CENTRAL SEQUENCE C*-ALGEBRAS AND TENSORIAL
ABSORPTION OF THE JIANG-SU ALGEBRA

EBERHARD KIRCHBERG AND MIKAEL RORDAM

ABSTRACT. We study properties of the central sequence algebra A, N A’ of a C*-
algebra A, and we present an alternative approach to a recent result of Matui and
Sato. They prove that every unital separable simple nuclear C*-algebra, whose trace
simplex is finite dimensional, tensorially absorbs the Jiang-Su algebra if and only if
it has the strict comparison property. We extend their result to the case where the
extreme boundary of the trace simplex is closed and of finite topological dimension.
We are also able to relax the assumption on the C*-algebra of having the strict com-
parison property to a weaker property, that we call local weak comparison. Namely,
we prove that a unital separable simple nuclear C*-algebra, whose trace simplex has
finite dimensional closed extreme boundary, tensorially absorbs the Jiang-Su algebra
if and only if it has the local weak comparison property.

We can also eliminate the nuclearity assumption, if instead we assume the (SI)
property of Matui and Sato, and, moreover, that each II;-factor representation of the
C*-algebra is a McDuff factor.
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1. INTRODUCTION

In the quest to classify simple separable nuclear C*-algebras, pioneered by George El-
liott, it has become necessary to invoke some regularity property of the C*-algebra,
without which classification—at least by simple K-theoretical invariants—is known to
be impossible, see for example [24] and [18]. There are three such, seemingly very dif-
ferent, regularity properties of particular interest: tensorial absorption of the so-called
Jiang-Su algebra Z, also called Z-stability; finite nuclear dimension (after Wilhelm
Winter); and strict comparison of positive elements (after Bruce Blackadar). The lat-
ter can be reformulated as an algebraic property of the Cuntz semigroup, called almost
unperforation. Toms and Winter have conjectured that these three fundamental prop-
erties are equivalent for all separable, simple, nuclear C*-algebras. The Toms—Winter
conjecture is known to hold extensively. All Z-stable C*-algebras have strict compari-
son, [19]. Winter has shown in [29] that finite nuclear dimension ensures Z-stability.

Last year, in a remarkable paper by Matui and Sato, [16], it was shown that the
strict comparison property is equivalent to Z-stability for all unital, separable, simple,
nuclear C*-algebras whose trace simplex has finite dimension, i.e., its extreme boundary
is a finite set. Matui and Sato employed new techniques involving the central sequence
C*-algebra, A, N A’. They introduced two new properties of the central sequence
algebra: property (SI) and ”excision in small central sequences”. They show that both
properties are equivalent to strict comparison and to Z-absorption under the above
given conditions.

The approach of Matui and Sato has some similarities with the approach used by
Phillips and the first named author in their proof in [14] that purely infinite simple
separable nuclear C*-algebras tensorially absorb the Cuntz algebra O,,. The latter
result likewise relied on a detailed study of the central sequence C*-algebra. Indeed,
it was shown in [14] that if A is a unital purely infinite simple separable nuclear C*-
algebra, then A, N A’ is a purely infinite and simple C*-algebra. In particular, there is
a unital embedding of O into A, N A’, which implies that A 2 A ® O.

The first named author studied the central sequence algebra in [13]. We rely on, and
further develop, the techniques of that paper to arrive at the main result stated in the
abstract.

Our weakened comparability assumption is automatically satisfied by any unital sim-
ple C*-algebra satisfying Winter’s (m, m)-pureness condition from [29], cf. Lemma 7.9.
The main theorem from Winter’s paper, [29], concerning C*-algebras with locally fi-
nite nuclear dimension therefore follows from our Corollary 7.9 in the case where the
extreme boundary of the trace simplex of the given C*-algebra is closed and has finite
topological dimension.

Let us describe some of the main ingredients in Matui and Sato’s paper [16], that
we shall build on and further develop. It is well-known that if A is a separable unital



C*-algebra, then A is Z-absorbing, i.e., A = A® Z if and only if there is a unital *-ho-
momorphism from Z into the central sequence algebra A, N A’ for some ultrafilter w on
N. It follows from [13, Corollary 1.13] that if there is a unital *-homomorphism from
a separable unital C*-algebra D into A, N A’ , then there is a unital *~homomorphism
from the maximal infinite tensor power .-, D to A, NA". It was shown by Dadarlat
and Toms in [6] that if D contains a unital sub-C*-algebra which is sub-homogeneous
and has no characters, then Z embeds unitally into the infinite tensor power @~ | D.
It follows that a unital separable C*-algebra A absorbs the Jiang-Su algebra if and
only if there is a unital *~homomorphism from a sub-homogeneous C*-algebra without
characters into A, N A’. One example of such a C*-algebra is the dimension drop
C*-algebra 1(2,3), which consists of all continuous functions f: [0,1] — M, ® M3 such
that f(0) € My ® C while f(1) € C® Ms.

It was shown by Sato in [22] that the natural *~homomorphism A, N A" — N¥ N N’
is surjective, when A is a unital separable nuclear C*-algebra, 7 is a faithful tracial
state on A, and N is the finite von Neumann algebra arising from A via this trace.
The kernel, J,, of the *~-homomorphism A, N A" — N“ N N’ consists of those elements
ain A, N A’ for which ||aljs, = 0 (see Definition 4.1). In other words, (A, N A")/J;
is a finite von Neumann algebra when the conditions above are satisfied. If N is a
MecDulff factor, then N¥ N N’ is a II; von Neumann algebra and there is, in particular,
a unital *-homomorphism My — (A, N A’)/J.. One would like to lift this *-homomor-
phism to a unital *~homomorphism 7(2,3) — A, N A’, since this will entail that A is
Z-absorbing. Matui and Sato invented the property, called (SI), to solve this problem.
Property (SI) is a (weak) comparability property of the central sequence algebra. In
order to prove that property (SI) holds, Matui and Sato introduce another property
of the central sequence algebra, called excision in small central sequences. They show
that excision in small central sequences can be obtained from strict comparability and
from nuclearity; and they remark that property (SI) holds if the identity map on the
C*-algebra can be excised in small central sequences.

We give an elementary proof of Sato’s result on surjectivity of the map A, N A" —
N“ N N’; and we show that surjectivity holds without assuming that A is nuclear, see
Theorem 3.3. The proof uses, at least implicitly, that the ideal J, mentioned above is a
so-called o-ideal, see Remark 4.7. In Section 4 we consider the ideal J4 of A, consisting
of those elements that are represented by sequences in £*°(A) with uniformly vanishing
trace. When A has infinitely many extremal traces, then (A, N A’)/J4 is no longer
a von Neumann algebra. The main effort of this paper is to verify that, nonetheless,
there is a unital *~homomorphism M; — (A, N A")/J4 under suitable conditions on A.
As in the original paper by Matui and Sato, one can then use property (SI) to lift this
unital *~homomorphism to a unital *~homomorphism 7(2,3) — A, N A’, and in this
way obtain Z-stability of A.

We have learned that Andrew Toms, Stuart White, and Wilhelm Winter indepen-
dently have obtained results very similar to ours, see [25]. Also Yasuhiko Sato has



independently obtained a similar result, see [23]. We hope, nonetheless, that the meth-
ods of this paper, which offer a new view on the use of central sequence C*-algebras, as
well as the somewhat higher generality of our results, will make this paper worthwhile
to the reader.

In the following section we give an overview of our main results and we outline the
methods we are using.

2. PRELIMINARIES AND OVERVIEW

We present here some of the main ideas of our paper, and we also give the most
important definitions that will be used throughout the paper. First we discuss some
notions of comparability in C*-algebras.

A C*-algebra A is said to have strict comparison if comparison of positive elements
in matrix algebras over A is determined by traces. In more detail, for all £ > 1 and for
all positive elements a,b € M (A), if d,;(a) < d,(b) for all 2-quasi-traces 7 on A, then
(a) < (b) in the Cuntz semigroup Cu(A). The latter holds if there exists a sequence
(7n)n>1 in M (A) such that r}br, — a, and when this holds we write a X b. We remind
the reader that d, is the dimension function associated to 7, and it is defined to be
d-(a) = lim,_,o 7(a'/™). If A is exact (and unital), then all 2-quasi-traces are traces,
thanks to a theorem of Haagerup, [9], and we can then replace "unital 2-quasi-traces”
with "tracial states” in the definition of strict comparison. The set of unital 2-quasi-
traces on A will be denoted by QT'(A), and the set of tracial states on A by T'(A). It
was shown in [19] that strict comparison for A is equivalent to saying that Cu(A) is
almost unperforated, i.e., if z,y € Cu(A) are such that (n + 1)z < ny for some n > 1,
then x < y.

We introduce a weaker comparison property of A as follows:
Definition 2.1. Let A be a unital, simple, and stably finite C*-algebra. We say that A

has local weak comparison, if there is a constant v(A) € [1, 00) such that the following
holds for all positive elements a and b in A: If

A)- sup d.(a) < inf d.(b),
"4 TEQTI:(,A) (@) TEQT(A) ®)

then (a) < (b) in the Cuntz semigroup Cu(A) of A.

If M, (A) has local weak comparison for all n, and sup,, y(M,(A)) < oo, then we say
that A has weak comparison.

It is clear that strict comparison implies (local) weak comparison.

Definition 2.2. Let A be a C*-algebra and let 1 < a < co. We say that A has the
a-comparison property if for all z,y € Cu(A) and all integers k, ¢ > 1 with & > af, the
inequality kz < fy implies z < y.

The lemma below follows easily from [19, Proposition 3.2].
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Lemma 2.3. A C*-algebra A has a-comparison for some 1 < a < oo if for all x,y €
Cu(A) with x x y (i.e., x < ny for some n), the inequality af(x) < f(y) =1 for all
f € S(Cu(A),y) (the set of additive, order preserving maps Cu(A) — [0, oo| normalized
at y) implies x < y.

Our a-comparison property is related to Winter’s m-comparison property, see [29,
Section 2]. We also have the following fact, the proof of which essentially is contained
in [29].

Lemma 2.4. Let A be a simple unital C*-algebra with QT (A) # (0. If A has strong
tracial m-comparison (in the sense of Winter, [29, Definition 2.1]) for some m € N,
then A has weak comparison and local weak comparison (in the sense of Definition
2.1). In particular, if A is (m,m)-pure for some m,m € N (in the sense of Winter,
29, Definition 2.6]), then A has weak comparison and local weak comparison.

Proof. Suppose that A has strong tracial m-comparison. We show that M, (A) has
local weak comparison with v = (M, (A)) = m + 1 for all n. It suffices to verify the
local weak comparison for arbitrary contractions a,b € M,(A). Suppose that
- sup d;(a) < inf d,(D).

K TeQTFgA) (@) TEQT(A) )
Then, in particular, v-d,(a) < d.(b) for all 7 € QT (A). Arguing as in the proof of [29,
Proposition 2.3] (and with g, . as defined in [29, 1.4]), one obtains that for each ¢ > 0
there exists 7 > 0 such that

1

dr((a = 2¢)4) = dr(g223:(0)) < =

for all 7 € QT'(A). Strong tracial m-comparison thus implies that (a—2¢);+ = gy 2,(0) 2
b for all ¢ > 0. This, in turns, shows that a < b, or, equivalently, that (a) < (b) in
Cu(A).

It is shown in [29, Proposition 2.9], that if A is (m,m)-pure, then A has strong tracial

) T(gn,2n(b)) 5

m~comparison for some m € N. The second claim of the lemma therefore follows from
the first. 0

It is easy to see that our local weak comparison property is weaker than strict com-
parison within the class of C*-algebras of the form M, (C(X)), where X is a finite
dimensional compact Hausdorff space. (A more subtle arguments shows that also our
weak comparison is weaker than strict comparison within this class.) It is an open
problem if (local) weak comparison, Winter’s m-comparison, our a-comparison, and
strict comparison all agree for simple C*-algebras, cf. Corollary 7.9.

We introduce in Section 4, for every p € [1,00), the following semi-norms on A and
its ultrapower A, (associated with a free ultrafilter w on N):

lally = 7((a*a)”*)'*  Jlal,:= sup [lall, a4
TET(A)



and
[7mw(a1, az, .. )llpw == lim [lay|,,
n—w

where 7, : (*°(A) — A, denotes the quotient mapping. Let J4 be the closed two-sided
ideal in A,,, consisting of all elements a € A, such that ||a||,. = 0 for some (and hence
all) p € [1,00). We call J4 the trace-kernel ideal. It will be discussed in more detail in
Section 4, and so will the norms defined above.

The central sequence algebra A, N A’ (for A unital) will be denoted by F(A). As
explained very briefly in Section 3, and in much more detail in [13], one can define
F(A) in a meaningful way also for non-unital C*-algebras, such that F'(A), for example,
always is unital. We reformulate the Matui—Sato definition of ”excision in small central
sequences” (see Definition 5.3) to the context of ultraproducts as follows:

Definition 2.5. A completely positive map p: A — A can be excised in small central
sequences if, for all e, f € F(A) with e € J4 and sup,, |1 — f"]|2, < 1, there exists
s € A, with fs = s and s*as = p(a)e for all a € A.

We show in Lemma 5.4 that our Definition 2.5 above is equivalent to the one of Matui
and Sato. One can replace || - ||2,, in Definition 2.5 by || - ||, with any p € [1,00),
even if QT (A) # T(A), cf. the comments below Definition 4.1.

Since Jy4 is a so-called o-ideal of A, (see Definition 4.4) one can replace the condition
e € F(A) N Jy with the formally weaker condition e € J4. The assumption that
f € F(A), however, cannot be weakened.

We show in Proposition 5.10 that every nuclear completely positive map A — A
can be excised in small central sequences provided that A is unital, separable, simple,
and stably finite with the local weak comparison property. This result strengthen the
results of Sections 2 and 3 in [16]. We prove Proposition 5.10 without using nuclearity
of A, or other additional requirement. In particular, this proposition can be proved
without using Section 3 of [16] (including Lemma 3.3 of that Section, which involves
deep results about von Neumann algebras).

We also reformulate Matui and Sato’s property (SI) in the language of central se-
quence algebras.

Definition 2.6. A unital simple C*-algebra is said to have property (SI) if for all
positive contractions e, f € F(A), with e € J4 and sup,, |1 — ||z < 1, there exists
s € F(A) with fs =s and s*s =e.

We shown in Lemma 5.2 that our Definition 2.6 is equivalent to the original definition
of Matui and Sato, see Definition 5.1. Also in Definition 2.6 one can replace the semi-
norm || - ||2w by || - ||pw for any p € [1,00).

Matui and Sato proved in [16] that if the identity map id4 on a unital simple C*-
algebra A can be excised in small central sequences, then A has property (SI). Property
(ST) for non-nuclear C*-algebras is mysterious; we cannot see any connection between
comparison properties of A itself and (SI) if A is not nuclear.
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The importance of property (SI) is expressed in the Proposition 5.12. This propo-
sition, which implicitly is included in Matui and Sato’s paper, [16], says that if A has
property (SI), and if A is simple and unital, then the existence of a unital *-homo-
morphism My — F(A)/(J4N F(A)) implies the existence of a unital *~homomorphism
1(2,3) — F(A). The latter, in turns, implies that A = A ® Z if A is separable.

From the point of view of logical completeness it would be desirable to prove
that property (SI) together with the existence of a unital *-homomorphism ¢: B —
F(A)/(JaNF(A)) from any sub-homogeneous unital C*-algebra B without characters,
implies the existence of a unital *~homomorphism ¢: C' — F(A) for some (possibly
other) unital recursively sub-homogeneous C*-algebra C' without characters. This
would imply that A = A ® Z, because @), C contains a unital copy of Z, by
Dadarlat-Toms, [6], and because there is a unital *~homomorphism from @’ C' into
F(A), by [13, Corollary 1.13 and Proposition 1.14].

It is therefore an important (open) question if F/(A)/(J4 N F(A)) contains a sub-
homogeneous unital C*-algebra that admits no characters whenever F'(A)/(JaNF(A))
itself has no characters.

In Section 6 we consider the extreme boundary 0T (A) and its weak* closure, denoted
bT'(A), of the trace simplex T'(A) of a unital C*-algebra A. We study the ultra-power

To: Aw — C(OT(A))w

of the completely positive map 7: A — C(9T(A)), given by T (a)(7) := 7(a) for
7 € T(A) and a € A. The trace—kernel ideal J4, mentioned earlier, consists of all
elements a € A, with T,(a*a) =

The Choquet simplex T'(A) is a Bauer simplex if and only if 7, maps Mult(7;|r(a))
onto C(bT'(A)),, where Mult(®|p(4)) denotes the multiplicative domain defined by

Mult(7e|peay) := {a € F(A) : T,(a*a) = T,(a) T (a), To(aa®) = To(a)Tu(a)* }.

We do not use nuclearity of A to obtain this fact. As the restriction of 7, to
Mult(75|pa)) is a *-epimorphism, this allows us to find, for each positive function
f € C(OT(A)) with ||f|| = 1 and any compact subset 2 C A and £ > 0, a positive
contraction a € A with [|[a,b]|| < & and ||T (aba) — f2T(b)|| < € for b € Q.

In Section 7, we shall use the existence of such elements a as above, together with
the assumption that 0T (A) has finite topological dimension, to assemble a collection
of unital completely positive ”locally tracially almost order zero maps” M, — A into a
single unital completely positive ” globally tracially almost order zero map” M, — A.
In this way be obtain our main result, Theorem 7.8.

3. THE CENTRAL SEQUENCE ALGEBRA

To each free filter w on the natural numbers and to each C*-algebra A one can associate
the ultrapower A, and the central sequence C*-algebra F'(A) = A, N A’ as follows. Let
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cw(A) denote the closed two-sided ideal of the C*-algebra ¢>°(A) given by
co(A) = {(an)nz1 € £5(A) | lim [lan | = 0}

We use the notation lim,,_,, o, (and sometimes just lim, a,,) to denote the limit of a
sequence (ay,),>1 along the filter w (whenever the limit exists).

The ultrapower A, is defined to be the quotient C*-algebra ¢*(A)/c,(A); and we
denote by 7, the quotient mapping ¢*(A) — A,. Let t: A — (*(A) denote the
"diagonal” inclusion mapping t(a) = (a,a,a,...) € (*(A), a € A; and put ¢, =
my,ot: A — A,. Both mappings ¢ and ¢, are injective. We shall often suppress the
mapping ¢, and view A as a sub-C*-algebra of A,. The relative commutant, A, N A’
then consists of elements of the form m,(ay,as,as,...), where (a,),>1 is a bounded
asymptotically central sequence in A. The C*-algebra A, N A’ is called a central
sequence algebra.

We shall here insist that the free filter w is an ultrafilter. We avoid using the
algebras A® := (*(A)/co(A) and Ay = A’ N A, which have similar properties and
produce similar results (up to different selection procedures). One reasons for preferring
ultrafilters is that we have an epimorphism from A, onto N¥ := l(N)/c;w(N), cf.
Theorem 3.3 below, where N is the weak closure of A in the GNS representation
determined by a tracial state 7 on A. The algebra N := ((N)/c,o(N) is a W*-
algebra when w is a free ultrafilter, whereas the sequence algebra N*° := (o (N)/c;0(N)
(with ¢, (V) the bounded sequences in N with lim,, ||a||2, = 0) is not a W*-algebra.
Another reason for preferring free ultrafilters to general free filters is that, for A # C,
simplicity of A, is equivalent to pure infiniteness and simplicity of A. The algebras A,
are the fibres of the continuous field A> with base space S(N) \ N. The structure of
this bundle appears to be complicated.

Recall from [13] that if B is a C*-algebra and if A is a separable sub-C*-algebra of
B,,, then we define the relative central sequence algebra

F(A,B) = (A'nB,)/Ann(A, B,).
This C*-algebra has interesting properties. For example, F(A, B) = F(AQ K, B®K).
We let F(A) := F(A, A). The C*-algebra F(A) is unital, if A is o-unital. If A is
unital, then F'(A) = A'NA,. We refer to [13] for a detailed account on the C*-algebras

F(A,B) and F(A). We shall often, in the unital case, denote the central sequence
algebra A, N A’ by F'(A).
We have the following useful selection principle for sequences in the filter w with a

countable number conditions from [13, Lemma A.1]. For completeness we add a proof:!

Lemma 3.1 (The e-test). Let w be a free ultrafilter. Let X1, Xa, ... be any sequence of
sets and suppose that, for each k € N, we are given a sequence (f,E’“))nZI of functions
X, = [0,00).

IWith one misleading typo corrected!



For each k € N define a new function fo(dk): [, X, — [0,00] by

n—w

fF (51, 89,...) = lim f¥(s,), (8n)n>1 € HX"‘
n=1

Suppose that, for each m € N and each € > 0, there exists s = (s1,S2,...) € [[n—; Xn
such that fff“)(s) < e fork =1,2,....,m. It follows that there is t = (t1,ta,...) €
1%, X, with f5(t) =0 for all k € N.

Proof. For each n € N define a decreasing sequence (X, m)m>0 of subsets of X,, by
Xno =X, and

Xom = {s e X, : max{fél)(s), . ,f,(lm)(s)} < l/m},
for m > 1. We let m(n) := max{m < n : X, ,, # 0}; and for each integer k > 1, let
Vi ={neN:k<m(n)}.
Fix some k > 1. By assumption there exists s = (s,) € [],, X, such that f(,gj)(s) <
1/k for 1 < j < k. This entails that the set
Zr:={neN: max{fM(s,), ..., [P (s,)} < 1/k}
belongs to w for each & > 1. This again implies that X,,, # 0 for all n € Z; which
shows that min{k,n} < m(n) < nforall n € Z;. It follows that Z;\{1,2,...,k—1} C
Y}, from which we conclude that Y) € w (because w is assumed to be free). Now,
1 1 1 1
lim —— = liminf —— < infsup —— < inf — =0.
n—w m(n) n—w m(n) k neYy m(n) E k
By definition of m(n) we can find ¢, € X, mm) € X, for each n € N. Put t = (t,),>1.
Then f (tn) < 1/m(n) for all k < m(n) by definition of X, ;,,(n), SO
1

®) () — Tim £R : _

for all £ > 1 as desired. O

Let N be a W*-algebra with separable predual and let 7 be a faithful normal tracial
state on N. Consider the associated norm, |la|ls, = 7(a*a)/?, a € N, on N. Let
N¢ denote the W*-algebra (o (N)/c, (N), where ¢, ,(N) consists of the bounded
sequences (ay, ag, - -+ ) with lim,, ||a,|l2- = 0. (As mentioned above, if w is a free filter,
which is not an ultrafilter, then N“ is not a W*-algebra.)

Remark 3.2. Since N has separable predual, N’ N N“ contains a copy of the hyper-
finite II;-factor R with separable predual if and only if for each £ € N there exists a
sequence of unital *-homomorphisms t,,: My, — N such that lim,_, ||[¢n(t), a]|l2- =0
for all t € M}, and a € N if and only if there is a *~homomorphism ¢: My — N’ N N
such that t € N +— ¢ - (1) € N* is faithful. (It suffices to consider elements ¢ in the
center of N.)



This equivalence was shown by D. McDuff, [17], in the case where N is a factor. She
gets, moreover, that N = N®R if and only if N has a central sequence that is not
hyper-central. Such a II;-factor is called a McDuff factor.

The result below was proved by Y. Sato in [22, Lemma 2.1] in the case where A is
nuclear. We give here an elementary proof of this useful result, that does not assume
nuclearity of A. The result implies that the central sequence C*-algebra A, N A’ has a
subquotient isomorphic to the hyperfinite II;-factor R whenever A has a factorial trace
so that the corresponding II;-factor, arising from GNS representation with respect to
that trace, is a McDuff factor. In Remark 4.7 in the next section we show how one
can give an easier proof of the theorem below using that the kernel J, of the natural
*-homomorphism A, — N¥ is a so-called o-ideal. The proof given below does not
(explicitly) use o-ideals.

Theorem 3.3. Let A be a separable unital C*-algebra, let T be a faithful tracial state on
A, let N be the weak closure of A under the GNS representation of A with respect to the
state T, and let w be a free ultrafilter on N. It follows that the natural *-homomorphisms

A, — N¥, A,NA — NN N,

are surjective.

Proof. Let w4 and 7y denote the quotient mappings ¢*(A) — A, and (*(N) — N¥,
respectively. Denote the canonical map A, — N by &, and let ®: (*(A) — N,
denote the map ® o my.

We show first that ®: A, — N¥ is onto. Indeed, if = wy (21, x9,...) is an element
in N, then, by Kaplanski’s density theorem, there exists a; € A with [Jay|| < ||zx|| and
with [|ap—xk|l2» < 1/k. It follows that (a1, as, ...) € (*°(A) and that ®(aq, as,...) = .

To prove that the natural map A, N A" — N¥ N N’ is surjective, it suffices to show
that if b = (b1, by,...) € £°(A) is such that ®(b) € N N N’, then there is an element
¢ € (®(A) such that ma(c) € A, N A and ®(c) = B(b). Let such a b € (*(A) be
given, put B = C*(A,b) C (>(A), and put J = Ker(®) N B. Notice that an element
x = (21,2,...) € £°(A) belongs to Ker(®) if and only if lim,_, [|#n|]2.» = 0. Notice
also that ba —ab € J for all a € A.

Let (d(k))kzl be an increasing approximate unit for J, consisting of positive con-
tractions, which is asymptotically central with respect to the separable C*-algebra B.
Then

0 = lim [|(1—d™)(ba — ab)(1 —d®))||

k—o0

= lim [|(1 - d®)b(1 — d®)a — a(1 — d¥)b(1 - d¥)|

k—o0

for all a € A.

We use the e-test (Lemma 3.1) to complete the proof: Let (ax)r>1 be a dense sequence
in A. Let each X,, be the set of positive contractions in A. Define f,(Lk): X, — [0,00)

10



by
f (@) = [[@]l2rs FFED (@) = 11 = 2)bu(1 = 2)ar, — ax(1 = 2)bp(1 = 2)||, k> 1.

n

Notice that fu(}l)(d(‘])) = lim,, ||d$f)||2ﬁ = 0 for all £, because each d') belongs to J.
Note also that

FEFD(EO) = ||(1 = dYb(1 — dD)ay — ar(1 — dO)b(1 —d9)|, k>1.

It is now easy to see that the conditions of the e-test in Lemma 3.1 are satisfied, so
there exists a sequence d = (d,,)n>1 of positive contractions in A such that ka)(d) =0
for all k. As fogl)(d) = 0, we conclude that d € Ker(®).

Put ¢ = (1 — d)b(1 — d). Then ¢ — b € Ker(®), so ®(c) = ®(b). Since fogkﬂ)(d) =0,
we see that cay, — arc = 0 for all k£ > 1. This shows that m4(c) € A, N A" O

4. THE TRACE-KERNEL IDEAL Jy4

Suppose that A is a unital, separable C*-algebra that has at least one tracial state.
Let T(A) C A* denote the Choquet simplex of tracial states on A. The topology on
T(A) will always be the weak* topology (or the o(A*, A)-topology) in which T'(A) is
compact. The Choquet boundary 0T'(A) (the set of extreme points in T'(A)) is a Polish
space, and it consists of factorial tracial states on A.

Definition 4.1 (Seminorms on A, ). For any non-empty subset S of T'(A) and for any

p € [1,00), we define a norm || - ||, 5 on A by
lallp,s = SupT((a*a)p/z)l/p = [supT((a*a)p/z)}l/p, a € A.
TES TES
We further define
. 1
lall, = llallpry = sup m((@a)??)’?,  ae A
TET(A)

If a sequence S = (51,5, ...) of subsets of T'(A) is given, then define seminorms on
A, by

lallps == lim flanllps,, — llallpw = lallpz7,
n—w
for a = m,(ay, as,as,...) € Ay,; and where 7 := (T(A), T(A),...).
If S, := {7} for all n € N, then we sometimes write ||al|2, instead of ||al|2.s, for

a € A,.

For all a € A we have |al/,r < [|a]lp.s < |lallqs Whenever T'C S C T'(A) and p < g.
Moreover, |lall,r = ||al|,s if T'C S and S is contained in the closed convex hull of T
In particular, if 97'(A) C S, then ||al|,.s = ||al|,-

For each fixed non-empty S C T'(A), it is easy to see that N(a) := lim,_, [|al|, s is
a semi-norm on A with

N(a) < |lall, N(ab) < N(a)llp], N(a*)=N(a), N(a)*=N(a"a)=N(aa").

Thus [ja|| = lim, . ||a||s, for a € A, if A is unital and simple.

11



Remark 4.2. Another equivalent description of || - ||, is given for a := m, (a1, a2, ...) €
A, by the equation
lallp. = sup flaflys,
SeM

where M denotes the set of all sequences S = (Si,5%,...), where S, = {7,} is a
singleton for all n, i.e., ||all,s = lim,_, ||an|lp-- Again it suffices to use sequences

(Tn)nZI iIl (9T(A)

Definition 4.3 (The trace-kernel ideal J4). Define a linear subspace J,4 of A, by
Ja={e€ A, |e]2. =0}

Since [€*][2w = llell2w, [[fellzw <[]l - [lell2w and [lefl2. < [lef| for all e, f € A, the
subspace J4 is a closed two-sided ideal of A,,.

We can in the definition of J4 replace the semi-norm | - ||z, by any of the semi-
norms || - ||,w, With p € [1,00). Indeed, for each a € A, we have the inequalities
lallir < llally.-; and

1/p ~
lallpr = (@ @yl ) ™ < (lalliz) 7 - a7
Hence the following holds for all contractions e € A,:

1
(4.1) lelliw < llellpe < llelli.

We recall some facts about o-ideals from [13]. The definitions below are also given in
[13, Definition 1.4 and 1.5].

Definition 4.4. Let B a C"*-algebra and let J be a closed two-sided ideal in B. Then
J is a o-ideal of B if for every separable sub-C*-algebra C' of B there exists a positive
contraction e € J such that e € C" N J and ec = c for all ce C'N J.

A short exact sequence

T

0 J B

B/J 0

is strongly locally semi-split, if for every separable sub-C*-algebra D of B/J there exists
a *-homomorphism ¢ : Co((0,1], D) — B with 7;(¢)(: ® d)) = d for all d € D, where
L € Co((0,1]) is given by «(t) = t, for t € (0,1].

A C*-algebra B is o-sub-Stonean if for every separable sub-C*-algebra D of B and
for every positive contractions b, ¢ € B with bDc = {0} and bc = 0, there exist positive
contractions e, f € D' N B with eb =b, fc = ¢, and ef = 0.

We list some properties of o-ideals.

Proposition 4.5. Suppose that B is a C*-algebra, that J is a o-ideal in B, and that
C is a separable sub-C*-algebra of B. Then J, B, and C' N B have the following
properties:

12



(i) JN(C'NB) is a o-ideal of C' N B, and C' N J contains an approximate unit
of J.

(ii) If D is a separable C*-algebra and ¢: D — w;(C)" N (B/J) is a *-homomor-
phism, then there exists a *-homomorphism ¥ : Cy((0,1], D) — C' N B with
(Y@ d)) = ¢(d).

(iii) 7,(C'NB) =7;(C)' N (B/J) , and

0— JNn({C'NB) - C'NnB = (C'nB)/(JN(C'NB)) =0
15 strongly locally semi-split.
(iv) If B is o-sub-Stonean, then B/J is o-sub-Stonean.

Proof. Part (i) follows immediately from the definition. Parts (ii) and (iii) follow from
(13, prop.1.6, proof in appendix B, p.221]. See [13, prop.1.3, proof in appendix B,
p.219] for (iv). O

Proposition 4.6. Let A be a unital C*-algebra with T(A) # 0, and let w be a free
filter. It follows that the trace-kernel ideal J4 is a o-ideal in Ay, and that A, and
F(A) are o-sub-Stonean C*-algebras. If A is separable, then Jo N F(A) is a o-ideal in
F(A).

Proof. The fact that A, and F(A) are o-sub-Stonean was shown in [13, Proposition
1.3).

We show below that J, is a o-ideal in A,. It will then follow from Proposition 4.5
(i) that J4 N F(A) is a o-ideal in F'(A), if A is separable.

Let C be a separable sub-C*-algebra of A, and let d be a strictly positive contraction
in the separable C*-algebra J,NC'. It suffices to find a positive contraction e € J4NC’
such that ed = d.

Take contractions (cgk), cgk), ...) € £(A) such that ¢*) .= Ww(cg ), cgk), ...) is a dense
sequence in the unit ball of C. Let (dy,ds,...) € {*(A) be a representative of d. Let
(/)51 be an increasing approximate unit for J4 N C, consisting of positive contrac-
tions, which is asymptotically central for C. Let (egk),eé ),egk), ...) € L>°(A) be a
representative for e(*).

We use Lemma 3.1 to show that there is e with the desired properties. Let each X,
be the set of positive contractions in A, and define functions f{”: X, — [0, 00) by

V@) =1 =2)dall,  fi2@) =z, f (@) = Pz — 2P|, k21
Note that £ ((el?, e e, ..)) = ||e®]|s, = 0 for all £, and that
lim f{! (61 S ,eg),...)) = lim [|(1—e"d|| =
L—00 L—o00
hm R (( ( ) el ,e:(f),...)) = lim [[c(™e® — OB = 0.
£—o00

13



Lemma 3.1 therefore shows that there is a sequence, (e,),>1, of positive contractions
in A such that

(4-2) fu(;k)(€1,€2,63,--~) =0

for all k. The element e = m,(e1, ez, es,...) therefore belongs to J4 (because (4.2)
holds for k = 2), it commutes with all elements ¢*) (because (4.2) holds for all k > 3),
and hence e commutes with all elements in C; and ed = d (because (4.2) holds for
k=1). O

Remark 4.7. Let A be a unital C*-algebra with T'(A) # 0. For any family S = (S,,)n>1
of non-empty subsets of T'(A) one can define the ideal Js of A, to be the closed two-
sided ideal of those a € A, for which ||a|2s = 0. By almost the same argument as in
the proof of the previous proposition one can show that Js is a o-ideal in A,,. (One
need only replace f\? with j}(f)(:v) = ||z]|2.5,-)

In particular, J; is a o-ideal in A, for each 7 € T(A) (and where J, = Js with
Sy = {7} for all n). In other words, a € J, if and only if ||al/s, = 0.

One can use the fact that J. is a o-ideal in A, to give a shorter proof of Theorem 3.3:
Follow the first part of the proof of Theorem 3.3 to the place where it is shown that
the natural map ®: A, — N* is surjective. Note the the kernel of ® is equal to J..
We must show that if b € A, is such that ®(b) € NN N’, then there exists c € A, N A’
such that ®(c¢) = ®(b). Let B be the separable sub-C*-algebra of A, generated by A
and the element b. Then, by the fact that J, is a o-ideal in A,, there is a positive
contraction e € J. N B’ such that ex =z for all z € J,NC. Put ¢ = (1 —e)b(1 —e).
Then ¢ — b € J,, so ®(c) = ®(b). For each a € A we have ab — ba € Ker(®) = J,,
because ®(b) € N¥ N N'. Hence, ab —ba € J, N C, so

0=(1—-¢€)(ab—ba)(1—e)=0a(l —e)b(l —e)— (1 —e)b(l —e)a=ac— ca.
This shows that c€ A, N A'.

5. EXCISION IN SMALL CENTRAL SEQUENCES AND PROPERTY (SI)

In this section we show that ”excision in small central sequences” (cf. Definition 2.5)
holds under the minimal assumptions that the ambient C*-algebra A is unital and
has the local weak comparison property (cf. Definition 2.1) and that the completely
positive map (to be excised) is nuclear. We do not assume that A is nuclear. The main
forte of our approach is that we do not use [16, Lemma 3.3] (or other parts Section 3
of [16]); and that we hence obtain ”excision in small central sequences” property using
less machinery and under fewer assumptions. The crucial property (SI) follows from
”excision in small central sequences” applied to the identity map as in Matui-Sato, [16].
The identity map is nuclear if and only if the C*-algebra is nuclear, so our methods give
property (SI) only for nuclear C*-algebras, but under a weaker comparability condition.

We remind the reader of the original definition of property (SI) from [15, Defini-
tion 4.1].
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Definition 5.1 (Matui-Sato). A separable C*-algebra A with T'(A) # () is said to have
property (SI) if, for any central sequences (e,),>1 and (f,),>1 of positive contractions
in A satisfying

5.1 I .) =0,  lim liminf mi 2) >0,
6 Jm merlen =0, lin lminf iy 75

there exists a central sequence (s,),>1 in A such that

(5.2) lim ||s)s, —en| =0, lim || fusn — sall = 0.
n—oo n—oo

The definition above is equivalent with our Definition 2.6 (expressed in terms of the
central sequence algebra), as well as to the "local” definition of (SI) in part (ii) of the
lemma below. Notice that

5.3 = Ile]ls, i — 11— £,

5:3) ma r(e) = el win 7(f) = 1= 1= £l

for all positive elements e € A, and for all positive contractions f € A.

Lemma 5.2. The following conditions are equivalent for any unital, simple, separable

C*-algebra A with T(A) # (:

(i) A has property (SI), in the sense of Definition 5.1
(ii) For all finite subsets F' C A, for all € > 0, and for all 0 < p < 1, there exist
0 >0, a finite subset G C A, and N € N, such that for all positive contractions

e, f € A with
1—fHl,<1-—
max (Ile,all +1(F.all) <5 el <6, max 1-Fh<1-p
there exists s € A such that
max ||[s, a]|| < e, (1= f)s]| <e, |s*s —e|| < e.
acF

(iii) A has property (SI) in the sense of Definition 2.6 for every/some free ultrafilter.

The proof of the implication of (ii) = (iii) below is valid for every ultrafilter w, whereas
the proof of the implication of (iii) = (i) only requires (iii) to hold for some ultrafilter.

Proof. (i) = (ii). Suppose that (ii) does not hold. Let (G,),>1 be an increasing
sequence of finite subsets of A whose union is dense in A. The negation of (ii) implies
that there exists a finite subset F' C A, and there exist ¢ > 0 and 0 < p < 1, such that,
for 6 =1/n, G = G, and N = n (where n is any natural number), there exist positive
contractions e,, f, € A satisfying

max ([[len, alll + [f;all) < 1/n,lealls < 1/n, max 1= filh <1—p,

while there is no s € A such that

(5:4) max [[s,alll <&, (1= fa)s <&, |ls"s —eall <&
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The sequences (e,),>1 and (f,)n>1 will satisfy the conditions in (5.1). However, if
(Sn)n>1 Were a central sequence satisfying (5.2), then s, would satisfy (5.4) for some
n. Hence (i) does not hold.

(ii) = (iii). Let w be any free ultrafilter on N, and suppose that (ii) holds. Recall
that F(A) = A,N A’ (the ultrafilter w is suppressed in our notation?). Let e, f € F(A)
be positive contractions such that e € J4 and supy, ||[1 — f*||1 < 1; and let (e,),>1 and
(fn)n>1 be positive contractive lifts in £*°(A) of e and f. It follows that

(fi)y=1- sup 11— ¥l >0,

cf. (5.3). Let (ag)r>1 be a dense sequence in A. We use Lemma 3.1 to find s € F(A)
such that fs = s and s*s = e. This will then show that A has property (SI) in the

sense of Definition 2.6. Let each X,, be the set of all elements in A of norm at most 2,
and let f: X, — [0,00) be defined by

@) == fzll,  fP@) =l e, @) = o all, k> 1.

We wish to find s = (s, $2, 83,...) € £>°(A) such that ff,k)(E) =0 forall £ > 1. It will
then follow that s = m,(5) satisfies s € F(A), fs = s and s*s = e, and we are done.

= li inf
mi=splin ot

By Lemma 3.1 it suffices to show that, for each ¢ > 0 and each integer m > 1, there
exists § € £*°(A) such that fﬁ(uk)(E) <efor 1 <k<m+2 Fixsuche>0andm > 1.

Let 6 > 0, G C A, and N € N be associated, as prescribed in (ii), to the triple
consisting of F' = {ay,as,...,an}, € (as above), and p = po/2. Let X be the set of all
n € N such that

1— f5|l, <1 = p.
max (lfews alll + Ifmsall) <6 leals <8 max 1=/ <15

Then X € w. The conclusion of (ii) then states that, for each n € X, there is s,, € A
such that

max |[sn,a;]ll <&, (L= fa)sall <& lspsn —en| <e
1<j<m

Put s, =0if n ¢ X. Then 5 = (s1, S, 53, ... ) satisfies fuﬁ’“)(g) <efor 1 <k<m+2.

(iii) = (i). Suppose that (i) does not hold. Then there exist central sequences
(en)n>1 and (f,)n>1 of positive contractions in A satisfying (5.1), but such that there
is no sequence (S,),>1 in A which satisfies (5.2). This means that there exists § > 0,
a finite subset F' C A, and a sub-sequence (ny),>1, such that

(5.5) max {[|s"s — e, [|, [1(1 — fu,)sl], max s, al|[} >4,
forall ¢ > 1 and all s € A. Put

ezﬂ-w(enlaenzaen37"')7 f:Ww(fnj[?an?an"")'

2This is justified, because A, = A, for any two ultrafilters w and w’, if A is separable and if the
continuum hypothesis holds. Moreover, without assuming the continuum hypothesis, but assuming
the axiom of choice, which is needed for the existence of free ultrafilters, the isomorphism classes of
separable unital sub-C*-algebras of A, (and of F'(A)) are the same for all free ultrafilters.
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Then e, f € F(A), e € J4 and

sup [[1 — f*[l1o =sup lim sup 7(1—fF) <1
k E AW reT(A)
However, the existence of s = m,(s1,52,...) € F(A), satisfying s*s = e and fs = s,
would imply that the set of £ € N for which
Iszse —encll <0 (L= fa)sell <0, max|llse. afl| <,

belongs to w, and hence is non-empty. This contradicts (5.5), so (iii) cannot hold. [

We also remind the reader of the original definition of excision in small central sequences
from [16, Definition 2.1].

Definition 5.3 (Matui-Sato). Let A be a separable C*-algebra with T'(A) # . A
completely positive map ¢: A — A can be excised in small central sequences if, for
any central sequences (e,,),>1 and (fy,)n>1 of positive contractions in A satisfying

5.6 l ) =0, lim liminf min 7(f) >0,
66 ) =0l Buint i, ()

there exists a sequence (s,),>1 in A such that
(5.7) ([ sy —snll =0, lim [|spas, — g(a)en]| =0,

for all @ € A.

Note that the sequence (s,,),>1 in Definition 5.3 automatically satisfies ||s,| — 1if A is
unital. Hence we can assume, without loss of generality, that all s,, in Definition 5.3 are
contractions. The same is true when A is non-unital: Take an increasing approximate
unit (a,),>1 for A, consisting of positive contractions, and replace the sequence (s,,)n>1
with (akﬂsn)nzl (possibly after passing to suitable subsequences of both (a,,) and (s,,)).
Then, again, we get ||s,|| — 1, and we can resize and assume that ||s,|| = 1 for all n.

In a similar way we see that the element s € A, from Definition 2.5 can be chosen
to be a contraction. (If A is unital, then s is automatically an isometry.)

Lemma 5.4. The following conditions are equivalent for any unital separable C*-
algebra A with T(A) # (), and any completely positive map ¢: A — A:

(1) ¢ can be excised in small central sequences in the sense of Definition 5.5.
(ii) For all finite subsets F C A, for all e > 0, and for all 0 < p < 1, there exist
0 >0, a finite subset G C A, and N € N, such that for all positive contractions

e, f € A with
max (|[[e, a]|| + |[f.all) <0, el <4, sup [|1— f*li <1-p,
aclG 1<k<N

there exists s € A such that

1L = sl <&, max|[s"as — p(a)en|| <e.
ac
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(iii) ¢ can be excised in small central sequences in the sense of Definition 2.5 for
every/some free ultrafilter w.

The proof of Lemma 5.4 is almost identical to the one of Lemma 5.2, so we omit it.

Part (ii) of the lemma below shows that [16, Lemma 2.5] holds under the weaker
assumption that A has the local weak comparison property, cf. Definition 2.1, (rather
than strict comparison). Part (i) of the lemma is a translation of [16, Lemma 2.5] into
central sequence algebra language.

The proof of the lemma uses the following fact: Suppose that ¢: A — B is an
epimorphism between C*-algebras A and B, and that e, f € B are positive contractions
such that ef = f. Then there exists positive contractions €/, f' € A such that ¢(¢') = e,
W(f') = f,and € f’ = f'. This can be seen by using the well-known fact that pairwise
orthogonal positive elements lift to pairwise orthogonal positive elements (with the
same norm) applied to f and 1 — €’ in (the unitization of) B.

Lemma 5.5. Suppose that A is a unital, separable C*-algebra with T(A) # (. Let
e, f € A, be positive contractions with e € Ja, supy, |1 — f*|1w < 1, and f € F(A).

(i) There are eq, fo € F(A) with ey € J4,

epe = e, fof = fo. 11— folliw =Sgp|ll—f§||1,w =S%p||1—fk|!1,w.

(i) If A, in addition, is simple and has the local weak comparison property, and
QT(A) =T(A), then for every non-zero positive element a in A and for every
e > 0 there exists t € A,, with

tat = e, ft=t, 1t < |la||*? + &

Proof. (i). The existence of ¢y € F(A) with eq € J4 and ege = e follows immediately
from the fact that J4 is a o-ideal, cf. Proposition 4.6 and Definition 4.4. (Note that
we do not need to assume that e € F'(A) to obtain this.)

We use Lemma 3.1 to prove the existence of the element fy. Lift f to a positive
contraction (fi, fa, f3,...) in £°(A). Put p = sup, |1 — f*|li.e, and let (az)g>1 be a
dense sequence in A. Let each of the sets X,, of Lemma 3.1 be the set of all positive
contractions in A, and define the functions ¢{: X,, — [0, 00) by

g (@) = lz(=f)ll, 98" (x) = max{|[1— 2"}, —p,0}, g8V (2) = |lwar —arzl],
for k> 1and z € X,,. Fix £ € N, and put s, = (f,)* € X,,. Then
£— 00
g(,(ul)(817827837'”) = ||fz(]‘_f>|| _>—> 07
95;%)(81782,83; . ) = max{||1 - fe'k lw — ,0;0} = 0,
gfkﬂ) (81, S9, 83, .. ) = ||ffar, — anft| = 0.

Lemma 3.1 now gives the existence of a sequence (fy,)n>1 of positive contractions
in A such that g&k)(fojl,fojg,fojg, ...) = 0 for all k. The positive contraction fy =
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7o(fo1, foz2, foss--.) € A, then has the following properties: fof = fo, [[1 — fill1w <
supy, [|[1— f*|l;,, for all ¢ > 1, and f, € F(A) (i.e., fo commutes with all elements of A).
From the first identity we conclude that f*f, = f, for all k, whence 1 — f*¥ <1 — f,
for all k, which again implies that supy, |1 — f*|l1.. < |1 — foll1.w-

(ii). We can without loss of generality assume that |a|| = 1. By the continuous
function calculus we can find positive elements g,h € C*(1,a) such that [|g| = 1,
|h|| < 1+e¢, and ahg = g.

Let ey and fo be as in part (i), and let (€on)n>1, (fon)n>1 € €°(A) be positive
contractive lifts of eg and fy, respectively. As remarked above the lemma we can
choose the lift of ey such that eg e, = e, for all n. Put

n:=lim in (fon) =1—|11 = foll1w > 0.

t =
n—w 7T (A)
By the proof of [16, Lemma 2.4] there is a constant o > 0 (that only depends on ¢)
such that
: U2 e1/2y o
%I_I;%T( O,ng Om,) Z %%T(fom)
for all 7 € T(A). Put § = an/2 > 0 and put b, = ( (ifg (}f —0)y. As 7(b) < d.(b)
for all positive contractions b € A and all 7 € T'(A), it follows that
lim inf d,(b,) > lim inf 7(b,) > lim inf 7(fo/2gfyh)) — 0
oy ) 2y Bl T 2 i By om0 o)
> - i inf n) —0 = -0 .
=« nl—rSJ 7'61;1(A)T<fo7 ) o1 >0

We claim that
(5.8) lim sup d,(ep,) =0.

oW reT(A)
To see this, apply the result about the existence of ey in part (i) once again to find a
positive contraction ¢ € F(A) N J4 such that e'eg = eg. Let (e],),>1 in (*°(A) be a
positive contractive lift of ¢’ such that e} ey, = eg, for all n. Then d.(ep,) < 7(€),)
for all n and all 7 € T(A), and lim,, ., sup,cp4) 7(€;,) = [|€'[[1. = 0. This shows that
(5.8) holds.

Let v = v(A) be the constant witnessing that A has local weak comparison. The set
X consisting of all n € N such that
- sup dr(egn) < inf d.(b,
T S drleon) < Bl &)
belongs to w. By definition of 7 this entails that ey, Z b, = (folfg Jf —0)4 for
all n € X. (Here we use the assumption that T'(A) = QT'(A).) As epne, = e, this

implies we can find v, € A such that v} &/fg (i/,fvn = e, and ||v,|| < 672 for all

n € X. Observe that ||gl/2f017/n211n||2 = |le,]| < 1. Put ¢, = hl/le/Qf&/nQUn. Then

Itall? < 1te, thaty=en, (1= ftall < [[[fas 22 2] [ fonall-
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Hence lim,, ||(1 — fn)t.]| = 0, so the element t = 7,,(¢,t2,t3,...) € A, has the desired
properties. Il

We start now the proof of Proposition 5.10:

Definition 5.6. Let A C B be C*-algebras. A completely positive map ¢: A —
B is said to be one-step-elementary if there exist a pure state A\ on B and
di,...,dy;cq,...,c, € B such that

ola) = Z Md; ady)ciey, .

jk=1

An inspection of the proof of [16, Proposition 2.2], using our Lemma 5.5 instead of [16,
Lemma 2.5], gives a proof of the following:

Lemma 5.7 (cf. Proposition 2.2 of [16]). If A is a unital, simple, and separable C*-
algebra with the local weak comparison property and with QT(A) = T(A) # 0, then
every one-step-elementary completely positive map ¢: A — A can be excised in small
central sequences.

Lemma 5.8. If A is a separable C*-algebra, then the family of all completely positive
maps ¢: A — A, that can be excised in small central sequences, is closed under point-
norm limats.

Proof. Let ¢,: A — A be a sequence of completely positive maps, each of which can
be excised in small central sequences, and which converges pointwise to a (completely
positive) map ¢: A — A. We show that ¢ can be excised in small central sequences.

Let e, f € F(A) be given such that e € J4 and sup,, ||[1 — f*||2 < 1. For each n > 1
there exist s, € A, such that fs, = s, and s’as, = ¢,(a)e for all a € A.

The Banach-Steinhaus theorem shows that the sequence (¢,),>1 is uniformly
bounded. Let (ug)r>1 be an increasing approximate unit for A consisting of positive
contractions (if A is unital we can take uy = 1 for all k). Upon replacing ¢,, with the
map a — ¢, (ugauy) for a suitably large k = k(n), we can assume that ||¢,| — |||l

Lift e and f to positive contractions (ej,es,...) and (fi, fa,...), respectively, in
(>(A). Let (ay),>1 be a dense sequence in the unit ball of A. We shall use Lemma 3.1
to finish the proof. Let each X,, be the unit ball of A; and consider the test functions

@) == fazll, £V () = e e — plaell, @€ Xa, k> 1.

Let s, = (Sm.1, Sm,2; Sm3, - - - ) € £°(A) be a lift of s,,,. Then f(f,l)(s;n) = (1= f)sm] =
0, and

m—ro0

FED (s) = lsmansm — e(ar)ell = [ (om(ar) = e(ar)ell =3 0

for all K > 1. The e-test of Lemma 3.1 is thus fulfilled, and so there exist contractions
(tn)n>1 in A such that ¢ := m,(t1,ta,...) satisfies ft = ¢t and t*at = p(a)e for all
a€ A O
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The following useful observation (together with the lemma above) allow us to bypass
[16, Chapter 3|. In particular, our arguments do not depend on [16, Lemma 3.3].

Proposition 5.9. Let A C B be a separable C*-algebras, with B simple and non-
elementary, and let p: A — B be a completely positive map. Then ¢ is nuclear if
and only if it is the point-norm limit of a sequence of completely positive one-step-
elementary maps ¢,: A — B.

One can relax the assumptions on B to the following: there exists a pure state A on B
such that the associated GNS representation py: B — L(H) satisfies py ' (K(H)) = {0}.

Proof. Each one-step-elementary map has finite dimensional range, and is therefore
nuclear by [5, Theorem 3.1]. As the set of nuclear maps is closed under point-norm
limits, we see that the "if” part of the proposition holds.

Suppose now that ¢ is nuclear. Then ¢ can be approximated in the point-norm
topology by maps of the foorm VoU: A — B, where U: A — M, and V: M,, - B
are completely positive maps, and n > 1. It thus suffices to show that V o U can
be approximated by one-step-elementary maps. By Arveson extension theorem, the
completely positive map U extends to a completely positive map W: B — M,,.

Using a trick from the Stinespring theorem, we can decompose V: M, — B as a
superposition V =T o F, with

E:M,— M,®1, C M,:, E(r) =2®1,,

and a completely positive map T': M,2 — B of the form T'(y) = C*y C, for y € M,2,
where C' is a suitable column matrix in M2 (B). Indeed, if (e;;)7,—; are the matrix
units for M,,, then

P=(id, @ V) (Y ey @ey) € My B
i7j
is positive, and hence has a positive square root PY/? = Zij eij @ c;j, with ¢;; € B.
Then V(e;;) = > 1_, ¢icr; for all 4, 5. We obtain C = (¢, g, . .., ¢,2)" from a suitable
rearrangement of the matrix (¢ ).

Now, VoW =T oS, where S := FEoW: B — M, is completely positive; and
VoU = (ToS)|a. We have the following commutative diagram:

M, M, @ M,

Choose a pure state A on B such that p,'(K(H)) = {0}. (If B is simple and non-
elementary, then any pure state will have this property.)
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We show below that the map S: B — M,z is the point-norm limit of maps S’: B —
M2 of the form
S'(b) = [)\(al;'fbdk)}18.’]6“27 be B,
where dy,ds, . .., d,2 are elements in B. This will finish the proof, since (T'0S")|4: A —
B is a one-step-elementary completely positive map, namely the one given by

(T o S)|ala) =Y Mdjadi)cjcr,  a € A,
gk
and V o U is the point-norm limit of maps of the form (7" o S")| 4.

It is a consequence of Stinespring dilation theorem for the completely positive map
S: B — M,z, that there is a representation p: B — L(Hy) and vectors ny,ms, ..., N2 €
Hj such that [S(b)]ij = (p(b)n;,mi). Upon replacing p with p @ o for some non-
degenerate representation o: B — L(H;) with o7 '(K(H;)) = {0}, we can assume,
moreover, that p~' (K(Hy)) = {0}. Tt follows from a theorem of Voiculescu, [27], see [2],
that p and p, are approximately unitarily equivalent. We can therefore approximate S
in the point-norm topology by maps S’: B — M, of the form [S'(b)]ij = (pA(b)¢;, &)
for all b € B, for some vectors &;,&,...,&,2 € H. Let & € H be the canonical
separating and cyclic vector representing the pure state A\. Kadison’s transitivity the-
orem for irreducible representations provides us with elements dq,ds, ..., d,> € B with

pa(d;)é = &;. Hence,
[S'®)],; = (pA(0)&;, &) = (pa(bd;)&o, pa(di)Eo) = A(djbd;),
for all b € B, as desired. O

Proposition 5.10. Suppose that A is a unital, simple, and separable C*-algebra with
the local weak comparison property and with QT (A) = T(A) # (. Then every nuclear
completely positive map ¢: A — A can be excised in small central sequences.

Proof. Combine Lemma 5.7, Lemma 5.8, and Proposition 5.9 (with B = A). 0

Matui and Sato proved in [16] that if the identity map on a unital (simple, separable)
(C*-algebra can be excised in small central sequences, then the C*-algebra has property
(SI). The same holds in our setting: If id4: A — A can be excised in small central
sequences, then A has property (SI). Indeed, in the ultrafilter notation of both prop-
erties, let e, f € F(A) be given with e € J4 and sup; |1 — f*|li. < 1. As ids can be
excised in small central sequences there is s € A, such that fs = s and s*as = ae for
all a € A. It is then easy to see that (as —sa)*(as—sa) =0 for alla € A, so s € F(A).

Note that if A is unital, stably finite, and exact, then QT (A) = T(A) # (. We
therefore get the following:

Corollary 5.11. Suppose that A is a unital, stably finite, simple, nuclear, and separable
C*-algebra with the local weak comparison property. Then A has property (SI).
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We proceed to state a result that shows the importance of having property (SI). The
implication ” (iii) = (iv)” is implicitly contained in [16]. The dimension drop C*-algebra
I(k,k + 1) is the C*-algebra of all continuous functions f: [0,1] — My ® M1 such
that f(0) € My ® C and f(1) € C® M.

Proposition 5.12. Suppose that A is a separable, simple, unital and stably finite C*-
algebra, and that A has property (SI). Then the following properties are equivalent:

i) AZA® Z.
(ii) There exists a unital *-homomorphism R — F(A)/(F(A) N Ja), where R de-
notes the hyperfinite I -factor.
(iii) There exists a unital *-homomorphism My — F(A)/(F(A)NJy4) for somek > 2.
(iv) There exists a unital *-homomorphism I(k,k + 1) — F(A) for some k > 2.

Proof. (i) = (ii). Assume that A = A®Z. Then one can find an asymptotically central
sequence of unital *~homomorphisms ,,: Z — A such that the image of the unital *-
homomorphism ,,: Z, — A, is contained in F(A). It follows from the definition of
the trace-kernel ideal that ¥,(Jz) € J4. The unital *-homomorphism ), therefore
induces a unital *~homomorphism

F(2)/(Jz N F(Z)) = F(A)/(Jan F(A)).

The Jiang-Su algebra has a unique tracial state 7, so Jz = J,. It therefore follows from
22, Lemma 2.1] (or from our Theorem 3.3) that the hyperfinite II;-factor R embeds
unitally into FI(Z)/(Jz N F(Z2)).

(i) = (iii) is trivial.

(iii) = (iv). One can lift the unital *-homomorphism My — F(A)/(F(A)NJ,4) to a
(not necessarily unital) completely positive order zero map ¢: My — F(A). Put a; =
v(ejj), 1 < j < k. Then ay,as,...,a; are pairwise orthogonal, pairwise equivalent,
positive contractions in F(A). Moreover, e :== 1 — (a3 + az + -+ + ax) € Ja, and
Il —a*||1n = 1/k for all m.

By Lemma 5.5 (i) there is f € F'(A) such that sup,, ||[1—f"|l1o = supy |1 —a||10 =
1/k and fa; = f. Property (SI) implies that e =X fin F'(A); and f 3 (a3 —1/2), holds
because fa; = f, so e 3 (a1 —1/2); in F(A). The existence of a unital *-homomor-
phism I(k,k + 1) — F(A) now follows from [20, Proposition 5.1].

(iv) = (i). We have unital *~homomorphisms:

Z = QI(kk+1) = F(A).
n=1
The existence of the first *~homomorphism follows from Dadarlat and Toms, [6]. As
remarked in Section 2, the existence of the second *-homomorphism follows from [13],
where it is shown that if there is a unital *~-homomorphism D — F(A) for some sepa-
rable unital C*-algebra D, then there is a unital *-homomorphism from the (maximal)
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infinite tensor power of D into F(A). It is well-known that the existence of a unital
*~homomorphism Z — F(A) implies that A =2 A ® Z when A is separable. O

We conclude this section with an observation that may have independent interest:

Proposition 5.13. Suppose that A is a simple, separable, unital and stably finite C*-
algebra with property (SI). Then, for every positive contraction ¢ € Jyu, there ezists
s € JaN F(A) with s*sc = ¢ and ss*c = 0. In particular, J4 and Ja N F(A) do not
have characters.

Proof. By the fact that J, is a o-ideal (applied to the separable sub-C*-algebra C*(A, ¢)
of A,) there is a positive contraction e € J4NF(A) such that ec = ¢ = ce. Let f = 1—e.
Then 1 — f* € J4N F(A) for all integers k > 1, so supy, |1 — f*||2.. = 0. By property
(SI), there is s € F(A) with s*s = e and fs = s. The former implies that s € J4 and
s*sc = ¢, and the latter implies that s*e = 0, so s*c = 0.

It follows from the first part of the proposition that any *-homomorphism from Jg4,
or from J4 N F(A), to the complex numbers must vanish on all positive contractions.
Hence it must be zero. This proves that J4 and J4 N F(A) have no characters. U

6. AFFINE FUNCTIONS ON THE TRACE SIMPLEX

Let A a unital C*-algebra with T'(A) # 0. We denote the closure of 07T'(A) in T'(A)
by bT(A). One can think of bT'(A) as some sort of Shilov boundary (minimal closed
norming set) for the function system Aff.(7T'(A)), consisting of all continuous real valued
affine functions on T'(A). The main topic of this section is to study the range of the
canonical unital completely positive mapping A — C(bT(A)), and of its ultrapower
A, = C(bT(A))n. (We shall denote these mappings by 7 and 7, respectively.) In
particular we conclude, without assuming nuclearity of A, that for given non-negative

continuous functions fi,..., f,: bT(A) — [0,1], with disjoint supports, there exist
pairwise orthogonal positive elements as, ..., a, in A such that 7 (a;) is close to f; for
all j.

Let S denote a compact convex set in a locally convex vector space L. We denote
by Aff.(S) the space of all real-valued continuous affine functions on S. We use in the
following considerations that the functions in Aff.(S) of the form s +— f(s) + «, with
a € R and f a continuous linear functional on L, are uniformly dense in Aff.(S). This
can be seen by a simple separation argument. We denote the extreme points of S by
05, and bS denotes the closure of 05.

The space Aff(S) of bounded® affine functions on S consists of all pointwise limits
of bounded nets of functions in Aff.(S), and Aff(S) coincides with (Aff.(S))**.

A classical theorem of Choquet, [1, Corollary 1.4.9], says that for each metrizable
compact convex subset S of a locally convex vector space V and each x € S there

3There exist unbounded affine functions on the simplex S of states on C'({0} U {1/n : n € N}) if one
accepts the axioms of choice for set theory.
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exists a Borel probability measure p on S, such that for all f € V*,
(6.1) f@)= [ f(s)du(s)
s

and p(0S) = 1. Such a measure p is called a Choquet boundary measure for x € S;
and it is automatically regular. A compact convex subset S of a locally convex vector
space V is a Choquet simplex (also called simplex *) if the boundary measure p in (6.1)
is unique.

Every Borel probability measure p on bS, with the property that p(K) = 0 for every
compact subset of bS\ 0, defines a state on C(bS), and thus an element of S. It follows
that two Borel probability measures p and v with p(0S) = 1 and v(9S) = 1 define the
same state on the algebra C(bS) if they coincide on the real subspace Aff.(S) C C(bS)sa.

We describe the map from S to the family of boundary integrals on S with the help
of the commutative W*-algebra C'(S)**, when S is a Choquet simplex.

Let @ € C(bS)*™ be the projection (in the countable up-down class) that corresponds
to the Gg subset 0S of bS C S. Then @ < P, where P € C(S)** is the (closed)
projection corresponding to the closed set bS. Then the (unique) representation of the
states on S as boundary integrals extends to an order-preserving isometric map from
(Aff.(S5))* onto the predual QC(bS)* = (QC(bS)*™), of the commutative W*-algebra
QC(bS)*.

It follows that the second conjugate order-unit space Aff.(S)** is unitally and iso-
metric order isomorphic to the self-adjoint part of the W*-algebra QC(bS)**. In other
words: If S is a Choquet simplex, then Aff.(S)™ is a commutative W*-algebra and
the boundary integral construction comes from a (unique) extension of the natural
embedding Aff.(S) C Aff.(S)** to a *~homomorphism from C(bS) into Aff.(S)** (that
coincides with the natural *-homomorphism from C(bS) into QC(bS)™ = QC(S)*).

Using an obvious separation argument, one obtains the following characterization of
Choquet—Bauer simplexes, [1, Corollary 11.4.2]: If S is a metrizable Choquet simplex
with 05 closed in S, then S is the convex set of probability measures on 95, and
Aff.(S) = C(05)sa- The order-unit space Aff.(S) of real-valued continuous affine func-
tions on a Choquet simplex S is naturally isomorphic to C(0S)s, = C(0S,R) if and
only if 95 is closed in S.

Lemma 6.1. Let S denote a metrizable compact convex set, and let 9 € S\ IS.
Then there exists a compact subset K C 0S \ {10} such that f(79) < 2/3 whenever
f € Aff.(S) satisfies

0<r<l swpf(r) <173
TeK

4There are definitions of simplexes S by the Riesz decomposition property for S, cf. [1, prop.I1.3.3].
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Proof. Let p be a Choquet boundary measure for 79. Then p is a Radon probability
measure on S satisfying ;(0S) = 1, and

)= [ flr)du(r)
aS

for all f € Aff.(S). By a theorem of Ulam, the finite measure p is automatically inner
regular, so there exists a compact set K C 05 such that u(K) > 1/2. If f € Aff.(S5)
satisfies 0 < f < 1 and f(7) < 1/3 for all 7 € K, then

f(m) = 8S]”(T)du(T) < %-u(K)—i—(l—u(K)) < 2/3. O

We now return to the case where S = T'(A), the trace simplex of a unital C*-algebra
A. The order-unit space of continuous real valued affine functions on 7'(A) will be
denoted by Aff.(T(A)). The complexification Aff.(T'(A)) +iAff.(T(A)) of Aff.(T'(A)),
denoted C-Aff.(T'(A)), can be viewed as the space of complex valued affine continuous
functions on T'(A). Define the norm || f|| on f € C-Aff.(T'(A)) by

(6.2) IfII:= sup [f(T)| = sup [f(7)]

TET(A) TE€IT(A)
It follows that C-Aff.(T(A)) is a closed unital subspace of C(T(A)). Notice also that
we have the following natural unital isometric inclusions,
C-AL(T(4)) C C(BT(A)) € Cy(9T(4),
where the latter is a *~homomorphism.

Consider the natural unital completely positive map
T:A— C-Aff.(T(A))

defined by T (a)(7) = 7(a) for 7 € T(A) and a € A. We shall sometimes view T as a
map from A to C(bT'(A)). Note that T is central, i.e., T (ab) = T (ba) for all a,b € A.
Moreover, T (As) = Aff.(T(A)).

Lemma 6.2. Let A be a unital C*-algebra with T(A) # (). Denote the center of A**
by C. Let p denote the largest finite central projection of A**, and let E: A*p — Cp be
the (normal) center-valued trace on the finite summand A**p of A**.

The map T: A — C(UT(A)) defined above has the following properties:

(i) Let A denote the restriction of (T)*: A™ — C(VT'(A))** to Cp. Then A is a
unital isometric isomorphism of (complexified) order-unit Banach spaces from
Cp onto C-Aff.(T'(A)), and (T)*(a) = A(ap) for a € A*™.
(ii) T maps the open unit ball of A onto the open unit ball of C-Aff.(T(A)).
(iii) 7 maps the open unit ball of As, onto the open unit ball of Aff.(T'(A)).

(iv) T maps AL = {a € A:0 < a < 1} onto a dense subset of the set of [ €
AREL(T(A)) with [(T(A)) € [0,1].
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Proof. Each central linear functional p on A has a polar decompositions p(a) = |p|(va),
a € A, where |p| is a positive central functional, and where v a partial isometry in the
center of A**.

The adjoint of the restriction of 7 to As, maps the unit ball of (Aff.(7'(A)))*, which
is equal to

{ar 4+ B 1,7 € T(A), o, BER, |a| + 8] < 1},

onto the set of all hermitian central linear functionals on A of norm < 1.

The unit ball of (C-Aff.(T'(A)))* is equal to the norm closure of the absolute convex
hull conve(T(A)) of T(A). This shows that

T (C-Aff (T(A)))" — A
maps the unit ball of (C-Aff.(T'(A)))* onto the space of central linear functionals in A
of norm < 1.
Let Ag and Ac denote the R-linear, respectively, the C-linear span of the commu-

tator set {i(ab—ba) : a,b € As}. Then

sup |7(a)| = dist(a, Ag), sup |7(b)| = dist(b, Ac),
TEIT(A) TEIT(A)
for a € As, and b € A. Tt follows that T: A — C-Aff.(T(A)) defines a unital isometric
isomorphism from A/[A, A] onto C-Aff.(T'(A4)), where [A, A] denotes the norm closure
of the linear span of the self-adjoint commutators i(ab — ba), where a,b € Ag,.

Since 7* is an isometry which maps onto the space of central functions on A, the
map T: A — C-Aff.(T(A)) is a quotient map (i.e., 7 maps the open unit ball onto
the open unit ball).

In a similar way one sees that the restriction of 7 to Ay, does the same for Ay, and
Aff.(T'(A)). A separation argument finally shows that 7 maps the positive contractions
in A onto a norm-dense subset of the continuous affine maps f: T(A) — [0, 1]. 0

Let
To: Ay — (C-Aff(T(A))).,
denote the ultrapower of the map 7: A — C-Aff.(T'(A4)).

Lemma 6.3. Let A be a unital C*-algebra with T(A) # 0

. Then T, maps the closed
unit ball of A, onto the closed unit ball of (C-Aff.(T(A)))..

Proof. This follows from Lemma 6.2 (ii), because every element f of the closed unit
ball of (C-Aff.(T'(A)))., can be represented as

f=m,(f1, fo,...) = mu(T(a1), T (az),...) = To(mu(a, as,...))

with each f, in the open unit ball of C-Aff.(T'(A)) and a, in the open unit ball of
A. O

Lemma 6.4. Let A be a C*-algebra, let aq,...,0m,b1,...,b, € A, and let e > 0. Then
there exist N € N and self-adjoint elements hy, ..., hy in A with ||h|| < 7 such that,
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for1<j<mandl <k <m,

[aj, N1 Z exp(—ihg)bk exp(ihgﬂ H < E&.
(=1

In particular, if A is unital and T(A) # 0 then the unital completely positive map
To: Ay — (C-Aff(T'(A))),, maps the closed unit ball of F(A) onto the closed unit ball
of (C-Aff(T(A))w.

Proof. Using a standard separation argument, one can reduce the first statement to
the case of the W*-algebra A**. Here it follows from [7, chp.IIl, §5, lem.4, p.253],
because each unitary element in each W*-algebra M is an exponential exp(iH) with
H*=H € M and ||H|| < w. Use also that the map H — exp(:H) is *-ultra strongly
continuous, and {h € A : h* = h, ||h|| < 7} is *-ultra strongly dense in {H € A™ :
H*=H, |H| <7}.

The second statement follows from the first and the fact that 7 is central. Thus,
for each sequence (by,bs,...) of contractions in A there exists a central sequence
(€1, ¢, . ..) of contractions in A such that 7, (¢1, ¢, ...) € F(A) and T, (m,(c1,ca,...)) =
To(7y(b1, ba,...)). Lemma 6.3 then shows that 7, maps the closed unit ball of F'(A)
onto the closed unit ball of (C-Aff.(T'(A)).. O

Lemma 6.5. Suppose that B and C are unital C*-algebras, C is commutative and
that W: B — C is a faithful and central unital completely positive map. Then the
multiplicative domain, Mult(¥), is a sub-C*-algebra of the center of B.

If W maps the closed unit ball of B onto the closed unit ball of C, then ¥ defines an
isomorphism from Mult(¥) onto C.

Proof. The multiplicative domain Mult(¥) C B of the unital completely positive map
U is defined by the property ¥(bv) = U(b)¥(v) and W(vb) = U(v)¥(b) for all b € B
and v € Mult(W). It clearly is a sub-C*-algebra of B which contains 1. For all a,b € B
we have

19 (a"b) — W(a)" U(D)* < [[¥(a"a) — (a)"¥(a)] - [|W(bD) — W(b) ¥ (D)
(because V¥ is unital and 2-positive). This shows that v € Mult(V) if and only if
U(v*v) = U(v)*W(v) and V(vv*) = U(v)¥(v)*. The latter identity follows from the
former if W is central and C' is commutative.

The restriction of ¥ to Mult(V) defines an injective *~homomorphism Mult(¥) — C
because ¥ is faithful.

We show that Mult(W) is contained in the center of B. Let b* = b € B and let u
be a unitary element in Mult(¥). Then U(u)*¥(bub) = ¥(u)*¥(b?u) = ¥(b*) because
U is central and C' is commutative. It follows that ¥((bu — ub)*(bu — ub)) = 0. Thus,
bu = ub. This shows that Mult(V) is contained in the center of B.

Suppose that ¥ maps the closed unit-ball onto the closed unit ball of C. If u € C
is unitary, then there exists a contraction v € B with ¥(v) = u. It follows that
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1=V()"¥(v) < VU(v*v) <1,and 1 = ¥(v)¥(v)* < U(vv*) < 1. Thus, v belongs to
Mult (7). O

In the proposition below, 7,: A, — C(bT(A)), is the "trace map” defined above
Lemma 6.3. The multiplicative domain of 7, is denoted by Mult(7y).

Proposition 6.6. Let A a unital and separable C*-algebra with T(A) # (. Iden-
tify Aff.(T(A)) with a unital subspace of C(bT(A),R) = C(bT(A))sa, and identify
C-Aff(T'(A)) with a unital subspace of C(bT(A)).

The following properties of A are equivalent:

(i) For each 1y € bT(A) and for each non-empty compact set K C bT(A) \ {70}
there exists a positive contraction a € A with

To(a) > 2/3, sup7(a) < 1/3.
TeEK

(ii) OT(A) is closed in T(A).

(iii) Aff(T'(A)) = COT(A))sa-

(iv) C-Aff (T'(A)) = C(OT(A)).

(v) To maps the closed unit ball of A, onto the closed unit ball of C(bT'(A))..
)

(vi) Ja € Mult(7,) C F(A) + Ja, and T,: Mult(T,) — C(bT(A)), is a surjective
*-homomorphism with kernel equal to J4.

Proof. The equivalences of (ii), (iii), and (iv) have been discussed (for general Choquet
simplexes S) above Lemma 6.1. Lemma 6.1 shows that (i) implies (i), and Lemma 6.3
shows that (iv) implies (v).

(v) = (vi). The closed two-sided ideal J4 of A, consists of those elements a € A, for
which 7, (a*a) = 0. Therefore T, factors through a faithful unital completely positive
map V: A,/Js — C(bT'(A)),. If (v) holds, then Lemma 6.5 shows that Mult(¥) is con-
tained in the center of A,,/J4, and that ¥ maps Mult(¥) onto C(bT'(A)),. The center of
A,/ J4 is contained in F'(A)/(F(A)NJa) = (F(A)+J4)/Ja. The multiplicative domain
of T, is the preimage of Mult(¥) under the quotient mapping A, — A,/J4. Hence
Mult(7,,) is contained in F'(A) + Jy4, and T,(Mult(7,,)) = ¥(Mult(¥)) = C(bT'(A))..

(vi) = (i). Let 79 € bT(A) and ) # K C bT(A) be a compact subset that does
not contain 75. Then there is a continuous function f: bT(A) — [0,1] with f(7) =1
and f(K) = {0} (by Tietze extension theorem). By (vi) there is a positive contraction
b := m,(by,ba,...) € Mult(7,) with 7,(b) = f. We can choose the lift (b,),>1 of b to
consist of positive contractions. Now, lim,, |7 (b,) — f|| = 0, so there exists n € N such
that

sup |f(7)—7(b,)| < 1/3.

TEVT(A)
The element a = b, is then a positive contraction satisfying 79(a) > 2/3 and
sup,cx 7(a) < 1/3. O
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Corollary 6.7. Let A a unital and separable C*-algebra with T(A) # (0. The following
properties of A are equivalent:

(i) OT(A) is closed in T(A).
(i) To,: F(A) — C(bT(A)), maps the closed unit ball of F(A) onto the closed unit
ball of C(bT'(A)),.
(iii) For every separable unital sub-C*-algebra C of C'(bT(A)) there exists a sequence
of unital completely positive maps V,,: C — A such that, for all c € C,
lim  sup 7(Va(c*c) = Va(c)*Va(c)) =0, lim 7 (V,(c)) = c.
n—o0 TG@T(A) n—oo
(iv) For every separable unital sub-C*-algebras C of C(bT'(A)) there exists a sequence
of unital completely positive maps V,,: C — A such that, for alla € A and c € C,
lim  sup 7(V,(c*c) = Vo(c)*Va(c)) =0, lim 7(V,(c)) = ¢,
n—o0 TE({)T(A) n—oo

and
Jim |[a. Vi (e} = 0.

Proof. The equivalence of (i) and (ii) follows from Proposition 6.6. Part (iv) clearly
implies (iii); and (iii) implies Proposition 6.6 (v), which in turns implies part (i) of the
present corollary. It suffices to show that Proposition 6.6 (vi) implies (iv). To do this
we show that Proposition 6.6 (vi) implies that, for every compact subset {2 C A, every
finite subset X C C, and every € > 0, there exists a unital completely positive map

V:C — A with
sup T(V(c*c) - V(c)*V(c)) <&, IT(V(c)) —c| <e, I[a, V(c)| < e,

T€IT(A)
for all a € Q and ¢ € X.

Let W: Mult(7,)/Ja — C(VT(A)), be the factorization of 7,: Mult(7,) —
C(bT'(A)), (as in the proof of Proposition 6.6), and consider the *-homomorphism
Ute: C— F(A)/(JaNF(A)). Take a unital completely positive lift W: C — F(A) of
U1 (using that C is nuclear). This map can be further lifted to a unital completely
positive map

W: C — 7 (F(A)) C £2(A).
Now W is given by a sequence of unital completely positive maps V,,: C — o (A). For
some integer n > 1, the map V :=V,, has the desired properties. U

Corollary 6.8. Let A a separable, simple, and unital C*-algebra with T(A) # 0. Then

OT(A) is closed in T(A) if and only if the following holds:
For any partition of the unit (fi(k))gkgm, 1<i<uk) of C(bT'(A)), with fi(k)fj(k) =0 for

all k and for all i # j, for every e > 0, and for every compact subset ) of A, there exist
positive contractions (agk))lgkgm, 1<i<u(k) 1 A that satisfy the following conditions:

(i) al) agk) =0 for all k and all i,j with i # j.

)
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(i

(iii

[b, agk)]H < ¢ for all k,j and for all b € €.
|fj(k)(7')1/2 — T(agk))| - |f](k)(7') — T((agk))2)| < e forallk,j and all T € VT (A).
S (a®)2 <1+ ¢ where a® = a? + .- 4 o)

(iv (k)
o, alO)ll < & for all k. (i, 5.

(v

Proof. Property (iii) (applied to the partition of the unit {f,1 — f}, with m = 1 and
p(l) = 2, and where f a positive contraction in C(b7(a)) such that f(7y) = 0 and
f(K) = {0}) implies property (i) of Proposition 6.6, and hence it implies bT'(A) =
OT(A). This proves the "only if” part of the corollary. We proceed to prove the ”if”
part.

Suppose that 0T (A) = bT'(A) (i.e., that 9T (A) is closed). We shall use Proposi-
tion 6.6 (vi) (and its proof) to prove the existence of the positive contractions a;k).
Let C C C(bT'(A)) be the separable unital sub-C*-algebra generated by the functions
(fi(k)). As in the proof of Proposition 6.6 (vi), let U: A, /J4 — C(bT(A)), be the
(faithful) factorization of the map 7,: A, — C(bT(A)),. We have a *-isomorphism
U: Mult(¥) — C(bT'(A))w, and Mult(¥) C F(A)/(F(A) N Ja). The inverse of this
map, restricted to C, gives us an injective *-homomorphism ®: C — F(A)/(F(A)NJa).
Since J4 is a o-ideal, we can apply [13, Proposition 1.6] to obtain an injective *-
homomorphism ¢: Cy((0,1],C) — F(A) with 7, (p(t ®¢)) = ®(c) for all ¢ € C, where
t € Co((0,1]) as usual is given by «(t) = t.

Set gi(k) =L ® fi(k)) € F(A). For each fixed k, we can lift the mutually orthogonal
positive contractions gz-(k) to mutually orthogonal positive contractions bgk) € l(A),
1 <i < (k). Let P,: {>*°(A) — A be the projection onto the nth copy of A. For a
given € > 0, the set X C N consisting of all n € N for which the system, agk) = Pn(bgk)),
satisfies conditions (i)—(v) above, is contained in the ultrafilter w. In particular, X # 0,
which completes the proof. Il

~— — ~— —

Remark 6.9. Let A be a unital C*-algebra. Put X = 0T'(A). The Gelfand space of
characters on C'(X )4 is the corona space

V(X X N) = (X xN) \ (X xN),

where 3(X x N) denotes the Stone-Cech compactification of X x N.
The Gelfand space of C(X), is a subspace of v(X x N) obtained as follows. The

map m: (z,n) € X x N— n € N is continuous, open and surjective. Thus, it extends
to a surjective continuous map [B(ms) from (X x N) onto S(N). One can see that
B(me)1(N) = X x N, because X is compact.
It follows that f(ms) defines a surjective map y(my) from (X x N) onto v(N). The
points of v(N) are in natural bijective correspondence to the free ultra-filters on N.
The Gelfand space of C(X),, is the space Y := y(m) ' (w) C y(X x N).

Proposition 6.6 (vi) and Lemma 6.5 show that the C*-algebra A, /J4 contains a copy
of C(bT'(A)). as a sub-C*-algebra of its center if 0T (A) = bT'(A).
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Thus F(A)/(JaNF(A)) is a C(Y)-C*-algebra. It would be interesting to know more
about its fibers.

7. THE PROOF OF THE MAIN RESULT

In this section we prove our main result, Theorem 7.8. As in the previous sections,
bT'(A) denotes the weak® closure of 0T'(A) in T'(A) C A*, whenever A is a unital
C*-algebra (with T'(A) # 0).

Definition 7.1. Let A be a unital C*-algebra, let 2 C A be a compact subset, and
let ¢ > 0. An (g,Q)-commuting covering system (U; VI, ... V™) of size m consists
of the following ingredients:

(i) an open covering U of bT'(A), and

(ii) finite collections

0 _ € 1,00 (0)
V()_{‘/l 7‘/2 ""’V,U»(f)}

of unital completely positive maps Vj(e): My — A 1</{<mand1<j<pul).
The following properties must be satisfied:
(iii) ||[a, Vj(é)(b)]H < ¢ for all a € Q, all contractions b € Ms, and all ¢ and j.

(iv) || [Vj(é)(b), Vz(k)(c)]H < ¢ for £ # k, for all 4, j, and for all contractions b, c € Ms.

(v) For each open set U € U and each £ € {1,...,m} there exists j € {1,...,u(f)}
such that
(VO ) — VO vOm) < e
for all contractions b € Ms and all 7 € U.

Remark 7.2. If (U; VY, ... V™) is an (e, Q)-commuting covering systems of size
m, and if U’ is a refinement of the covering U, then (U"; VWV, ... V™) is again an
(g, Q)-commuting covering systems of size m.

Let N be a W*-algebra with separable predual, and let 7 a faithful normal tracial state
on N. As before, we let N denote the W*-algebra (. (N)/c,(N), where ¢, (N)
consists of the bounded sequences (ay,ag,---) with lim, ||a,|2.- = 0. Recall further
that for each 7 € T'(A) we have a semi-norm || - ||2 on A,, and that .J; is the closed
two-sided ideal of A, consisting of those a € A,, for which ||al|z, = 0.

Lemma 7.3. Let A be a unital separable C*-algebra. Let T € T(A), and let N, =
p-(A)", where p; is the GNS representation of A associated with 7. If N. N (N;)*
contains a unital copy of My, then there exists a sequence of unital completely positive
maps Vy,: My — A such that,

lim sup 7(V,(b*b) — V,(b)* V(b)) =0, lim sup ||[a, V,,(b)]|]| =0

w be(Ma2)1 W ae

for each compact subset Q0 of A, where (Ms), denotes the unit ball of M.
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Proof. It follows from Theorem 3.3 that there is a surjective *-homomorphism
¢: F(A) — N.N(N;)* whose kernel is J;. We can therefore lift the given unital *~homo-
morphism My — N/ N (N,)“ to a unital completely positive map ¢: My — F(A). The
map ¥ lifts further to a unital completely positive map V' = (Vi, Va,...): My — (°(A).
It is straightforward to check that the sequence of unital completely positive maps
V,: My — A has the desired properties. O

Proposition 7.4. Let A be a unital separable C*-algebra with T(A) # (. Suppose
that, for each T € bT(A), the corresponding W*-algebra N = p.(A)" is McDuff, i.e.,
N®@R = N. Let m € N. For each compact subset Q of A and for each € > 0 there
exists an (e, Q)-commuting covering system (U; VI ... V™) of size m (in the sense

of Definition 7.1).

Proof. We proceed by induction over the size m. In case where m = 1 we need only
find one collection V(! = (Vj(l)) satisfying property (iii) and (v) of Definition 7.1 with
an open covering U of bT(A) (to be found). Let 7 € bT(A). By the assumption on
NI N N¥, Lemma 7.3 gives a unital completely positive map V': My — A, that satisfies
lla, V(b)]|| < e for all @ € Q and for all b in the unit ball of My. It is easy to see that
the map

(b,7) = T(V(°b) = V(b)'V (D),  (b,7) € (M2)1 x bT(A),
is uniformly continuous. Thus there exists, for every ¢ > 0 and every 7 € bT'(A), an
open neighborhood U, of 7 and a unital completely positive map V,: M; — A so that
IVe(),alll <&, 7/ (Va(b7D) — V2 (b)"V2(b)) <e

for all contractions b € My, for all a € Q, and for all 7/ € U,. Since bT(A) C T(A)
is compact, we can find a finite subset S of bT(A) such that U := {U, : 7 € S} and
VU .= {V, : 7 € S} satisfy the conditions (i), (ii), (iii), and (v) of Definition 7.1 for
the given € > 0.

Suppose now that, for some m > 1 and for each given ¢ > 0 and compact 2 C
A, there is an (g, 2)-commuting covering systems (U; VY, ..., V™) of size m, where
VO = (V) <jcuw- Then

a=0u |J v (wn)ca
1<0<m, 1<5<p(f)
is compact, and so we can find a finite (g, ')-commuting covering systems, (U’, V'),
of size 1. Put V™D := V' and refine U and U’ by taking all intersections U’ N U of
open sets U’ € U and U € U. Then U”; V), ... V) Ym+D) g an (g, Q)-commuting
covering systems of size m + 1, c¢f. Remark 7.2. U

Lemma 7.5. Let A be a unital and separable C*-algebra with T(A) # (. Suppose
further that 0T (A) is closed in T(A), that IT(A) has topological dimension m < oo,
and that for each 7 € OT(A) the corresponding II,-factor N = p.(A)" is McDuff.
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Then, for each compact subset ) and for each € > 0, there exist completely positive
contractions WO . WD M, — A with the following properties:

(i) [[[a, WOW)|| < e fort=1,...,m+1, for all a € Q, and for all contractions
be M,.

(i) I[WO ), WOV <& for ¢ =1,...,m+ 1 and all contractions b € M.

(i) [|[[W®E (), WO(e)]|| < & for all contractions b,c € My and all k # ¢ €
{1,...,m+1}.

(iv) || WO @B O1)Y2 — WO WOW)|, << forall £=1,...,m+1
and all contractions b € M.

(v) SUD7epr(A) ‘T(Zz w®(1) - 1) ‘ <e.

(vi) sup,eyray T(WO(1)) — 7'(1/1/“)(1)1/2)2 < ¢ forall £.

Proof. Let ¢ > 0 and £ C A be given. Assume without loss of generality that ¢ < 1/2.
Let (U; VD, ..., VM) YD) he an (e/2, Q)-commuting covering systems of size m+1,
cf. Proposition 7.4. Since the covering dimension and the decomposition dimension for
compact metric spaces are the same®, we find a refinement I’ of the covering U, such
that U’ is the union of m + 1 finite subsets Uy, ..., U, 1, and each U, = (Uf)lgjgu(g)
has the property, that any two open sets Ui@) and U ]@) in U, are disjoint if ¢ # 5. The

number p(¢) is the cardinality of the set U,.

For each open set U ]@ in U; there is a unital completely positive map Vj(e) My — A
in V® such that (iii), (iv) and (v) of Definition 7.1 hold, with (v) taking the concrete
form:

sup T(‘/}(@(b*b) - V(é)(b)*V-(Z)(b)) <e/2,

TEU](Q ’ !
for all contractions b € M,. Let ( f]@) be a partition of the unit for ¥7°(A) subordinate
to the open covering U’ = Uy U - - - U U4 of bT(A).
The functions ( f;e))lgjgu(g) are pairwise orthogonal for each fixed ¢. It follows from

Corollary 6.8 that there exist positive contractions <a§3)> in A such that (i)-(v) of
Corollary 6.8 holds with e = g¢” and 7€) = 3", where
m~+1

g0 = ¢/G, G:max{z,u(f)’ 8+ max N(g)z}a

1<e<m+1

and
Q=QU{VI0) :be (M), 1<l<m+1,1<j<ul)}

Define completely positive contractions W®: M, — A by
1 @)y () (©)
wOm) = Y dV90)a,  beM, 1<r<m+1.
1<5<pu(e)
% See [4, lem.3.2] for an elementary proof of the equivalence of covering dimension and decomposition

dimension in case of normal topological spaces.
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We shall show that WM W W+ satisfy conditions (i)-(vi). The verifications
are somewhat lengthy, but not difficult. We use that the number £y > 0 has been chosen
such that for all k, 7,

m+1
(0o <&, SBu(O)u(k)eg < e, g0y p(l) <e, (3+z0)eou(f) <e, 3eg<e.

We shall frequently use that
(7.1) WO = 3 @ womr= 3

1<5<p(0) 1<5<p(0)

The latter follows from the former together with the fact that agz) 4 ag.é) when i # j.

Ad (i): Fix £ =1,2,...,m + 1. We show that ||[a, WO (b)]|| < ¢ for all a € Q and
for all contractions b € My. Write [a W(z)(b)] = 51+ 52+ S3, where

w(€) w(€)
S = a.a®] - VOB, s, = Z Ola, VO], S =3 a®VOE®) - (a0
j=1 j=1

Since the summands in Sy are pairwise orthogonal, and since V™ is part of an (g/2, Q2)-

commuting covering, we get
921l = sup la;” a, V2 (b)la”l| < /2
Since a(z and b are contractions and ||[a, a ]H < gy, it follows that ||.S,|| < u(¥) - &g for
L=1, 3 We therefore get
lla, WO@)I < 1S1]] + [1Sall + [1Ss]l < £/2 + 2p(€) - g0 < e
Ad (ii): Write

W), w12 =3 a

Since Vj(é)(b) € {1y, and because the elements agé)

we see that the right-hand side is at most ¢y, which again is smaller than ¢.
Ad (iii): Write [W® (b)), W®(¢)] = Sy + Sy + S3, where

are pairwise orthogonal contractions,

(k) p(6)

S = (VP B)aa VO (el — oIV )V (el e,
i=1 j=1
p(k) p(e)

Se = > o) VP 0), v ()]a e,
i=1 j=1
p(k) p(e)

S, — (ag’f)a%/;“)(C)W’“)(b)a;‘)ag’“) _ a}f)v;.“)(c)af)ag’“)m(’“)(b)aﬁ’”).
i=1 j=1
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We estimate each of ||5;||, j = 1,2, 3, below. The pairwise orthogonality of the elements
(agg))lgjgu(g) and of the elements (az(-k))1<i<u(k) implies that

IS = 13 e (Z f’“><b>,vf“wn@“)@“n
< maxuz )V @)a|

< max [P 0), VO@ll < /2

By construction, the positive contractions agk) and ay) commute with each other, and

with all elements of €y, up to gg. It follows easily from this that [|.S,|| < 2u(€)u(k)eo,
v =1,3. We conclude that ||[[W®(b), WO (c)]|| < £/2 + 4u(0)p(k)eo < e.

Ad (iv): Since we only need to consider elements from one collection V) we drop
the upper index and write p = p(f), a; = a V= V ,and U; = UJ@. Since
WO(1)1/2 = > aj, cf. (7.1), we have

WOV O v pyw O (1)Y2 — w O (b ZaJTa],

where T = a;V;(b*b)a; — V;(b)*a? V;(b). It thus suffices to show that [|a;Tjasll, < e/p
for all 7. Now, in the notation of Definition 4.1,

la;Tja;] = max fla;Tia;]v.-
Let us first consider the case where i # j. As T} is a contraction we have ||a;T;a;| 1,0, <

llaj||1,0,- By Corollary 6.8 (iii) and the fact that f;e) (1) = 0 when 7 € U;, we conclude
that ||a;l[1,0, < €0 < &/p. Consider next the case i = j. Write T; = a;C;a; — R;, where

Ry = V;(b)"ai V;(b) — a;V;(b)"V;(b)aj,  Cj = V;(b°b) — V;(b)*V;(b) > 0.

Then ||R;|| < 2¢o, because all a; commute with all elements of €}, within ¢, and
|C;ll1,u, < €0, by Definition 7.1 (v). This shows that

< |la3Cadllv o, + llajRja;u,
< |1C;2aC v, + lla;Ryay])
< NGl + 1Rl < 3e0 < €/p

la;Tia 1o,

Ad (v): Use that (fjm) is a partition of the unit, that |f]@( ) —7(( ge )?)| < &g for
all 7 € bT'(A), and (7.1) to see that

m+1 m+1 p( m+1

|7 (ZW(Z)( Z Z} “)(7)| < ao-zu(é) < €.

=1 =1 j=1 =1

Ad (vi): Retaining the convention from the proof of (iv) of dropping the superscript,
we have WO(1) = 7. a? and WO (1)1/2 = 37 a;, cf. Equation (7.1). Moreover, since
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the functions (f;) are pairwise orthogonal, we have (3_; fjl/ 2)2 = >, fj. Using property
(iii) of Corollary 6.8 we get, for each 7 € bT'(A),

T(W(1)) — r(W(1)1?)

< Do) = Do KON £ = (o (@)
< pegot (24 e0)| ijml/? - ZT(%)\

< peeot+ (2+4e0) pmreg < (B4eg)eop < e

We have used that Y f;(7)"/? < 1 and that ). 7(a;) <1+ &o. The latter estimate
follows from Corollary 6.8 (iv), which implies that || >, a;|| < (1 + o)/ O

The following lemma is almost contained in [10, Lemma 5.7]. However, as the statement
in [10] formally is different from the fact that we shall need, we provide a proof of our
lemma for the convenience of the reader.

Lemma 7.6. Let B be a C*-algebra, let p > 2, and let 1, ..., pn: M, = B completely
positive order zero maps whose images commute, i.e., r(b)pe(c) = wi(c)pr(b) when
k#{ and b,c € M,.

(1) If |lp1(1) + @2(1) + -+« + ©u(1)]| < 1, then there exists a completely positive
order zero map : M, — B with

Y(1) = 1(1) + (1) + - - + n(1)

such that (M) is contained in the sub-C*-algebra of B that is generated by
the images op(M,), k=1,...,n.

(ii) Suppose that B is unital and that p1(1) + @2(1) + -+ + pn(1) = 1. Then there
is a unital *-homomorphism : M, — B.

Proof. (i). It clearly suffices to consider the case where n = 2. Upon replacing B by
the C*-algebra generated by the images of the completely positive maps ¢; we can
assure that the image of 1) will be contained in that sub-C*-algebra.

We use that pi(a) = A\ (¢ ® a) for a *-homomorphism A, : Co((0,1], M,) — B, where
t € Cy((0,1]) denotes the function ¢(t) = ¢. Since pk(1) commutes with ¢g(M,), and
since ¢ (M,) and po(M,) commute element-wise, we get that ¢;(1)+¢2(1) is a strictly
positive contraction in the center of the sub-C*-algebra By := C*(y1(M,) U pa(M,)) of
B. Define new order zero completely positive contractions i : M, - M(By), k = 1,2,
by

Ui(a) = lim gi(a)(r(1) + a(1) +n7"1)

Then 1, and 1, are two commuting order zero maps with (1) +15(1) = 1. Consider
the corresponding *-homomorphisms Ay : Co((0, 1], M,) — M(DBy), i.e., where ¢;(a) =
Ap(t®a). Then A; and Ay commute and satisfy A1 (t®@1)4+Ay(1®1) = 1 (1)+1o(1) = 1.
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We show below that there is a unital *-homomorphism A: M, — M (By) arising as
the composition of unital *-homomorphisms:

(7.2) M, — I(p,p) = C*(Im(A1),Im(As)) — M(By),

where I(p,p) is the dimension drop C*-algebra, consisting of all continuous functions
f:10,1] = M, ® M, such that f(0) € M,®C and f(1) € C®M,. Once the existence of
A has been established it will follow that ¢ (z) = A(z)(¢1(1) + v2(1)), € M, defines
a completely positive order zero map ¢: M, — B satisfying /(1) = p1(1) + ¢2(1).

The existence of the unital *~homomorphism M, — I(p, p) in (7.2) was shown in [11,
proof of Lemma 2.2].

Let Cone(M,) denote the unitization of the cone Cy((0, 1], M,). The *-homomor-
phisms A; and Ay extend to unital *-homomorphisms Cone(M,) — M(By) with
commuting images, and thus they induce a unital *-homomorphism Cone(M,) ®
Cone(M,) - M(By), whichmaps 1®1—-(t®1,) ®1 —-1® (¢ ® 1,) to zero, because
A (e®1)+A2(e®1) = 1. It is well-known that I(p, p) is naturally isomorphic to the quo-
tient of Cone(M,,) @ Cone(M,) by the ideal generated by 1®1—(1®1,)®1-1®(t®1,).
This proves the existence of the second *~homomorphism in (7.2).

(ii). Let A: Co((0,1], M,) — B be the *-homomorphism associated with the unital
completely positive order zero map : M, — B, so that ¥(a) = At ® a). Then
Y(a*a)y(1) = P(a)*(a) for all @ € M,. Hence, ¢ is multiplicative if ¢(1) = 1. O

Proposition 7.7. Suppose that A is a unital, stably finite, and separable C*-algebra
such that OT(A) is closed and has finite topological dimension, and such that for each
7 € OT(A) the corresponding II-factor p,(A)" is McDuff.

Then there ezists a unital *-homomorphism @: My — F(A)/(Ja N F(A)).

Proof. Let Q C A be a compact subset of A whose linear span is dense in A. Find
completely positive contractions W,El), e ,WT(LmH): M, — A that satisfy conditions
(i) — (vi) of Lemma 7.5 for £ := &, := 2™+ and Q. Then the completely positive
contractions \p: My — A,, 1 < k <m+ 1, given by

Me(0) = 7, (WE (0), WP (0), WP (0),...),  be My,
have image in F'(A), and they satisfy

o [Me(1),\i(b)] =0 for all k and for all b € Mo,
(b), Ae(c)] =0 for k # ¢ and b, c € Mo,
o A\ (1)Ak(b*b) — Ap(b)* A (b) € J4 for all k and all b € Mo,
1

o TL(D_ M(1)—1) =0,
. /\k(1]; € Mult(7,,) for all k.
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(To see that the third bullet holds, recall that J4 consists of all elements = € A, with
|z]|1, = 0.) It follows from the fourth and the fifth bullet that

m+1

(13 ) -1]) =o,

or, equivalently, that Zzljll A(1) = 1 € Jay. Thus,
Vg =Ty, 0 N\g: My — F(A)/(JaN F(A)), 1<k<m+1,

define order zero completely positive contractions with Zzﬁll (1) = 1. (Use the first
and the third bullet above to see that the (.’s preserve orthogonality, so they are of
order zero.) Now, apply Lemma 7.6 to obtain the desired unital *-homomorphism from
M, into F(A)/(Ja N F(A)). U

Our main result below extends [16, Theorem 1.1]. It follows immediately from Propo-
sition 7.7 above and from Proposition 5.12.

Theorem 7.8. Let A be a non-elementary, unital, stably finite, simple, and separable
C*-algebra. If A satisfies conditions (i)—-(iv) below, then A= A® Z.

(i) Each II,-factor representation of A generates a McDuff factor.’
(ii) A satisfies property (SI), cf. Definition 2.6.
(iii) 0T (A) is closed in T'(A), i.e., the Choquet simplex T(A) is a Bauer simplex.
)

(iv) The set OT(A) of extremal tracial states is a topological space of finite dimen-
sion.

Some of the conditions in the theorem above are sometimes automatically fulfilled.
Condition (i) holds for all nuclear C*-algebras (cf. Theorem 3.3 and the theorem by
Connes that hyperfinite II;-factors are McDuff). Condition (i) also holds for all A with
A= A® Z. Hence condition (i) is necessary.

Condition (ii) holds for all nuclear C*-algebras A that have local weak comparison
(which again is implied by a-comparison for some a < oo, and in particular from strict
comparison). See Corollary 5.11.

It is unknown, if A = A® Z implies property (SI), even for separable, simple, unital
and exact C*-algebras A.

Conditions (iii) and (iv) do not follow from having the isomorphism A = A ® Z.
Indeed, any (metrizable compact) Choquet simplex can appear as T'(A) of a suitable
simple separable unital AF-algebra A, [8]. Infinite-dimensional simple separable uni-
tal AF-algebras always tensorially absorb the Jiang-Su algebra Z, because they are
approximately divisible.

8 Bquivalently: F(A)/(F(A)N Jrw) 18 non-commutative for every factorial trace states T of A, cf.
[17].
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Corollary 7.9. The following conditions are equivalent for any non-elementary stably
finite, separable, nuclear, simple and unital C*-algebra A, for which 0T (A) is closed in
T(A) and OT(A) is a finite-dimensional topological space.

(i) AZ AR Z.
(ii) A has the local weak comparison property.

(iii) A has strict comparison.

Proof. The implication (ii) = (i) follows from Theorem 7.8 and from Corollary 5.11.
(i) = (iii) holds in general, cf. [19]; and (iii) = (ii) holds in general (for trivial
reasons). O

It seems plausible that the three conditions above are equivalent for all non-elementary
stably finite, separable, nuclear, simple and unital C*-algebra A, without the assump-
tion on the trace simplex.

The equivalence between (ii) and (iii) is curious. It may hold for all simple C*-
algebras (but it does not hold in general for non-simple C*-algebras).

It follows from Corollary 7.9, together with Lemma 2.4, that any non-elementary
stably finite, separable, nuclear, simple and unital C*-algebra A, for which 0T'(A)
is closed in T(A) and OT'(A) is a finite-dimensional topological space, and which is
(m,m)-pure for some m,m € N, satisfies A =2 A ® Z. This shows that the main
theorem from Winter’s paper, [29], concerning C*-algebras with locally finite nuclear
dimension follows from Corollary 7.9 in the case where 9T (A) is closed in T'(A), and
OT(A) is a finite-dimensional topological space. This shows how important it is to
resolve the question if the conditions on 7'(A) in Corollary 7.9 can be removed!
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