MORPHISMS OF SIMPLE TRACIALLY AF ALGEBRAS
MARIUS DADARLAT

ABSTRACT. Let A, B be separable simple unital tracially AF C*-algebras. Assuming
that A is exact and satisfies the Universal Coefficient Theorem (UCT) in KK-theory, we
prove the existence, and uniqueness modulo approximately inner automorphisms, of nu-
clear *-homomorphisms from A to B with prescribed K-theory data. This implies the
AF-embeddability of separable exact residually finite dimensional C*-algebras satisfying
the UCT and reproves Huaxin Lin’s theorem on the classification of nuclear tracially AF
C*-algebras.

1. INTRODUCTION

A deep conjecture of Elliott asserts that the simple separable nuclear C*-algebras are
classifiable by K-theoretical (and tracial) invariants [18]. While the conjecture is not true
is this sweeping level of generality [39], nonetheless it has been proven for large classes of
C*-algebras including many remarkable examples. They include the class of simple approx-
imately homogeneous C*-algebras with real rank zero and slow dimension growth [19], [6]
20, 21], the Kirchberg C*-algebras [26], [35] and the class of separable simple unital nuclear
tracially AF algebras satisfying the UCT [28].

The class of tracially AF algebras was introduced by Lin [29] inspired by [19] and [37].
The tracially AF algebras are characterized by a certain local approximation property, where
the approximation is by finite dimensional C*-subalgebras supported on “big” corners. No
inductive limit structure is assumed (see Definition 3.1). The added flexibility built into the
definition of tracially AF algebras led to important advances [27], [33] and [36] with many
more to be expected.

There is an interesting analogy between tracially AF algebras and purely infinite separable
simple nuclear algebras (Kirchberg algebras). The algebras in the latter class satisfy a local
approximation property similar to the one in the definition of the tracially AF algebras, but
with the role of matrix algebras M, (C) played by the Cuntz algebra O,. Elaborating on this
analogy, and using relative quasidiagonality as a unifying concept, in our joint work with
Eilers [10] we reproved the classification of Kirchberg’s algebras satisfying the UCT by the
same very method that we used in the proof of the classification of separable simple unital
nuclear tracially AF algebras satisfying the UCT with K group isomorphic to Q.

Kirchberg’s Classification Theorem in its most general form [25], [38, Thm. 8.3.3] goes
beyond nuclear C*-algebras and proves existence and uniqueness results for nuclear x-
homomorphisms from A to B® K with prescribed KK,,,-class for separable unital exact C*-
algebras A and unital properly infinite C*-algebras B. Recall that KK(A, B) = KK,..(A, B)
if A is K-nuclear [42]. It is the goal of this paper to give an analog result for tracially AF
algebras by extending Lin’s results of [28]. Let K(A) denote the total K-theory group of
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a C*-algebra A, i.e. the direct sum of all K-theory groups of A with integer and torsion
coefficients. Our main result is the following.

Theorem 1.1. Let A, B be separable simple unital tracially AF C*-algebras. Suppose that
A is ezact and satisfies the UCT. Then for any o € KK(A, B) such that the induced map

a, : Ko(A) — Ko(B) is order preserving and a.[la] = [1g] there is a nuclear unital *-
homomorphism ¢ : A — B such that ¢.(x ) = a*( ) for all x € K(A). If v : A — B is
another nuclear x-homomorphism with 1. = ¢, : K(A) — K(B), then there is a sequence of

| =0 for all a € A.

]

unitaries u, € B such that lim,_. ||¢(a) — unw( Ju

From Theorem 1.1 and Elliott’s intertwining argument one obtains immediately (see Sec-
tion 6)

Theorem 1.2. (Lin) Let A, B be separable simple unital nuclear tracially AF C*-algebras
satisfying the UCT. If (Ko(A), Ko(A)*, [14]) = (Ko(B), Ko(B)*, [15]) and Ki(A) = Ky(B),
then A is isomorphic to B.

Another consequence of Theorem 1.1 is the AF-embeddability of separable exact resid-
ually finite dimensional C*-algebras satisfying the UCT discussed at the end of Section 6.
Theorem 1.1 was used in a crucial manner in [9] to prove that if a nuclear C*-algebra A ad-
mits local approximations by C*-subalgebras satisfying the UCT, then A satisfies the UCT.
These subalgebras are necessarily exact but they may be non-nuclear.

The finite C*-algebras are in many respects more rigid than the purely infinite C*-algebras.
In particular it is harder to relate Hom(A, B) to KK (A, B) for tracially AF algebras than
for purely infinite algebras. This accounts for why in our main result we were able to
interpolate KK-elements by *-homomorphisms only at the level of Homa(K(A),K(B)). If A
satisfies the UCT, then Hom(K(A), K(B)) is the quotient of K K(A, B) by the closure of
zero, [5]. Consequently it can serve as a local approximation of KK (A, B). This opens the
way for defining partial KK-elements as topological invariants associated with completely
positive maps which are approximately multiplicative on large finite sets. Indeed if & is
such a map, then it induces a partial map ®, : K(A) — K(B). The technique of working
with approximate morphisms and partial K-theory maps has emerged as one of the key
tools in the classification theory of stably finite C*-algebras. (Relative) quasidiagonality
also plays a crucial role in the theory as discussed and illustrated in [10]. Indeed, one uses
quasidiagonality to go from KK-theory classes to approximate morphisms of C*-algebras.

The classification of tracially AF algebras with arbitrary K, group required an additional
technique having to do with finding finite dimensional approximation for the natural map
Ky(A) — Aff(T'(A)), and this was discovered by Lin in [28]. In this paper we show that
Lin’s techniques works equally well for approximating the map Ky(A) — Aff S(Ky(A)) for
separable unital simple exact C*-algebras with topological tracial rank at most one. We give
a new method of handling the infinitesimals of Ky(A) and avoid the local approximation
by residually finite dimensional C*-algebras. This together with the combined techniques of
[10] and [28] leads us to Theorem 1.1.

Having an isomorphism theorem for tracially AF algebras it is natural to exhibit repre-
sentatives for each isomorphism class. This question was settled by the combined work of
Elliott-Gong and Lin. For the sake of completeness we revisit some of the issues relevant to
this question. It was shown in [32] that if A is a infinite dimensional separable simple tracially
AF C*-algebra then (Ky(A), Ko(A)™,[14]) is a countable weakly unperforated simple scaled
ordered group with the Riesz interpolation property and such that G /Gy, is noncyclic. Let
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(G,G",u) be a countable weakly unperforated simple scaled ordered group with the Riesz
interpolation property and such that G /Gy, is noncyclic. Let K be a countable abelian
group. By a result of [19] there is an infinite dimensional separable simple unital tracially
AF algebra A, which is actually an inductive limit of homogeneous C*-algebras with spectra
of dimension at most three of a special form, such that (Kq(A), Ko(A)",[14]) =2 (G,G",u)
and K;(A) = K. It follows that any separable simple unital nuclear tracially AF C*-algebras
satisfying the UCT is isomorphic to some approximately homogeneous C*-algebra. The two
Appendices were added for the sake of completness. They contain (largely) self-contained
succinct proofs of results due to Elliott-Gong [19] and Lin [28] which are used in the main
body of the paper.

2. PRELIMINARIES

The UCT and K-theory with coefficients
We begin by recalling the definition of K-theory with mod-m coefficients [41]. Let T denote
the unit circle and let W,,, denote the Moore space obtained by attaching the disk to the circle
by a degree m > 2 map. The space W,,, constructed in this way is unique up to homotopy
equivalence. If X is a compact space we let Cy(X) denote the subalgebra of C'(X) consisting
of functions vanishing at a fixed base point. It is well known that Ky(Co(W,,)) = Z/m and
K1 (Co(W,,)) = 0. One defines

Ko(A;Z)m) = Ko(A® Co(W)),  Ki(A;Z)m) = Ki(A® Co(W)).
It is convenient to work with the following natural realization of K-theory.
K.(A) = Ky(A® C(T)),
K.(A)® K. (A;Z/m) = Koy(A® C(T) @ C(W,,)).
The total K-theory group is defined by

K(4) = K.(4) & ) K.(A2/m).

The group K (A) is acted on by a natural set of coefficient and Bockstein operations, denoted
here by A [41].

Consider the category with objects separable C*-algebras and set of morphisms from A
to B given by the Kasparov group K K (A, B). Two C*-algebras that are isomorphic in this
category are called KK-equivalent. It was shown by Rosenberg and Schochet [40] that the
separable C*-algebras A that are KK-equivalent to abelian C*-algebras are exactly those
satisfying the following universal coefficient exact sequence

0 — Ext(K.(A),K._1(B)) — KK(A,B) — Hom(K.(A), K.(B)) — 0
for any separable C*-algebra B. If A has this property we say that A satisfies the UCT.

Theorem 2.1 ([12]). Let A be a separable C*-algebra. Then A satisfies the UCT if and only
if for any separable C*-algebra B there is a short exact sequence

0 —> Pext(K.(A), K.(B)) = KK (A, B) — Homy(K(A), K(B)) — 0

which is natural in each variable.
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Here Pext denotes the subgroup of Ext = Ext}, consisting of classes of pure extensions.
The map ¢ is the restriction of the map

Ext(K.(A), K. 1(B))) —— KK(A,B)

Theorem 2.1 will be referred to as the universal multicoefficient theorem (UMCT) for the
Kasparov groups.
Partial maps on K-theory

Unlike the UCT, the main use of the UMCT is not as much related to the computation
of KK groups but rather to the computation of KK-classes of *-homomorphisms. Moreover
regarding Homa (K (A), K(B)) as an approximation of KK (A, B), the UMCT turns out to
be a key technical tool that allows us to work with approximate morphisms of C*-algebras.
An approximate morphism induces partial maps on K-theory with coefficients as described
below. These partial maps will serve as a substitute for the (yet eluding) notion of partial KK-
theory element associated to an approximate morphism. But what exactly is an approximate
morphism? It is a contractive completely positive (ccp) linear map ¢ : A — B which is
approximately multiplicative in the following sense. Typically a finite subset G of A and
a number 0 > 0 are also given. The map ¢ is called (G, d)-multiplicative if ||¢(aa’) —
pla)p(a)|| < € for all a,a’ € G. If ¢ is unital and completely positive we say that ¢ is
a ucp map. A cep (G,0)-multiplicative map is called a (G, d)-approximate morphism or
simply an approximate morphism when (G,¢) is understood from the context. Let A, B,
C be C*-algebras with C nuclear. If ¢ : A — B is a ccp map, we denote by ¢ the map
p®ide: AR C — B® C. The following two elementary lemmas are left to the reader.

Lemma 2.2. For any finite set G C A®C and any 5 > 0, there are G C A a finite
set and 6 > 0 such that for any (G,§)-multiplicative ccp map ¢ : A — B, the map ¢ is

(g , g) -multiplicative.
For example let C' = M (C). If G contains the matrix coefficients of é and if p is a (G, 0)-

multiplicative ccp map, then one verifies immediately that ¢ is (G, K3§)-multiplicative.

Lemma 2.3. If a € A satisfies a > 0, |la|| < 1 and ||a* — a|| < 1/4, then Sp(a) C
0,1/2) U (1/2,1] and p = x(1/2.11(a) is a projection in A with |ja — p|| < 1/2.
We are going to use in an essential manner partial maps on K-theory with coefficients.

They are defined as described below. If A is a C*-algebra, we let Proj(A) denote the set of
projections in U2, My (A) and set

M
(1) Proj™)(A) = Proj(A® C(T)) U | J Proj(A® C(T) @ C(W,,)).

m=2
We regard A as the subalgebra of constant functions of both A®C(T) and AQC(T)®C(W,,)
in the obvious way. We write p < ¢ if p, ¢ € Proj(A) and thereisv € U2, My (A) with v*'v = p
and vv* < ¢. To an arbitrary ccp map ¢ : A — B, we associate a map ¢y : Proj(A) — Ky(B)
by defining

where X = Xx(1/21] is the characteristic function of the interval (1/2,1] and ¢ = ¢ ® id :
A®K — B®K. The map ¢; is well-defined by Lemma 2.3. In a similar manner we
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associate to ¢ a map ¢y : Proj™ (A) — K(B). The only difference is that in the formula (2)
we take ¢ = ¢ ®@ ide with C = C(T) @ @Y_, C(T) ® C(W,,) ® K.

Definition 2.4. [10] Let P C Proj(A)NMg(A) and G C A be finite sets and let § > 0. We say
that (P, G, d) is a Ky-triple if for any ccp map ¢ : A — B which is (G, §)-multiplicative, the
map ¢ = ¢ ® idg : Mg(A) — Mg(B) is (P, 1/4)-multiplicative, i.e. ||@p(p)* — @(p)|| < 1/4
for all p € P.

More generally if P C Proj™) (A)NMg(A®C) (where C' = C(T)@(@M C(T) ® C’(Wm)>)

m=2
and G C A are finite sets and § > 0 we say that (P,G,d) is a K-triple if for any ccp map
¢ : A — B which is (G, )-multiplicative, the map ¢ = p®ida, (¢ is (P, 1/4)-multiplicative.
In this case ¢;(p) = [x(¢(p))] for all p € P.

Naturally, if P C Proj(A), then any K-triple is implicitly a Ky-triple. From Lemma 2.2,
we see that for any given finite set P C Proj™)(A) there are a finite set G C A and § > 0
such that (P, G,0) is a K-triple. If G’ contains G and ¢’ < § then (P, G’,d") is also a K-triple.
Moreover if P = (p;)‘_, and P’ = (p})!_, are such that [p;] = [p!], then we can choose G and §
with the property that (PUP’, G,¢) is a K-triple and such that for any (G, §)-multiplicative
cep map ¢ - A — B, py(pr) = p(pl) for 0 < i < L.

Two sequences (a,) and (b,) are called congruent if there is ny such that a,, = b, for
n > ng. Congruence is denoted by (a,) = (b,) or even a, = b, abusing the notation. If
the sequences take values in a group G, they are congruent if and only if their image in
I[,,G/>_, G are equal. If G is an ordered group, we say that a,, > 0 asymptotically if (a,,)
is congruent to a sequence consisting of strictly positive elements.

We will also work with ccp asymptotic morphisms (¢,). They consists of ccp maps ¢, :
A — B, with lim, . ||¢n(ad’) — @n(a)p.(a’)|| = 0 for all a,a’ € A. A ccp asymptotic
morphism (p,,) induces a sequence of maps ¢, : Proj™) (A) — K(B,). Note that if p,q €
Proj™)(A) have the same class in K(A), then ¢, 4(p) = ¢n4(q). Assume that A is unital. For
any z € K(A), we fix projections p, ¢ € Proj ™ (A) such that = = [p] — [q] and set p,4(z) =
©nt(p) —pni(q) € K(B,). The sequence (¢, (x)) depends on the particular projections that
we use to represent x but only up to congruence. Indeed if x = [p'] — [¢] for another set of
projections p',q’ ther (95(p) — (@) = (9s() — ons(')) since [p® ) = [p/ & ). While
in general the maps ¢, : K(A) — K(B,) are not group morphisms, the sequence (¢, 4(z))
satisfies (@ng(z +v)) = (pni(x) + ©ny(y)) for all z,y € K(A). All these properties can be
rephrased by saying that (¢,) induces a group morphism

K(A) = [[K(B.)/ Y K(Bn).

Ordered Groups
Let (G,G*,u) be a simple ordered group with order unit u. We write x > 0 if x € G
and x > 0 if x € G\ {0}. The state space of G is

S(G) = {f € Hom(G,R) : f(G*) C R, f(u) =1}.

It is convex and compact in the topology of pointwise convergence. Consider the Banach
space Aff(S(G)) of all real valued affine functions on S(G). For h € Aff(S(G)), we write
h > 0if h(f) > 0 for all f € S(G). There is a natural map p : G — Aff(S(G)) given by
p(xr) = T where T(f) = f(x). The infinitesimals of G is the subgroup of G equal to the
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kernel of p.
Inf(G) ={r € G:7=0}.

The group of infinitesimals does not change if we replace u by a different order unit.

Lemma 2.5. Let (G,GT,u) be a simple ordered group with order unit u. Then
Inf(G)={z € G:YneZ Im >0, m(u+ nzx) > 0}.

Proof. This follows from the work of Goodearl and Handelman [22] who showed that if
z € G then

(3) inf{f(z): f € S(G)} =sup{p/q: pu < qz,p,q € N,q # 0}.

Therefore if z € G, then mz > 0 for some positive integer m if and only f(z) > 0 for all
f € S(G). Let I denote the set from the right hand of the equation in the statement. If
x € Inf(G) and n € Z, then f(u+nz) = f(u) =1 > 0Vf € S(G), hence m(u + nz) > 0
for some m > 0. This shows that x € I. Conversely if z € I, f € S(G) and n € Z then

1+ nf(z) = f(m(u+ nz))/m > 0 for some m. Since this happens for all n we must have
f(z) = 0. This proves that I C Inf(G). O

Our main example of a simple ordered group is (G, G, u) = (Ky(A), Ko(A)T, [14]) where
A is a stably finite simple unital C*-algebra. As another example, recall that if X is a
compact connected space and xy € X is a base point, then Ko(C(X)) = Z @ Ko(Co(X \ x0))
is a simple ordered group and InfKy(C(X)) = Ko(Co(X \ x0)) (see [1]).

We collect several results of Blackadar and Handelman [2] and of Effros, Handelman and
Shen [16] in the following form (see also Remark 2.7). The terminology not introduced here
is taken from [1].

Let G be a countable weakly unperforated ordered group with the Riesz interpolation
property. Such a group will be called a generalized dimension group. Let G be a simple
generalized dimension group such that G/Gy, is noncyclic. Let m : G — G /Gy, be the
quotient map. If we set H = G/Gy,, and HT = w(G™T), H is unperforated, it has the Riesz
interpolation property and hence it is a dimension group. By results of [16] and [23] we know
that p : H — Aff(S(H)) has dense image and H has the strict ordering induced from the
map p. Since we can identify S(G) with S(H) one obtains the following result.

Theorem 2.6. Let G be a simple generalized dimension group such that G /Gy is noncyclic.
Then

(i) The map p: G — Aff(S(Q)) has uniformly dense range.

(ii) The group G has the strict ordering induced from the map p. That is

Gr={0}U{zeG: f(x)>0 V feSGQ)}
(i1i) G/Inf(G) = p(G) is a noncyclic simple dimension group.

Let us note that as a consequence of (3), the property (ii) above holds for any simple
ordered scaled weakly unperforated group G. The condition (i) means that p(G) is dense in
the Banach space Aff(S(G)).

Remark 2.7. Let us exhibit two classes of C*-algebras whose K, groups satisfy the assump-
tions of the previous theorem. If A is a separable simple stably finite unital C*-algebra, then
(Ko(A), Ko(A)*,[14]) is a countable simple ordered group. Generally speaking this group
fails to be a generalized dimension group. However this is always the case if in addition we
also assume that A has tracial topological rank at most one (in particular if A is tracially
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AF)(see Lemma 3.3 below). On the other hand the Riesz interpolation property also holds
for separable stably finite unital C*-algebras A with real rank zero and cancellation of pro-
jections [45]. Therefore if A is an infinite dimensional separable simple stably finite unital
C*-algebra with with real rank zero, stable rank one and weakly unperforated Ky group, then
(Ko(A), Ko(A)t,[14]) is a generalized simple dimension group. Moreover Ky(A)/Ko(A)ior
is noncyclic since A is simple infinite dimensional with real rank zero and hence it has no
minimal projections. For future reference we summarize our discussion in the form of a
proposition.

Proposition 2.8. Let A be an infinite dimensional separable simple unital C*-algebra. As-
sume that either A has tracial topological rank at most one or that A is stably finite, it has
real rank zero and stable rank one and that Ko(A) is weakly unperforated. Then

(i) The map p : Ko(A) — Aff S(Ko(A)) has uniformly dense range.

(ii) Ko(A) has the strict ordering induced from the map p. That is

Ko(A)" ={0}u{z e Ko(A): f(z) >0 V feS(KyA))}
(111) Ko(A)/InfKo(A) = p(Ko(A)) is a noncyclic simple dimension group.

Part (ii) of the proposition holds for separable simple stable finite unital C*-algebras A
with with Ky(A) weakly unperforated. We are going to use the notation

(4) InfK(A) = InfKy(A) & K1(A) @ é K.(A;Z/m).

In order to justify this notation, one may note that if K(A) is given the strict ordering
induced from the map K(A) — Ky(A), then the infinitesimal subgroup of K(A) it is equal
to InfK (A).

3. LOCAL APPROXIMATIONS

Definition 3.1. A simple separable unital C*-algebra is called tracially AF if for any finite
set F C A, any € > 0 and any nonzero projection in p € A, there is a nonzero projection
g € A and there is a finite dimensional C*-subalgebra D C ¢Aq with 1p = ¢ such that

(1) |llg,a]|l < € for all a € F,
(ii) dist(qaq, D) < € for all a € F,
(iii) ¢t =1 — ¢ is unitarily equivalent to a subprojection of p.

The C*-algebras satisfying the conditions (i) and (ii) were introduced by Popa [37] and are
called Popa algebras. It is not hard to check that any hereditary C*-subalgebra of a Popa
algebra contains nonzero projections. This shows that the definition of simple tracially AF
algebras given above is equivalent to Lin’s original definition from [32].

Definition 3.2 ([31]). If in the above definition one relaxes the assumptions on D by requiring
D to be an interval C*-algebra (rather than finite dimensional), then one says that A has
tracial topological rank at most one (written TR(A) < 1). The tracially AF algebras are the
C*-algebras of topological rank zero.

An interval C*-algebra is a C*-algebra isomorphic to a finite direct sum of C*-algebras
each of which is of the form M (C) or My (C]0,1]). The C*-algebras with tracial topological
rank at most one have a number of useful properties.
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Lemma 3.3 ([31]). Let A be a separable simple unital C*-algebra with TR(A) < 1. Then A
is quasidiagonal (hence stably finite) and it has stable rank one. Moreover Ko(A) is weakly
unperforated and has the Riesz interpolation property. When p € A is a projection and
n € N, then both pAp and M,(A) are simple unital C*-algebras with TR(A) < 1. If is
addition A s tracially AF then it has real rank zero.

In particular, Lemma 3.3 shows that K,(A) is a generalized dimension group.

If A is tracially AF, with the notation from above, definew : A — A by w(a) = (1—¢q)a(1—
q) and A : A — D by Aa) = E(qaq) where E : ¢Aq — D is a unital conditional expectation.
In the case TR(A) < 1 one defines £ : ¢Aqg — D to be a ucp map with ||E(x) — z|| < ¢ for
2 in a finite subset F; of A where ¢; and F; will be chosen later.

Lemma 3.4. Let A be a separable simple unital C*-algebra with TR(A) < 1. For any finite
set G C A, any 6 > 0 and any nonzero projection in p € A, there is a monzero projection
q € A, there is an interval C*-subalgebra D C qAq with 1p = q and there exists a ucp map
A : A — D such that if w: A — q-Aqt is defined by w(a) = qtaq* then

(i) The maps w and X are (G, 9)-multiplicative.

(ii) |la —w(a) — A(a)|| < 4§, Vaegq.

(iii) q* is unitarily equivalent to a subprojection of p.
Proof. Let F = {ab:a,b € GU{14}} and let € < §/(7m + 5) where m = sup{||a| : a € F}.
Let D and g be obtained by applying Definition 3.2 to the input data F,d,p. In particular
for each a € F there is d, € D with ||la — d,]| < €. Since D is nuclear there is a ucp
map E : qAq — D such that |E(d,) — d,|| < € for all a € F. Indeed, starting with an

approximate factorization of idp by ucp maps D + M, (C) LA D, one extends « to a ucp
map & : gAq — M, (C) and defines E = fa. If a € F then

1E(qaq) — qaq|| < ||E(qaq) — E(do)|| + [[E(da) — dal| + [|da — al| < 3e.
Therefore for all a,b € G
lw(ab) — w(a)w(®)|| = lg"a(bg™ — ¢ b)q™|| < me < 4.

[A(ab) = A@)A®)] = [|E(gabg) — E(gaq)E(gbg)||
< [[E(qabq) — qabq)|| + llqa(bg — qb)q|| +
lgag(gbg — E(gbq))|l + [l(gaq — E(gaq)) E(gbq)]|
< 3e+em+3em+3em = (Tm + 3)e < 6.
Finally we observe that since ||a —qaq—qtaq*|| < 2||ga—aq|| < 2¢ and || E(qaq) — qaq]| < 3e,
la —w(a) — Aa)|| < be <d, Vaeg. O

Proposition 3.5. Let A be an separable simple unital C*-algebra with TR(A) < 1. Let
G C A be a finite set and let 6 > 0. There is a sequence (D,,) of mutually orthogonal interval
C*-subalgebras of A with units q, = 1p, satisfying

(5) 2"y —q1— - — qn) < [14] in Ko(A) for alln € N

and there exist two sequences (\,) and (wy,) of ucp maps with \, : A — D,, and w, : A —
(la—q1— - —q)A(la — q1 — -+ — qn) which are (G, (1 — 27™)d)-multiplicative and such
that

(6)  Jla—wn(a) — (Ai(a) + -+ A(a)] < (1—=27")0  foralla € G and all n € N.
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Proof. We may assume that A is infinite dimensional. The unit 14 of A will be denoted by
1. We proceed by induction. For the first step of induction we let p; be a nonzero projection
with 2[p; ] < [1] in Ky(A). Such projections exist by Proposition 2.8. Choose ¢; > 0 such
that d; < 2719. Let D; and ¢; be given by Definition 3.2 for the input data G, §; and p;.
Define ucp maps w; : A — (1 — ¢1)A(l —¢1) and A\; : A — D; as in Lemma 3.4. Then w;
and \; are (G,27'0)-multiplicative. Also 2[1 — ¢1] < 2[p1] < [1] and

la —wi(a) — M(a)|]| <6, <2719 foralla€g.

Assume now that D;, q;,w;, \; were constructed for 1 < ¢ < n and satisfy the required
conditions. We stop here if ¢;+- - -+¢, = 1 and take D,,; = 0 for i > 1. Otherwise we proceed
with the (n+1)th step when we apply the first step for A, = (1—q1— - =) A(l—q1— - - —@qn),
its finite subset w,(G) and the positive number 27"¢. This yields an interval C*-algebra
D, 1 C A, with unit ¢, and ucp maps

WAy — (1An - C]n+1)A(1An - Qn+1)> N A, — Dryy

which are (w,(G), 27" 16)-multiplicative. Moreover

2(La, = gns1] < [1a,] hence 2"l —qi—- —gn = gup] <21 —q1 — -+ —go] < [14],
and
(7) |wn(a) — Wwp(a) — Nw,(a)]] <2771 foralla€g.

Using the identity
W' (wn(ab)) — w'(wn(a))w'(wn (b)) = w'(wn(ab) — wn(a)wn (b)) +
W' (wn(a)wn (b)) — w'(wn(a))w (wn(D))

and 1 — 2" + 2771 =1 — 277! we see that the map w,y1 = W'w, is (G, (1 —27"71)§)-
multiplicative. Similarly A, = Nw, is (G, (1 — 27" 1)§)-multiplicative. Moreover

la = wnia(a) = (M(a) + -+ Anpa (@) < fla = wnla) = (Au(a) + -+ An(a))]]
Hlwn(a) = wnpr(a) = Ana (@) < (1 =273 +27"710 = (1-27"71)9
for all a € G by (6) and (7). This completes the proof. O

4. FINITE DIMENSIONAL APPROXIMATIONS OF THE DIMENSION MAP

Throughout this section A is a simple unital separable C*-algebra with TR(A) < 1. The
content of this section is based on a idea of Lin [28]. Lin assumes that A is nuclear and
bases his arguments on a result of [3] according to which A is an inductive limit of residually
finite dimensional C*-algebras. We show that the nuclearity assumption is not needed and
make no use of residually finite dimensional C*-algebras. The main result of the section is
Proposition 4.4.

The set Aff S(Ko(A)) of all real-valued affine continuous functions on the state space
of Ko(A) is an ordered Banach space. Recall from Section 2 that there is a natural map
dimension map Ky(A) — Aff S(Ko(A)), p([p]) = p. The output (D,), (¢.), (w,) and (A,)
of Proposition 3.5 will be called a (G, ¢) local approximation of A. After breaking D,, into
elementary direct summands we may assume that D, = M, (C) or D, = M, n)(C’ [0,1]).
In either case let DY = Mj,)(C) and let e, be a nonzero minimal projection of DY. The
composition of the evaluation map at zero D,, — DY with ), is denoted by A2 : A — DY,
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If TR(A) = 0 then of course D? = D,, and A2 = )\,,. The canonical un-normalized trace on
D,, induces a map Tr : Ko(D%) — Z which sends a projection to its trace.

Proposition 4.1. Let A be a separable simple unital C*-algebra with TR(A) < 1. Let
P C Mg(A) be a finite set of projections and let G be a finite subset of A that contains
the matriz coefficients of all elements of P. If 0 < & < (4K)™3, then for any (G,0) local
approximation of A we have

(8) p= Z Tr)\gﬁ(p)/e\j, for allp € P.
=1

The series is convergent in the Banach space Aff S(Ky(A)).

Proof. 1t is easy to verify that (P,G,J) is a Ky-triple using the comment after Lemma 2.2.
Thus, if A\, = A\, ® idg and @, = w, ® idg, then [|A,(p) — x(Au(p))|l < 1/2 and ||©,(p) —
X(@n(p))]] < 1/2 for all p € P and n € N. Since G contains the matrix coefficients of all
elements of P and P C Mk (A), it follows from (6) that

lp—Xi(p) =+ = Xa(p) — Tulp)|| < K26 < 1/4

hence using Lemma 2.2

Ip = x(Aa(p)) — - = x(Au(p)) — x(@n(p))|| < 1/2
for all p € P and n € N since (\;)"; and w, have mutually orthogonal ranges. It follows
that
[l = Aig(p) + -+ + Ang(p) + war(p)
in Ky(A) for all p € P and n € N. Therefore

—_— e~

(9) P=2ig(p) + -+ Anslp) + wnz(p)
in Aff S(Ky(A)) for all p € P and n € N,
From (5) we have
2" wnz(p)] = 2" [x(@n(p))] < 2"[Wn(1k)] = 2"K[L —q1 — -+ — qu] < KT1].
Therefore um <2"K T, hence limn_mm = 0 for all p € P. We conclude the proof
by observing that in formula (9) one has A;;(p) = A;(p) = Tr(Ay(p)) [es] in Ko(A). (Note
that D? is regarded as a C*-subalgebra of D,, hence of A.) O

We need a finite version of formula (8). This is achieved via the following interpolation
lemma due to Lin.

Lemma 4.2. Let X = [x;;] be a matriz in Mat,«oo(Z) with B = [vj]1<ij<r nonsingular.
Suppose that (e;)52, and (v;)i_, are sequences in a Banach space E such that

oo

Zmijej =v, 1<i<r, (norm-convergence in E.)

j=1
Then for any € > 0 there exist N > r and a sequence (h;)[, in E with ||h; — e;]| < € for
1<j<r, hj=e; forr+1<35 <N and such that

N
(10) injhj = Uy, 1 S ) S T.

J=1
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Moreover we can arrange that

1
hj € ——=(Zvy + - - -+ Zv, + Zeyy1 + - - - + Zey) foralll1<j<N.

det(B)
Proof. For any n > r write X = [B|C,|D,] where C,, € Mat,(,—r)(Z) and D,, € Mat, «(Z).
b
Let e,v be the vector matrices with components (e;)52; and (v;)j_,. Write e = | ¢, | where
dy,

b has r components, ¢, has n — r components and d,, is the remaining tail of e. Then
Xe=Bb+ C,c, + D,d, = v.

and

(11) nh—%lo | Dndy]| =0 (the norm is taken in E" = (°(F))

since by assumption the series Xe = v is norm-convergent. Define

(12) by, = B~ (v — Cpey).

n

If we set X,, = [B|C,] and h = {g"}, then we have

X,h = Bb, + Cyc, = BB (v — Cypcp,) + Crcp = 0.
Moreover
16— bl = [[b = B~ (v = Cpcn)|| = b — B~ (Bb+ Dydy)|| < [|B~H ||| Dndall,
hence

(13) lim ||b— by| =0

by (11). If (hy)j_, are the components of A, then it follows from (12) and (13) that they
satisfy the conclusion of the proposition for some large enough n = N. 0

Proposition 4.3. Let A be a separable simple unital C*-algebra with TR(A) < 1. For any
Ko-triple (P,G,0), there exist (G, 0)-multiplicative ucp maps ) : A — My;5(C), 1 < j < N,

there are projections fi,..., fx in Proj(A) and there is a positive integer R, such that for
allp e P
1 & -
(14) p=72 T\L0) [
j=1

Proof. Let K be such that P C Mk(A). Without any loss of generality we may assume that

G contains the matrix entries of the elements of P and 0 < § < (4K)~3. By Proposition 3.5

there is a (G,0) local approximation of A. Consequently there exist ucp maps (};)32; and

projections (e;)52; as in the conclusion of Proposition 4.1.
Thus if P = {p1,...,pe} and z;; = TrA),(p;) then

(15) @:Zl'ijé\j, Vi, 1 <</
j=1

If suffices to consider only the case when all e; are nonzero. Indeed, if all but finitely many e;
are zero there is nothing to prove. Define p: P — Z>* C Q> by p(p;) = (21, Ti2, Ti3, ...). Let
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r be the dimension of the Q-vector subspace of Q> generated by p(P). One has 1 <r < (.
Re-indexing if necessary, we may assume that p(pi),..., p(p,) form a basis of this vector

space and that the matrix B = [;j]1<i<r 1<j<r 1S nonsingular. Equation (15) shows that
if X = [%ijli<i<r1<j<co and e is the infinite vector with components €, €y, ..., and v has

components pi,...,p, then Xe = v and the assumptions of Lemma 4.2 are satisfied with
E = Aff S(Ky(A)). Since A is simple, there is € > 0 such that €; > 2¢l for all 1 < j < r. By
Lemma 4.2 we find N > r and hy,...,hy € Rp(KO(A)) satisfying (10) with R = |det(B)].
Moreover, if we arrange that Hh —eJH <eforl<j<randhj=c¢;forr+1<j<N,then

h; > e; —||h; ej||1 > e — €l > €1 > 0. Therefore Rh; € p(KO(A) ) by Proposition 2.8(ii).
This means that there are f; € Proj(A) such that f = h;. From (10) we get

N
1 -
(16) @:Einjfj forall 1 <i<r.
To complete the proof we need to show that in fact (16) holds true for all ¢ with 1 <i </

and not just for 1 <7 <r. Let s be an integer with 1 < s < /. Since

p(ps) € spang{p(p1),...,p(p,)} C Q%,

there are integers m > 0, mq, ..., m, such that
(7) i) = S miplp).
i=1
Passing to coordinates we have
(18) MTsj = Zmixij, 1<) <o

From (15) and (18) we obtain

o T
(19) mps = Z MTgj€; = Z Z m;Ti;)e. Z m; Z Tij€;) Z m;p;.
J=1 i=1

Jj=1 =1

From (19), (16), and (18) we have for any 1 < s < /¢

.
mﬁszzmz szgfj Z Zmlxw meSJfJ
=1

]111

Dividing by m we obtain the desired conclusion. 0

If A is a infinite dimensional separable simple unital C*-algebra with TR(A) < 1, then the
image of the map p : Ko(A) — Aff S(Ky(A)) is a dimension group (see Prop. 2.8). Therefore
there is an AF algebra A with (Ko(Ao), [14,]) = (p (Ko(A)),1).

Proposition 4.4. Let A be a separable simple unital C*-algebra with TR(A) < 1. For any
Ky-triple (P,G,0) there is a integer R > 0 and there ezists a (G, d)-multiplicative ucp map
Y A — Mg(Ao) such that after identifying Ko(Ao) with p(Ko(A)) we have ¢y(p) = RD for
allp € P.
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Proof. We may assume that 14 € P. By Proposition 4.3 there exist (G, d)-multiplicative ucp
maps A; : A — M;y(C), 1 <4 < N, projections fi,..., fx in Proj(A) and a positive integer
R, such that for all p € P

(20) Rplp] = Z Tr A, (p)pl fi]

Since 1 € P and p[1] = [14,], we obtain

(21) Larpan)] = R1a,] = ZTr)\ Zk

Let e; be a minimal projection of M;;)(C). Define an order-preserving homomorphism
0. : Ko(D) — Ko(Ag) = pKo(A) by o.le;] = p[fi]. From (21) we see that o, lifts to a unital
s-homomorphism o : D — Mg(Ap). Define

A A= D= My)(C) © My()(C) @ - - & My (C),
by Ma) = X(a) ® X(a) ® -+ - ® A& (a). Then A is a (G, d)-multiplicative ucp map. From

i) = Z Tr Aiy(py) [ed]

and (20) we obtain
Rp[p] = (O-)\)ﬁ(p)7 n KO(AO)v Vp eP.
We conclude the proof by setting ¢ = o \. O

5. APPROXIMATIONS ON InfK(A)

The goal of this section is to prove Proposition 5.9. Roughly speaking, we are aiming to
lift a given a positive KK element o to an asymptotic morphism which interpolates o on
infinitesimals. A key step towards this goal is Thm. 5.5 which exhibits asymptotic morphisms
vanishing on infinitesimals. We refer the reader to [24] for a background discussion on
Hilbert C*-modules. Let A, B be C*-algebras, let F C A be a finite subset and let € > 0.
If p: A— Lp(F)and ¢ : A — Lp(F) are two maps, we write ¢ = ¥ if there is an

isometry v € Lg(F, F) such that ||¢(a) — v*¢¥(a)v]| < € for all a € F. If v can be chosen
to be a unitary, then we write > . We write ¢ < ¢ (o ~ 1 )if ¢ ; ¥ (respectively
2~ ¥ ) for all finite sets F and for all ¢ > 0. Note that if P~ Y ar’ld 77/1 ~ 7, then
f7~ 7. Two ucp asymptotic morphisms (¢,) : A — Lg(E,) and ( ") A— [,B( E!) are
s€1+e2
called equivalent, (p,) ~ (¢!,) if there is a sequence of unitaries u,, € Lg(E,, E!,) such that
lon(a) —ulel (a)uy,|| — 0 for all a € A.
Given a map ¢ : A — Lp(E) we denote by ne the map & ;¢ : A — L(E™). The fol-
lowing lemma is essentially proved in [8]. The revised version presented below was suggested
by [34].
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Lemma 5.1. Let A be a unital C*-algebra, let F = F* C A be a finite subset consisting
of unitaries and let ¢ > 0. Suppose that ¢ : A — Lp(E) and ¢ : A — Lp(F) are (F,e€)-
multiplicative ucp maps with ¢ ; Y. Then there is a (F,e + 2v/€)-multiplicative ucp map

¢+ A— Lp(E") such that then ¢ & ¢’ ~ .
Fet2v/e

Proof. By assumption there is v € Lg(F, F') with
(22) llp(a) —v*Y(a)v]| <€, VaeF.
Let p be the projection vv* and let p~ = 1 — p. Using the identity

(p(a)p)” pHo(a)p = p (Pl )(a) = (a*a) p + v (plaa) — p(a*)p(a)) v*
+u (p(a”) = v"p(a”)v) p(a)o” + pi(a®)v (p(a) — v (a)v) v

one verifies that

(23) Ip(a)pl| < 2ve, VaeF,

hence

(24)  [w(a) = pyla)p — pp(a)p|| = max{|lp v (a)pll, [lpP(a)p™ [} < 2ve, Va€F.
If we define ¢’ : A — Lp(ptF) by ¢'(a) = ptip(a)p*, then

1 1 /
¢£2ﬁp¢p+p Yp ﬂso@so,

by (24) and (22). Therefore v S © @ ¢'. It remains to prove that ¢’ is (F, e + 21/¢)-
Fe+24/€
multiplicative. But this follows from the identity

¢'(ab) = ¢'(a)¢'(b) = p~ (¥(ad) — P(a)i(b)) p* + (pH(a)p) (b)p",
using (23) and the assumption that v is (F, €)-multiplicative. O

We need the following three lemmas. The first one is related to Voiculescu’s theorem and
is due to Nate Brown.

Lemma 5.2. [4] Let A be a separable unital C*-algebra, let F C A be a finite set and let
e > 0. Suppose that o : A — L(H) is a unital faithful representation whose image does not
contain nonzero compact operators. If ¢ : A — L(H) is a (F,€)-multiplicative unital map
which s a x-monomorphism modulo the compact operators, then ¢ ]—';V\f 0.

Lemma 5.3. Let A be a separable unital C*-algebra. Let (v,), (vn) be ucp asymptotic
morphisms with ¢, : A — My, (C) and v, : A — M,,)(C). Suppose that () is faithful in
the sense that limsup,, ||v.(a)|| = |la|| for all a € A. Then there exist a sequence (w(n)) of
disjoint finite subsets of N with maxw(n — 1) < minw(n) and a ucp asymptotic morphism
(r,) with @;, : A — M) (C) such that (@, © @;,) ~ (Vum)); here Yom) stands for @icum)vi-

Proof. Since (¢,) is an asymptotic morphism, there exist a sequence F; C Fp C --- of
finite selfadjoint subsets of A consisting of unitaries whose union is dense in U(A) and a
sequence €1 > €3 > --- convergent to zero such that ¢, is (F,, €,)-multiplicative. In order
to prove the lemma, it suffices to construct a sequence (w(n)) such that ¢, < Y-
Fnyen
Indeed, Lemma 5.1 will then give (F,,d,)-multiplicative ucp maps ¢/, with ¢, & ¢/, 5
Yu(n) Where 6, = €, + 2,/€,. Suppose that w(1),...,w(n — 1) were constructed and choose
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m > maxw(n — 1) such that I' = @5y © A = [Lis,, Mo (C) C L(H) is (Fn, €2 /4)-
multiplicative. Note that when regarded as a map into £(H), I is a unital +-monomorphism
modulo the compact operators. If 7 : A — L(H) is a faithful unital representation with
m(A)NK(H) = {0}, then ' ~ & by Lemma 5.2. If 7, is the Stinespring dilation of ¢,

n,€n

then 7, @ m ~ 7 by Voiculescu’s theorem [43]. Therefore

Op =Ty <TpEm~1T ~ [

n,€n

hence ¢,, < T'. Since the image of ¢, is finite dimensional, by an elementary perturbation
ny€n

argument we see that
Pn =< Tm DD YmanN

n,€n

for some N. One concludes the proof by setting w(n) = {m,...,m+ N}. O

Lemma 5.4. Let A be a separable simple unital C*-algebra. Let (p,) be a ucp asymptotic
morphism with ¢, : A — M) (C) = Mym)(Cla). Then there exists a sequence of integers
(r(n)) with r(n) > k(n) and there is a ucp asymptotic morphism (¢l) with ¢/, : A —
M, (n)—kn) (A) such that (¢, ® ¢),) ~ (r(n)ida).

Proof. Let (F,,) and (€,) be as in the proof of Lemma 5.3 with ¢, (F,,€,)-multiplicative.
Define 71 : A - M(A® K) by m(a) = 1 ® a. The representation 7 is unitally nuclearly
absorbing by [10, Thm 2.22]. Therefore ¢, & 7 ~ m hence ¢, < 7 for all n. An elementary
perturbation argument shows that there is an integer r(n) such that ¢, 2 r(n)ids. Ap-

n€n

plying Lemma 5.1 we find a projection f, € M,y (A) and a (F,,d,)-multiplicative ucp
map ¢, : A — La(f,A"™) such that o, & ¢ s r(n)ida, where 6, = €, + 2,\/€,.

n,vn

Since the union of F, is dense in U(A) and d,, converges to zero, we see that (¢]) is an
asymptotic morphism. By construction we have f, ® 1ym) ~ 1,4). After replacing ¢f,
by ¢!, © k(n)idq and r(n) by r(n) + k(n) we may assume that ¢} (1) ~ 1,4,)—km) hence
@l A= La(f A7) = M, (n)—k(n)(A) is a unital map. O

Voiculescu [44] has characterized the (separable) quasidiagonal C*-algebras A as those
admitting a faithful embedding ~ into a corona C*-algebra of the form

[ Miy(©)/ D Mio(C),

with ~ liftable to a ccp map A — [] Myu)(C). Such a lifting can be viewed as a ccp
asymptotic morphism (v,), with v, : A — M,)(C), which is faithful in the sense that
lim sup,, ||y (a)|| = ||la|| for all a € A. In the case of simple C*-algebras one has some control
on the behavior of (,) on infinitesimals.

Theorem 5.5. Let A be a separable simple unital quasidiagonal C*-algebra. There exists a
unital *-monomorphism v : A — [ Myw)(C)/ Y- Myw(C) liftable to a ucp map (v,) : A —
[I My (C) such that v.(InfKo(A)) = 0. Equivalently vn4(x) =0 for all x € InfKy(A).

Proof. Since A is simple, in order to prove the theorem it suffices to show that A has the
property that for any two finite subsets {p1,...,p.}, {¢1, .., } of Proj(A) with [p;] — [¢] €
InfKy(A), any G C A a finite subset and any § > 0 there is a (G, §)-multiplicative ucp map
I' 1 A — M(C) such that I'y(p;) — I'y(¢;) = 0 for all 1 < i < r. We prove this by induction
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on r. We may assume that p; = ¢; = 0. In view of Voiculescu’s result quoted above there
is nothing to prove if r = 1. Assume now that the property holds for some r» > 1 and let
us prove that it also holds for r + 1. If we let H = {y; = [p;] — [¢;] : 1 < i < r} then by
assumption there exists a ucp asymptotic morphism (v,) with v, : A — Mj,)(C) such that
Yni(y) =0 for ally € H. Let H' = HU {x} where = [p,11] — [¢r41]. We are going to focus
on (Yn¢(x)). Clearly we only need to discuss the case when 7, 4(z) # 0 for all but finitely
many n. If v,¢(x) > 0 for infinitely many n and 7, 4(z) < 0 for infinitely many n, then by
considering combinations of the form =, = a(n)7y, ® b(n)Ym) for suitable integers a(n), b(n)
and m(n) > n, v, will satisfy v, ,(2) = 0 for all z € H'. Thus, after replacing x by —z if
necessary, we may assume that ,4(z) < 0 for all but finitely many n. Therefore we may
assume that there is ng such that

(25) Yrt(Pr41) = Vng(@re1) <O

for all n > ny. Using Lemma 5.4 we find a ucp asymptotic morphism (v,) : A —
M, (n)—k(n)(A) such that (v, @ ;) ~ (r(n)ida) for some sequence (r(n)) of integers. It
follows that there are unitaries u, € M, (A) such that ||u,(y, ®7,)(a)u;, — Ly @al| — 0
for all @ € A. For z € H' this implies 7,4(2) + 7,,4(2) = 7(n)z, where we regard v,;(2)
and 7,,,4(2) as elements of Ko(A) via the inclusions My(,)(C) = M) (Cla) C My (A) and
Mr(n)—k(n) (A) - Mr(n) (A) Therefore

7%;1@) = —Ypy(x) + r(n)z, and

(26) Tns(y) =7r(n)y,
for y € H, since v,4(y) = 0 by hypothesis. Since A is simple, so is K¢(A) by [1], hence
—Yn4(2) is an order unit of K((A) whenever 7, 3(x) < 0. Since z € InfK((A), by Lemma 2.5
there is a sequence (N(n)) of positive integers such that

N(n)vps(x) = N(n)(=yns(x) +r(n)x) > 0 for all but finitely many n.
After replacing 7/, by N(n)y,, and r(n) by N(n)r(n), we may assume that the ucp map
v o A — My (A) satisfies

Yny(z) >0 (for all but finitely many n) in  Ko(A)

in addition to (26). Therefore we can find m large enough such that +/ is (G, d)-multiplicative
and

Vs (1) = Vmp(@i) = 7(m)([pi] = [q]) forall 1 <i <,
Vot (Pra1) = Yonp(@ri1) > 0.
If n is large enough and we define I';, = (7, ® idy(m))7,,, then I, is a (G, §)-multiplicative
ucp map and

Lrs(i) = Tng(@) = 7(m)(Vng(pi) — Wi(@)) =0 forall 1 <i <,

(27) Cos(pry1) — Tng(gra) > 0.

In the last inequality we use the property that (v,) is faithful since it is unital and A
is simple. Finally, using (25) and (27) we find positive integers a(n) and b(n) such that
I'=a(n)y, ® b(n)l, is (G, §)-multiplicative and satisfies

Ly(pi) —T4(q:) =0, foralll <i<r+1.
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A sequence (A;)2, of C*-subalgebras of A is called ezhausting if for any finite set F C A
and any € > 0 there is ¢ such that dist(a, A;) < e for all @ € F. Tt is clear that any increasing
sequence of C*-subalgebras of A whose union is dense in A is exhausting.

The following result is [10, Thm. 5.5]. Recall that KK,..(A,B) = KK(A,B) if A is
K-nuclear. This is certainly the case if A is nuclear or if A satisfies the UCT [42].

Theorem 5.6. Let A, B be unital C*-algebras with A separable, quasidiagonal and let o €
KK, (A, B). For any K-triple (P,G,d) there exist ucp nuclear maps

p:A— My(B) o:A— M(Clpg)
which are (G, 0)-multiplicative and satisfy

py(p) — 04(p) = a.[p]
for all p € P. We may arrange that p(1) and o(1) are both projections. Moreover, if A
admits an exhausting sequence of residually finite dimensional C*-subalgebras and if € > 0
s given, we can arrange that there is a unital residually finite dimensional subalgebra D of
A such that G C. D and the restriction of o to D is a *-homomorphism.

The first part of the theorem shows that there are asymptotic morphisms given by ucp
nuclear maps ¢, : A — My (B), 0, : A = M) (C) such that ¢,4(x) — 0py(z) = a.(z) for
all x € K(A).

Corollary 5.7. Let X be a connected compact space with base point xo and let B be a unital
C*-algebra. Then for any a € KK(Cy(X), B) there is a ccp asymptotic morphism (@) with
©n + Co(X) = My (B) such that on3(x) = au(x) for all x € K(Co(X)).

Proof. A stronger (continuous) version of this result was already proven in [11] using E-
theory. However the corollary can be easily derived from Theorem 5.6. Indeed, regard «
as an element of K K (C(X), B) and apply the previous theorem to obtain ¢, and o, with
Ong(x) — opg(x) = au(z) for all z € K(Cp(X)). Since C(X) is residually finite dimensional,
we can arrange that o, are x-homomorphisms. Since X is connected, the restriction of o,
to Cy(X) vanishes on K-theory hence one can drop o, altogether. O

Definition 5.8. A separable stably finite unital C*-algebra B is called excisive if there is a
cep asymptotic morphism (L,,) : B — B satisfying the following conditions.
(a) Lpy(z) = for all v € InfK(B).
(b) For any € Ky(B) and any nonzero integer K there is a sequence (x,) in Ky(B)
such that © — L, 4(x) = Kx,,.
(¢) nLny(1) <[1] for all n > 1.

We give examples of excisive tracially AF algebras in Appendix A. Eventually we’ll see
that all tracially AF algebras classified by Lin’s theorem are excisive.

Proposition 5.9. Let A be a separable simple unital quasidiagonal C*-algebra and let B be
a separable simple stably finite unital excisive C*-algebra. Assume that B has cancellation
of projections and that Ko(B) is weakly unperforated. Then for any nonzero positive integer
K and any o € KK,u.(A, B) such that the induced map o, : Ko(A) — Ko(B) is order
preserving and oy [14] = [1p], there is a asymptotic morphism (®,,) : A — B where each P,
18 a nuclear ccp map and such that

(1) a(z) — @py(x) =0, Vo € InfK(A).

(i1) For any p € Proj(A) there is a sequence (¢,) in Proj(B) with o (p) — Pny(p) = K|gn].
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Proof. Let A, B, a and K be as in the statement. In order to prove the proposition it
sufﬁces to show that for any two finite sets of projections P = {Py,..., P} U{Q1,...,Q,} C
Proj*)(A) and Py = {p1,...,pr} C Proj(A) with

(28) [P] - [Q;] € InfK(A), Vi,0<i<r

and for any G C A a finite subset and § > 0 with (P U Py, G,d) a K-triple, there is a
(G, )-multiplicative nuclear ccp map ® : A — B such that

(29) a.(P) = ®4(F) = a.(Qi) — P4(Qi), Vi, 0<i<r

(30) a.(pi) — Py(ps) = Klgi), Vi, 0<i<r

for some projections ¢; € Proj(A). By Theorem 5.6 there exist asymptotic morphisms (,,)
and (o,) consisting of nuclear ucp maps ¢, : A — M, (B) and o, : A — M(,,)(Clp) such
that
Ony(r) — ony(z) = au(z) Vo e K(A).
Using Theorem 5.5 we find a ucp asymptotic morphism (v,) with v, : A — Mj,,)(C) such
that
Yug(x) =0, for allz € InfK(A).

Indeed, while the vanishing on Inf K (A) is given by Theorem 5.5, 7,4 vanishes asymptotically
on K (A) since the range of v, is contained in a finite dimensional C*-algebra. Moreover, by
replacing v, by nly, we obtain that 7,4 vanishes asymptotically on K-theory with torsion
coefficients .

Since A is simple and 7, is unital we have lim,,_., ||v.(a)|| = ||a|| for all a € A. We apply
Lemma 5.3, to obtain a ucp asymptotic morphism (o/,) and a sequence of sets (w(n)) such
that (0, ® 0},) ~ (Ywm)). Therefore (o, ® 07,)s(x) = (Yum))z(x) hence

(0 © 0, & (K = 1)70m)s(7) = K (Yom)s(2) = aulz), Vo€ K(A).
Note that we still have
(Yo(m))s(x) =0, Va € InfK(A).
If we define
Y =¢n D 0-7/1 D (K - 1)740(71)7 T = Yw(n)s
and n large enough, then ¢ : A — M,,(B) and 7 : A — M (Clg) are (G, d)-multiplicative
ucp maps such that

(31) Y% (P) — (@) =0, Vi, 1<i<r
(32) gpﬁ(P)—K’}/ﬁ(P):Oé*[P], VPEPUPO
Therefore

(33) ([P =[Qi]) = e (Pi) = 05(Qi) = K (:(F) = %:(Qi)) = 5 (Pi) —5(Qi) Vi, 1 <i <.

Since a, is a morphism of ordered scaled groups it must preserve the infinitesimals. Hence
we obtain from (28) that

o.([P] - [Q]) € K (B).
Let (L) : M,(B) — M,,(B) be an asymptotic morphism given by Definition 5.8. Then
L,4(z) =z for all z € InfK(B). Therefore using (33)

. ([B] = [Qi]) = Lag(au([B] = [Qi]) = (Lnp)s(P) — (Ln@)s(Qi) Vi, 1 <@ <.
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Thus if we define ® = L,,p and n is large enough, then ® satisfies (29).
Using part (b) of Definition 5.8, for each p; € Py we find sequences (z;,), in Ko(B) such
that

i (pi) — (Ln)s(pi) = Kin.
Combining this with (32) we obtain

a(pi) = (Ln@)s(pi) = (au(pi) — 2(pi) + (@5(pi) — (Lnp)s(pi)) = K(=%(pi) + win).
Since Ky(A) is a simple ordered group and «, is order preserving, a.[l] = [1], we have
a.(pi) > 0asp; # 0. On the other hand o (p;) — Ly (¢s(p:i)) — a.(pi;) > 0, since L, (x) — 0 for
all x € Ky(B) by part (c) of Definition 5.8. This shows that if n is large enough then the image
of K(—(p;)+wiy) in Aff S(Ko(B)) is strictly positive. Since Ky(B) is weakly unperforated,
by Proposition 2.8(ii), we find projections g;,, € Proj(B) such that —v4(p;) + z;n = [¢in] for
all 1 <7 < r. With ® = L,p as above, we have a.(p;) — ®4(pi) = K[¢;n]. This proves
(30). Finally we note that since L,(1g) — 0, by taking n large enough, we obtain that
[@(14)] < [1p]. Since B has cancellation of projections, after conjugating ® by a suitable

partial isometry in B ® K, we arrange that the image of ® is contained in B rather than just
in B K. O

6. PROOF OF MAIN RESULTS

The following result is given in larger generality than needed in the paper, for the sake of
future applications.

Theorem 6.1. Let A, B be separable simple unital C*-algebras with TR(A),TR(B) < 1
and assume that B is excisive (see Def. 5.8). Then for any a € KK,..(A, B) such that
a,(Ko(A)") C Ko(B)" and a.[14] = [1] there is a ucp asymptotic morphism (®,,) : A — B
consisting of nuclear maps ®,, such that ®,4(x) = a.(z) Vo € K(A).

We are actually going to prove that the theorem is true whenever A and B satisfy the
following conditions: (a) A is an infinite dimensional separable simple unital C*-algebra with
Ky(A) a generalized dimension group and A satisfies the conclusion of Proposition 4.4 (this
also implies the quasidiagonality of A). (b) B is an infinite dimensional separable simple
stably finite unital excisive C*-algebra with cancellation of projections and such that Ky(B)
is weakly unperforated.

Proof. Let a be as in the statement. We need to show that for any K-triple (P, G,d) there is
a ucp map ¢ : A — B such that ¢ is (G, 0)-multiplicative and ¢4(P) = . [P] for all P € P.
If P={P,...,P} C Proj™(A) for some integer M, we let Py = {p1,...,pe} C Proj(A)
be the image of P under the evaluation map Proj*(A) — Proj(A). We have

(34) 2] = [pj] € Ki(A) & €D K(AZ/m)

for all j. We may assume that P, = py = 14 and that (P, G,0) is a Ky-triple. By Propo-
sition 4.4 there is R > 0 and there exists a (G, d)-multiplicative ucp map ¢ : A — Mg(Ay)
such that

Rplp;] = (¥)s(p;), in Ko(Ag), Vjl1<j<UL
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If we set K = RM! and replace ¢ by ¥ @ 1pn : A — Mg (Ap), then

(35) Kplpj] = (¥)i(pj) in Ko(Ao), Vjl<j<UL
and from (34) ¢ has the additional property that
(36) by(Py) = ¢u(p;) Vi1<j<t

Since Ag is an AF algebra, after composing 1 with a suitable conditional expectation we
may assume that its image is contained in a finite dimensional C*-subalgebra D of Mg (Ay).
Increasing D to a larger a finite dimensional C*-subalgebra C' of My (Ag) we may arrange
that in addition to the property (A) C C, there are projections g; € Proj(C) with

(37) [9;] = plp;] in Ko(Ag) and  Klg;] =y(p;) in Ko(C), 1<j<Y,

Let ¢4, 1 < s < .S be minimal projections in C, one for each subfactor of C'. Then there are
positive integers k; ¢ such that

S
(38) 9] = X _kjsles] i Ko(C), 1< <.
s=1
Since [g;] = p[p,] we obtain:
S
(39) plp;] = Z kjsles] in Ko(Ao).
s=1
Let ds € Proj(A), 1 < s < S be such that
(40) plds] = [cs], 1<s<8.
Then
S
(41) [pj] = ) kjalds) € ker p = InfKo(A).
s=1

Let 1, = a—®, 4 : Proj™ (A) — K(B) where a and ®,, are as in Proposition 5.9. By taking
n large enough, we arrange that ®,, is (G, d)-multiplicative and also from Proposition 5.9,
(34) and (41) that

(42) nn(PJ) - nn(pj) - 07 1 S] </
S
(43) Ma(ps) =D kjsmn(ds) in Ko(B), 1<j <.

Also by construction of 7,:

(44) n(ds) = Klgs] in Ko(B), 1<s<S
for some ¢y € Proj(B). Define 0, : Ko(C) — Ky(B) by

(45) 0.l =g, 1<s<8
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and lift 0, to a x-homomorphism 6 : C' — B®K. The role of C'is to enable us to define 6, only
on generators. This is something one cannot do at the level of Ky(Ap). Using successively
(37), (38), (45) (44) and (43) we have

(00)s(p;) = *W(Pj) =

0. (K[QJ]KO(C ) = KZ kjsles KO(C)))

s=1

Zk qs Ko(B ijs’)?n - nn(pj)

hence

(00)s(pj) = m(p), 1<j <L
On the other hand we have

by the definition of p; and (36). In combination with (42) this proves

M (Py) = (00)4(Fy), 1<j <
Equivalently
au(Pj) = ®ny(P)) + (04)4(F;), 1<j<L
We conclude the proof by setting ¢ = ®,,d0. Let us note that a priori this map takes values

in B® K. However since a.[la] = ¢4(14) = [15] and B has cancellation of projections we
can arrange that ¢(14) = 1p after conjugating ¢ by a suitable partial isometry in BK. O

The class of model AH algebras is defined in Appendix A, Def. 7.2.

Proposition 6.2. Let B be an infinite dimensional simple unital tracially AF C*-algebra and
let C' be a model AH algebra. Then, for any o € KK(C, B) with a,,(Ky(C)") C Ko(B)' and
a.[le] = [1p] there is a unital asymptotic morphism (®,,) : C — B such that ®p(x) = a.(z)
for all x € K(C).

Proof. The result follows from Proposition 8.7 in Appendix B, since B has cancellation of
projections. L]

The following uniqueness result will allow us to construct x-homomorphisms out of ap-
proximate morphisms.

Theorem 6.3. [10] Let A be a separable simple unital exact tracially AF C*-algebra satis-
fying the UCT. For any finite subset F C A and any € > 0, there exists a K-triple (P,G,0)
with the following property. For any simple unital tracially AF C*-algebra B and any two
nuclear ucp (G,0)-multiplicative maps ¢, : A — B satisfying py(p) = ¥y(p) for allp € P,
there exists a unitary u € U(B) such that ||up(a)u* — 1 (a)| < € for all a € F.

In a recent paper [5], we showed that if A is a separable C*-algebra satisfying the UCT,
then two nuclear *-homomorphisms defined on A are stably approximately unitarily equiva-
lent if and only if they induce equal maps on K(—). This result simplifies substantially the
original proof of Theorem 6.3 by eliminating the discussion on algebraically compact groups.

We are ready now to prove the main result of the paper.
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Theorem 6.4. Let A, B be separable simple unital tracially AF C*-algebras. Suppose that A
is exact and satisfies the UCT. Then for any o € KK(A, B) with a.(Ko(A)*) C Ko(B)" and
ay[1a] = [1g] there is a nuclear unital x-homomorphism ¢ : A — B such that p.(x) = a.(z)
forallz € K(A). If¢ : A — B is another nuclear x-homomorphism with ¥, = ¢, : K(A) —
K(B), then there is a sequence of unitaries u,, € B such that ||p(a) — u,¥(a)ul|| — 0 for all
a€ A

One may note that in view of Theorem 2.1, Theorem 6.4 remains true if we start with an
element a € Homp (K (A), K(B)) rather than with a € KK(A, B).

Proof. This is well-known (and easy) if A is finite dimensional, so that we may assume
that A is infinite dimensional. Let a be as in the statement. It induces a map a, €
Homy(K(A), K(B)). We show first that «, lifts to an asymptotic morphism. Let C be a
excisive tracially AF algebra (C is also a model AH algebra) given by Theorem 7.6 such
that (Ko(A), Ko(A)T, [1a]) = (Ko(C), Ko(C)T,[1¢]) and K;(A) = K;(C). Since A satisfies
the UCT, we find g € KK(A, C) inducing these isomorphisms. By Theorem 6.1 there is a
ucp asymptotic morphism (¥,,) : A — C lifting 5, : K(A) — K(C). On the other hand by
Proposition 6.2. there is a ucp asymptotic morphism (®,) : C — B lifting o, 3, '. Then
(Ty) = (Pr(m)Vs) : A — B will be a ucp asymptotic morphism lifting .5, o 8, = a,
provided that (r(n)) is chosen appropriately. Each individual map I',, is nuclear as it factors
through C'. Let {ay,as, ...} be a dense subset of A. Let F,, = {a1,...,a,} and let ¢, = 27",
Let (Pn, Gn,0n) be a K-triple given by Theorem 6.3 for the input F,, €,. One may assume
that P, C Pni1, Gn C Gny1 and 0, > J,,41. Passing to a subsequence of (I',,) we may further
assume that ', is (G, §,)-multiplicative and I',4(p) = au[p] for all p € P, and all n. By
Theorem 6.3 there is a sequence of unitaries (u,) in B such that ||[u}I',(a)u, —pi1(a)]| < €,
for a € F,. It follows that ¢, = wug ... u,—1I'yw) ;... ujuj is a ucp asymptotic morphism
such that (¢, (a)) is a Cauchy sequence for all a € {ay, as, ...}, a dense subset of A. Thus ¢,
converges to a nuclear unital x-homomorphism ¢ : A — B with ¢, = a, : K(A) — K(B).
The second part of the theorem follows from Theorem 6.3. O

Theorem 6.5. (Lin) Let A, B be separable simple unital nuclear tracially AF C*-algebras
satisfying the UCT. If (Ko(A), Ko(A)*, [La]) = (Ko(B), Ko(B)*, [15]) and K (A) = Ky(B),
then A is isomorphic to B.

Proof. This is very similar to the proof of the previous theorem. The case when A (and hence
B) is finite dimensional is well known. Since A satisfies the UCT, there is « € KK(A, B)
inducing the isomorphism (K(A), Ko(A)1, [14]) = (Ko(B), Ko(B)*,[15]). By Theorem 6.4
there are unital x-homomorphisms ¢ : A — B and ¢ : B — A such that ¢, = a, :
K(A) — K(B) and ¥, = a;'. Now ¢ and 1 are #-homomorphisms such that 1 o ¢ is
approximately unitarily equivalent to id4 and ¢ o) is approximately unitarily equivalent to
idp by Theorem 6.4. One concludes that A = B by Elliott’s intertwining argument [17]. O

Corollary 6.6. If D is a separable exact residually finite dimensional C*-algebra satisfying
the UCT, then D is embeddable in an AF-algebra.

Proof. The idea of the proof goes back to [15] and is similar to the argument in [30]. One
embeds first D into a tracially AF algebra A as in [7]. Since A is an inductive limit of
matrices over D it satisfies the UCT and is exact. Let Ay be the AF algebra introduced
in Proposition 4.4. Then the map p : Ko(A) — Ky(Ap) lifts to a unital x-homomorphism
A— Ao.
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O

Another application is given in [9] where Theorem 6.4 is used in an essential manner
to prove that if a nuclear separable C*-algebra A has an exhausting sequence (A4,) of C*-
subalgebras such that each A,, satisfies the UCT, then A satisfies the UCT. The subalgebras
A,, are necessarily exact but they may not be nuclear hence the relevance of the main result
of the present paper.

7. APPENDIX A

Let A be a separable simple unital tracially AF C*-algebra. By a result of [19] there is
a simple "model” AH algebra B with local spectra of dimension at most three and such
that B the same K-theory invariants as A. Here we refine this result (see Theorem 7.6)
and show that in addition to the above properties B can be taken to be a excisive tracially
AF algebra (see Definition 5.8). The quoted result of [19] and its refinements given in [28]
and here depend ultimately on a result of [14] which states that if X and Y are finite
connected CW complexes with base points and dim(Y) < 3 then every x-homomorphism
Co(X) — Mg (Cy(Y)) is homotopic to a x-homomorphism Cy(X) — Mg(Co(Y)).

Let W,, be a Moore space as defined in Section 2 and let SW,,, denote the suspension of
Wp. A connected finite CW complex X is called a model space if it is of the form

X=7IyNV---VZ,,
where r > 0, Zj is the 3-dimensional simplex and
(46) Z; € {SY, S U{W,, :m > 2y U {SW,, : m > 2},

for 1 < ¢ < r. We fix a base point z; € Z;. The space Zy V ---V Z, is the one point
compactification of the disjoint union U]_,(Z; \ z;). Note that for any two finitely generated
abelian groups Gy, Gy there is a model space X such that K°(X) = Gy and K'(X) = G;.
All model spaces have dimension three as they contain a copy of Zy. The three dimensional
spaces have nice cancellation properties for projections (vector bundles).

Remark 7.1. (a) If X is a finite connected CW complex of dimension < 3, then any projection
p € Proj(C(X)) of rank k is equivalent to py @ 1;_1 where pq is a rank one projection. If
p,q € Proj(C(X)) and rank(p) < rank(q) then p is equivalent to a subprojection of ¢. In
particular [p] < [¢] in Ko(C(X)).

(b) If p,q € Proj(C(X)) and [p| = [¢] in Ko(C(X)), then upu* = ¢ for some unitary
ue C(X)

(¢) InfKo(C(X)) = K°(X) = {[p] — [q] : p.q € Proj(C(X)), rank(p) = rank(q) = 1}.

In what follows, X and Y will always denote model spaces and P and () will be projections
in My(C(X) and respectively My(C(Y)) for some N > 1. The C*-algebra PMy(C(X))P
will be denoted by P(X) and QMy(C(Y))Q by Q(Y). A C*-algebra of the form P;(X;) &
-+ @ P,(X,,) where X; are model spaces will be called a model homogeneous C*-algebra.

Definition 7.2. A C*-algebra isomorphic to the limit of an inductive system of model homo-
geneous C*-algebras with injective connecting maps will be called a model AH algebra.

Let v : P(X) — Q(Y) be a x-homomorphism. The rank of v is defined by rank(y) =
rank(y(P))/rank(P). If d > 1 we say that 7 is a type d *-homomorphism if there are unital
s-homomorphisms 7' : P(X) — Q'(Y) and 7" : P(X) — Q"(Y) with orthogonal range and
v =7"+7" and such that the following two properties are satisfied.
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(i) 7d < rank(y') < 8d, rank(y") = cd, for some ¢ > 0
(ii) 4" admits a factorization

P(X) % F 5 My(F) <5 Q'(Y)

where F'is a finite dimensional C*-algebra, all the maps are unital *-homomorphisms
and ¢(b) =b® 1, for all b € F.

More generally, a unital x-homomorphism
V:B=P(X1)® - ®Pu(X,) = C=0Qi(N1) & ®Qu(Y)

is called type d if all its components v;; : P(X;) — Q,;(Y;) are type d. We have decom-
positions 7;; = 7;; + 7i; as above and if v',7" : B — C are the *-homomorphisms with
components (7;;) and (7;;), then v = 7" +9". If e = 7/(1p) then e commutes with (B),
~v' = eye and " admits a factorization

B % F 5 My(F) <> (1o — €)C(1¢ — €)

where F'is a finite dimensional C*-algebra, v, ¢, 7 are unital x-homomorphisms with j injective
and ¢(b) = b® 1, for all b € F. This follows from the corresponding factorizations of the
components 7;7. It will be convenient to suspend the notation for j and write v"(b) = v(b)®1y
rather than 7”(b) = 5 (v(b) ® 14).

Remark 7.3. If the rank of each component v;; is > 8nd, then nfe] < [1¢] in Ko(C). Indeed,
since the spaces X;, Y; have dimension < 3, it suffices to verify that

nrank(y;(F)) < rank(y;(P))
for each 4, j. This is easily checked since rank(vy;;) > 8nd > nrank(v;;).

Assume that oy @ Ko(P(X)) — Ko(Q(Y)) is a non-zero positive morphism of ordered

groups. We have K,(P(X)) = K°(X) ® Z and
(47) Ko(P(X)*t ={(x,r) : 2 € K°X), r € Z,r >0} U{(0,0)}.

We can identify «g with a matrix g 1
k:7Z — Z,r — kr are group morphisms. The (2,1) entry of this matrix is zero and k > 1
as a consequence of positivity of ag. The integer k is called the rank of agy. Note that this
definition is compatible with the definition of the rank of a *-homomorphism v : P(X) —
Q(Y) in the sense that rank(y) = rank(Ky(y)). More generally, if ag : Ko(B) — Ko(C) is
a positive morphism with B = Pi(X;)®---® P,(X,,) and C = Q1 (Y1) - - - ® @Qn(Yin), then

we define the component ozf)] of ag via the composition
Ko(P(X;)) — Ko(B) = Ko(C) — Ko(Q;(Y7))-

It is obvious that ozéj > 0 if @ > 0. The rank matriz of ap is defined to be the matrix (k;;)
where k;; = rank(a).

Let ¢ : P(X) — Q(Y) be a x-homomorphism and let y € Y. The map a — ¢(a)(y) is a
finite dimensional representation of P(X). It decomposes as a direct sum of irreducible rep-
resentations given by points x1, ..., 2z, € X. Theset {x1,...,x,,} is called the spectrum of ¢
at y and is denoted by SP(y,). This notion extends in the obvious way to *-homomorphisms
¢ : A — B between homogeneous C*-algebras A, B [19]. Assume that the spectra of A and
B are compact metric spaces. We say that a x-homomorphism ¢ : A — B is e-full if for

6) where a : KO(X) — K°(Y), 8:7Z — K°(Y) and
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any y in the spectrum of B, SP(yp,) is e-dense in the spectrum of A, i.e. dist(z,SP(y,)) < €
for all z in the spectrum of A. The interest in notion this comes from a characterization of
simple AH algebras given in [13]. Specifically, if (A,,~,) is an inductive system of homoge-
neous C*-algebras with injective connecting maps, then lii>n(An, Yn) is simple if and only if
for any n and € > 0 there is k > n such that for all m > k the connecting map A, — A,, is
e-full. The proof of the following easy lemma is left to the reader. It is a consequence of the
semicontinuity properties of the map y — SP(¢,).

Lemma 7.4. Let A, (A;), be unital homogeneous C*-algebras and let (y;)?_, be injective
x-homomorphisms with @; : A; — A. For any € > 0 there is § > 0 such that for any unital
homogeneous C*-algebra B and any 0-full x-homomorphism 1 : A — B, 1, is e-full for all
1< <n.

Theorem 7.5. Let B be a model homogeneous C*-algebra, let 6 > 0 and let d > 1 be an
integer. There is m > 1 such that for any model homogeneous C*-algebra C' and any two
morphisms «; : K;(B) — K;(C), i = 0,1 with ag positive, ap[lg] = [1c| and all the entries
of the rank matrix of g greater than 8md, there is a unital x-homomorphism v : B — C
with K;(y) = oy, i = 0,1 such that v is type d and §-full.

Proof. Since af)j is positive and has rank at least 1, there is a subprojection );; of ); such
that of [P;] = [Q;i]. Since Ko(Q;i(Y;)) = Ko(Q;(Y;)) as ordered groups, the proof of the
theorem reduces to the case when both B and C' have just one summand, say B = P(X)
and C' = Q(Y). Assume that B, § and d are given and let «; be as in the statement of the
theorem. Choose m such that there are m — 1 points z1, ..., z,,_1 forming a d-dense subset
of X. Since rank(ag) = k > 8md > 8d, we find integers r, ¢ > 0 such that

k=r+cd, 7d<r<38d.

As above, we identify «ag with a matrix and decompose it as follows.

_fa B (a0 0o g 0 0
%0 = (o k:) - (0 6)+(O r—6)+(0 cd>'
We are going to lift these matrices to *-homomorphisms. First we claim that there is a

unital *-homomorphism ¢, : C(X) — Mg(C(Y)) such that Ko(p;) = (g g) and Ki(p1) =

aq. Note that it suffices to find a x-homomorphism Cy(X) — Mg(Cy(Y')) which induces «
on Ky and ay on K; and let ¢ be its unitalization. Let kk(Y, X) denote the connective
KK-theory of [14]. Assume that X and Y are connected finite CW complexes of dimension
< 3. Then the map

[Co(X), Mo(Co(Y))] — kk(Y, X)
is a bijection by [14, Corollary 6.4.4]. Extending a result of [14] Elliott and Gong [19] have
shown that the natural map

BR(Y, X) — KK(Co(X), Co(Y)
is a bijection if H*(X,Z) and H*(Y,Z) are torsion groups. Since the map

KK(Cy(X),Co(Y)) = Hom(K.(Co(X)), K.(Co(Y)))

is surjective by the UCT, the claim follows. Since all model spaces have a quotient homeo-

morphic to the 3-dimensional simplex, there is a null-homotopic continuous and surjective
map 7 : Y — X. Let F be a projection in My (C(Y')) whose Ky-class is equal to (5(1),r—6).
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Then ¢y @ C(X) — E(Y), po f)(y) = f(7(y))E(y) is a unital *-monomorphism with
Ko(p2) = (8 7"?6) and Ki(pg) = 0. Since ed = k —r > 8md — 8d > m — 1, there
is a d-dense subset {xy,..., 2} of X. Define @3 : C(X) — M(C) C M4(C(Y)) by

(48> 903(f)(y) = dlag(f(xl)a SRR f(xcd))v Yy € Y.

Then Ko(ps) = 8 c[il)’
large enough such that P € My (C(X)). Then the restriction of ¢ = idy ® ¢ to P(X) gives
is a unital *-homomorphism P(X) — @(P)(Y) which implements «;, i = 0, 1. Since @(P) is
unitarily equivalent to @ (as they have the same K-theory class), we conclude the proof by
conjugating the restriction of @ to P(X) by a suitable unitary. It is clear that this map is
o-full since the direct summand 3 of ¢ has this property. 0

Ki(p3) = 0 and o3 is o-full. Set ¢ = 1 @ pa @ @3 and let N be

The following result is a refinement of a result of Elliott and Gong [19] due to Lin [28].

Theorem 7.6. Let (G,G",U) be a countable weakly unperforated simple scaled ordered group
with the Riesz interpolation property and such that G /Gy, is noncyclic. Let K be a countable
abelian group. There is an infinite dimensional separable simple unital model AH algebra B
such that (Ko(B), Ko(B)",[15]) = (G,GT,U) and K,(B) = K. Moreover we can arrange
that B is a excisive tracially AF algebra.

Proof. We are going to show that for any sequence (d,) with d,, > 1 we find B = hi>n (B, Tn)
where B, are model homogeneous C*-algebras and -, are unital *-monomorphisms of type
d,, with the each entry of the rank matrix of v,, greater than 8nd,,. Moreover we will arrange
that Inf Ko(B) 2 lim (Inf Ko(Bn), Yn)-

By Theorem 2.6 G has the strict ordering induced from the map p : G — AffS(G). The
image R = p(G) of the map p is uniformly dense in AffS(G) and (R, R*,u) is a scaled
dimension group, where u = p(U). Consider the extension

(49) 0—-H—-GLR—0

where H = kerp = Inf(G). We find a system (R,, R}, u,) = (Z™™ Z"™+ v, of ordered
scaled groups with order and scale preserving connecting maps «,, and maps ks, : I3, — R
satisfying Keon+1Kn = Koo, With the property that the induced map « : h_I)n(Rn, Kn) — R
is an isomorphism of ordered scaled groups. This is possible since R is a dimension group.
Moreover, since R is simple, one can arrange that each entry of the matrix of x,, is an integer
greater than 8nd,,.

Next we construct pullbacks
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and observe that there are maps o, : G, — G, (induced canonically by the maps «,) with

Oloo 10, = Qise , and such that we have commutative diagrams

0 H L Ry —— 0
0 H G s R, —— 0

It is clear that the maps a, induce an isomorphism «a : im(Gy,, o) — G.

The next step is to replace H and G/, by finitely generated subgroups. Since G is countable
and R, is finitely generated, we construct inductively finitely generated subgroups G, of G/,
such that p,(G,) = Ry, a,(Grn) C Gpir and U2 0o n(Gr) = G. Define H,, = {z € G, :
pn(x) = 0}. By restricting the above diagram to suitable subgroups we obtain a commutative
diagram

Pn+1
0 —— Hypp —— Gopt 255 Ry —— 0

I

0 — H, — G, 25 R, — 0

By construction we have an isomorphism « : li_H)l(Gn, a,,) — G which induces an isomorphism
li_r)n(Hn, tn) — H. After suitable reindexing, we may arrange that there is U; € Gy such that
Qoo1(Ur) = U and p;(Ur) = uy. Then we define U, 41 = o, (U,). We are going to put an
ordering on G, such that U, will be an order unit, «,, are positive and

(50) (G,G*,U) = 1im(G,, G, U).

Using sections Z™™ — G, we identify G,, with H,, & Z"™™. Define GO = Hy(f) ¢ Z where
HY = H, and HYY =0if 1 <i <m(n). Let (GP)* = {(h,r) € HY & Z :r > 0} U{(0,0)}
and define G} = @i(G,(f ))+. The connecting maps «,, are positive since all the matrix entries
of k, are strictly positive. Moreover each component of U, is strictly positive since u,, has
the same property. Since we already know that G = lim(Gy, o), in order to verify (50), it
suffices to show that for any nonzero g € G* there is n and g,, € G}/ such that as ,(9,) = g
Let g, € G,, be a lifting of g. Then p,(g,) is a lifting of p(g). Hence, after increasing n, we
may assume that p,(g,) € Z™™ has all the components strictly positive. But this clearly
implies that g, € G}

Write K as the inductive limit of a system (K,,al) of finitely generated abelian groups.
The system (B,,,) is constructed inductively. In a first stage, this goes as follows. For
each n and each 7, 1 < i < m(n) let XY be a model space with [?O(X,(f)) = HY and
Kl(Xéi)) = K where K\ = K, and K =0fori> 1 Let P be projections in
MN(C’(X,(f))) with [P,&")] = U where U\" are the components of U, in G = KO(C(XS))).

If we define B, = @™ P (XY then (Ko(By), Ko(Bo)*, [15,]) = (Gn, G+, U,) and
InfKo(B,) = H,. The rank matrix of a,, : Ko(B,) — K¢(By+1) coincides with the matrix
of the map k,, whose entries are all positive and > 8nd,,. By Theorem 7.5, «, lifts to a
type d,, *-monomorphism 7, : B, — B,41 with K;(v,) = a!,. The above construction of the
inductive system (B,,,7,) has all the desired properties, except that we do not know that
its inductive limit C*-algebra B is simple. In order to insure simplicity of B we refine the
construction as follows. Let €, = 1/n and choose B; as above. Assume that we constructed
By, ..., B, and type d; *-monomorphism ~; : B; — B;,; which lift o; for 1 <7 <n —1 and
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such that all the composite maps B; — B, are ¢,-full. Let § be given by Lemma 7.4 for
the input data consisting of €,.1, the algebras By,..., B, and the maps B; — B,,. We may
assume that 0 < § < €,,1. Let m be given by Theorem 7.5. By telescoping the inductive
systems constructed in the first part of the proof we may assume that the rank matrix of
o, Ko(B,) — Ko(Bp11) (which coincides with the matrix of the map &,,) has all entries
> 8mnd,. By Theorem 7.5, in addition to the properties above, we can arrange that =, is
d-full. Thus all that connecting maps B; — Byy1 (1 < n+ 1) are €,,1-full by Lemma 7.4.
The simplicity of B follows now from a result of [13] since (e,) converges to zero. We verify
in the next proposition that B is tracially AF and excisive. 0

Proposition 7.7. Let (B,,v,) be an inductive system of model homogeneous C*-algebras
where 7y, are unital x-monomorphisms of type n! with the entries of the rank matrix of v,
greater than 8nn!. Assume that B = lim (Bn, V) is simple and that

InfKo(B) = lim (InfKo(By), Vo)
Then B is a excisive tracially AF C*-algebra.

Proof. Let d, = n!. We are going to prove that there is a sequence (e,) of projections in
B and there exists a ucp asymptotic morphism (u,), where u, : B — F, with F), finite
dimensional C*-algebras, and there are unital embeddings My, (F,,) — (1 —e,)B(1 — e,)
such that the following six conditions satisfied.

(1) limy,—oo[b,€,) = 0 for all b € B.

(2) limy, oo |6 — enbe, — pn(b) ® 14, || = 0 for all b € B.

(3) nlen] < [1p] in Ko(B)

(4) If L,, : B — B is defined by L, (b) = e,be,, then L, 4(z) = x for all z € InfK(B).
(5

) For any x € Ky(B), lim,,_.o Lpy(x) = 0 and for any K € Z there is a sequence
() in Ko(B) such that © — L,, 4(x) = K x,,.

In particular this will prove B is a excisive tracially AF algebra.
Since 7, : B, — By1 is type d,, we have a decomposition 7, =~/ @~/ and a projection
= 7, (1p,) which commutes with ~,(B,). Moreover, v/ admits a factorization

B, &% F, ™ My, (F,) — (1 —e,)Bnii(1 —e,),

with ¢,(b) = b® 14, so that v/ = v, ® 14,. Since 7, is injective we may regard B, as
forming an increasing sequence of subalgebras of B whose union is dense in B. We may also
identify e,, with its image in B. Let u, : B — F, be a ucp extension of v, to B. With these
identifications, the identity 7, (b) = 7. (b) + +//(b) becomes

(51) b=eybe, +v,(b) @ 1y, = exbe, + pn(b) @ 14,, Vb € By,.

Let us verify the conclusions of the proposition. To prove (1) we observe that e, commutes
with B,, and the union of the B, is dense in B. Arguing similarly, (2) follows from (51). We
noted in Remark 7.3 that nle,| < [1p,,,], and this implies (3). We are ready to prove that
B is tracially AF. In view of properties (1) and (2), since B has cancellation of projections,
it suffices to verify that for any nonzero projection g € B there is m such that [e,] < [q]
for n > m. Since B is simple, there is m such that [1p] < mg]. Thus if n > m then
nle,] < [1g] < mlg] < nlg]. Since the K group of a model AH algebra is weakly unperforated

it follows that [e,] < [q].
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Next we verify (4). As a consequence of (2) we have

(52) = Lpy(x) + nluny(z), Vo e K(B).

If x € K.(B;Z/m), then mxz = 0 and the conclusion follows from (52). Let x € InfKy(B) ®
Ki(B). We have K.(B) = lim (K.(By),Vn«) by continuity of K-theory and InfKo(B) =
lim (InfKo(By), yn+) by hypothesis. Therefore, in order to prove (4), we may assume that z
lifts to some element y € Inf Ky(By) @ K1(Bg) with y = [p] — [¢] and p, ¢ € Proj(By ® C(T)).
If n > k, then [p| — [¢] € InfKy(B,) ® K1(B,). Since v, is a x-homomorphism with range
contained in F,,, we have that v, vanishes on InfKy(B,,) ® K1(B,), because both InfKy(—)
and K (—) are trivial for finite dimensional C*-algebras. Thus v, .([p] — [¢]) = 0. From (52)
we have

£ = Loy(@) 4 duptns(2) = Loy @) + do(pns(p) = 105(0)) = Lus @) + duvn (9] = [g)) = Lus(a)

hence L, (x) = . The first part of (5) follows since m =¢, < 1/n by (3). The second
part is an obvious consequence of (52). O

8. APPENDIX B

The goal of this section is to give a short proof of Prop. 8.7. Let A be a model AH algebra
and let B be a tracially AF algebra. We address the question of which elements of K K (A, B)
lift to approximate morphisms from A to B ® K. The all important case when A = Cy(X)
was already considered in Corollary 5.7.

Definition 8.1. Let A, B be separable C*-algebras. We say that A is K-related to B,
written A 45 B, if for any a, € Homy (K(A), K(B)) with a,(Ko(A)") C Ko(B)* and for
any K-triple (P,G,d) there is a ccp nuclear map ¢ : A — B ® K such that ¢ is (G, 0)-
multiplicative and ¢3(P) = a,[P] for all P € P. Equivalently, there is a ccp asymptotic
morphism (¢,) : A — B® K with each individual map ¢,, nuclear such that ¢, (z) = a.(z)
for all x € K(A). We say that (p,) is a lifting of a..

Note that if A and B are as in Proposition 6.1 and A satisfies the UCT, then A 5 B.
Indeed if A satisfies the UCT, then «, lifts to a KK-element o € KK(A, B).

Lemma 8.2. (a) If A4 5 B and Ay 5 B, then A; @ A, 5 B.

(b) Assume that A is unital and p € Mn(A) is a full projection. If A % B, then
pMN(A)p «I»(» B.

(c) Let (A;) be an exhausting sequence of C*-subalgebras of a separable C*-algebra A. If
A; 5B for all i, then A 5 B.

Proof. (a) and (b) are easy exercises. For (b) one uses the stable isomorphism between A
and My(A). For (c) one proceeds as follows. Let Oé* is as in Definition 8.1. By assumption,
for each i, there is a ccp asymptotic morphism (gpn ) : A; — B® K which lifts the composite
map

K(4;) — K(4) = K(B).

™ is nuclear. Thus we may arrange that gpn factors through

a finite dimensional C*-algebra and in fact that gpn) extends to a ccp map A — B®K denoted
in the same way. Finally, it is not hard to show that for a suitable choice of (i,,), the sequence

Moreover each individual map ¢y,

(ion (in) ): A — B® K defines a ccp asymptotic morphism which lifts a. O
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Lemma 8.3. Let A be a separable simple unital tracially AF C*-algebra. For any x €
InfKo(A), there are projections py,q, in A such that x = [p,| — [¢.] and p, — 0, ¢, — 0.

Proof. We may assume that A is infinite dimensional. By Theorem 2.8 (i) there is a sequence
of projections (p,) in A with 0 < p, < 1 and p,, — 0. Since p, — T = p,, by part (ii) of
the same theorem we have that 0 < [p,] — 2 < [14]. Therefore, since A has cancellation of
projections, there is a sequence of projections (g,,) in A with [¢,] = [pn] — 2. We have that
gn — 0 since ¢, = Dy,. O

Proposition 8.4. Let B be an infinite dimensional separable simple unital tracially AF C*-
algebra and let d,, = n!. Then there is a sequence (e,) of projections in B and there exist
a ucp asymptotic morphism p, : B — F, with F,, finite dimensional C*-algebras and unital
embeddings My, (F,) — (1 —e,)B(1 — e,) such that

(1) lim,,_.[b,e,] =0 for all b € B.

(2) lim,,_. ||b — enbe, — pn(b) ® 14, || =0 for all b € B.

(3) nle,] < [1g] in Ko(B)

(4) If L, : B — B is defined by L, (b) = e,be,, then L, y(x) = x for all z in

TorsKo(A) ® K1(A) ® @, _, K.(A;Z/m).

Proof. This is contained in [10, Lemma 6.5] (or [32] in the nuclear case), except for part (4).
As a consequence of (3) we have

= Lyy(z) + nlpny(z), Voe K(B.)

Let us argue that (4) follows from this. Indeed, for x € K;(B) this is the case since K;(F},) =
0, hence pny(z) = 0. If © € TorsKy(A) & @, _, K.(A;Z/m), then nlp,s(x) = 0 hence
x = Lyy(z). O

Lemma 8.5. Let B be an infinite dimensional separable simple unital tracially AF C*-
algebra and let Z be a space on the list (46). If a € KK(Cy(Z), B) maps Ko(Cy(Z)) into
Inf Ko(B), then for any nonzero projection p € B there is a ccp asymptotic morphism (p,,) :
Co(Z) — pBp such that ¢,4(x) = a.(z) for all x € K(Cy(2)).

Proof. By Corollary 5.7 there is a ccp asymptotic morphism (¢}) with ¢!, : Co(Z) —
Mymy(B) such that ¢ ,(z) = a.(z) for all z € K(Co(Z)). If (e,) and (L,) are as in
Proposition 8.4, then by passing to a suitable subsequence (es(,)), with k(n)[esm)] < [p], we
can arrange that (¢,) = ((idkm) ® Lsm)) © ¢),) is a ccp asymptotic morphism which maps
Co(Z) into pBp. Since (L,) satisfies the condition (4) of Proposition 8.4, we can also ar-
range that ¢,;(x) = a.(z) for all z € TorsK((Co(Z)) D K1(Co(Z2))®D,._, K (Co(Z); Z/m).
This proves the statement if Z is the 3-dimensional simplex, and if 7 = S', Z = W,, or
Z = SW,, since in all these cases K(Cy(Z)) is a torsion group. It remains to deal with
the case Z = S2. Let z be a generator of Ky(Cy(S?)) = Z. By Corollary 5.7, there are
ccp asymptotic morphisms ¢}, : Co(S?) — M, (C) and ¢, : Co(S?) — Myn)(C) such that

©h4(2) =[] = 1 and ¢ ,(2) = —[€"] = —1, where €’ and e” are minimal projections in
M, )(C) and M,y (C), respectively. Let @ = a,(z) € InfKy(B). By Lemma 8.3, there
are projections p,,q, in B such that x = [p,| — [¢.] and p,, — 0, ¢, — 0. After passing

to suitable subsequences we may arrange that r(n)[p,] + ¢(n)[¢,] < [p]. Therefore we find
*-homomorphisms 1), : M,»)(C) — pBp and ¥, : My, (C) — pBp with orthogonal ranges
and such that ¢ ,[e'] = [p,] and ¢]/,[e"] = [ga]. Then @, = 1y, + Vi, defines a ccp

asymptotic morphism from Cy(S?) to pBp with ¢,4(2) = . O
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Corollary 8.6. Let B be an infinite dimensional separable simple unital tracially AF C*-
algebra and let X be a model space. Then C(X) 5 B.

Proof. We identify KK(C(X), B) with Homy (K (C(X)),K(B)) by Theorem 2.1. Let a €
KK(C(X), B) with a.(Ko(C(X))") € Ko(B)*. Let ¢ € Proj(B) with au[l] = [¢]. After
replacing ¢My(B)q by B, one may assume that a.[1] = [15]. We need to show that there
is a ucp asymptotic morphism from C(X) to B which induces a. The space X is of the
form X = ZyVv---VvV Z,, r >0, with Z; spaces from the list (46) for ¢ > 1. Let o/ €
KK(Cy(X), B) denote the restriction of a. Viewing Cy(Z;) as subalgebras of Cy(X), we
write o = ). a; with o € KK(Cy(Z;), B). Since « is positive, it preserves the infinitesimals
and so (a;)«(Ko(Co(Z;)) C an(InfKy(C(X))) C InfKy(B). By Lemma 8.5, if p; € B are
mutually orthogonal projections with ) . p; < 1p, then there are ccp asymptotic morphisms
from Cy(Z;) to p; Bp; inducing «;. The unitization of the sum of these asymptotic morphisms
gives a ucp asymptotic morphism from C'(X) to B with the desired property. O

The following result is essentially due to Lin.

Proposition 8.7. Let A be a model AH algebra and let B be a simple unital tracially AF
C*-algebra. Then A 5 B.

Proof. The result follows from Proposition 8.6 and Lemma 8.2 if B is infinite dimensional.
If B is finite dimensional the statement is trivial. O
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