L))

Check for
updates

Forum of Mathematics, Sigma (2025), Vol. 13:e59 1-24
doi:10.1017/fms.2024.123 CAMBRIDGE
UNIVERSITY PRESS

RESEARCH ARTICLE

Nuclearity and CPC*-Systems

Kristin Courtney ~ ' and Wilhelm Winter ~

!University of Southern Denmark, Department of Mathematics and Computer Science, Campusveg 55, DK-5230 Odense M,
Denmark; E-mail: kcourtney @imada.sdu.dk.

2University of Miinster, Mathematical Institute, Einsteinstr. 62, DE-48149 Miinster, Germany;

E-mail: wwinter @uni-muenster.de (corresponding author).

Received: 16 February 2024; Revised: 29 August 2024; Accepted: 3 October 2024

2020 Mathematics Subject Classification: Primary — 46105

Abstract

We write arbitrary separable nuclear C*-algebras as limits of inductive systems of finite-dimensional C*-algebras
with completely positive connecting maps. The characteristic feature of such CPC*-systems is that the maps
become more and more orthogonality preserving. This condition makes it possible to equip the limit, a priori only
an operator space, with a multiplication turning it into a C*-algebra. Our concept generalizes the NF systems of
Blackadar and Kirchberg beyond the quasidiagonal case.
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Introduction

Nuclear C*-algebras are those for which the identity map can be approximated in point norm topology by
completely positive contractions through finite-dimensional C*-algebras. More formally, a C*-algebra
A has the completely positive approximation property if there are a net (F,),ea of finite-dimensional
C*-algebras and completely positive contractive (c.p.c.) maps

AL E S A
such that ¢, o i, converges pointwise in norm to the identity map id4. For separable C*-algebras (the

case we are mostly interested in in this paper), one can always restrict to systems of approximations
with countable index sets. Upon composing such approximations one obtains a system of the form

id id id
A A s A A s A A s A
%1 ‘PV' Yu‘ V %1 sOV'
Pn,n-1 Pn+l,n
Fn—l ) Fn ) Fn+1

© The Author(s), 2025. Published by Cambridge University Press. This is an Open Access article, distributed under the terms of the Creative
Commons Attribution licence (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction in
any medium, provided the original work is properly cited.

https://doi.org/10.1017/fms.2024.123 Published online by Cambridge University Press


doi:10.1017/fms.2024.123
https://orcid.org/0000-0002-3602-8721
https://orcid.org/0009-0006-4158-0875
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/fms.2024.123&domain=pdf
https://doi.org/10.1017/fms.2024.123

2 K. Courtney and W. Winter

with commuting lower triangles, p, ,—1 = ¥, © ¢,—1, and approximately commuting upper triangles
(i.e., ¢ o Y, —> idy in point-norm topology). The sequence of upper triangles (A, ¢, o ¥,,), may be
regarded as an inductive system in the category of operator spaces with c.p.c. maps as morphisms, and
with the inductive limit again being an operator space, more precisely a self-adjoint subspace of the
sequence algebra A = [[,, A/€P,, A, the quotient of bounded sequences modulo null sequences in A.
At least after passing to a subsystem (so that the approximation errors become summable on larger and
larger subsets), this inductive limit will agree with the embedding of A into A, as constant sequences,
and in particular, it will indeed be a C*-algebra. In this situation, it is then reasonable to expect that the
lower row

Pn,n— Pn+l,
Fn—l 4 Fn 41 Fn+1

also encodes all pertinent information about A. This is a tempting point of view, since it would allow one
to write any separable nuclear C*-algebra as an inductive limit of finite-dimensional ones in a suitable
category: Such a limit, say X, will be contained in the sequence algebra Fo, = [1,, F/P,, Fy. It can be
described as (the norm closure of) the union | J,, p, (F,), where p,,: F,, — F, denotes the limit map
for each n, and there will be an induced c.p.c. isometry ¥: A — X. The space X will certainly reflect
the linear structure of A and also the order (even after passing to matrix amplifications), since the maps
involved are completely positive. It will, however, in general not be a sub-C*-algebra of F., and the
map ¥ will not be multiplicative.

Studying operator algebras as inductive limits has a long history, spanning from Murray and von
Neumann’s work on hyperfiniteness in [18] to semidiscreteness and Connes’ celebrated classification
of injective II; factors ([7]) on the von Neumann algebra side, and featuring the classification of UHF,
AF, AT and AH algebras on the C*-algebra side (see [8, 9, 10]). Inductive limits have been used to
construct fundamental C*-algebras with prescribed structural, K-theoretic and tracial data, such as the
Jiang—Su Algebra Z [13, 21] and the Razak—Jacelon Algebra W [12]. More recently, inductive limits of
Cartan pairs as described in [2] were used in [17] to show that all classifiable stably-finite C*-algebras
admit groupoid models. The inductive systems appearing in these results all have *-homomorphisms as
connecting maps. This entails that, at least on the C*-algebra side, one has to admit more complicated
building block algebras than just finite-dimensional ones in order to reach a reasonable bandwidth of
examples. (Often one uses algebras built from bundles of finite-dimensional C*-algebras over locally
compact spaces, which poses limitations on the existence of sufficiently many connecting maps.)

In this paper, we explore how to relax conditions on the connecting maps while keeping the building
blocks finite-dimensional, and hence as easy as possible. Our Ansatz is it to write an arbitrary separable
nuclear C*-algebra as an inductive limit of finite-dimensional C*-algebras in the category of operator
spaces. In order to be conceptually satisfactory and to give access to applications, such an approach
would have to meet some minimal requirements: One needs to be able to recover the C*-algebra structure
from the operator system X (or from the inductive system, for that matter) in a practical way, and one
needs to be able to concisely describe the limit operator spaces arising in this manner. There are,
however, two obstacles to overcome.

First, the connecting maps p, -1 can in general not be arranged to be multiplicative, not even
approximately: requiring multiplicativity would only grant access to AF algebras, a small albeit
interesting subclass of nuclear C*-algebras. In [4], Blackadar and Kirchberg suggested the notion of
NF systems, which incorporates a certain type of asymptotic multiplicativity and which covers the
substantially larger class of NF algebras. While much broader than AF algebras, this class is still far
from covering all nuclear C*-algebras. Therefore, we are looking for a notion of inductive systems of
finite-dimensional C*-algebras which is sufficiently flexible in the sense that every separable nuclear
C*-algebra can be written as the inductive limit of such a system, while at the same, time it is rigid
enough to encode not only the linear and matrix order structure, but also the multiplicative structure of
an initially given C*-algebra. It will be important that the algebraic structure is not only encoded in the
system, but that it can actually be accessed and extracted in a meaningful and sufficiently concrete way.
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Second, assuming one has a notion of inductive systems as above, we need to distinguish them from
arbitrary inductive systems of finite-dimensional C*-algebras in the category of operator spaces. Ideally,
we will want to derive an intrinsic characterization of the respective limits. (Theoretically, one could
compare the limit to every C*-algebra and check for the existence of an isomorphism in a suitable sense,
but such an extrinsic characterization would be unsatisfactory both conceptually and practically, since
it would largely obscure any information related to the finite-dimensional approximations.)

The aforementioned notion of NF algebras as introduced by Blackadar and Kirchberg addresses the
first obstacle and reveals a subtle facet of the second.

Definition [4]. A system (F},, pn+1.n)n consisting of a sequence (F},), of finite-dimensional C*-algebras
together with c.p.c. connecting maps p,+1,: Fy — Fp41 is called an NF system if it is asymptotically
multiplicative in the sense that for any € > 0, k > 0 and x, y € Fg, there exists an M > k so that for all
m > n > M, we have

N omon (Pnk () Pnk (1)) = Prmon (Prk (X)) Prmn (P ke D) 1| < €. (a)

The limit of such a system is indeed a sub-C*-algebra of F,, with product given by
PE(X)pr(y) = 1im py (pn k (X)pn i (¥)) (b)

for any k > 0 and x,y € Fy. Therefore, asymptotic multiplicativity of the involved connecting maps
does encode the multiplicative structure of the limit, thus addressing the first obstacle above.

Blackadar and Kirchberg then characterize limits of NF systems, so-called NF algebras, as nuclear
and quasidiagonal C*-algebras. While this is a large and highly relevant class of C*-algebras, it is not
closed under taking quotients or extensions, which restricts the range of applications of NF systems
considerably. This is subtly related to the fact that quasidiagonality is an external approximation property,
characterized extrinsically, in terms of comparison maps into other C*-algebras.

We propose here a generalization of NF systems which permits to encode the multiplicative structure
of the limit in terms of the connecting maps between its finite dimensional approximands, yet renders
access to all separable nuclear C*-algebras, and therefore allows for an intrinsic characterization. As the
key feature of our main definition, we ask the connecting maps to become more and more order zero,
thus replacing the asymptotic multiplicativity of NF systems. We recall from [24] that, for a c.p.c. map,
‘order zero’ just means ‘orthogonality preserving’, and that order zero c.p.c. maps remember a lot of
the multiplicative structure through formulae of the type 8(x)6(yz) = 6(xy)6(z). In case the domain is
unital, one can characterize order zero maps via

6(1)0(yz) = 0(y)0(z). (©)

Definition A (Definition 2.2). A system (F,, pn+1.n)n consisting of a sequence (F,), of finite-
dimensional C*-algebras along with c.p.c. connecting maps pn+1.n: Fn — Fyn41 is called a CPC*-
system if it is asymptotically order zero in the sense that for any € > 0, k > 0 and x, y € Fy, there exists
an M > k so that for all m > n,l > M, we have

”pm,l(lFl)pm,n (pn,k(x)pn,k(y)) — Pm.,n (pn,k(x))pm,n (pn,k(y))” <eé&. d

Note that in view of (c), the approximate identity (d) may indeed be viewed as an order zero version
of (a). For inductive limits of such systems, one may still describe a product as in (b).

Proposition B (Proposition 2.6). Let X C Fo be the limit of a CPC*-system (Fp, pn+1.n)n- Then there
exists an associative bilinear map o : X X X — X satisfying

pr(x)epr(y) = li}lnpn(pn,k(x)pn,k()’))
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forallk > 0and x,y € Fy, so that (X, ») is a C*-algebra with the involution and norm inherited as a
subspace of Fe.

We denote the C*-algebra above by C5(X) and call it the CPC*-limit of the system (Fy;, Pn+1.n)n-

With a C*-algebra structure established, the next question is: When is the limit nuclear? Thanks to
Ozawa and Sato’s ‘one-way-CPAP’ from [22, Theorem 5.1] (an approximation property which only
involves the upwards maps ¢,,), the answer is ‘always’. Remarkably, while CPC*-limits readily satisfy
the one-way-CPAP, in order to arrive at nuclearity, the proof of [22, Theorem 5.1] first confirms that
Co(X)™ is injective, which by Connes’ theorem implies that C5(X) is nuclear. Hence, this result is
non-constructive, meaning one does not build a completely positive approximation directly from the
system (F, Pn+1.n)n- This is in line with Blackadar and Kirchberg’s characterization of NF algebras as
the nuclear and quasidiagonal C*-algebras, which involves the fact that nuclearity passes to quotients,
and hence also relies on Connes’ theorem and is non-constructive in a similar way.

As a converse, we show that any system of c.p.c. approximations of a separable nuclear C*-algebra
A with approximately order zero downwards maps has a subsystem which gives rise to a CPC*-system
with CPC*-limit isomorphic to A. It follows implicitly from [4, 24] and explicitly from [5] that every
nuclear C*-algebra does admit such a system of approximations.

Combining these results, we can now describe all separable nuclear C*-algebras as inductive limits
of finite-dimensional C*-algebras:

Theorem C. For a separable C*-algebra A, the following are equivalent:

(i) A is nuclear.
(ii) A is *-isomorphic to a CPC*-limit.

Proposition B shows how to extract the multiplicative structure from a CPC*-limit, thus addressing
the first of the two issues raised above. As for the second, our description of CPC*-systems and the
characterization of their limits is indeed an intrinsic one, not requiring any comparison with C*-algebras
outside. In upcoming work, we will explore how to apply this notion practically, in particular how to
describe permanence properties of nuclearity and how to access K-theory in terms of CPC*-systems.

The article is arranged as follows. Section 1 establishes results on c.p.c. and order zero maps that
will be used throughout. Some results in this section are well-known and some are new. In Section 2, we
define CPC*-systems and prove (ii)=(i) of Theorem C. Section 3 is dedicated to proving the reverse
implication, and Section 4 relates CPC*-systems to NF systems.

1. Order zero maps and order embeddings

In this section, we highlight some properties of completely positive maps, with a particular focus on
order zero maps and on complete order embeddings.

We write A, for the cone of positive elements of a C*-algebra A, A" and A! for the respective closed
unit balls, X’ N A C M for the relative commutant in A of a set X (with A and X both contained in a
larger C*-algebra M), CA = Cy((0, 1], A) for the cone, M, (A) for r X r matrices over A, and M (A) for
the multiplier algebra of A (regarded as a subalgebra of the double dual A**).

Definition 1.1. Let A and B be C*-algebras with self-adjoint subspaces X ¢ A,Y c Band6: X — Y a
linear map. We say 6 is positive if 6(x) € YN B, forall x € XN A,. We say it is completely positive (c.p.)
if this holds for all matrix amplifications 8 : M,.(X) — M,.(Y). We say @ is completely contractive
if sup,.; 16 < 1. A map which is completely positive and completely contractive is referred to as
completely positive contractive (c.p.c.).

Remark 1.2. When 14 € X is a unital self-adjoint subspace of a unital C*-algebra A (what is usually
called an operator (sub)system), then for any c.p. map 6: X — Y, we have

el < su;;ue(”n < o1 ).
r=
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It follows that any completely positive and contractive map from a unital self-adjoint subspace of a
C*-algebra is automatically completely contractive. The respective statement holds when A is a (not
necessarily unital) C*-algebra.

A particularly special class of completely positive maps consists of orthogonality preserving or order
zero maps. At the end of this section, we will highlight several properties that order zero maps share
with *-homomorphisms and that may fail for general c.p.c. maps.

Definition 1.3. A c.p.map §: A — B between C*-algebras is order zero if it maps orthogonal elements
to orthogonal elements, or equivalently if for any a, b € A,

ab=0 = 6(a)d(b) =0.

Examples of c.p. order zero maps include *-homomorphisms, but there exist c.p. order zero maps
which are not multiplicative, such as the canonical embedding :: A — CA of a C*-algebra into its
cone. Nonetheless, order zero maps are remarkably close to *~-homomorphisms, as is made evident by
the structure theorem for c.p. order zero maps [24, Theorem 3.3]. The following rendition combines
elements of [24, Theorem 3.3] and [24, Proposition 3.2].

Theorem 1.4 (Structure theorem for order zero maps [24]). Let A and B be C*-algebras, 0: A — B
a c.p. order zero map, C = C*(0(A)), {u}r an increasing approximate identity for A, and
h = s.0.-limy6(uy) € C™*. Then 0 < h € M(C) N C’ c C* with ||h|| = ||6||, and there exists a
*-homomorphism ng: A — M(C) so that for all a € A,

0(a) = hng(a) = h"’rg(a)h'/?.

Remarks 1.5. (i) ([24, Proposition 3.2]) When A is unital, we have & = 6(14), and in general, the map
07: A~ — M(C) given by 6~ (a + A1 4~) = 6(a) + Ah is the unique c.p. order zero extension of 6. (By
A~ we denote the minimal unitization of A, so that A~ = A when A is unital.) In any case, 1 > 6(a)
for all @ € Al. Note that for 6~ to be order zero, one can replace  with 1 M(c) only if € is in fact
multiplicative, since u.c.p. order zero maps are automatically *-homomorphisms.

(ii) The structure theorem for order zero maps gives a useful characterization of when a c.p. map with
unital domain is order zero: Assume A and B are C*-algebras with A unital. Thenac.p. mapf: A — B
is order zero if and only if 6(a)8(b) = 8(14)0(ab) forall a, b € A.

Definition 1.6. Let A and B be C*-algebras and X C A, Y C B two self-adjoint subspaces. We
say a linear map 6: X — Y is a complete order embedding if 0 is c.p. and completely isometric
with c.p. inverse 67': §(X) — A (i.e., for all » > 1, 870 : M,.(X) — M,(Y) is isometric and
x € My (X) N M, (A); = 07 (x) € M,-(Y) N M,.(B), for all x € M,.(X)). A surjective complete
order embedding is called a complete order isomorphism.

Remarks 1.7. (i) A complete order isomorphism between C*-algebras is automatically a *-isomorphism
(cf. [3, Theorem 11.6.9.17]).

()IfX=Aand6: A — Y C Bisc.p. and completely isometric, then it is automatically a complete
order embedding: If §(a) > 0 for some 0 # a € A!, then a = a* since @ is injective and *-linear.

If a_ # 0, then for b = ””:_”” a_ + a,, we have

llall + lla-|l = [|b - all
=16(b) - 6(a)]|
< [lI6()II15- = 6(a)|
= [l16(a)[[15~ = 6(a)ll
< @)l

= all,
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a contradiction, so a was positive. The respective argument applies when a lives in some matrix algebra
over A, whence indeed the inverse of 8 is completely positive.

(iii) An isometric c.p. map #: A — B between C*-algebras which is not surjective and not unital
may fail to be a complete order embedding — even if it has a c.p. inverse 7' : 8(A) — A. We will work
out such an example in forthcoming work. The proposition below shows that for all order zero maps,
this issue does not occur. We will use this in Proposition 2.7.

Proposition 1.8. Suppose 6: A — B is a c.p. order zero map between C*-algebras A and B. Then 6 is
isometric if and only if it is a complete order embedding.

Proof. A complete order embedding is by definition isometric, so we only need to show that an isometric
c.p.order zeromap 6: A — Bisacomplete order embedding; by Remark 1.7(ii), this reduces to showing
that 6 is completely isometric. Without loss of generality, we assume B = C*(6#(A)). Lett: A — CA
denote the canonical embedding a + id(,1}) ® a of A into its cone. Then by [24, Corollary 4.1], 6
induces a surjective *-homomorphism § : CA — B so that § o ¢ = 6.

Set 7: B — B/A(SA) and # == mof : CA — B/A(SA), where SA = Cp((0,1)) ® A =
Co((0, 1), A) denotes the suspension of A. Then there exists a surjective *-homomorphism ¢: A —
B/A(SA) so that # = ¢ o ev;. Altogether, we have the commutative diagram

/'
—"% BJO(SA) -

>«—§<—>

We claim that ¢ is injective. If so, then we have gp‘l omof =idy, and hence, ((,0‘1)(” on(M o) = idf:)
for each r > 1. Since ¢! and r are in this case completely contractive, it will then follow that 6 must
be completely isometric.

It suffices to check injectivity on A,, and so we fix a € A, with ||la|| = 1. Let p € S(B) be a pure
state on B with ||6(a)|| = p(#(a)). Then p o 4 is a pure state on CA, and hence, its restriction to the
algebraic tensor product Cy((0, 1]) ® A is of the form ev; ® p for some ¢ € (0, 1] and some (pure) state
paonA. Since

1= llall = 16(a)]l = p 0 O(id(o,11 ® @) = tpa(a) < pa(a) < |lall,

we must have 7 = 1. In particular, SA C ker(p o 8), and hence, §(SA) C ker(p). Since p(6(a)) = 1, we
conclude that 6(a) ¢ (SA), and so ¢(a) # 0. m|

2. CPC*-systems and their limits

Recall from Remark 1.5(ii) that for C*-algebras A and B with A unital a c.p.c. map §: A — B is
order zero precisely when 6(a)0(b) = 0(14)6(ab) for all a,b € A. The following definition gives an
asymptotic version of this characterization.

Definition 2.1. Given a sequence of C*-algebras (F,),, we let

Fo ::HFn/EBFn

be the quotient C*-algebra of norm bounded sequences modulo null sequences, denoting elements of
the quotient in the form [ (x,),].
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If in addition we have c.p.c. connecting maps pp41,n: Fy — Fyuyp for all n > 0, we set py, p =
Pm,m—10...0 Ppy1n and p, , = idg, for all m > n > 0, and define induced maps p,,: F,, — F by

pn(x) = [(pm,n (x))m>n]

for all x € F,, and define the inductive limit of the system (F},, pn+1.n)n to be the closed self-adjoint
subspace

(Fp, pn)n = Unpn(Fn) C Fw.

In general, such an inductive limit exists in the category of operator spaces; in order to equip it with
the structure of a C*-algebra, one needs additional hypotheses.

Definition 2.2. Let (F,), be a sequence of finite-dimensional C*-algebras together with c.p.c. maps
Pn+in: Fn — Fyyp forall n > 0. We call (F,, pns1.n)n @ CPC*-system if for any k > 0, x,y € Fy, and
g > 0, there exists M > k sothatforallm > n,l > M,

lom, i (1E) Pmon (Pn ik (X) Pn,k (¥)) = Pk (X) Pmx (V)] < &. 2.1

In this situation, we call the limit (F,,, p,),, a CPC*-limit.

The aim of this section is to prove that a CPC*-limit can be turned, in a very robust sense, into a
C*-algebra (Proposition 2.6), denoted by Ci((F,,, pn)n), which is nuclear (Theorem 2.13), and such

that the map ® = idﬁ\ : C’;((Fn, pn)n) — F, is an order zero complete order embedding
nsPn)n

(Proposition 2.7). We begin by accumulating some tools and observations.

Systems as in Definition 2.1 involve c.p.c. maps; hence, they are clearly compatible with taking
matrix amplifications. It is slightly less obvious that the process of lifting individual elements of the
inductive limit is also compatible with the system in the following sense.

Lemma 2.3. Let (Fy, pn+1,0)n be a system as in Definition 2.1. For any r > 1 and X € M, ((Fy, pn),),
if (x)n € [1 M, (F,) is some lift of %, then limy, ||% — p{” (x,)]| = 0.

Proof. Consider r = 1 and fix X € (Fy, pn),, a lift (x,), € [] F, of X, and & > 0. Let yi, € Fy; so that
¥ =lim; pg; (yx,)- Since the maps are coherent, we can assume for simplicity that the k; are increasing
and set y, = pp; (Vk;) for kj < n < kj.1. Then we have lim, p,(y,) = X. Now fix k > 0 so that

llox (yk) — %|| < £/4. Then we may choose M > k so that ||p, x (Yk) — xn|| < &/2 for all n > M. Then
forallm >n> M,

lpm,n (xn) = Xmll < Nlemn(n = Pukc VI + |2m,k (Vi) — Ximl|

< n = Pk YOI+ lom ik (i) = 2Xm|
<E&.

It follows that lim,, p,, (x,,) = [(xp)n] = X.
Note that the argument for » = 1 uses only that the maps p,, , are coherent and c.p.c., which is also
true for their matrix amplifications, and so the exact same proof goes through for r > 1. O

A key tool for us will be a distinguished matrix order unit! for the limit of a CPC*-system (F,, On+1.1)n»
which we define to be

e = [(pn+l,n(1Fn))n] € Fo. (2.2)

IThis terminology is justified by Lemma 2.5(ii).
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Note that we do not in general assume that e is an element of (F},, p,),. That latter situation would

correspond to C4((Fy, pn),) being unital (with e = lim,, p,(15,)), in which case, (2.1) can be slightly
simplified by eliminating the variable /.
We also set

e(r) = [(p(r) (]Mr(Fn))n] €M, (Fy), for r > 1.

n+l,n

Remark 2.4. Note that (2.1) implies that for any k > 0 and x, y € Fy, we have
Pe(X)pi(y) = limepn (on i (X)pn.k ()

The following lemma will allow us to interpret e as a commuting nondegenerate order unit for
(Fn, pn)n-

Lemma 2.5. Let (Fy, Pn+1.n)n be a CPC*-system, and let e be as defined in (2.2).

(1) Foreachk >0, x € Fy and &€ > 0, there exists M > k so that for allm > n > M,

”pm,n(an)pm,k(x) - pm,k(x)pm,n(an)” <e.
In particular, e € ((Fp, pn),) -
(2) Forany r > 1 and any self-adjoint & € M, ((Fy, pp),,), we have ||%|e") > X in M, (Fx,).
(3) Foranyx € (Fy, pn), and any j > 1, we have ||e/%|| = ||X||. In particular, for any %, € (Fy, pn),
and j > 1, if e/ = e/, then X = 5.
Proof. For (i), wefixk > 0,x € Fy and & > 0; without loss of generality, it suffices to assume x € (Fk)i.

It follows from a standard functional calculus argument using polynomial approximations of ¢ - r'/2
on [0, 1] that we are finished when we find for any > 0 an M > k so that for all m > n > M,

o (1) P ke () = Pk (X mn (LE )| < 1. 23)
To that end, we utilize (2.1) to choose M > k so that forallm >n > M,

2m,n (1) Pmn (P, k (¥)?) = i (0?1 < 1/6. 2.4)
Then we have

”pm,n(an )pm,k (x)Z ~ Pm,k (x)zpm,n(an) I

IA

”pm,n(an)lom,k(x)2 - pm,n(an)zpm,n (pn,k(x)z)”
+ ||pm,n(1F,,)2pm,n(pn,k(x)z) - pm,n(an)pm,n(pn,k(x)z)pm,n(an,)”
+ ”pm,n(lF,,)pm,n(pn,k(x)z)pm,n(an) - pm,n(pn,k(x)z)pm,n(IF,,)2||

+ 10mn (Pnk ) mn(1E)? = Pk ()2 0mn (1)l

A

< Nemn(TEDom & () = pmn(15,) Pmn (Pni ()7
+ ”pm,n(an)””pm,n(an)pm,n(pn,k(x)z) - pm,n(pn,k(x)z)pm,n(an)”
+ ”pm,n(an)pm,n(pn,k(x)2) - pm,n(pn,k(x)z)pm,n(an)”|Ipm,n(1Fn)||

+ ”(pm,n(pn,k(x)z)pm,n(lF,,) - pm,k(x)z)*””pm,n(an)”
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< 2lpmk (¥)* = P (1E,) P (P i (X)) |
+ 2/l pmn (1) P Pk () = P (P k () P (15,
0134 200mn (15 P (Pt (2) = P ()]
+ 210,k ()% = P (Pnk ()2 P (1)
113+ 20 P (15, P (P ()%) = Pk ()]
+ 2/l (om.k (X)* = Pinn (P ()P P (1E,)) "l

77/3 + 4||pm,n(1Fn )pm,n (pn,k (x)Z) — Pm,k (x)ZH

(2.4)
< 7,

which establishes (2.3) and hence (i).

For the order unit condition (ii), we first consider r = 1. For any self-adjoint ¥ € (F,, pn), and any
self-adjoint lift (x,), € [] F, of X, Lemma 2.3 tells us ¥ = lim,, p, (x,). Hence, it suffices to prove the
claim for py (x) for any fixed £ > 0 and any self-adjointx € Fj.Foreachn > k, we have ||p, « (x)|[1F, >
Pnk(x), and so || pn.k (X)|on(1F,) = pn(pn.k(x)) = pr(x). Since all the maps are c.p.c., it follows that
e > pn(1F,) for all n > 0, and hence, ||pn,k(x)|le = pi(x) for all n > k. Moreover, (||on,k (x)|Dn>k is
bounded and non-increasing, which means ||px (x)|| = limsup,, ||pn,x (x)|| = limy, ||0n,x(x), and so

lox()lle = Tim [lpn k (x)lle = pi(x).

Since the argument for r = 1 uses only Lemma 2.3 and that the maps are c.p.c., we may repeat the same
argument for r > 1.

For the nondegeneracy condition (iii), we assume (F,, p,), # {0} (otherwise, the claim is trivial).
We first consider the case where ¥ € (F, p,), is self-adjoint, and we assume moreover that ||X|| = 1.
By possibly replacing ¥ with —X, we may assume 1 € o (%), the spectrum of x. From (i), we know e
and ¥ commute, and so we may identify C*(e,X) C Fs with Cy(Q) for some locally compact Hausdorff
space Q C o(e) X o(x) € [0,1] x [-1, 1]. Then (ii) implies s > ¢ for all (s,¢) € Q. Since we assumed
1 € o (X), it follows that (1, 1) € Q, and so for any m > 1,

1=x]| = |le™x|| = sup |s™¢] = 1.
(s,1)eQ

Now, we handle the general case of any X € (Fy, pn),. Because |J,, pn(Fy) is dense in (Fp, pn),,, it
suffices to check that (iii) holds for any fixed X = pj (x) with k > 0 and x € F. From Remark 2.4, we
know that

Pr(x)"pr(x) = lim epn(Pn,k(X)" pnx(x)). (2.5)
Since P (Pm,k (X)* P,k (X)) = Pr(Pnk (X)*pn k(X)) € (Fu, pn), is self-adjoint for all m > n > k, we
already know that

lepm(Pm.k (X) Pm,k (X)) = epn(Pnk ()" Pnx (X))l
= [l pm (Pm .k (X) P,k (X)) = P (Onk (%) P, ()

which together with (2.5) implies that (o, (on,k (x)*pnk(x))),, is Cauchy and hence converges to some
self-adjoint Z € (Fy, pn), With eZ = px (x)*pi (x). From this and the self-adjoint case, we have

ok (O)I? = llox (x)* pr ()| = llezll = 1IZ]I.
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Since 7 is self-adjoint, (ii) tells us || px (x)||?e = ||Z||e > Z. By (i), e commutes with Z and moreover with
lor (x)]. It follows that

|2€2

ok (x)[I7e” > ez = px (x)*px (x),

which implies

ok ()lle = |k (x)].

With this, the proof of the self-adjoint case also shows that || |pg (x)|||
= |||ox (x)]|| for any m > 1, and so it follows that for any m > 1, we have

lle” o (O)II> = lle*" o ()
= [l lpx()D?I
= lle™ lpx(D)III?
= llox)II?
= llox (D)% =

With these preliminary observations covered, we are now ready to prove our first structural result
about CPC*-limits.

Proposition 2.6. Let (F,, p,),, be the limit of a CPC*-system (Fp, pn+1.n)n- Then there exists an
associative bilinear map o : (Fp, pn),, X (Fn, pn), — (Fn, pn),, satisfying

pr(x)pi(y) = 1m o (on i (X) .k (¥)) (2.6)
forallk > 0and x,y € Fy and

e(Xey) = iy 2.7

forallx,y € (Fy, pn),, so that with respect to the multiplication e, (Fy,, py),, is a C*-algebra with norm
I - .., denoted Co((Fus pn)y)-?

Proof. Webegin by defining ¢ : J,, 0 (Fn)*XU,, pn(Fn) — (Fpn, pn),,. For elements X, y in the nested
union | J,, pn(Fy), we may choose k > 0 and x,y € Fy so that X = py(x) and ¥ = pi(y) and define
Xey by

Xey = li}lnpn(pn,k(x)pn,k(y))- (2.8)

That the given limit exists follows immediately from Remark 2.4 and Lemma 2.5(iii). Moreover, this
definition is independent of the particular choice of k and x, y € Fy. Indeed, for any (x,,)n, (yn)n € [1 Fa
with [(xn)n] = px(x) = X and [(yn)n] = pr(y) =, we have [(pn,k (X)on,k (¥)In] = [(xnyn)n]. Then
for any € > 0 and M > k with SUP,> M ”pn,k(x)pn,k(y) —XxnYnll < &, we have ”En(pn,k(x)pn,k(y)) -
Pn(xnyn)ll < & for all n > M, and so the sequence p,(x,yn) € (Fu,pn), also converges to
limn pn(pn,k(x)pn,k()’))-

_\ _\
2We are simultaneously viewing (Fy, pn),, as a subspace of Fo and as the space Co((Fy,pn),)- For the sake of clarity,
multiplication in Fu will always be denoted by the usual concatenation (e.g., ¥¥), and multiplication in Co((Fy., pn),,) Will
always be denoted with the o (e.g., X®y). So, for e(xe®y), we are taking the F-product of e and xe3.

https://doi.org/10.1017/fms.2024.123 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2024.123

Forum of Mathematics, Sigma 11

Bilinearity of this map follows from that of the usual product in the F,’s. For each k > 0 and
X,y € Fi, we have from Remark 2.4 that

P ()i (y) = e(pr(x)epr(y)), (2.9)

which by the nondegeneracy condition in Lemma 2.5(iii) implies
ok () pe (W = lle(pr (x) e px (W = [lox (X) pr (V). (2.10)

For %, € (Fu, pn), and (xu)n, (Yu)n € [1 Fn with X = [(xn),] and § = [(yn)a], it follows from (2.9)
and Lemma 2.3 that

]i’{n e (pn (xn)pn (yn)) = “,En Pn(Xn)pn(yn) = xy.
Moreover, by Lemma 2.5(iii), we have for all m > n > 0,

le(om(xXm) ® Pm(Ym) = pn(xn)® on(ya)) I
= lom(Xm) e Pm(Ym) — Pn(Xn) o pn(yu)ll.

Hence, lim, p,,(x,)e*pn(yn) exists, and we may extend the map to e: (Fy, pn), X (Fn,pn), —
(Fn, pn), by defining

Xey = lim py (xn)*pn(yn)

for each (X,¥) € (Fu, pn)p X (Fus Pn)y, Where (xn)n, (¥u)n € [1 Fn are any lifts of ¥ and y. Note that
we still have

e(xe3) = e(lim py (xn) *pn(yn)) = lim pn (xn)pn (yn) = X3,

and so it follows again from nondegeneracy (Lemma 2.5(iii)) that X e y is the unique element z € (F,, p,),,

so that eZ = Xy. In summary, our map e : (F,, pn),, X (Fn, pn),, — (Fn, pn), is well-defined, bilinear
and satisfies (2.7) and (2.6). To see that it is associative, fix X, ¥, Z € (F,, pn),. Then we have

e ((¥e3)032) = e((¥e7)2)
= ((¥)2)
= (X(¥2))
=xe(ye7)
= e(¥(y2))
= ¢*(Xe(Jo2)).

It follows from nondegeneracy that

(XeJ)ez=Xe(ye2).

So, ((Fu, pn)y, *) is an algebra. To see that it is a *-algebra with respect to the involution it inherits
_\
from Fo,, we set X, ¥ € (Fy,, pn),, and observe that

e(i03)" = (T0])"e = (e(F03))" = (i) = J'F" = (3" o).
Again, it follows from nondegeneracy that (Xej)* = Xe¥, so indeed, ((Fp, pn),,, ®) is a *-algebra.

https://doi.org/10.1017/fms.2024.123 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2024.123

12 K. Courtney and W. Winter

Since ((Fyn,pn),. *) is already a Banach space with respect to the given norm on F,, it remains to
confirm that it is in fact a Banach *-algebra and that the norm still satisfies the C*-identity. Both of these
follow immediately from the fact that

€]l = lle(xe )l = X3l 2.11)

for any X,y € (Fy, pn)p- O

Proposition 2.7. Let (F,,, py+1.n)n be a CPC*-system. Then

0= id s : CL((Fu pn)a) — Fo

is an order zero complete order embedding.

Proof. Clearly, the map is isometric, *-preserving and linear since the given *-linear structures and
norms on C’;((Fn,pn)”) and (Fy, pn), C F« are the same. Moreover, from (2.11), we can conclude
that ® is order zero. By Proposition 1.8, it remains only to show that it is completely positive (i.e., for
any r > 1 and X € M, (Ci((Fn, pn),)), the element X*ox € M, ((Fy, pn),) is in M, (Fo)s). (We still
use o to denote the multiplication in M, (Cs((Fy, pn)”)).)

Fix r > 1, and note that by applying (2.7) coordinate-wise, we have for any X € M,-(Ci((Fp, pn),))
that

e (T ex) = 5% > 0.

So it suffices to show that e > 0 implies 7 > 0 for any § € M, ((Fy, pn),,) € M, (Foo).

To that end, fix § € M, ((Fy, pn),) € M, (F.) and assume e”)§ > 0. If y = 0, there is nothing to
show, so we assume ||y|| = 1. Using Lemma 2.5(iii), we also geta nondegeneracy condition for ("),
which says that ez = 0 implies z = 0 for any Z € M, ((Fy, p),,) € M, (F). Then since

e(")y — (e("))—;)* — e("))—;*’

we conclude that y = y*.

From Lemma 2.5(ii), we know ¢) — 5 and ¢(") + § € M, (Fx),. Since ¢") and § commute (by
Lemma 2.5(i)), this implies that ") > |7| and that we can identify C*(e"), ) ¢ M, (Fs) with Co(Q)
for some locally compact Q ¢ o (")) x o (5), where e") corresponds to the map (s,7) — s and j
corresponds to the map (s,7) — . Since e(”) > |§|, we have s > |¢| for all (s,7) € Q. Now, suppose
there exists 7y € o (¥) N (=0, 0), and let 5o € o(e™)) so that (so,7y) € Q. Then 5o > |to| > 0 implies
so > 0, whence soto < 0, contradicting e”)§ > 0. Hence, j > 0, and our proof is complete. O

Corollary 2.8. Let (Fy, pn+1,n)n be a CPC*-system, and let © be as in Proposition 2.7. Then for
any C*-algebra A and complete order embedding : A — Fu with Y(A) = (Fp, pn),, the map
Oloy: A — C’;((Fn,pn)n) is a *-isomorphim.

Proof. With Proposition 2.7, we see that ® 1 oy : A — C((Fu, pn),) is a surjective complete order
isomorphism. The claim then follows from Remark 1.7(i). O

Remark 2.9. By definition, (Fy, pn), and Ci((Fy, pn),) are identical as involutive Banach spaces.
With the previous results at hand, we may describe the C*-algebra structure in two alternative ways:
Let C denote the C*-algebra generated by (Fy, pn), in Fe and ng: Ci((Fp, pn),) — M(C) the *-
homomorphism guaranteed by Theorem 1.4. From Theorem 1.4, we see that ker(mg) = ker(®) = ﬂO},
which means 7g is injective, and Ci ((Fp, pn),) = 70 (Cs((Fns pn),)), so we may regard Ci ((Fy, pn),)
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as a C*-algebra of multipliers of C. Moreover, if e € Cy((Fy, pn),), then O(x) = x = eng(x) for all

x € Co((Fn, pn)y)-
On the other hand, if e € (F,,py),, then one can also show that ((Fy, pn),s {My((Fn,pn),) N
M, (Fx)+}r, €) forms an abstract operator system (cf. [6] or [20, Chapter 13]). As an operator system,

this is equal to the operator system (C4((Fn, n)y,), {My (Co((Fn, pn)n))}r, €), which happens to also
be a C*-algebra, and so for each r > 1, the norm on M, (Ci((F,,,pn)n)) agrees with the matrix

norm on M, ((Fy, pn),) induced by the matrix order. Hence, by [11, Corollary 4.2], we may identify
Cs((Fyu, pn),) with the enveloping C*-algebra of this operator system.

Remark 2.10. Though the subsPace (Fu, pn)p € Fo might not be a sub-C*-algebra in general, the
correspondence between (F,, py), and C*;(( F,, pn)n) is so robust that we take the liberty to call both
(Fu, pn),, and Cs ((Fy, pn),,) the limit of a CPC*-system, and we refer to Cs ((Fy,, pn),,) as a CPC*-limit.

As we mentioned before, e need not be in (F},, p,),,. Nonetheless, the sequence (0, (1F,)), will still
provide an approximate identity for the limit of the system.

Corollary 2.11. Let (F,,, pp+1,n)n be a CPC*-system. Then (p, (15, ))n forms an increasing approximate
identity for Co((Fu, Pn)p)-

Proof. The sequence (p,(1F,))s is increasing in F since the maps p,, , are all c.p.c., and so by
Proposition 2.7, it is also increasing in C5((Fy, pn),)-

To see that this forms an approximate identity, it suffices to consider elements of the form p (x) e px (y)
for some £k > 0 and x,y € Fj. Indeed, since C’;((Fn,pn)n) is a C*-algebra, it follows that for any

Z € (Fn, pn),, there exists X, j € (Fy, pn), so that Z = Xe3. Then for any lift (x,),, (yn), of X and ¥,
respectively, Lemma 2.3 tells us p,,(x,) — X and p,,(y,) — ¥, and 30 oy, (x,) e pn(y,) — Xey = Z.
Now fix k > 0,x,y € Fy, and & > 0, and choose M > k so that

”pm,n(an)pm,n(pn,k(x)pn,k(y)) - pm,k(x)pm,k(y)” < 8/2 and
ok (x) 0ok (¥) = pu(Pn.k (X) Pk (M) < £/2
for all m > n > M. Then using Lemma 2.5(iii) and (2.7), we have for all n > M,
lon(1E,) e (pr(x)®pr(y)) = pr(x)*pi (VI
= lle (pn(1E,) ¢ (P (x) e pr (¥))) = pr(x) o px (V)

= llpn(1F,) (ok (X) 2 px () = Pk (X) Pk (V)]

<&/2+lpn(1E,)Pn(Pnk (X)pnx (¥)) — prx(X)pr W)l
<e. O

It remains to show that all CPC*-limits are nuclear. For this, we will use Ozawa and Sato’s one-way-
CPAP, which appeared implicitly in [19] (via [16]); see [22, Theorem 5.1] for the explicit statement and
its proof.

Theorem 2.12 [19, 22]. A C*-algebra A is nuclear if and only if there exists a net {p,: Fy — A}jen
of c.p.c. maps from finite-dimensional C*-algebras { F)} e such that the induced c.p.c. map

D= (‘;0/1)/1: HF/I/@F/I — 500(/\’ A)/CO(A’ A)’
given by @ ([(x2)aeal) = [(@a(x2))aeal, satisfies

uA) c ®((TTF./PFY)}Y),
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where 1: A — (A, A)/co(A, A) denotes the identification of A with the sub-C*-algebra of
€2 (A, A)/co(A, A) consisting of equivalence classes of constant nets.

Theorem 2.13. CPC*-limits are nuclear.

Proof. Let (Fy,pn+1n)n be a CPC'-system with complete order embedding © =

idﬁ : Co((Fuypn)y) — Fw from Proposition 2.7. For each m > 0, we define ¢, =
nsPn)n

0 'lo Pm: Fpp — C*;((Fn,pn)n). It follows from Proposition 2.7 that each ¢, is a c.p.c. map.
We denote the sequence algebra [1,, Ci((Fp, pn)n)/ED,, Co((Fu, pn)y) by Co((Fu, pn)y) o, and we
write ¢: Co((F, pn)n) — Ca((Fu. pn)n),, for the embedding as equivalence classes of constant se-

quences. Let @: Foo —> Ci((Fy, pn)y),, be the c.p.c. map induced by the ¢,, as in Theorem 2.12 with
D([(xn)m]) = [(@m(xm))m]. Note that for k > 0 and x € Fy, we have

@ (pi(x)) = P([(Pmk (X))m>k])
= [(@m(Pmk (%)))m>k]
= [((®7" © p) (P (X))m>k]
= [(©7" 0 pr (X))m>k]
=100 o pr(x)

Lo g (x).

Since these elements are dense in (Fy,, p,,),,. it follows that ®(X) = ¢ 0 @~ (%) for each ¥ € (F,, p,), C
F.. Since ®~! is isometric, that gives us

(CH(Fmepmn)) = 10O (T o)) = @((Fro o)) © O(FL).

Now with [22, Theorem 5.1] (as stated above in Theorem 2.12), we conclude that C’ﬁ((Fn, p,,)n) is
nuclear. o

3. CPC*-systems from systems of c.p.c. approximations

The goal of this section is a converse to Theorem 2.12: Any separable nuclear C*-algebra is *-isomorphic
to a CPC*-limit. Moreover, the CPC*-system will arise from a system of c.p.c. approximations. We first
recall some facts regarding systems of c.p.c. approximations of separable nuclear C*-algebras.
Definition 3.1. Let A be a separable nuclear C*-algebra.

(1) A system of c.p.c. approximations for A is a sequence (A LN F, AN A),, where the F), are

finite-dimensional C*-algebras and A o, F, £y A are c.p.c. maps so that forall a € A,
lirtn lon o n(a) —all =0.

(ii) We call a system of c.p.c. approximations as above summable if there exists a decreasing sequence
(&n)n € €' (N)} such that for all n > k > 0,

ok = @n oY 0 il < &p.

(iii) We say a system of c.p.c. approximations as in (i) has approximately multiplicative downwards
maps if for any a, b € A, we have lim,, ||y, (ab) — ¥, (a)¥, (b)|| = 0.

(iv) We say a system of c.p.c. approximations as in (i) has approximately order zero downwards maps
if for any a, b € A, with ab = 0, we have lim,, ||, (a)y,,(b)]|| = 0.
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(v) Given a system of c.p.c. approximations as in (i), we define for all m > n > 0,

Pmn =YmOoPm_10...0¢,: Fy — F,, and

Pn,n = ian.
thus obtaining an associated system (Fy, Pn+1.n)n-

Remarks 3.2. (i) We will usually consider summable systems of c.p.c. approximations, in which case
Pm.n and Y, o ¢, become arbitrarily close for m > n sufficiently large. Moreover, for any £ > 0 and
x € Fy, the sequence (¢, (pn.k(X)))n converges in A.

(ii) Asking for summability will not result in any loss of generality, since after passing to a subsystem,

we can always arrange this for any choice of (&,,), € ¢! (N).!.Indeed, given a system (A Y, F, RN Ay,

of c.p.c. approximations of a nuclear C*-algebra A and a decreasing sequence (&;) € ¢ ')}, we can
use compactness of the unit balls of the F;, to find an increasing sequence (n;); C N so that for all
ng >0and j > k,

lon, — $n; OYn; 0 o |l < En;j-

(iii) For a system of c.p.c. approximations of a C*-algebra A as in 3.1 and any a € A, we have

lim lla — agn(15,)]| = 0.

To see this, it suffices to consider @ € Al. Let & > 0, and choose > 0 so that 25 + \/ﬁ < ¢ and
N > 0so that |la — ¢, (¥, (a))|| < nand ||a® — @, (¥n(a?))|| < 5 forall n > N. Then a consequence of
Stinespring’s Theorem ([15, Lemma 3.5]), guarantees that ||¢, (¢, (a)b) — ¢, (¥, (a))en(D)| < \/5
for any b € (F,)'. Applying this to b = 1F, yields

la —apn(1p)Il < 20 + [0 (Yn(a)) = en(Yn(a))en(1F,)ll
=2n+len(Wn(@)1F,) = enWn(a))en(1r,)|l

<2n++3n

<E.

One can always ask for approximately order zero downwards maps, as follows from [4] in connection
with [23, Theorem 5]); see [5, Theorem 3.1] for an explicit statement:

Theorem 3.3. For a separable C*-algebra A, the following are equivalent.

(i) A is nuclear.
(i) A admits a system of c.p.c. approximations with approximately order zero downwards maps.

Lemma 3.4. Let (A LN F, BN A),, be a system of c.p.c. approximations of a separable nuclear
C*-algebra A. Then the induced map ¥: A — F given for all a € A by

WY(a) = [(¥n(a))n]

is a complete order embedding.
If the system of approximations is summable, then we have Y (A) = (Fp, pn),, (i.e., the image of ¥
agrees with the limit of the associated system in the sense of Definitions 3.1(v) and 2.1).

Proof. Since each ¥, is c.p.c., it follows that ¥ is a c.p.c. map. Moreover, since the maps ¥,,, ¢,, are all
c.p.c., it follows that

liminf, [v%” (a)|| > |all
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for all > 1 and a € M, (A). Hence, ||[¥"")(a)|| > ||a| for all » > 0 and a € M, (A), and so ¥ is
completely isometric and hence a complete order embedding.

Now we assume moreover that the system is summable with respect to some decreasing sequence
(n)n € '(N)]. Let k > 0 and x € Fy, and set a := lim,, ¢, (pn 1 (x)). (Recall that the limit exists by
Remark 3.2(i).) Then we have

pi(x) = [(pm,k(x))m>k] 3.1
= [(Wm(‘ﬁm—l(pm—l,k(x))))m>k]
= [(Ym(a))m]
=¥(a),
and so
Unon(Fn) = {T(limm Pm Opm,n(x)) | k>0, xeF,} c¥Y(A). (3.2)

On the other hand, it follows from summability that

“()Dm O Pm,n o'r//n —Pno l//n” < ZT:,H.]Ej

forallm > n > 0. Hence, for any givena € A and ¢ > 0, we can find M > Osuch thatforallm > n > M,

l@m © Pm,n © Yn(a) —all (3.3)
< l@m © pmn 0 ¥n(a) — @n o Yn(a)ll + ll@n o ¥n(a) — all
< E.

From this, we conclude that the set {lim,, ¢, o p, x(x) | K = 0, x € Fi} is dense in A, and so by (3.2),
Unpon(Fy) is dense in W(A). Since W is isometric, that means W(A) = U, 0n(Fn) = (Fn, Pn) - O

In the situation of Lemma 3.4, if the system of c.p.c. approximations has approximately order zero
downwards maps, then the map W clearly is order zero. In this case, since the codomain is Fo,, we
obtain refined information about the positive contraction appearing in the structure theorem for order
zero maps (Theorem 1.4).

Proposition 3.5. Let (A o, F, RN A), be a system of c.p.c. approximations of a separable nuclear

C*-algebra A with approximately order zero downwards maps, and let W: A — F, be the order zero
complete order embedding from Lemma 3.4. We write C for the C*-algebra generated by W(A) in F
and Jc = {b € Fs | bC U Cb C C} for the idealizer of C in Fw, and we denote by h the element in
M(C) provided by the structure theorem for order zero maps, cf. Theorem 1.4.

Then there exists h € (Jc)) € Fu so that he = he for all ¢ € C. In particular, for all a,b € A,

h¥(a) = ¥(a)h, 3.4
|7 ()|l = [¥(a)|| = llall, and (3.5)
¥ (ab) = ¥ (a) ¥ (b). (3.6)

Moreover, (3.4), (3.5) and (3.6) still holds when replacing h by any & € (F)) such that ¥ (a) = h¥(a)
forall a € A.

Proof. Since C is an ideal in J¢, there is a unique *-homorphism 6: Jo — M (C) extending the
canonical embedding C — M (C) so that (b)c = bc and c6(b) = cb forall b € Jc and ¢ € C. We
claim that 6 is surjective. Indeed, let 7: [] F,, — F. denote the quotient map. Since C is separable,
we can find a separable sub-C*-algebra D c [] F, with 7(D) = C. Though D may be degenerate
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in [] F, (in the sense that its support projection is not 1y, ), it is nondegenerate in its ultra-weak

closure Eg_Wk C [1 F, (in the same sense), and so [1, Proposition 2.4] tells us we can identify M (D)
—o-wk

with {b € D | bD U Db c D} c []F,, and with this identification, we have 7(M (D)) c Jc.
Since D is separable and n|p: D — C is a surjection, [1, Theorem 4.2] guarantees a surjective
*-homomorphism 7: M(D) — M(C) so that for all d € D and x € M(D), we have #(x)r(d) =
n(xd) and n(d)#(x) = m(dx). All this together gives us the following diagram, which we claim
commutes:

D < M(D)

Wl ] N

C c Jo—2= M©
To see that 7 = 6 o | pq(p), let x € M(D) and ¢ € C, and choose d € D such that 7(d) = c. Then
O(n(x))c =n(x)c =n(x)n(d) = n(xd) = #(x)n(d) = #(x)c,

and likewise, cf(n(c)) = ¢ (x). Hence, & = 6 o 7| p(p), and 6 is surjective, as desired.
Now let /2 € (Jc)! be a lift of h. Then we have for each ¢ € C

he=0(h)c=hc and ch=cO(h) =ch.
It then follows from our choice of 4 that for all a, b € A,
h¥(ab) = h¥(ab) = ¥(a)¥(b), and
h¥(a) = h¥(a) = ¥Y(a)h = ¥(a)h.
Since W is isometric, ||a||*h = ||¥(aa®)||h > ¥(aa*) for all a € A (see Remark 1.5(i)), and so

lall* = ¥ (a)|I*
=¥ (a)"¥(a)¥(a)"¥(a)|l
< I¥(a)"™¥(aa")¥(a)|l
< I¥(@)*llall*h¥ (a)|
< llal’ || (a)]l-

In particular, for all a € A,
1R (a)| = [|1R¥ ()]l = ()]l = llal|.
Finally, suppose é € (F)! and &¥(a) = h¥(a) = h¥(a) for all a € A. Then for each a € A,
le¥(a) - ¥(a)ell = [|h¥(a) - ¥(a)el| = [|h¥(a)* — e¥(a)"|| =0,

and it follows that W(a)é = ¥(a)h = ¥(a)h for all @ € A as well. Since this extends to all ¢ € C, it
follows that & € (J¢)! and 6(&) = h. Since € is also a lift of 4, the preceding arguments establish (3.4),
(3.5) and (3.6) for e. m]

Now we are ready to prove the main result of this section.

Theorem 3.6. Let (A Y, F, RN A), be a system of c.p.c. approximations of a separable nuclear

C*-algebra A with approximately order zero downwards maps. After possibly passing to a subsystem
of approximations, the associated system (Fy, pp+1.n)n is a CPC*-system in the sense of Definition 2.2,
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and the map ¥: A — F, from Lemma 3.4 is an order zero complete order embedding with ¥(A) =

(F n»pn)rr
Upon composing ¥ with the inverse of ® from Proposition 2.7, we obtain an isomorphism

O lo¥: A — Co((Fus pn)y)- In particular, any separable nuclear C*-algebra is *-isomorphic to a
CPC*-limit.

Proof. As we saw in Remark 3.2(ii), after possibly passing to a subsystem, we may assume that the
system of approximations (and any further subsystem) is summable.

Let ¥: A — F, be the induced order zero complete order embedding from Lemma 3.4, i be
the element in M(C*(W(A))) from the structure theorem for order zero maps (Theorem 1.4), and
h € (F)! be an element guaranteed by Proposition 3.5 so that A% (a) = h'%¥(a) for all a € A. We fix a
lift (2,), € (I1 F,).) of h and note that since

1¥(b)¥(a) — ¥ (a)| ‘=

" |1R¥(ba) - R¥(a)]
= [|R¥(ba - a)]
= \lba - al
for all a, b € A, we have that for any a, b € A and € > 0, there exists M > 0 so that for allm > M,

IYm(D)m(a) = hmipm(@)|| < |lba —al| +&. (3.7

Now we are ready to determine an appropriate subsystem of approximations. Fix a countable dense
subset {a;}x € A! and a strictly decreasing sequence (g,), € ¢!(N)!. By Remark 3.2(iii), we may
choose jy > 0 so that

o (1F;, )ao — aoll < &0/2.

Then we can choose j; > jg so that for all m > j; and i € {1,2},

”lﬁm(‘PJ(J(IF N¥m(ao) — mlpm(HO)” “‘pJo(lF ao — apl| +&0/2

Jo J0

< &o,

0211?21 lles € Fu)ak all €1/2, an

i Wiy (2o (1)) = @i (L)'l < 87/3.

For all n > 0, we may inductively choose j, > j,—1 so that forall m > j, andi € {1,2},

OIB]?X “Wm(‘:ojn—l (lenfl))‘pm(ak) - hmwm(ak)“ < &n-1, (3.8)
max ||cpjn(lpin)ak —ai|l < &,/2, and (3.9)

0<k<n k
I, W (@) A, D) =94, (1, D'l < £7/3. (3.10)

Let¥: A — [] Fj,/EDF,, denote the map induced by the subsystem (A Y, F;, BN A),. Then
¥ is still an order zero complete order embedding, and for h = [(h; ion) € [1Fj,/EDF;,. we still have
h¥(a) = ¥ (a) for all a € A, where h € M(C*(¥(A))) is the element guaranteed by Theorem 1.4.

Yin in
Thus, we may pass to the (summable) subsystem (A ELN F;, BN A),,, drop the subscripts and write
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Y. h and h for ‘i’, h and fl, respectively. Now (3.8)—(3.10) say that for any n > 0, we have for for m > n

andi € {1,2}
J0ax Y (@n(Lr,)Wm(ai) = hmm (@il < &n, (3.11)
Joax. len(1F,)ar — arll < £,/2, and (3.12)
lenWn(en-1(1£,))) = en-1(1E, )1l < £3/3. (3.13)

We aim to show that the associated system (Fy,, 0n+1.1)n as in Definition 3.1(v) is CPC*.

Claim 1. Forall a € A, we have_[(pnﬂ,n(an))n]lP(a) = h¥(a), and (3.4), (3.5) and (3.6) also hold
Jor [(pn+1,n(1F,))n] in place of h.

We check the claim on an element ay from our fixed dense subset of A'. Since

lonn-1(1E, IWn(ar) = hnn(ar)ll (3.14)
= ”’//n(‘/)n—l(lF,,_l))‘//n(ak) - hn‘//n(ak)”

(3.11)
< &pn-1

for all n > k, it follows that [(pn+1.1(1F,))n]¥(a) = h'¥(a) for all a € A, which establishes the claim
by Proposition 3.5 with € = [(pn+1..(1F,))n]-

Claim 2. Forany a € A and € > 0, there exists an M > 0 so that form > n > M,

”pm,n(an)l//m(a) - pm,m—l(lFm_l)wm(a)” <e.

Again, we check the claim on some a; from our fixed dense subset of A!. Fix & > 0. It follows from
summability (see Remark 3.2(i)) that we may choose M > k with eps < &/3 so that || om0 —¥m o @nll <
g/3 forall m > n > M. Then it follows from (3.11) and (3.14) that for all m > n > M,

lomn(LE)¥m(ak) = pmm-1(1F,,_ J¥m(ap)ll
< m(en(1E)Ym(ar) = pmm-1(1F,,  JWm(ar)ll +&/3
< “l//m((;ﬂn(an))‘//m(ak) = hmm(ar)l|
+ [l hmm(ar) = Pmm-1 (1, Wm(ar) |l +&/3
<&,+em1+e&/3

<e.
Claim 3. Forany a,b € A and € > 0, there exists an M > 0 so thatm > n > M
14 (@)1 (D) _pm,n(an)wm(ab)” <eé.

Leta,b € Al and & > 0. Claim 1 tells us that [(pp+1.,(15,))n] ¥ (ab) = ¥(a)¥(b), and so there is
an My > 0 so that for all m > M,

Ym(@)m (L) = pmm-1(1F,,_ Jm(ab)|l < £/2.
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Then this with Claim 2 (for ab in place of a € A and £/2 in place of &) tells us that there exists M > M,
sothatforallm >n > M,

1m(@)m(b) = pmn (1, Wm(ab)|l
<llemm-1(AF, Wm(ab) = pmn(LE,Wm(ab)| +&/2
<E.

Claim 4. For any a € A and € > 0, there exists an M > 0 so that for allm > n > M,
||pm,n(pn,n—1(an_l)wn(a)) - 'pm(a)” <e.

Again, we check the claim on some aj from our fixed dense subset of A'. Fix 1 > & > 0. By (3.13)
and [14, Lemma 7.11], for each n > 0,

||90n(pn,n71(1Fn_1)wn(ak)) - ‘Pn(pn,nfl(an_l)) ‘/’n(wn(ak))”
< (32/3)'"?

=&,.

We now can choose M > k with gy < £/6 so thatforallm > n > M,

”‘Pn (pn,nfl(an_l)wn(ak)) - ‘pn(pn,nfl(an_l)) ‘;On(lﬁn(ak))” (315)
<&y
< g/6,
lon (Wn(ar)) — akll < /6, (3.16)
and
“pm,n('pn(ak)) —¥m(a)ll £ lgm-10 pm—l,n('l’n(ak)) —ag|| (3.17)
<g/2.

Then we have forallm >n > M,

”pm,n (pn,n—l(anfl)l//n(ak)) - 'pm(ak)”
< ”pm,n (pn,n—l (an—l )lv[/n (ak)) — Pm,n+1 (‘/’n+l (ak)) ”

+lomnst Wne1 (ar)) = ym(ar)ll

(3.17)

< 8/2 + ”pm,n (pn,n—l(an_l)wn (ak)) — Pm,n+1 (W}Hl(ak))”
= &/2+ ”pm,n+l O Yny1 (‘Pn (pn,n—l (an,1 )lpn(ak)) - ak) Il
< €/2+ len(Pnn1(1F,_ Wn(ar)) — axll

O 612466+ 10n(nnt (1)) on(in(ar)) — agll

(3.16)
< 2¢/3+¢&/6+ llon(pnn-1(1F, ,))ar — axll
< 58/6"' ”‘)Dn(pn,nfl(an_l))ak - ‘Pnfl(an_l)ak”

+lon1(1F,_)ax — all
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(3.13) )
< 5¢/6+¢&,/3+ lgn-1(1F, )akx — akl|

(3.12) )
< S5¢/6+¢&,/3+&n-1/2

< &

This finishes the proof of the claim.

Now we are ready to verify that (Fy, 0p+1.0)n is @ CPC*-system. Let k > 0, x,y € F}, and & > 0.
Define a = lim,, ¢, (pn,k(x)) € A and b = lim, ¢, (pn,k(y)) € A. (Recall that these limits exist by
Remark 3.2(i).) We then in particular have

li’?l ”pn,k(x)pn,k(y) - lﬁn(a)lpn(b)” =0.
Combining this with Claims 3 and 4, we can choose M > 0 so that for allm > n > M,

lom.k () P,k (¥) = Pmn (1F,)¥m(ab)|| < €/4 and
”pm,n (pn,nfl (an_l)lﬁn(ab)) - wm(ab)” < 8/2~

Using these two approximations, we compute for m > n,l > M,

1om.i (1) P Pk () Pk (3)) = Pk () Pk (D)l

< lomi (1) Pmn (Pnk () Pk () = Prn=1 (15, JWrn (ab)) ||
+ lomi(LE) pmn(Pnn-1 (1, IWn(ab)) = pmi(15) Ym(ab)||
+ lom i (LE)Ym(ab) = pm ik (X) P,k (V)|

< onk () Pnk (¥) = Prn-1(1E,_ )n(ab)||
+ [l om.n (Pnn1(1F,_ W (ab)) = Y (ab)||
+ lom. i (LE)¥m(ab) = pm i (X) pm.x (¥l

<é&.

Finally, since our subsystem is still summable, ¥(A) = (F,, pn), by Lemma 3.4, so by Corollary 2.8,
A is *-isomorphic to a CPC*-limit. O

Remark 3.7. If A is a separable unital nuclear C*-algebra with a summable system (A & F, RN Ay
of c.p.c. approximations with approximately order zero downwards maps, then (¢, (1F,)), converges
to 14, and hence, ¥(14) = lim, p,(1F,) = e. In this case, the associated system (F,, pp+1,n)n Will
automatically be a CPC*-system even without passing to a subsystem.

We close this section with a description of the product of a nuclear C*-algebra in terms of an
associated CPC*-system, interpreting Corollary 2.8 along the lines of Proposition 2.6.

Corollary 3.8. Ler (A LN F, RN A),, be a summable system of c.p.c. approximations of a separable
nuclear C*-algebra A with approximately order zero downwards maps so that the associated system
(Fus Pn+l.n)n is a CPC*-system. Let W: A —> F, be the induced order zero complete order embedding.
Then for any k > 0, x,y € Fy, and a = lim, ¢,(pnx(x)), b = lim, ¢, (pnx(¥)) € A, we have
Y(ab) =¥(a)e¥(D) = lim, pu(pn,k (X)pnk(¥))-

Proof. Like in (3.1), we have ¥(a) = px(x) and ¥(b) = pr(y), and so by Propositions 2.6 and 2.7,
Y(ab) = O (¥(ab))
= (071 o¥(a))s (@' o ¥(h))

= pr(x)epr(y)
= lim pp (pn k() Pk (¥))- i
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4. NF systems and CPC*-systems

We conclude by comparing our CPC*-systems with Blackadar and Kirchberg’s NF systems from [4]
and establish that the latter may indeed be regarded as a special case of the former.

Definition 4.1 [4, Definitions 2.1.1 and 5.2.1]. A system (F},, pn+1,n)n consisting of finite dimensional
C*-algebras and c.p.c. maps as in Definition 2.1 is called an NF system if the maps p,, , are asymptotically
multiplicative, in the sense that for all k > 0, x,y € Fy, and &€ > 0, there exists M > k so that for all
m>n>M,

Lo, (Pn,k (X) P,k (¥)) = Pk (X) Pk (D) < &.

The limit of this system (in the sense of Definition 2.1) is a C*-algebra with multiplication given for all
k >0and x,y € Fy by

pr(xX)pi(y) = lim p,, (Pnk (X)pnk ().

A C*-algebra that is *-isomorphic to the inductive limit of an NF system is called an NF algebra.

Remark 4.2. A unital CPC*-system is NF, and if (F,;, pn+1.n)n is an NF system such that for any € > 0
there exists M > 0 so that forallm >n > M,

”pm,n(an) - lFm” <eg,

then it is also a CPC*-system. With Theorem 4.4 below, one can drop this condition upon passing to a
subsystem.

The following excerpt from [4, Theorem 5.2.2] characterizes nuclear and quasidiagonal C*-algebras
in terms of NF systems. In comparison with Theorem 3.6, here one asks for approximately multiplica-
tive downwards maps as opposed to just approximately order zero ones; this corresponds to adding
quasidiagonality to the nuclearity hypothesis.

Theorem 4.3. For a separable C*-algebra A, the following are equivalent:

(i) A is an NF algebra.
(ii) A is nuclear and quasidiagonal.

(iii) There exists a system (A LN F, BN A),, of c.p.c. approximations with approximately multiplica-
tive downwards maps.

Theorem 4.4. Any NF system admits a CPC*-subsystem.
Proof. Let (F,, Pn+1,n)n be an NF system. From this, we form another NF system (B,,, ¢p+1.,) (With a
different limit) just as in [4, Proposition 5.1.3] by taking B, = EB;’:O Fjand p,11,, = idp, ® pnsin:

$1,0 2,1

By — By —— B,
Il 1l 1
R4 R 25 R
PR >
F—45 F

N D
F,

https://doi.org/10.1017/fms.2024.123 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2024.123

Forum of Mathematics, Sigma 23

Then for each k > 0, £ = (xg, ...,xx) € By, and n > k, we have
Pk (%) = £ @ S, 0. (xk)-

We claim we can find a subsystem (Bp;, ¢n;+1,n;); Which is CPC*. Set B := (Bp, ¢n),,- Then each
©@n+1,n is a complete order embedding, and hence, so are the induced c.p.c. maps ¢, : B, — B C B.
Using Arveson’s Extension Theorem (cf. [4, Lemma 5.1.2]), we extend each c.p.c. contraction
@n': on(By) — By toac.p.c. map ¢,,: B — B, with §,, o ¢, = idp,. Since the union (J,, ¢, (B,)

is nested, (¢m © Ym)ly,(B,) = idy,B,) forallm > n > 0, and so (B m, B, BN B),, is a system of
c.p.c. approximations of B. Note that the associated system (B, Yn+1 © @n)n is exactly (Bn, @n+1.n)n:
Indeed, for any n > 0 and x € B,,, we have for all m > n,

(Ym © @m-1°Um-10...0n+1 °Yns1)(pn(x)) 4.1
= Ym(gn(x))
= Ym(Om(Pm.n(X)))
= Qo (X).

Moreover, the downwards maps of our system (B m, B, AN B),, of c.p.c. approximations are
approximately multiplicative. To see this, it suffices to consider ¢ (x), ¢x(y) for some k£ > 0 and
x,y € By. Fix ¢ > 0. Since |,, ¢, (B,) is dense in B, we may choose N > k and z € By so that
llen (2) = pr (X)er (¥)]] < /3. Since the system is NF, we have

. 4.1 ..
Pr(X)@r (¥) = Hm @ (0nk () n i (¥)) *="Tim @n (¥ (01 (0))rn (91 (1))

and so we may choose M > N so that
lox (X)@r (¥) = @m (Ym (@k Wm0 (W) < £/3
for all m > M. Since each ¢, is isometric, we have forallm > M > N,

1m (0x ()@ () = Yim (@ (X))Ym (@ (V)|
< [¥m(en(2) = ¥m(r () ¥m (e W) +&/3
= l@m(Wm(en (2))) = Em Wm0 ()Wm (e (M) + £/3
= [lon (2) = @m (Ym (0x ())m (e (Y))Il +&/3

<eé&.

Since the downwards maps are approximately multiplicative, they are also approximately order zero,
and so Theorem 3.6 guarantees that the associated system (B, ¥n+1 © ©n)n = (Bn, @n+1.n)n, has a
CPC*-subsystem (By;, ¢n,, .n;);-

We claim that the system (Fy;, pn,,,.n;); is also CPC". Since this will hold without passing to a
further subsystem, at this point, we may drop the subscripts for ease of notation. Fix k > 0, x,y € Fy,
and ¢ > 0. Let £ = (0, ...,0,x),9 = (0,...,0,y) € By, and choose M > k so that forall m > n,[ > M,
we have

0m,i (18,)@mn (@ .k ()@ ic (9)) = @mic (D) em i (D) < &. (4.2)
Expanding these terms, we get
Cmk (D emi(P) = (£ (@;n:kH Pik®)) (e ( A Pik())
=29 @ (@, pj k()P (¥)),
¢mi(1) = 1, ® (&7, pj1(1R)),
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and
Som,n(gpn,k(x,\)‘ﬁn,k(y))
= ‘pm,n(ﬁy ® (®;:k+l Pj,k(x)Pj,k()’)))
9@ (@1 Pk (NP k() ® (&1L,41 )k (Pnk(X)Pn k()

By considering only the m™ entries of these, it follows from (4.2) that

”pm,n ( 1Fn )pm,n (pn,k (x)pn,k (y)) — Pm,k (x)pm,k (y) ” <eg,
which shows that (F,, pp+1.0)n is @ CPC*-system. |
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