ~ is not unital. (The discrep-
ancy is an orthogonal sum with an asymptotic morphism which up to homotopy

DOCUMENTA MATHEMATICA 5 (2000) 49-114



92 N. CHRISTOPHER PHILLIPS

has a trivializing factorization. Note that the composition with ~ is still full.)
Now K ® $5*Oxss™ and K ® (1 — $5*)Os (1 — ss*) are both isomorphic to
K ® O, so we may as well consider the map from [[4, K ® O @ O ® D]|+
to [[4, M2(K @ O @ O ® D)]|+ induced by inclusion in the upper right cor-
ner. Let 7 : My(K) — K be an isomorphism. Then a — 7(a @ 0) is homotopic
to idx and b — 7(b) @ 0 is homotopic to idaz (k). So our map has an inverse
given by composition with 7 ® ido__ g0 eD-

We next require a construction involving Oy and K ® Ou. Define ¢ :
O — K ® Oy by ¢(z) = e® x. Let t — e; be a continuously parametrized
approximate identity for K ® O, which satisfies the properties of the previous
lemma and has e¢g = e ® 1. Let t — wu; be a continuous family of unitaries
in (K ® Ox)t such that ug = 1 and uieruf = eg for all ¢. Define z/Jt(O) :
K®0s — K®0Ox by wt(o) (a) = utesaesu}. One immediately checks that (©)
is an asymptotic morphism whose values are in (e ® 1)(K ® Ox)(e ® 1), so
that there is an asymptotic morphism t — 9; from K ® O to O such that
w oy = for all t.

The composite asymptotic morphisms ¢ o 1 and ¥ o ¢ can be computed
without reparametrization, because ¢ is a homomorphism. Now ¢ o 1) = 10,
which is asymptotically unitarily equivalent to (t,a) +— eiae;, which in turn
is asymptotically equal to idxgo.,. S0 ¢ o ¢ is homotopic to idxgo.,. Also,
1o is clearly homotopic to a map of the form x — sxs* for a proper isometry
$ € Oup.

We now observe that idggo.. ® (¢ @ idp)T and idxgo., ® (¥ @ idp)™T
define full asymptotic morphisms from (O ® D)# to (K ® On ® D)* and
back. The composite from (K ® Oy ® D)# to itself is homotopic to the identity,
and therefore induces the identity map on E A(K ® O ® D). Composition on
the right with the composite from (O ® D)# to itself is a map of the form 7.
as considered at the beginning of the proof, and is thus an isomorphism from
EA(Ox ® D) to itself. Tt follows that o, is an isomorphism. O

3.2 THE ISOMORPHISM WITH K K-THEORY

In this subsection, we prove that if A is separable, nuclear, unital, and simple,
and D is separable, then the natural map from E4(D) to KK°(A, D) is an
isomorphism. Combined with Remark 3.1.5, this gives for unital D a form of
“unsuspended E-theory” as in [16], in which we need only discard the zero
asymptotic morphism.

We will use the universal property of K K-theory with respect to split
exact, stable, and homotopy invariant functors on separable C*-algebras [24].
(We use this instead of the related property of E-theory because it is more
convenient for the proof of Lemma 3.2.3 below.)

3.2.1 NoTATION. In this subsection, we denote by S the category of sep-
arable C*-algebras and homomorphisms and by KK the category of sepa-
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rable C*-algebras with morphisms KK°(A, B) for C*-algebras A and B. If
n € KK°A,B) and A\ € KK°B,C), we denote their product by A x n €
KKY(A,C). We further denote by k the functor from S to KK which sends a
homomorphism to the class it defines in K K-theory.

3.2.2 LEMMA. Let A be separable, nuclear, unital, and simple. Then there is a
functor E4 from KK to the category of abelian groups such that F4 ok = Ey4.

This simply means that one can make sense of E4(n) : E4(D) — Ea(F)
not only when 7 is an asymptotic morphism from D to F', but also when 7 is
merely an element of KK°(D, F).

Proof of Lemma 3.2.2: The result is immediate from Theorem 4.5 of [24], since
Ey4 is a stable (Lemma 3.1.11), split exact (Corollary 3.1.7), and homotopy
invariant (Proposition 3.1.4) functor from separable C*-algebras to abelian
groups. O

We want to show that E4 (D) is naturally isomorphic to K K°(A, D). Our
argument is based on an alternate proof of the main theorem of [16] suggested
by the referee of that paper; we are grateful to Marius Dadéarlat for telling us
about it. The argument requires the construction of certain natural transfor-
mations. (The argument used in Section 4 of [16] presumably also works.)

Before starting the construction, we prove a lemma on the functors F of
Higson [24] (as used in the previous lemma).

3.2.3 LEMMA. Let I' and G be stable, split exact, and homotopy invariant
functors from S to the category of abelian groups, and let F' and G be the
unique extensions to functors from KK of Theorem 4.5 of [24]. (In particular,
F or G could be EA and F or G could be EA, as in Lemma 3.2.2.) If « is a
natural transformation from F' to G, then « is also a natural transformation
from F to G.

Proof: Let u € KK°(A, B). By Lemma 3.6 of [24], we can choose a represen-
tative cycle (in the sense of Definition 2.1 of [24]) of the form ® = (¢4, ¢, 1),
where oy, p_ : A — M(K® B) are homomorphisms such that ¢ (a)—p_(a) €
K ® B for a € A. The homomorphism F (1) is then the composite

F(A) "I pag) I bk o BY TN ReB),

for a certain C*-algebra Ag, certain homomorphisms 7, 1, and @_, and with
g(a) = 1 ® a. (See Definition 3.4 and the proofs of Theorems 3.7 and 4.5
in [24].) From this expression, it is obvious that naturality with respect to
homomorphisms implies naturality with respect to classes in K K-theory. a

3.2.4 DEFINITION. Let A be separable, nuclear, unital, and simple. We regard
KK°(A,—) and E4 as functors from KK to abelian groups. (On morphisms,
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the first of these sends n € KK°(Dy, D) to Kasparov product with 7.) We
now define natural transformations

a:KK%A,—) —E4 and §:E,— KK°(A, —).

To define ap, let e € K be a rank one projection, let 14 : A - K®0O,®A
be the map ta(a) = e ® 1 ® a, and let [[ta]] € Ea(A) denote its class in
[[A, K ® Os ® A4 = E4(A). (Recall that A is unital, so that Remark 3.1.5
applies.) Now let € KK°(A, D). Then E4(n) is a homomorphism from
EA(A) to E(D). Define

ap(n) = Ea(n)([leal]) € Ea(D).

To define Bp, let xp : D¥ — K ®04, be the standard map (as in the proof
of Lemma 3.1.6). Starting with n € EA(D) C [[A, D*#]], choose a full asymp-
totic morphism ¢ : A — D# with [[xp]] - [[¢]] = 0 which represents 1. Now
recall (Corollary 9 (b) of [11]; Section 5 of [54]) that for A and B separable and
A (K-)nuclear, there is a canonical isomorphism E(4, B) = KK°(A, B). Fur-
ther recall that there is a canonical isomorphism K K°(SA, SB) =~ KK"(A, B)
(Theorem 7 of Section 5 of [26]). Form the second suspension

[[S%¢]] € [[S?4, S>D¥]] = E(SA, SD¥)
~ KK°(SA,SD#) = KK°(A,0u @ DY),

and regard [[S?¢]] as an element of K K°(A, Os,®D™). Since [[S%xp]]-[[S?¢]] =
0, split exactness of K K°(A, —) implies that [[S%¢]] is actually in K K°(A4, O ®
D). In this last expression, we can use the K K-equivalence of Oy and C,
given by the unital homomorphism C — O, to drop O. We thus obtain an
element 3p(n) € KK°(A, D).

3.2.5 LEMMA. The maps ap and Op of the previous definition are in fact
natural transformations.

Proof: Tt is easy to check that both a and (8 are natural with respect to ho-
momorphisms, so naturality with respect to classes in K K-theory follows from
Lemma 3.2.3. O

3.2.6 THEOREM. Let A be separable, nuclear, unital, and simple. Then for
every separable D, the maps ap and Bp of Definition 3.2.4 are mutually inverse
isomorphisms.

Proof: 1t is convenient to prove this first under the assumptions that O, ® A =
A and Oy ® D 2 D. It then follows that the map a — 1 ® a from A to
O ® A is homotopic to an isomorphism, and similarly for D. (This is true
for Oy by Theorem 2.1.5 and Proposition 2.1.11. Therefore it is true for
O ® A and O ® D, hence for A and D.) Thus, A and Oy ® A are naturally
homotopy equivalent, and therefore also naturally equivalent in K as well.
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Similar considerations apply to D. Thus, EA(D) becomes just [[A, K ® D]]+.
The natural transformations above are then given by

ap(n) = Ea(n)(([[ida]))

(with id4 being the obvious map from A to K ® A), and
Bo((lel]) = [[S°¢]] € [[$?A, K ® §*D]] = KK°(A, D).

Letting 14 denote the class in K K9(A, A) of the identity map, we then imme-
diately verify that

aa(la) =[[ida]] and Ba([lida]]) =14

We now show that these two facts imply the theorem for unital D. Let
n € KKY(A, D). Then n = 14 x 1, and naturality implies that

Bp(ap(la x ) = Bp(Ea(n)(aa(1a))) = Balaa(la)) x n=14xn.

So Bp o ap = id. For the other direction, let p € EA(D). Using Corollary
2.3.10, represent pu as the class of a full homomorphism ¢ : A — K ® D. Let
n = [[S?¢]] be the K K-class determined by [[¢]]. Then, identifying K ® K with
K as necessary, we have

i =pu([lidal]) = Ea(n)([fida]))-

The same argument as above now shows that

(ap o Bp) (EA<n><uidAn>) = Ba(n)([fida])).

So ap o Bp = id also.

The result for nonunital algebras follows from naturality, split exactness,
and the Five Lemma.

To remove the assumption that Oy ® D = D, use Lemma 3.1.9.

Finally, we remove the assumption that O, ® A = A. Let 6g : O ® O —
Ooo be an isomorphism (from Theorem 2.1.5), and let 0 : O ® K ® On —
K ® O be the obvious corresponding map. Define ip : E4(D) — Eo_ga(D)
by

in(([n)) = [ @ idp-]] - [[ido.. ® 7]

Let jp : KK°A,D) - KK° O ® A, D) be the isomorphism induced by
the K K-equivalence of C and O. Both i and j are natural transformations.
Using Theorem 2.1.5 and Proposition 2.1.11, we can rewrite jo__gp (1) as (6o ®
idp)«(lo,, ® p). This formula and Remark 3.1.5 imply that ipocap = apojp
when D is unital and Ow, ® D = D. The previous paragraph and the definition
of E4(D) in terms of [[4, D#]]+ now imply that ip o ap = ap o jp for all D.
A related argument shows that also jp o Bp = Bp oip for all D.
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It now suffices to prove that i p is an isomorphism for all D. By naturality,
split exactness, and the Five Lemma, it suffices to do so for unital D. In this
case, we have

ip:[[A,K® 0Oy D]y =[O ® A, K ® O ® D]+

given by ip([[n]]) = [[0 ® idp]] - [[ido., ® n]]. Define a map kp in the opposite
direction by restriction to 1 ® A C Oy ® A. We prove that kp = iBl.

Let 6(z) = 6(1 ® ). Proposition 2.1.11 implies that there is a homotopy
§ ~ idxgo._ . It is easy to check directly that kpoip sends [[n]] to [[(d®idp)on]],
so kp oip is the identity. For the reverse composition, let 74 be the inclusion
of A=1®Ain O ® A, and let ¢ : O ® Ose — Os ® Oy be the flip
ol ®y) = y®ax. Then ¢ ~ idp_go., by Proposition 2.1.11 and Theorem
2.1.5. Therefore, for [[n]] € [[Ox ® A, K ® O ® D]]4, we have

(0 ®idp) o (ido, ® (noTa))
~ (f®idp)o (ido, ®@n)o(p®ida)o (ido, @ Ta) = (g® idp)on~n.
This shows that ip o kp is the identity. O

3.2.7 REMARK. We used Corollary 2.3.10 in this proof because we had it
available. It is, however, not necessary for the argument. Using methods
similar to, but a bit more complicated than, the proof of Lemma 3.2.3, one can
show that if F" as there is in fact a functor on homotopy classes of asymptotic
morphisms, then F([[¢]]) is equal to F applied to the K K-theory class given

by .

3.2.8 THEOREM. Let A be a separable unital nuclear simple C*-algebra. Then
for separable unital C'*-algebras D, the set of homotopy classes of full asymp-
totic morphisms from A to K ® O, ® D is naturally isomorphic to K K°(A, D)
via the map sending an asymptotic morphism to the K K-class it determines.

Proof: This follows from Theorem 3.2.6 and Remark 3.1.5. i

4 THEOREMS ON K K-THEORY AND CLASSIFICATION

In this section, we present our main results. The first subsection contains the
alternate descriptions of K K-theory in terms of homotopy classes and asymp-
totic unitary equivalence classes of homomorphisms, in case the first variable
is separable, nuclear, unital, and simple. We also give here a proof that homo-
topies of automorphisms of separable nuclear unital purely infinite simple C*-
algebras can in fact be chosen to be isotopies. The second subsection contains
the classification theorem and its corollaries. The third subsection contains the
nonclassification results.
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4.1 DESCRIPTIONS OF K K-THEORY

Probably the most striking of our descriptions of K K-theory is the following:

4.1.1 THEOREM. For a separable unital nuclear simple C*-algebra A and a
separable unital C*-algebra D, the obvious maps define natural isomorphisms
of abelian groups between the following three objects:

(1) The set of asymptotic unitary equivalence classes of full homomorphisms
from A to K®Oy ®D, with the operation given by direct sum (Definition
1.1.3).

(2) The set of homotopy classes of full homomorphisms from A to K ® O ®
D, with the operation given by direct sum as above.

(3) The group KK°(A, D).

Proof: For the purposes of this proof, denote the set in (1) by KU (A, D) and
the set in (2) by KH(A, D). The map from KH(A, D) to KK°(A, D) is the
one from Theorem 3.2.8. By this theorem, we can use [[4, K ® Ox ® D]+ in
place of KK°(A, D).

Lemma 1.3.3 (2) implies that the map from KU (A, D) to KH (A, D) is well
defined, and it is then clearly surjective. Injectivity is immediate from Theorem
2.3.7. Thus this map is an isomorphism. Theorem 3.2.8 implies that the map
from KH(A, D) to [[A, K®O®D]]+ is injective, while Corollary 2.3.10 implies
that the map from KU(A, D) to [[A, K ® Ox ® D] is surjective. Therefore
these maps are in fact both isomorphisms. It now follows that KU (A, D) and
KH(A, D) are both abelian groups. O

We now want to give a stable version of this theorem, in which the Kas-
parov product will reduce exactly to composition of homomorphisms. We need
the following lemma. The hypotheses allow one continuous path of homomor-
phisms, and require unitaries in Up((K ® D)™), for use in the next subsection.

4.1.2 LEMMA. Let A be separable, nuclear, unital, and simple, let Dy be
separable and unital, and let D = Oy ® Dy. Let t +— ¢y, for t € [0,00),
be a continuous path of full homomorphisms from K ® A to K ® D, and let
Y : K® A — K ®D be a full homomorphism. Assume that [po] = [¢] in
KK°(A, D). Then there is an asymptotic unitary equivalence from ¢ to
which consists of unitaries in Up((K @ D)T).

Proof: Let {e;;} be a system of matrix units for K. Identify A with the subalge-
bra e;; ® A of K ® A. Define <p,(50) and ¥(©) to be the restrictions of p; and ¥ to

A. Then [¢\] = [»©] in KK°(A, D). It follows from Theorem 4.1.1 that o
is homotopic to 1(?). Therefore ¢(©) and ¥(°) are homotopic as asymptotic mor-

phisms, and Theorem 2.3.7 provides an asymptotic unitary equivalence ¢ — uy
in U(K ® D)t) from ¢ to (. Let ¢ € U((K ® D)) be a unitary with
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@ (1) = pO(1)c = (1) and such that ¢ is homotopic to ug'. Then c
commutes with every ¥(9)(a). Replacing u; by cu, we obtain an asymptotic
unitary equivalence, which we again call t — wuy, from ¢(© to (9 which is in
Up((K @ D)*).

Define €; = e;; ® 1. Then in particular wipi(é11)u; — ¢(€11) as
t — oo. Therefore there is a continuous path t — z(l) € Up((K ® D))
such that zt(l) — 1 and zt( )uttpt(en)ut (z,gl))* = (€11 for all t. We still have
z,gl)uttpt(eu ® a)ujf(z,gl))* — (e11 ®a) for a € A.

For convenience, set f;;+ = z,gl)uttpt (€ )us (zgl))*, for all ¢t and for 1 <
i,j < 2. For each fixed ¢, the f;;; are matrix units, and fi1+ = ¥(€11). Set wy =
1/)(@21)‘](-1225 +1-— f22t c U((K X D)Jr) Then one checks that wtfijth‘ = ’L/)(Eﬁ)
for all t and for 1 < 4,5 < 2. Choose ¢ € U((K ® D)*) with

01/)(511 + 522) = 1,[)(511 + EQQ)C = 1,[)(511 +€22> and cw € Uo((K ® D)Jr)
Set z,EQ) = cw; for t > 1 and extend 2:152) over [0, 1] to be continuous, unitaulry7 and
satisfy z(()Q) = 1. This gives z,EQ) =1fort=0, zgz)z/}(én) = w(eu)zt = 1(e11)
for all ¢, and

2 [P un(ei s ()] () = w(ew)

fort>1and 1<14,57 <2.
We continue inductively, obtaining by the same method a sequence of
continuous paths ¢ — 2™ such that "™ =1 for t <n —1,

n+1 — — n+1
AN v | = [ Do v | A = wa
j=1 j=1
for all ¢, and

Zt(n+1) Kzt(l)zt@)”'zt(n)) wer (8 )l ( (1) t( )"'Zt(n)) } (2 (n+1)) — (@)
fort>nand 1 <4,5<n+1.

Now define
Z = ( hn;o z(l)zt@) zt(")) Ug.

In a neighborhood of each ¢, all but finitely many of the z( ) are equal to 1, so
this limit of products yields a continuous path of unitaries in Up((K ® D)7).
Moreover, 2z (€;5) 27 = 1(€;;) whenever ¢t > 4, j, so that lim;_,c 210:(€5) 2 =
¥(e;;) for all 4 and j, while

Jim zipi(enn © a)z; = lim 4 uspr(en @ ayup (2)" = den @ a)

for all a € A. Since the €;; and e11 ® a generate K ® A, this shows that ¢ — z;
is an asymptotic unitary equivalence. ]
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4.1.3 THEOREM. For a separable unital nuclear simple C*-algebra A and
a separable unital C*-algebra D, the obvious maps and the isomorphism
KKYA,D) - KK°(K ® O ® A, K ® O ® D) define natural isomorphisms
of abelian groups between the following three objects:

(1) The set of asymptotic unitary equivalence classes of full homomorphisms
from K ® Os ® A to K ® Oy ® D, with the operation given by direct
sum (as in Theorem 4.1.1).

(2) The set of homotopy classes of full homomorphisms from K ® O, ® A
to K ® Oy ® D, with the operation given by direct sum as above.

(3) The group KK°(A, D).

Moreover, if B is another a separable unital nuclear simple C*-algebra, then
the Kasparov product K K°(A, B) x KK°(B, D) — KK°(A, D) is given in the
groups in (1) and (2) by composition of homomorphisms.

Proof: The last statement will follow immediately from the rest of the theorem,
since if two K K-classes are represented by homomorphisms, then their product
is represented by the composition.

For the rest of the theorem, first note that the map KK°(A4,D) —
KK (K®0s®A, K®0Os ® D) is a natural isomorphism because it is induced
by the K K-equivalence C — K ® O, given by 1 — e ® 1 for some rank one
projection e € K, in each variable.

Now observe that the previous lemma implies that the map from the set
in (1) to KK°(A, D) is injective. Moreover, the map from the set in (1) to the
set in (2) is well defined by Lemma 1.3.3 (2), and is then obviously surjective.
It therefore suffices to prove that the map from the set in (2) to KK°(A, D) is
surjective, that is, that every class in K K°(A, D) is represented by a homomor-
phism from K ® O ® A to K ® Oy ® D. It follows from Theorem 4.1.1 that
every such class is represented by a homomorphism from A to K @ O, ® D, and
we obtain a homomorphism from K @ Qo ® A to K ® Oo ® D by tensoring with
idxgo,, and composing with the tensor product of idp and an isomorphism
K®0Op®K ROy — K ® Oy which is the identity on K-theory. O

We finish this section with one other application. Following terminology
from differential topology, we define an isotopy to be a homotopy ¢t — ¢ in
which each ¢; is an isomorphism.

4.1.4 THEOREM. Let A be a separable nuclear unital purely infinite simple
C*-algebra.

(1) If U(A) is connected, then two automorphisms of A with the same
class in KK°(A, A) are isotopic.

(2) Any two automorphisms of K ® A with the same class in KK°(A, A)
are isotopic.
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Proof: For (2), take D = A in Lemma 4.1.2, note that On ® A = A (Theo-
rem 2.1.5), and note that an asymptotic unitary equivalence with unitaries in
Up((K @ A)T) gives an isotopy, not just a homotopy.

For (1), let ¢ and ¢ be automorphisms of A with the same class in
KK%A,A). Let e € K be a rank one projection. Apply (2) to idx ® ¢
and idg ® v. Thus, there is a unitary path ¢ — wu; in (K ® A)* with
urp(e ® a)uy — (e ® a) for a € A. In particular, us(e ® 1)u; — (e ® 1).
Replacing us by vius for a suitable unitary path ¢ — v, we may therefore as-
sume that ui(e ® 1)uf = e® 1 for all t. Cut down by e ® 1, and observe that
the hypotheses imply that (e ® 1)ug(e ® 1) is homotopic to 1. Now finish as in
the proof of (2). O

4.2 'THE CLASSIFICATION THEOREM

The following theorem is the stable version of the main classification theorem.
Everything else will be an essentially immediate corollary.

In the proof, it is easy to get the existence of the isomorphism; this is just
the by now well known Elliott approximate intertwining argument. We need a
more complicated version of this argument to make sure that the isomorphism
we construct has the right class in K K-theory: we construct a suitable homo-
topy at the same time that we construct the isomorphism. One might hope
to prove that if A and B are separable C*-algebras, and if ¢g : A — B and
o : B — A are homomorphisms such that 1y o ¢¢ is asymptotically unitarily
equivalent to id4 and g o1y is asymptotically unitarily equivalent to id g, then
there is an isomorphism ¢ : A — B which is asymptotically unitarily equivalent
to g, or at least is homotopic to . Unfortunately, we have not been able to
prove this; the arguments in the proof below don’t seem to quite give such a
result.

4.2.1 THEOREM. Let A and B be separable nuclear unital purely infinite simple
C*-algebras, and suppose that there is an invertible element € KK°(A, B).
Then there is an isomorphism ¢ : K ® A — K ® B such [¢] = nin KK°(A, B).

Proof: Theorems 3.2.8 and 2.1.5 provide a full asymptotic morphism « : A —
K ® B whose class in KK°(A, B) is n. By Corollary 2.3.10, we may in fact take
a to be a homomorphism. Let p : K ® K — K be an isomorphism, and set
vo = (L ®idp) o (idg ® «). Then g is a nonzero (hence full) homomorphism
from K ® A to K ® B whose class in KK°(A, B) is also . Similarly, there is
a full homomorphism 1y : K ® B — K ® A whose class in KK°(B, A) is n~1.
It follows from Theorems 4.1.3 and 2.1.5 that 1)y o o is homotopic to idxga
and g o 9y is homotopic to idxg 5.

We now construct homomorphisms (™) : K® A — KQB, )™ : K@ B —
K ® A, homotopies « — @&") (for o € [0,1]) of homomorphisms from K ® A to
K ® B, and finite subsets F,, C K® A and G,, C K ® B such that the following
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conditions are satisfied:

(1) @ = gq.

(2) Each (™ is of the form a +— vy (a)v* for some suitable v € Up((K ®
B)*1), and similarly each ¢ is of the form b — wuy(b)u* for some
suitable u € Up((K ® A)™1).

(3) Fo C Fy C---and |, Fy is dense in K ® A, and similarly
Go C Gy C---and |J,~ Gy is dense in K ® B.

(4) ™ (F,) C Gy and ™ (G,) C Fpy1.

(5) |w™ o ™ (a) —a| < 27" for a € F, and ||+ o (™ (b) — b|| < 27
for b € Gy

6) |25 (@) — 3% (a)|| < 27" for a € F,, and a € [0, 1].
(7) (Z&") = fora >1—-27" and cﬁg") = (),

This will yield the following approximately commutative diagram:

Fy F F, F,
Noda, N idy ide 70 oad, TV idy
A A o A A
()0("7 1)
1/,(0) 1/,(1) 77/,(7172) (p(n)
o)
1)
2 1/,(71—1)
B—4, " B T4, T s - P Thap P T,
U U U U
Go Gy Gn-1 Gn

The diagram will remain approximately commutative if we replace each ¢(™
by @&") (with a € [0, 1] fixed) and delete the diagonal arrows.
The proof is by induction on n. We start by choosing finite sets

FO¢cr9c...cK®A and GV cG”c...cKkeB

such that J,2, FY — K® A and () GY) — K ® B. For the initial step of
the induction, we take Fy = Féo), 0@ =G0 = 4y, and Gy = GE)O) U o (Fp).

We then assume we are given Fy,, 0¥, G}, and @&k) for 0 < k < n and ¥® for

0 <k <mn-—1, and we construct ™, Fni1, o), Giq, and a — oY,
That is, we are given the diagram above through the column containing F),

and G, as well as the corresponding homotopies @), and we construct the
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next rectangle (counsisting of two triangles) and the corresponding homotopy
G(nt+1)

¥

Define 0 : K@ A — C([0,1)) ® K® A by o(a)(e) = ¥o(35"” (a)). Note that
o is homotopic to a — 1®1(po(a)), and so has the same class in K K-theory as
a+— 1® a. Lemma 4.1.2 provides a unitary path (o, t) — uq: € Ug((K @ A)T)
such that

Hm sup |[uatho(@0 (a)ul, —all =0
1700 ef0,1]

for all @ € K ® A. Next, define an asymptotic morphism 7 from K ® B to
C([0,1]) ® K ® B by 1¢(b)(a) = ¢o(ta,%0(b)uy, ). Then 7 is homotopic to
b— 1®po(tho(b)), and so has the same class in K K-theory as b — 1®b. Again
by Lemma 4.1.2, there is a unitary path (a,t) — va € Up((K ® B)T) such
that

tlim sup ||va,t500(ua,t7/)0(b)uz,t)vz,t —b[[=0
> aglo,1]

forallbe K ® B.
Since G' = Gn UU,ep0,1) 2% (F,) is a compact subset of K ® B, we can
choose T so large that

[va ep0(ua v (b)us Jva  — b < 27D
for all b € G and t > T. Increasing T if necessary, we can also require
o (B8 (a)u,, — af] < 270+
for all @ € F,, and t > T. Now define
M (b) = uo,7%o(b)ug r and " (a) = vo,7%0(a)vg T,
and

Fopr = FQ UF, Uy™(G,) and Gnii =GO UG, U™ (Fy).

n

The relevant parts of conditions (2)—(4) are then certainly satisfied. For (5),
we have in fact

[ 0 @™ (@) — all = fluo 0" (@) — al| <27+
for a € F,, by the choice of T, and similarly
[T+ 0 ™ (b) — bl| = [[vo, 0 (uo, b0 (b)ug 1 )vg 7 — bl < 27+

for b € G,.
Now choose a continuous function f : [0,1 — 2~ (1) — [T 00) such that
fla) =T for 0 < a<1-2""and f(a) — oo as a — 1 — 2=+, Define

a— oY by
* —(n+1
F0D (g) = Ua,f(a)QOO(a)Ua,f(a) 0< a_< 11— 9—(n+1)
vo(a) 1—2-) <o <1
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We first have to show that the functions a +— @&”*1)((1) are continuous at
1—2=*D for g € K@ A. Set ag = 1 —2~ ("1 and consider a with 1 —2-" <
a < 1—2-+D By the induction hypothesis, we then have 95,(1") (a) = po(a).
For a € K® A, set b= po(a); then

158 (@) — Lt (@)

< Jla— Ua,f(a)lﬂo(@&")(a))ul,f(a) [
Hlva, @) P0(Ua, (@) Y0(0)Uq, f(a))Va, p() — bl
The requirement that f(a) — oo as a — 1 — 271 together with the condi-
tion of uniformity in « in the limits used in the choices of uq ¢ and v, ¢, implies
that both terms on the right converge to 0. So the required continuity holds.

The relevant part of condition (7) is satisfied by definition, so it remains
only to check (6). We may assume a < 1 —2-(*1 So let a € F,. Then

b= 3" (a) € G. So

155 (@) — 5 ()l

< sup |[vasp0(a)v), — @5 (a)
a€l0,1],t>T
< sup  [la — a0 (B (a))ul, |
a€l0,1],t>T
+ sup Hva,tQOO(Ua,ﬂ/)O(b)UZ,t)”Z,t =l
a€l0,1],t>T

< 27D 4 o=(ndl) — 9—n

This proves (6), and finishes the inductive construction. Note that the set
U,—o Fn is dense in K ® A because it contains the dense subset | J;~ F,SO), and
similarly |J,~ G, is dense in K @ B.

We now define ¢ : K ® A — K ® B by ¢(a) = lim, .o ™ (a), and
define ¥ : K ® B — K ® A and the homotopy ¢ : K ® A — C([0,1]) ®
K ® B analogously. As in Section 2 of [20], these limits all exist and define
homomorphisms; moreover, ¥ o ¢ = idxga, ¢ 0¥ = idxgn, Po = ¢, and
©1 = - So @ is an isomorphism from K ® A to K ® B which is homotopic to
¢o and therefore satisfies [p] =7 in KK (A, B). u]

4.2.2 COROLLARY. Let A and B be separable nuclear unital purely infinite sim-
ple C*-algebras, and suppose that there is an invertible element n € K K°(A, B)
such that [1 4] xn = [1g]. Then there is an isomorphism ¢ : A — B such [¢] =17
in KK°(A, B).

Proof: The previous theorem provides an isomorphism o : K ® A — K ®
B such that [a] = 7 in KK°(A, B). Choose a rank one projection e € K.
Then [afe ® 14)] = [la] xn = [e® 1p] in Ko(B). Since K ® B is purely
infinite simple, it follows that there is a unitary v € (K ® B)T such that
uale ® 1a)u* = e ® 1g. Define p(a) = ua(e ® a)u*, regarded as an element of
(e®1B)(K ® B)(e®1p) = B. o
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The remaining corollaries require some hypotheses on the Universal Coef-
ficient Theorem. (See [53].) The following terminology is convenient.

4.2.3 DEFINITION. Let A and D be separable nuclear C*-algebras. We say
that the pair (A, D) satisfies the Universal Coefficient Theorem if the sequence

0 — Ext?(K,(A), K.(D)) — KK°(A, D) — Hom(K,(A), K.(D)) — 0

of Theorem 1.17 of [53] is defined and exact. (Note that the second map
is always defined, and the first map is the inverse of a map that is always
defined.) We further say that A satisfies the Universal Coefficient Theorem if
(A, D) does for every separable C*-algebra D.

4.2.4 THEOREM. Let A and B be separable nuclear purely infinite simple C*-
algebras which satisfy the Universal Coefficient Theorem. Assume that A and
B are either both unital or both nonunital. If there is a graded isomorphism
a: K.(A) — K.(B) which (in the unital case) satisfies «.([14]) = [15], then
there is an isomorphism ¢ : A — B such that ¢, = a.

Proof: The proof of Proposition 7.3 of [53] shows that there is a K K-equivalence
n € KKY(A, B) which induces . Now use Theorem 4.2.1 or Corollary 4.2.2 as
appropriate. a

This theorem gives all the classification results of [48], [49], [34], [22], [35],
[51], [36], [44], and [52]. Of course, we have used the main technical theorem of
[48], as well as substantial material from [35], in the proof. We do not obtain
anything new about the Rokhlin property of [8]; indeed, our results show that
the C*-algebras of [51] are classifiable as long as they are purely infinite and
simple, regardless of whether the Rokhlin property is satisfied. On the other
hand, the Rokhlin property has been verified in many cases; see [30] and [31].

We finish this section by giving some further corollaries. Let C be the
“classifiable class” given in Definition 5.1 of [22], and let N denote the bootstrap
category of [53], for which the Universal Coefficient Theorem was shown to hold
(Theorem 1.17 of [53]).

4.2.5 THEOREM. Let Gy and G be countable abelian groups, and let g € Gy.
Then:

(1) There is a separable nuclear unital purely infinite simple C*-algebra
algebra A € N such that

(Ko(A), [1a], K1(A)) = (Go, g,G1).

(2) There is a separable nuclear nonunital purely infinite simple C*-algebra
A € N such that
(Ko(A), K1(A4)) = (Go, G1).

Proof: The construction of Theorem 5.6 of [22] gives algebras which are easily
seen to be in N. o
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4.2.6 COROLLARY. Every C*-algebra in C is in . Every purely infinite simple
C*-algebra in A/, and more generally every separable nuclear purely infinite
simple C*-algebra satisfying the Universal Coefficient Theorem, is in C.

Proof: The first part follows immediately from the previous theorem, since it
follows from the definition of C that any A € C must be isomorphic to the
C*-algebra of that theorem with the same K-theory. The second part follows
from Theorem 4.2.4, since Theorem 1.17 of [53] states that every C*-algebra in
N satisfies the Universal Coefficient Theorem. i

4.2.7 COROLLARY. Let A € C, and let B be a separable nuclear unital simple
C*-algebra which satisfies the Universal Coefficient Theorem. (In particular,
B could be a unital simple C*-algebra in A/.) Then A® B € C.

Proof: The C*-algebra A ® B is separable, nuclear, unital, and simple, and
Theorem 7.7 of [53] (and the remark after this theorem) shows that it satisfies
the Universal Coefficient Theorem. Furthermore, A is approximately divisible
by Corollary 2.1.6, and it follows from the remark after Theorem 1.4 of [6]
that A ® B is approximately divisible. Clearly A ® B is infinite, so it is purely
infinite by Theorem 1.4 (a) of [6]. The result now follows from the previous
corollary. a

4.2.8 COROLLARY. The class C is closed under tensor products.

4.2.9 COROLLARY. For any m, n > 2, we have O,, ® O,, € C. In particular, if
m — 1 and n — 1 are relatively prime, then O,, ® O, = O,.

4.2.10 COROLLARY. Let A; and As be two higher dimensional noncommu-
tative toruses of the same dimension, and let B be any simple Cuntz-Krieger
algebra. Then A; ® B~ A ® B.

Proof: The Kiinneth formula [55] shows that 4; ® B and A2 ® B have the same
K-theory. ]

4.2.11 THEOREM. Let A be a separable nuclear unital purely infinite simple
C*-algebra satisfying the Universal Coefficient Theorem. Let A°P be the oppo-
site algebra, that is, A with the multiplication reversed but all other operations
the same. Then A = A°P.

Proof: The identity map from A to A°P is an antiisomorphism which induces
an isomorphism on K-theory sending [1 4] to [14ep]. Also, the pair (A°P, B) (for
any separable B) always satisfies the Universal Coefficient Theorem, because
(A, B°P) does. o

By way of contrast, we note that Connes has shown [10] that there is a type
III factor not isomorphic to its opposite algebra. It is also known (although
apparently not published) that there are nonsimple separable nuclear (even
type I) C*-algebras not isomorphic to their opposite algebras.
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4.3 NONCLASSIFICATION

In this subsection, we give some results which show how badly the classifica-
tion theorem fails if the algebras are not nuclear. The results are mostly either
proved elsewhere or follow fairly easily from results proved by other people.
There are three main results. First, nonnuclear separable purely infinite simple
C*-algebras need not be approximately divisible in the sense of [6], but when-
ever A is a purely infinite simple C*-algebra, then O, ® A is an approximately
divisible purely infinite simple C*-algebra with exactly the same K-theoretic
invariants. Second, there are infinitely many mutually nonisomorphic approx-
imately divisible separable exact unital purely infinite simple C*-algebras A
satisfying K,(A) = 0. Finally, given arbitrary countable abelian groups Go and
G1, and g € Gy, there are uncountably many mutually nonisomorphic approxi-
mately divisible separable unital purely infinite simple C*-algebras A satisfying
K;(A) =2 G, with [1] — go. Unfortunately these algebras are not exact, and it
remains unknown whether the same is true with the additional requirement of
exactness.
The first result is taken straight from a paper of Dykema and Rgrdam.

4.3.1 THEOREM. ([18], Theorem 1.4) There exists a separable unital purely
infinite simple C*-algebra which is not approximately divisible.

4.3.2 REMARK. In fact, there exists a separable unital purely infinite simple
C*-algebra A which is not approximately divisible and such that K,(A4) = 0.

One way to see this is to modify the proof of Proposition 1.3 of [18] so as
to ensure that K,(A,) — K.(B) is injective for all n. This is done by enlarg-
ing the set X,,+1 in the proof so as to include appropriate partial isometries
(implementing equivalences between projections) and paths of unitaries (im-
plementing triviality of classes of unitaries in K7). See the proof of Theorem
4.3.11 below for this argument in a related context.

The second result is a fairly easy consequence of a computation of Cowl-
ing and Haagerup and of unpublished work of Haagerup. The key invariant
is described in the following definition. I am grateful to Uffe Haagerup for
explaining the properties of this invariant and where to find proofs of them.

4.3.3 DEFINITION. (Haagerup [23]; also see Section 6 of [12].) Let A be a
C*-algebra. Define A(A) to be the infimum of numbers C such that there is
a net of finite rank operators T, : A — A for which ||T(a) — a|| — 0 for
all @ € A and the completely bounded norms satisfy sup,, || Ta|lcr < C. Note
that A(A) = oo if no such C exists, that is, if A does not have the completely
bounded approximation property.

There is a similar definition for von Neumann algebras, in which T, (a) is
required to converge to a in the weak operator topology. (See [23] and Section
6 of [12].) There is also a definition of A(G) for a locally compact group
G, using completely bounded norms of multipliers of G which converge to 1
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uniformly on compact sets; see [23] and Section 1 of [12]. We do not formally
state the definitions, but we recall the following theorems from [23] (restated
as Propositions 6.1 and 6.2 of [12]):

4.3.4 THEOREM. Let I' be a discrete group, and let C*(T") and W*(T") be
its reduced C*-algebra and von Neumann algebra respectively. Then A(T') =
A(CH(I)) = AW(I)).

4.3.5 THEOREM. Let G be a second countable locally compact group, and let
I" be a lattice in G. Then A(T") = A(G).

In Section 6 of [12], Cowling and Haagerup exhibit type II; factors M,
with A(M,,) = 2n — 1. Using the same results on groups, we exhibit simple
C*-algebras with the same values of A.

4.3.6 PROPOSITION. Let I'2 be as in Corollary 6.6 of [12]. Then A,, = C;(T'"?)
is a simple separable unital C*-algebra which satisfies A(4,,) = 2n — 1.

We recall that T'? is the quotient by its center of a particular lattice T',, in
the simple Lie group Sp(n,1).

Proof of Proposition 4.3.6: It is shown in the proof of Corollary 6.6 of [12] that
A(T'Y) = 2n—1. (This follows from the computation A(Sp(n, 1)) = 2n—1, which
is the main result of [12], together with Theorem 4.3.5 above and Proposition
1.3 (c) of [12].) Therefore A(A,) = 2n — 1 by Theorem 4.3.4. Clearly A, is
separable and unital. Simplicity of A,, follows from Theorem 1 of [2], applied to
the quotient of Sp(n, 1) by its center, because (as observed in the introduction
to [2]) lattices satisfy the density hypothesis of that theorem. O

The algebras A,, are not purely infinite, and their K-theory seems to be
unknown. So we will tensor them with Q. For this, we need the following
result.

4.3.7. LEMMA. Let A be any C*-algebra, and let B be unital and nuclear.
Then A(A® B) = A(A).

For von Neumann algebras, it is known [57] that A(M ® N) = A(M)A(N).
We presume, especially in view of Remark 3.5 of [57], that the analogous state-
ment is true for C*-algebras as well. However, the special case in the lemma is
sufficient here.

Proof of Lemma 4.3.7: 1f S : Ay — Ay and T : By — By are completely
bounded, then the map S ®@min T : A1 @min B1 — A2 Qmin B2 is completely
bounded, and satisfies ||.S @min T'|lcb = [|S|leb]|T]|cb by Theorem 10.3 of [40]. In
Definition 4.3.3, one need only consider elements a of a dense subset, and so
it follows that A(A @min B) < A(A)A(B) for any C*-algebras A and B. For B
nuclear, we have A(B) =1, so A(A® B) < A(A).

For the reverse inequality, let R, : A® B — A® B be finite rank operators
such that ||Ry(z) — || — 0 for all z € A ® B. Choose any state w on B, and
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define T, : A — A by Th(a) = (idp ® w) 0 Ry(a ® 1). Theorem 10.3 of [40]
implies that [|Ta|lcb < ||Ralleb- Also, clearly || Tq(a) — al| — 0 for all a € A. So
A(A) < A(A® B). O

4.3.8 THEOREM. There exist infinitely many mutually nonisomorphic separa-
ble exact unital purely infinite simple C*-algebras B satisfying K.(B) = 0 and
O ® B =2 B. In particular, these algebras are approximately divisible in the
sense of [6].

Proof: Let A, = C}(I'?) as in Proposition 4.3.6. Set B,, = Oy ® A,,. Clearly
B,, is separable and unital. Furthermore, B,, is purely infinite simple by the
proof of Corollary 4.2.7. We have O, ® B, & B, because Oy ® Oy = Os.
The algebras B,, are mutually nonisomorphic because A(B,,) = 2n — 1, by the
previous lemma and Proposition 4.3.6.

It remains to check exactness. The proof of Corollary 3.12 of [17] shows
that if A(A) is finite, then A has the slice map property (as defined, for example,
in Remark 9 of [59], where it is called Property S), and this property implies
exactness (see, for example, Section 2.5 of [60]). m

Our third result is based on the theorem of Junge and Pisier that for
n > 3 the collection of n-dimensional operator spaces is not separable in the
completely bounded analog of the Banach-Mazur distance.

4.3.9 DEFINITION. ([25]) Let E and F be operator spaces of the same finite
dimension. Then

den(E, F) = inf{||T||cu||T | : T is alinear bijection from E to F},
and d.,(E, F) = log(dew(E, F)).

4.3.10 THEOREM. (Theorem 2.3 of [25]) Let OS,, be the set of all complete
isometry classes of n-dimensional operator spaces. Let n > 3. Then (OS,,, dcb)
is an inseparable metric space.

4.3.11 THEOREM. Let Gy and G; be countable abelian groups, and let g € Gy.
Then there exist uncountable many mutually nonisomorphic separable unital
purely infinite simple C*-algebras A, each with Ky(A) = Gy in such a way that
[1] — g and K;(A) = Gy, and each satisfying O, ® A =2 A.

Proof: If A is a separable C*-algebra, then the set of (complete isometry classes
of) n-dimensional operator subspaces of A is separable (by Proposition 2.6 (a)
of [25]). By the previous theorem, it therefore suffices to show that if F is a
finite dimensional operator space then there exists a C*-algebra B having the
properties claimed in the theorem and such that F is completely isometric to
a subspace of B.

Since E is a finite dimensional operator space, it is a subspace of a sepa-
rable C*-algebra A. Represent A on a separable Hilbert space H with infinite
multiplicity, and follow this representation with the quotient map from L(H)
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to the Calkin algebra @). This gives a completely isometric embedding of E in
Q. For convenience, we identify E with its image. Let u € @ be the image of
the unilateral shift; note that [u] generates K1(Q) and that Ky(Q) = 0. Let
By = C*(E,1,u) C Q. We now construct by induction an increasing sequence
By C By C By C --- C Q of separable C*-algebras such that Bs, 1 is sim-
ple and such that every nonzero projection in Bs,_1 is Murray-von Neumann
equivalent to 1 in Bs,, every selfadjoint element of Bs,, 1 is a limit of selfadjoint
elements of Ba,, with finite spectrum, and every unitary in U(Ba,—1) N Up(Q)
is homotopic to 1 in Ba,.

Given Bs,, we choose Bs, 1 to be any separable simple C*-algebra with
Bs, C Bapt1 C Q. Such a subalgebra exists by Proposition 2.2 of [3] and
the simplicity of Q. Given Bs,_1, we note that it suffices to have the required
elements of Bs, only for countable dense subsets S of the nonzero projections
in By,_1, Sz of the selfadjoint elements in B, 1, and Ss of the unitaries in
U(Ban-1)NUp(Q). For each p € Sy, since p is Murray-von Neumann equivalent
to 1 in @), we can choose an isometry v € @) such that v*v = 1 and vv* = p. Let
T1 be the set of all these as p runs through S;. For each a € S5, since @ has
real rank zero, there is a sequence (b,) in @ consisting of selfadjoint elements
with finite spectrum such that b, — a. Let T3 be the set of all terms of all
such sequences as a runs through Ss. For each u € Ss, since u € Up(Q), there
is a unitary path ¢t — v(t) in @ with v(0) = 1 and v(1) = u. Let T3 consist
of all u(t) for t € [0,1] N Q as w runs through S3. Then take Ba, to be the
C*-subalgebra of Q generated by Bs,_1 and T} U Ty U T3. This subalgebra is
separable because Ba,_1 is separable and T7 U T5 U T3 is countable.

Now set B =, Byn. Then B is simple because it is the direct limit of
the simple C*-algebras B, +1. From the construction of Bsy,, it is clear that B
is unital and separable, contains the operator space F, has real rank zero, that
all nonzero projections in B are Murray-von Neumann equivalent to 1, and
that U(B) N Up(Q) C Up(B). The third and fourth properties imply that B is
purely infinite and Ko(B) = 0. The last property implies that K;(B) — K1(Q)
is injective. But this map is also surjective, since By contains a unitary whose
class generates K1(Q). So K1(B) = Z.

Taking A = O ® B (which has the same K-theory by the Kiinneth
formula [55]), we obtain the statement of the theorem for the special case
Go =0, g =0, and G; = Z. For the general case, choose (by Theorem 4.2.5)
a separable nuclear unital purely infinite simple C*-algebra D satisfying the
Universal Coefficient Theorem and such that Ko(D) & G; and K;1(D) = Gy.
(We don’t actually need D to be purely infinite here, but it must be in the
bootstrap category of [55].) Then D ® B is purely infinite and simple, and
has the right K-theory by the Kiinneth formula, except that [1] = 0. Choose a
projection p € D ® B such that the isomorphism Ky(D ® B) = G sends [p] to
g. Then the C*-algebra A = O, @ p(D ® B)p satisfies all the conditions of the
theorem and contains the given operator space F. ]
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4.3.12 REMARK. Simplicity and pure infiniteness of |J,- , By in the proof
above can also be arranged by the method of the proof of Proposition 1.3 of
[18]. Versions of the construction here have been used many times before.

4.3.13 REMARK. The invariant used here, the set of finite dimensional operator
spaces contained in A, does not distinguish between any two separable exact
purely infinite simple C*-algebras. (Any separable exact C*-algebra embeds
in Oy by Theorem 2.8 of [29], and O2 embeds in any purely infinite simple
C*-algebra.) Therefore, for given K-theory, at most one of the C*-algebras
proved above to be nonisomorphic can be exact.
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