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Introduction

The purpose of this thesis is to prove that every separable, nuclear C*-algebra embeds into
(i.e. is isomorphic to a sub-C*-algebra of) the Cuntz algebra Oy. This is a slight modification
of Kirchberg’s Exact Embedding Theorem that every separable, exact C*-algebra can be
embedded into Oz, see [KP].

The salient feature of nuclear C*-algebras is that their tensor products with arbitrary
C*-algebras are particularly well-behaved, and so are *-homomorphisms which are defined
on or take values in a separable, nuclear C*-algebra. Another important property which a
C*-algebra can have is being purely infinite, which means that it contains plenty of infinite
projections.

A particularly interesting nuclear and purely infinite C*-algebra which plays a central part
in this thesis is the Cuntz algebra Os. In addition to embedding various C*-algebras into it we
also prove that any two unital, injective *-homomorphisms ¢, ¥ : A — Oy are approximately
unitarily equivalent if A is unital, separable and exact. This leads to an important uniqueness
result for O,.

Moreover, we show that the Ko-group of Os is zero (in fact, K;(O3) is zero, too). Using
Kirchberg’s Embedding Theorem and the result on approximate unitary equivalence it can
be shown that Oy can even be regarded as a tensorial zero for unital, separable, simple and
nuclear algebras, i.e. A ® Os = Oy for every C*-algebra A having these properties.

Kirchberg’s Embedding Theorem is situated in the field of classification theory, the funda-
mental concept of which it is to assign to each C*-algebra one or several objects such that two
C*-algebras are isomorphic if and only if their corresponding objects are isomorphic. Based
on Kichberg’s Embedding Theorem and the above A ® 02 statement, Kirchberg and Phillips
independently proved a spectacular classification result for Kirchberg algebras (separable,
simple, nuclear and purely infinite C*-algebras).

The line of argument in this thesis mainly follows Chapter 6 in [R2], at some places giving
modified proofs based on [KR] or personal discussions with Professor Mikael Rgrdam.

The main changes happen in the following places: In the proof of the statement on ap-
proximate unitary equivalence we use recent results from [KR] to perform the step from
approximate similarity via isometries to approximate unitary equivalence. In the proof of
Kirchberg’s Embedding Theorem we modify the first part of the embedding procedure as fol-
lows: In the original proof, a separable, nuclear C*-algebra A is embedded into L® C(T) ® A
= Cp(R, A) X, Z, while we show that A embeds into (Co(R) %, Z) ® A = Cy(R, A) %, Z.

This thesis is organized as follows: Chapter 1 serves as a toolbox for the whole paper, providing
a collection of definitions and statements both in fundamental C*-algebra theory and in more
specific areas such as purely infinite or nuclear C*-algebras. In Chapter 2 we give the definition



of the Cuntz algebras O,,, state some of their most significant properties and present the proof
that Ko(Oz2) is zero.

Chapter 3 deals with the first steps towards the proof of Kirchberg’s Embedding Theorem
and concludes with the important result that any two unital, injective *-homomorphisms from
a unital, separable, exact C*-algebra into Oy are approximately unitarily equivalent.

In Chapter 4 we digress a bit from the main ideas of the proof of the embedding theorem
to discuss limit algebras and to collect statements about them which we need later on. In
particular we show that approximate unitary equivalence can be turned into exact unitary
equivalence by passing to limit algebras.

Chapter 5 opens with the proof that the C*-algebra C(T) of continuous, complex valued
functions on the unit circle embeds into Os, then we return to the main line of the argument
and use the results from Chapter 3 to prove the first embedding results for exact C*-algebras.

Chapter 6 is used to introduce the notion of discrete crossed products and to prove that a
C*-algebra A can be embedded into (Cp(R) %, Z) ® A = Cy(R, A) x,, Z. We apply this result
in Chapter 7, where we prove Kirchberg’s Embedding Theorem and present its first important
consequence, namely the existence of non-zero *~-homomorphisms between Kirchberg algebras.

In Appendix A we discuss a uniqueness property of Oy and the A ® O-Theorem, which
are also consequences of the embedding theorem. In Appendix B we just take a quick glance
at Kirchberg and Phillips’ Classification Theorem to give an idea of what a striking result
could be proved after Kirchberg presented his famous embedding result.
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Chapter 1

Toolbox

This chapter is a collection of fundamental definitions and statements for this thesis. After
some general C*-algebra theory we first turn to equivalence relations of projections in C*-
algebras and give a short account of the definition of the Ky-group of a unital C*-algebra.
Then we introduce the concepts of purely infinite and nuclear C*-algebras which are going to
play a central part in this thesis.

1.1 (*-algebra theory

This section starts with some basic definitions and important standard results in C*-algebra
theory, and then presents some concepts which will be needed later on in this thesis, among
them matrix algebras, homotopy equivalence and special elements, like projections or posi-
tives, in C*-algebras.

1.1.1 Preliminaries

A good reference for the material covered in this section is [Mul].

Definition 1.1.1. A C*-algebra is a complex algebra A equipped with a norm ||-|| and an
involution * such that

(i) A is complete with respect to ||-||;
(ii) [Jab|| < ||a]l||b]| for all a,b € A;
(iii) |la*al| = ||a|/? for all a € A.

A norm on A which satisfies (ii) and (iii) is called a C*-norm on A. A C*-algebra A is said to
be unital if it has a multiplicative identity, usually denoted by 14, it is said to be separable if
it contains a countable, dense subset, and it is called simple if it has no non-trivial, two-sided,
closed ideals.

Definition 1.1.2. Let A and B be C*-algebras. A *-homomorphism from A into B is a
linear map ¢: A — B satisfying p(ab) = ¢(a)p(b) and p(a*) = (¢(a))* for all a,b € A, ie. ¢
is multiplicative and self-adjoint. If A and B are unital with units 14 and 1pg, respectively,
then a *-homomorphism ¢ is said to be unital if (14) = 1p.



Remarks 1.1.3. Let A and B be C*-algebras and let ¢: A — B be a *-homomorphism.

(i) The image ¢(A) is a sub-C*-algebra of B. In particular, if ¢ is injective, then A is
isomorphic to a sub-C*-algebra of B. We then often say that A embeds into B, in
symbols A — B, and call ¢ an embedding of A into B.

(ii) All *-homomorphisms are norm-decreasing, i.e. ||¢(a)| < ||a|| for all a € A.

(iii) A *-homomorphism is isometric, i.e. ||¢(a)| = ||a|| for all a € A, if and only if it is
injective.

Notation. For every locally compact Hausdorff space X let Cy(X) denote the C*-algebra

of continuous functions f: X — C with the following property: For each € > 0 there is a

compact subset K of X such that |f(x)| < e forallz € X \ K. If X is compact this coincides
with C'(X), the C*-algebra of all continuous functions f: X — C.

Theorem 1.1.4 (Gelfand). Let A be an abelian C*-algebra. Then there exists a locally
compact Hausdorff space X such that A is *-isomorphic to Cy(X). If, additionally, A is
unital, then A is *-isomorphic to C(X) for a compact Hausdorff space X.

Remark 1.1.5. Let A be a C*-algebra. There exists a unique unital C*-algebra A that
contains A as an ideal and that satisfies A/A >~ C. The C*-algebra A is called the unitization
of A and can be written as

/T:{a—kalZ’aEA, aEC}.

Let B also be a C*-algebra and let ¢: A — B be a *-homomorphism. Then there exists a
unique unital *-homomorphism ¢: A — B which extends ¢, and ¢ is given by p(a+aly) =
¢(a) +alg foralla € A and all @ € C.

Remark 1.1.6. Let A be a separable C*-algebra. Then A also is separable, because when
{ai,az,...} is a countable, dense subset of A, then {a, +71; | n €N, y€Q+iQ} is a
countable, dense subset of A = {a + alylac A, aeC}.

Definition 1.1.7. Let A be a C*-algebra and let a € A. If A is unital we define the spectrum
o(a) of a to be the set

o(a) ={A € C | Al4 — a is not invertible in A}.

If A is non-unital, then a is considered to be an element of the unitization A of A and the
spectrum o(a) is defined in the unital C*-algebra A.

Theorem 1.1.8 (Functional calculus). Let A be a unital C*-algebra and let a € A be a
normal element, i.e. a*a = aa*. Let z: 0(a) — C denote the inclusion map. Then there exists
a unique unital, injective *-homomorphism ¢: C(o(a)) — A such that ¢(z) = a. The image
Im(¢p) is the sub-C*-algebra of A generated by a and 14, i.e.

C(o(a)) = C*(a,1,).



Representing C*-algebras on Hilbert spaces

Definition 1.1.9. A representation of a C*-algebra A is a pair (H, ) where H is a Hilbert
space and 7: A — B(H) is a *-homomorphism. A representation (H, ) is said to be faithful
if 7 is injective. We often refer to 7 as a *-representation of A on the Hilbert space H.

Theorem 1.1.10 (Gelfand-Naimark). Every C*-algebra admits a faithful representation.

Notation. Let V' be a normed linear space and let W be a subset of V. Then [IW] denotes
the closure of the linear span of W in V.

Remark 1.1.11. Let A be a C*-algebra and let (H,7) be a faithful representation of A.
Then K = [7(A)H] is a Hilbert space which is contained in H. For each a € A and for each
¢ € K define mg(a) = m(a), then g : A — B(K) defines a faithful *-representation of A
such that [rx(A)K]| = K, i.e. g is non-degenerate.

The following lemma will be needed in some norm estimates in Chapter 3, and at this stage it
serves as an example of how the properties of a C*-norm and the Gelfand-Naimark Theorem
can be used.

Lemma 1.1.12. Let A be a C*-algebra and let a,b € A with a*b = 0 = ab*. Then
lla + bl| = max{{|a], [|b]}.
Proof. We first show that ||a + b|| < max{||al|,||b]|}. Put 2 = a 4+ b and notice that
z'r=a"a+a"b+b'a+bb=a"a+b"b
and that (z*z)" = (a*a)™ + (b*b)"
(z*2)" ™ = ((a*a)™ + (b*b)™) (a*a + b*D)

= (a*a)" + (a*a)" b*b + (b*b)" a*a + (b*b)" T = (a*a)" T + (b*0)" .

It follows by induction that (z*z)™ = (a*a)™ + (b*b)™ for all n € N, and thus
Iz*2)" (| < ll(a*a)™ | + [[(6*0)"]| < flal®" + [lb]**  for all n € N,

for some n € N implies that

which implies

2l = ll(@*2)>" 7 || < [lal®™ + [[bI*" < 2 (max{[all, 5] })*"  for all m € No.
Thus,
|z < 277 max{|jall, b} for all m € Ny,
and hence |la + b|| = ||z|| < max{||al,||b||}. To show the other inequality choose a faithful

*-representation 7: A — B(H) for some Hilbert space H. Let T = w(a) and S = 7(b), then
T%S =0 = 5T" and therefore

(T¢, 5n) = (§,T"5Sn) =0 forall§,n e H,
ie. T(H) L S(H). This implies (see, for instance, Theorem 12.2 in [Ru]) that
T[] < (T +S)¢l forall £ € H,

and therefore ||T|| < ||T'+ S||. It follows in the same way that ||.S|| < |7+ S|| and hence
T+ S| > max{||T||,|S||}. As 7 is isometric this implies that ||a + b|| > max{||al|, ||b]|}, as
required. O



Multiplier algebras and essential ideals

The following facts about multiplier algebras and essential ideals can all be looked up in [Mul]
(see pages 38—-39 for multiplier algebras and Theorem 3.1.8 for essential ideals).

Proposition/Definition 1.1.13. Let A be a C*-algebra. A pair (L, R) of bounded, linear
maps on A is called a double centralizer for A if

L(ab) = L(a)b, R(ab) = aR(b), R(a)b = aL(b) for all a,b € A.

The set of all double centralizers for A can be equipped with algebraic operations and a norm
which make it a unital C*-algebra, which is called the multiplier algebra of A, denoted by
M(A).

Remark 1.1.14. Let A be a C*-algebra. Then A is unital if and only if A = M(A).

Definition 1.1.15. Let A be a C*-algebra. A closed, two-sided ideal I of A is said to be an
essential ideal in A, in symbols [ P A, if

al=0 — a=0 for all a € A.

Remark 1.1.16. Each C*-algebra A is contained as an essential ideal in its multiplier algebra
M(A), and M(A) is the largest unital C*-algebra which contains A as an essential ideal. The
second statement is a consequence of the following statement, which is part of Theorem 3.1.8
in [Mu]:

Lemma 1.1.17. Let I be an essential ideal in a C*-algebra A. Then there is a unique

injective *-homomorphism ¢: A — M(I) extending the inclusion I <— M(I). If A is a unital
C*-algebra, then ¢ is a unital *~homomorphism.

We use this lemma to prove the following equivalence for essential ideals:

Lemma 1.1.18. Let A be a C*-algebra and let I be an ideal in A. The following statements
are equivalent:

(i) The ideal I is essential in A;

(ii) There exists a faithful representation 7: A — B(H) for some Hilbert space H such that
[#(I)H] = H.

Proof. (i)=(ii): Suppose that I is essential in A and let mp: I — B(H) be a *-representation
of I on some Hilbert space H. By Remark 1.1.11 we can assume that 7y is non-degenerate,
i.e. [mo(I)H] = H. By Corollary 3.12.5 in [Pel], my extends to a faithful *-representation
m1: M(I) — B(H). As I is essential in A, Lemma 1.1.17 yields an injective *-homomorphism
t: A — M(I) extending the inclusion of I into M(I). Set m = m0t: A — B(H), then 7 is
a faithful *-representation of A and

(D) H] = [m1 (1) H) = [xo(I)H] = H.

(ii)=(1): Let m: A — B(H) be a faithful *-representation of A such that [7(I)H] = H. Let
a € A be such that az = 0 for all x € I. Then w(ax) = w(a) onw(z) = 0 for all x € I, i.e.
n(I)H C ker(m(a)). Since ker(m(a)) is a closed linear subspace of H we can conclude that
H = [r(I)H] = ker(m(a)), i.e. m(a) = 0. As = is faithful, this implies that a = 0. O



Matrix algebras

Definition 1.1.19. Let A be a C*-algebra and let n € N. We denote by M,,(A) the set of
all n x n matrices (a;;);; with entries in A.

Proposition 1.1.20. Let A be a C*-algebra and let n € N. Equip M,,(A) with entry-wise
vector space operations, matrix multiplication and the involution given by (ai;);; = (a};)i;
for each (ai;);,; in My (A). Then M, (A) is a complex, involutive algebra and there is a unique
norm on M, (A) making it a C*-algebra. For each element a = (a;j);; in My(A) this norm
satisfies

n
123};””%” < laf| < .Zl”aij”'
Z?]:

Definition 1.1.21. Let n € N. The system of standard matriz units of M, (C) is defined to
be {e;; | i,j € N<} where e;; € M, (C) is the matrix whose (4, j)th entry entry is one and
whose other entries are zero for all 7,7 € N<,,.

Remark 1.1.22. Let n € N and let {e;; | i,j € N<,,} be the system of standard matrix units
in M, (C). Then

- . €l if j =k .o
€ijerl = { 0 if j£k for all 7, 7, k,l € N<,,
and e]; = ej; for all 4,j € N<,,. The system of standard matrix units is a basis for M, (C).

Lemma 1.1.23. Let A be a C*-algebra. If A is unital and simple, then so is M, (A) for all
n € N.

Proposition/Definition 1.1.24. Let A and B be C*-algebras, let p: A — B be a *-
homomorphism and let n € N. The map

o™ M, (A) = Mu(B), (aij)ij — (o(aij))i

obtained by applying ¢ entry-wise is a *~homomorphism and is called the nth inflation of .

1.1.2 Homotopy equivalence of C*-algebras

Definition 1.1.25. Let A and B be C*-algebras and let ¢, : A — B be *~homomorphisms.
A map ®: [0,1]xA — B, (t,a) — P¢(a) is called a homotopy between ¢ and 1 if the following
hold:

(i) The map ®;: A — B, a+— ®;(a) is a *~homomorphism for each ¢ € [0, 1],
(ii) The map [0,1] — B, t + ®,(a) is continuous for each a € A,
(iii) @9 = ¢ and &1 = 9.

If such a homotopy exists, then ¢ and 1 are called homotopic, in symbols ¢ ~j, . The
C*-algebras A and B are said to be homotopy equivalent, denoted by A ~j B, if there exist
*-homomorphisms f: A — B and g: B — A such that go f ~p, id4 and f o g ~p, idp.

Remark 1.1.26. Homotopy equivalence of C*-algebras is an equivalence relation.



Statement (ii) in Definition 1.1.25 can be referred to by saying that the family (®¢);c(0,1)
is point-wise continuous. The following statement will be helpful when we have to check
point-wise continuity:

Lemma 1.1.27. Let A and B be C*-algebras, let 7 be a non-empty topological space and
let (¢¢)ter be a family of *-homomorphisms from A to B. Then the set

D={a€eA|T — B, t— ¢a) is continuous}

on which (¢¢)ie7 is point-wise continuous is a sub-C*-algebra of A.

Proof. Let a,b € D and let A € C. Then the maps
T — B, t— @i(Aa+b) = Api(a) + ¢i(b),

T — B, t+— pi(ab) = pi(a)pi(b)

and
T — B, t pi(a”) = pi(a)”

are continuous as the maps t — ¢¢(a) and t — ¢ (b) are, and hence Aa +b € D, ab € D and
a* € D. Let now a € D, let t € T and let ¢ > 0. Choose d € D with |la — d| < /3 and let
U be a neighbourhood of ¢ such that ||p(d) — ¢s(d)|| < /3 for all s € U. Then

lei(a) — es(a)ll < [lei(a) — eu(d)| + [le(d) — s(d)]| + [les(d) —ps(a)ll < e
for all s € U, i.e. t — p4(a) is continuous and therefore a € D. O

Before we turn to two examples of homotopy equivalence we give the definition of the cone
and the suspension of a C*-algebra.

Definition 1.1.28. Let A be a C*-algebra. The cone C'A of A is defined by
CA={feC(0,1],4) | f(0) =0},
and the suspension SA of A is defined to be
SA={feC([0,1],4) | f(0) = f(1) = 0}.
Remark 1.1.29. Let A be a C*-algebra. Then ¢: Cy ((0,1),A) — S A, given by

B 0, te{0,1},
e(f)t) = { f(t), te(0,1),

is a *-isomorphism (with inverse given by restriction). Let now A: R — (0,1) be a homeo-
morphism. Then

P: Cp((0,1),A) = Co(R,A), frfolA

also is a *-isomorphism. Altogether,

SA 2 Cy((0,1),A) = Cp(R, A).



Remark 1.1.30. Notice that C([0,1]) is separable by the Stone-Weierstrafi Theorem (the
polynomials with complex rational coefficients form a countable, dense subset). By Re-
mark 1.1.29, Cp(R) is isomorphic to the sub-C*-algebra SC of C([0, 1]) and hence also sepa-
rable.

Examples 1.1.31. (i) For every C*-algebra A the cone C'A is homotopy equivalent to the
zero C*-algebra.

(ii) Let A and B be C*-algebras and let A and B denote their unitizations. If A and B are
homotopy equivalent, then so are A and B.

Proof. (i): Let A be a C*-algebra. Considering the zero maps f: CA — 0 and g: 0 — CA
it is clear that go f = 0 and f o g = 0, where 0 denotes both the zero C*-algebra and the
appropriate zero maps. Hence all we have to show is that idc 4 is homotopic to the zero map
on C'A. For each t € [0, 1] define ®;: CA — CA by ®,(f)(s) = f(st) for all f € CA and for
all s € [0,1]. Then each ®,; is a *-homomorphism, the map t — ®(f) is continuous for each
f € CA, and &3 =0 and 1 = id¢a.

(ii): Suppose that A ~p, B and choose *~homomorphisms ¢: A — B and ¢: B — A such that
Yo ~ypidg and @ o) ~p idp. Recall that the unitizations can be written as

A={a+alz|lacA acC}, B={b+plz|beB, geC},

and consider the unique unital extensions ¢: A — B and 1;: B— A of ¢ and ¢, given by
¢la+alz)=¢(a)+alyand P(b+ Blz) = ¥(b) + B1 ;. We show that 1o P ~p id ;. Let @
be a homotopy between 1) o ¢ and id 4, and define

$:[0,1] x A — A, (t,a) — P(a),

where each @, denotes the unique unital *-homomorphism extending ®; to A. For each
@=a+alye€ Aand for all t,s € [0,1] we can calculate

19(@) — @s(a)]| 5 = |®e(a) + @l z — Ps(a) — alzl 3 = [|®i(a) — Ps(a)] 5
= [|®:(a) — ®s(a)la

which shows that ¢ — ®,(a) is continuous for each @ € A as t — ®(a) is continuous for
each a € A. Tt follows from &y = 1) o ¢ and by uniqueness of the unital extensions that
Py = m = )0, and in the same way ®; = id4 implies that ®; = ifd; = id3. Thus,
Yo ® ~p idz. It can be shown analogously that ¢ o 1; ~p idg, and altogether it follows that

A~y B. O

1.1.3 Special elements in C*-algebras

Definition 1.1.32. Let A be a C*-algebra. An element a € A is said to be self-adjoint if
a* = a. An element p € A is called a projection if p* = p = p?, and an element v € A for
which v*v is a projection is said to be a partial isometry .

Suppose now that A is unital. An element s € A with s*s = 14 is said to be an isometry,

and an element u € A with u*u = uu* = 1, is called a unitary.



Remarks 1.1.33. Let A be a C*-algebra.

(i) Non-zero projections and non-zero partial isometries in A (and hence also isometries
and unitaries if A is unital) have norm one.

(ii) Suppose that A is unital and let s be an isometry in A. Then

|sall = [|las™|| = ||all for all a € A.

Proof. (i): Let 0 # p be a projection in A. Then ||p| = |[p*p| = ||p||?, and as ||p|| # 0 by
assumption, it follows that ||p|]] = 1. Let 0 # v be a partial isometry in A. Then v*v is a
non-zero projection in A and hence ||[v]|? = ||v*v] = 1.

(ii): Let a € A. Then
Isall* = lla*s"sal| = [la*a]| = ||al*,

i.e. ||sa|| = |la||, and hence also ||as*|| = ||sa*|| = ||a*|| = ||a||, or apply the same argument as
for |jas]|. O

These statements will be used without further comment in many estimates throughout this
thesis. Proofs of the following statements about positive elements and projections can all be
found in [Mu].

Definition 1.1.34. Let A be a C*-algebra. An element a € A is said to be positive if it
is self-adjoint and o(a) € R>p, we then write @ > 0. The set of positive elements in A is
denoted by A*. For two self-adjoint elements a,b € A we write a < bif b —a > 0.

Proposition 1.1.35. Let A be a C*-algebra and let a € AT. Then there exists a unique
element b € At such that b?> = a. The element b is invertible if and only if so is a.

Notation. The element b in Proposition 1.1.35 is called the positive square root of a and is
denoted by al/2.

Proposition 1.1.36. An element a in a C*-algebra A is positive if and only if thereis z € A
with z*x = a.

Proposition 1.1.37. Let A be a C*-algebra. Every projection in A is positive. Let now
p,q € A be projections. Then the following statements are equivalent:

1) ¢ <p;
(ii) pg = ¢;
(iil) gp = q.

The following statement shows that elements which behave approximately like a projection,
isometry or unitary, are in fact close to a projection, an isometry, or a unitary, respectively.
We prove only statement (ii) on isometries here as the other proofs are very similar. Further
comments on these results can be found in Exercises 2.7 and 2.8 in [R1].

Lemma 1.1.38. Let A be a C*-algebra and let ¢ > 0. Then there exists § > 0 such that

10



(i) for any g in A satisfying ||¢ — ¢*|| < and ||¢> — ¢|| < & there is a projection p in A with
lg —pll < e.

(ii) if A is unital, then for any ¢ in A with ||t*¢ — 14]| < 0 there exists an isometry s in A
such that ||t — s|| <e.

(iii) if A is unital, then for any v in A satisfying |[v*v — 14| < 0 and ||vv* — 14| < J there
exists a unitary element u in A with ||v —u|| <e.

Proof of (ii): Suppose that A is unital, choose 0 < § < 1 such that 6(1+9)/(1 — ) < e and
let t € A with ||t*t — 14]| < 6. Then |[t*t — 14| < 1, and therefore the positive element t*¢ is
invertible in A and has a positive, invertible square root in A. Put s = t(t*t)_l/Q. Then

s*s = () TY2H (1) TV = 14,

i.e. s is an isometry in A. To show that ||t —s|| < & we compute estimates for ||¢|| and
for |14 — (t*t)~/?||, using the continuous function calculus for t*t. The spectrum o (t*t) is
contained in the interval [1—4, 140] because ||[t*t — 14| < J (see, for instance, Lemma 2.2.3 in
[R1]). As t*t is self-adjoint, this yields [|t]|? = ||t*¢|| < 1+, and hence ||t| < V1+6 < 1+6.
By the functional calculus we obtain

)
14— (0 2|| < sup{|1 = A2[ | A€ o(t7t)} < =5
where the last inequality follows by a short calculation from o(t*t) C [1—6,1+46]. Altogether,

we can now show that

1
e = sll = 1t #(0) 20 < el — 2 < 0D <

which completes the proof. O

1.2 Relations of projections and K

For proofs and details about the material in this section the reader may consult Chapters 1-4
in [R1].

1.2.1 Relations of projections and properly infinite projections

Definition 1.2.1. Let A be a C*-algebra. Two projections p and ¢ in A are said to be
(Murray-von Neumann) equivalent, in symbols p ~ g, if there exists a partial isometry v € A
such that v*v = p and vv* = q.

Remarks 1.2.2. (i) Let A be a C*-algebra and let v be a partial isometry in A, i.e. v*v
is a projection. Then v = vv*v, hence vv* also is a projection, and with p = v*v and
q = vv* the following holds:
V= qU = vp = quUp.

(ii) The relation ~ defines an equivalence relation on the set of projections in A.

11



Definition 1.2.3. Let A be a C*-algebra. A projection p in A is said to be infinite if it is
equivalent to a proper subprojection of itself, i.e. if there is a projection ¢ in A such that
p~ q<p, where ¢ < p means ¢ < p and ¢ # p. A projection which is not infinite is said to
be finite.

If A is unital then A is said to be infinite if 14 is an infinite projection, otherwise A is
called finite.

The next definition gives a stronger notion of infinity:

Definition 1.2.4. Let A be a C*-algebra. A non-zero projection p in A is said to be properly
infinite if there are two projections e, f in A such that ef = 0 (i.e. e and f are mutually
orthogonal), e <p, f <pande~pn~ f.

A unital C*-algebra A is said to be properly infinite if 14 is a properly infinite projection.

Remark 1.2.5. Let A be a unital, properly infinite C*-algebra. Then A contains a sequence
(tn)nen of isometries with orthogonal range projections, i.e. with ¢;¢; L ¢;t% for all i # j € N.
See Exercise 4.6 in [R1] for an idea of the proof.

Notation. Let P(A) denote the set of projections in a C*-algebra A. For each n € N let
Pn(A) = P(My(A)), and let Poo(A) = U,,eny Pr(A).

In what follows we define a generalized Murray-von Neumann equivalence and introduce a
binary operation on Py (A). In Section 1.2.2 these concepts will be used to define the K-
group of a unital C*-algebra, and now they will, combined with one more relation on Py, (A),
lead to some useful statements about properly infinite projections.

Definition 1.2.6. Let A be a C*-algebra and define a relation on P (A) as follows: Let
m,n € N, let p € P,(A) and let ¢ € P,(A). Then p ~q ¢ if there exists an element v in the
m x n matrices M, ,(A) such that p = v*v and ¢ = vv™.

Definition 1.2.7. Let A be a C*-algebra, let p and ¢ be projections in Py (A) and define

. p 0
® q = diag(p,q) = ,
p®yq g(p,q) < 0 ¢ )

such that p @ ¢ is contained in P4 (A) when p € P, (A) and ¢ € P,,(A) for some m,n € N.
Another relation on P (A) can be defined as follows:

Definition 1.2.8. Let A be a C*-algebra, let m,n € N, let p € P, (A) and q € P, (A). We
write ¢ 3 p if there is a projection py € P, (A) such that ¢ ~¢ po < gq.

Remark 1.2.9. It is not true that p = ¢ = p implies p ~q ¢, see the note to Exercise 4.7 in
[R1].

Definition 1.2.10. An element a in a C*-algebra A is said to be full if it is not contained
in any proper, closed, two-sided ideal in A. A projection p € P,,(A) C Pso(A) is called full if
p is a full element in M, (A).

Lemma 1.2.11. Let A be a C*-algebra.

(i) A non-zero projection p € Py (A) is properly infinite if and only if p ® p = p.
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(ii) Let p, ¢ be projections in A and suppose that p 3 ¢ X p and that p is properly infinite.
Then q also is properly infinite.

(iii) If p is a properly infinite, full projection in Py (A), then ¢ =< p for every projection ¢ in
Poo(A).
An idea of the proofs is given in Exercises 4.7, 4.8 and 4.9 in [R1].

1.2.2 The functor K, for unital C*-algebras

This section gives a very short introduction to the construction of Ky(A) for a unital C*-
algebra A. This construction also works for non-unital C*-algebras, but the resulting functor
lacks certain exactness properties (see [R1] for details). Therefore, Ky is defined in a different
way for non-unital C*-algebras which we will not present here. In Chapter 2 it will be shown
how the Ky-group of the (unital) Cuntz algebra Qs can be determined explicitly.

Proposition/Definition 1.2.12. Let A be a C*-algebra. Then ~ defines an equivalence
relation on Py (A), and the set of equivalence classes is denoted by D(A) = P (A)/ ~o. For
each p € Px(A) let [p]p denote the equivalence class containing p. One can define an addition
on D(A) by

Plo+ldo=[p®gp  forall p,g € Poo(A),
and this makes (D(A), +) an abelian semigroup.

Remark 1.2.13. To every abelian semigroup S on can assign an abelian group G(S) via the
Grothendieck construction. There exists an additive map vyg: S — G(S) such that

G(S) = {vs(g) —vs(h) | g, h € S},
the so-called Grothendieck map. For details the reader is referred to Chapter 3 in [R1].

Definition 1.2.14. Let A be a unital C*-algebra. Then Ky(A) is defined to be the abelian
group which is assigned to D(A) via the Grothendieck construction. Let v: D(A) — Ko(A)
be the Grothendieck map and define

[]Jo: Poo(A) — Ko(A), p+ [plo =([plp)-

The following proposition gives the standard picture of Ky(A) in the unital case.

Proposition 1.2.15. Let A be a unital C*-algebra. Then

Ko(A) = {[plo — [dlo | p,q € Pso(A)}
= {[plo — [alo | p,q € Pu(4), n € N}.

The following proposition states that to every *~-homomorphism ¢ between unital C*-algebras
A and B one can assign a group homomorphism Ky(¢): Ko(A) — Ko(B). The results in
Proposition 1.2.17 and Proposition 1.2.18 show that Ky defines a homotopy invariant functor
from the category of unital C'*-algebras into the category of abelian groups.

Proposition 1.2.16. Let A and B be unital C*-algebras. Every *~homomorphism ¢: A — B
induces a unique group homomorphism Ko(p): Ko(A) — Ko(B) that satisfies

Ko(#)(Iplo) = [¢™ (p)]o
for p € P,(A), where (™ denotes the nth inflation of .
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Proposition 1.2.17. (i) For every unital C*-algebra A, Ko(ida) = idg,4)-

(ii) Let A, B and C be unital C*-algebras and let ¢: A — B and ¢: B — C be *-
homomorphisms. Then Ky(v o ¢) = Ko(¢) o Ko(p).

Proposition 1.2.18. Let A and B be unital C*-algebras.
(i) If p,9: A — B are homotopic *-homomorphisms, then Ky(p) = Ko(¢)).
(ii) If A and B are homotopy equivalent, then Ky(A) is isomorphic to Ky(B).

The following proposition gives a very useful picture of Ky(A) in case that A contains a
properly infinite, full projection. Its proof is given in Theorem 1.4 in [Cu2]. Notice that this
holds both in the unital and in the non-unital case.

Proposition 1.2.19. Let A be a C*-algebra.

(i) If A contains a properly infinite, full projection, then

Ko(A) = {[plo | p € P(A) is properly infinite and full}.

(ii) If p and q are properly infinite, full projections in A, then [p]o = [¢]o if and only if p ~ gq.

1.3 Purely infinite C*-algebras

The definition of purely infinite C*-algebras can be given in many equivalent formulations,
which are given in Proposition 1.3.10 below. Before we state these equivalences we introduce
the notions of hereditary sub-C*-algebras and of C*-algebras having real rank zero.

Definition 1.3.1. A sub-C*-algebra B of a C*-algebra A is said to be hereditary if a < b
implies a € B for all positive elements a,b € A with b € B.

Remark 1.3.2. Let B be a hereditary sub-C*-algebra of a C*-algebra A. Then any hereditary
sub-C*-algebra of B also is a hereditary sub-C*-algebra of A.

Proof. Recall that if C is any sub-C*-algebra of A, then an element x € C' is positive in C
if and only if it is positive in A. Let D be a hereditary sub-C*-algebra of B, and let a,d be
positive elements in A with a < d and d € D. As D C B and B is a hereditary sub-C*-
algebra of A, we get a € B. Since D is a hereditary sub-C*-algebra of B, this gives a € D, as
required. O

The following two lemmas give an idea of what hereditary sub-C*-algebras may look like.
Their proofs can be found in [Mu], Theorem 3.2.2, Corollary 3.2.4 and Theorem 3.2.5.

Lemma 1.3.3. A sub-C*-algebra B of a C*-algebra A is hereditary if and only if bab’ € B
for all b,b’ € B and for all a € A.

Lemma 1.3.4. Let A be a C*-algebra. If a is a positive element in A, then aAa is a hereditary
sub-C*-algebra of A. If B is a separable hereditary sub-C*-algebra of A, then there exists a
positive element a € A such that B = aAa.
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Corollary 1.3.5. Let p be a projection in a C*-algebra A. Then pAp is a hereditary sub-
C*-algebra of A which is unital with unit p.

Proof. For all a € A we have ppap = pap = papp, i.e. p is a unit in pAp. To prove that pAp
is a C*-algebra it suffices by the preceding lemma to show that pAp is closed. Notice that
a € pAp if and only if a = pap for every a € A. Let a € pAp and let (an) ey be a sequence
in pAp with a, — a as n — oo. Then a = lim,, . an, = lim, .o pap = pap, and hence
a € pAp. ]

A proof of this which only uses the definition of hereditary sub-C*-algebras can be found
in [Mu], Example 3.2.1. The following remark shows that, if we need a properly infinite
projection in a hereditary sub-C*-algebra of a C*-algebra A, it suffices to find a properly
infinite projection in A which is contained in the hereditary sub-C*-algebra.

Remark 1.3.6. Let A be a C*-algebra, let B be a non-zero, hereditary sub-C*-algebra of A
and let p be a non-zero projection in B. Then p is properly infinite in B if and only if p is
properly infinite in A.

Proof. The “only if” part is clear. Suppose now that p is properly infinite in A and choose
mutually orthogonal projections e, f € A withe <p, f <pande~p~ fin A. As B is
hereditary, it follows immediately that e, f € B. Choose v € A with v*v = e and vv* = p,
then v = pve by Remark 1.2.2(i), and hence v € B by Lemma 1.3.3. Hence, e ~ p in A
implies that e ~ p in B, and it follows in the same way that p ~ f in B. Thus, p is properly
infinite in B. O

Definition 1.3.7. Let A be a C*-algebra. An approzimate unit for A is a net (uy)y of
positive elements in the closed unit ball of A such that

li)r\nuAa = li)r\n auy = a for all a € A.

It is shown in Theorem 3.1.1 in [Mu] that every C*-algebra admits an approximate unit. The
reference for the following statement about C*-algebras with real rank zero is [BP], Theorem
2.6.

Definition 1.3.8. A unital C'*-algebra A is said to have real rank zero if the set of invertible,
self-adjoint elements in A is dense in the set of self-adjoint elements in A. A non-unital
C*-algebra A is said to have real rank zero if its unitization A has real rank zero.

Theorem 1.3.9. Let A be a C*-algebra. The following conditions are equivalent:
(i) The real rank of A is zero.

(ii) The set of self-adjoint elements in A with finite spectrum is dense in the set of self-adjoint
elements in A.

(iii) Every hereditary sub-C*-algebra of A has an approximate unit consisting of projections.

The equivalent conditions in the following proposition will be used below to define what it
means for a unital and simple C*-algebra to be purely infinite.

Proposition 1.3.10. Let A be a unital, simple C*-algebra. The following statements are
equivalent:
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(i) A is not isomorphic to C and for all non-zero, positive elements a,b in A there exists
in A such that b = z*ax.

(ii) A is not isomorphic to C and for each non-zero, positive element a in A there exists x
in A such that 14 = z*az.

(iii) A is not isomorphic to C and every non-zero, hereditary sub-C*-algebra of A contains
a projection p with p ~ 14.

(iv) Every non-zero, hereditary sub-C*-algebra of A contains a properly infinite projection.
(v) The real rank of A is zero and every non-zero projection in A is properly infinite.

Proof. 1t is shown in the following that (1)< (ii), that (ii)=-(iii)=-(iv)=-(ii), and that (iv)<(v).

(i)e(ii): It is clear that (i) implies (ii). Suppose now that (ii) holds and let a, b be non-zero,
positive elements in A. Then there exists g € A with 14 = zjazg. Put z = zob'/2, then
r¥axr = b1/2x6axobl/2 =b.

(ii)=-(iii): Suppose that (ii) holds and let B be a non-zero, hereditary sub-C*-algebra of A.
Let a be a non-zero, positive element in B, then a also is positive in A, and by (ii) there is
z € A such that 14 = z*az. Set v = a2z, then v*v = 2*az = 14 and p = vv* = a/2za*al/?
is a projection in B by Lemma 1.3.3, and p = vv* ~ v*v = 14.

(iii)=-(iv): Assume that (iii) holds. We show first that 14 is properly infinite. As A is not
isomorphic to C there exists a positive element d in A which is not contained in C1 4, which
implies that the spectrum o(d) contains more than one point. Let A # p € o(d). By Urysohn’s
Lemma there exist two continuous functions fy, f,: o(d) — [0, 1] such that fy(A) = fu(pu) =1
and fyf, = 0. Apply the continuous function calculus for d to define a = f(d) and b = f,(d).
Then a and b are non-zero, positive elements in A with ab = 0, and aAa and bAb are non-zero,
hereditary sub-C*-algebras of A. By (iii) there exist projections p € aAa and q € bAb with
p~ 1y ~q Asab =0 it follows that (aza)(byb) = 0 for all z,y € A, which implies that
pg = 0. Since p < 14 and ¢ < 14 anyway, this shows that 14 is properly infinite.

Let now B be a non-zero, hereditary sub-C*-algebra of A. By (iii), B contains a projection
e with e ~ 14. Then 14 ~ e < 14 and in particular 14 3 e 3 14, which by Lemma 1.2.11(ii)
implies that e is properly infinite as 14 is.

(iv)=-(ii): Suppose that (iv) holds and notice that this implies that A is not isomorphic to
C, because C does not contain any properly infinite projections.

Let a be a non-zero, positive element in A. Then aAa is a non-zero, hereditary sub-
C*-algebra of A and (iv) yields a properly infinite projection p in aAa. Choose z € A with
laza — p|| < 1. As A is assumed to be simple, p is full, and hence 14 < p by Lemma 1.2.11(iii),
i.e. there exists a projection py in A such that 14 ~ py < p. Choose v € A with v*v = 14 and
vv* = pg. Then, as pop = po = ppo because py < p, and as pov = v by Remark 1.2.2(i), we
have

14 = v*pov = v*poppov = v pu. (1.3.1)

Put w = zav, then

114 = v*aw] = |v*(p — aza)ol| < |Ip — azal| <1
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1/2,1/2 1/2

by choice of z, which shows that v*aw = v*a w is invertible. Hence, a'/“w is left-
invertible, and therefore (a'/?w)*a'/?w = w*aw is invertible (see, for example, the proof of
Lemma 5.1.2 in [R1]). Moreover, w*aw is positive, and therefore (w*aw)'/? exists and is
invertible as w*aw is. Put x = w(w*aw)~/2, then

~1/2 —-1/2

z¥ar = (wraw)” w aw(w*aw) =14,

as desired.

(iv)=-(v): Assume that (iv) holds. We show first that this implies that every non-zero pro-
jection in A is properly infinite. Let p be a non-zero projection in A. Then pAp is a non-zero,
hereditary sub-C*-algebra of A which, by (iv), contains a properly infinite projection q. Then
pq = q = qp and hence ¢ < p, and as ¢ is a properly infinite, full projection, we know that p = ¢
by Lemma 1.2.11(iii). Combining these we have that ¢ < p = ¢ which by Lemma 1.2.11(ii)
implies that p also is properly infinite.

We now show that (iv) implies that A has real rank zero. Let a be a self-adjoint element
in A. In case that a is invertible there is nothing to prove, hence assume in the following that
a is not invertible. Let € > 0.

Case 1: There exists a non-zero, positive element b in A such that ab = ba = 0, i.e. b is
orthogonal to a. By (iv) there exists a properly infinite projection p in bAb. As A is simple,
p is full and therefore 14 — p = p, i.e. there exists a projection ¢ € A with 14 —p ~ ¢ < p.
Choose v € A with v*v = 14 — p and vv* = ¢q. Notice that ab = ba = 0 implies ap = pa = 0,
and that pg = gp = q as ¢ < p. Using these and the relation v = qv = v(14 — p) we obtain
that

¥ =v(la—p)qv=0, wp=uv(la—pp=0, wvg=uvpg=0, pv=pqv=qu,
aq = apq = 0 = qa, av = aqu = 0. (1.3.2)

Set s = v+ v* + (p — q), then s is self-adjoint and

32:(v+v*+(p—q))(v+v*+(p—q)):vv*—i-v*v—i—v*p—v*q—i—p—q

=q+la—p+tp—q=la,

i.e. s is invertible with s = s™!. Put d = a + €s, then d is self-adjoint and ||d — a|| = ¢, as
sl = 1. We proceed to show that d is invertible with inverse e ~'s — e 2vav*. Notice that
ap = 0 and the equations in (1.3.2) imply that as = av* and sv = v*v = 14 — p (and, taking

adjoints, sa = va and v*s = 14 — p) and calculate

d(e™ls — e 2vav*) = (a +¢es)(e's — e 2vav*) = e tav* 4 14 — e L svav®

-1 -1

=clav 414 — e Mlg—plav* = tav* + 14 — e tav* =1,

and, similarly,

(e7's — e 2vav*)d = (¢ 's — e 2vav*)(a + es) = e tva + 14 — e lvav*s

=& va—i—lA—a 1va:1A.
This shows that d is invertible.

Case 2: In this case we construct a self-adjoint element a’ € A such that ||a’ — a|| < &/2
and for which there exists a non-zero positive element v’ € A with o’/ = ’a’ = 0. Then
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Case 1 can be applied to find an invertible, self-adjoint element d’ € A with ||a’ — d'|| < /2,
and therefore with |la — d'|| < e. To find o' and " we apply the functional calculus for a.
Define
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and set a’ = f(a) and V' = g(a). As f and g are real-valued functions, a’ and ¥/ are self-adjoint.
As a is assumed to be not invertible we know that 0 € o(a), and as g > 0 and ¢(0) > 0 it
follows that b is a non-zero positive element in A. Moreover, a't/ = b'a’ = 0 as fg = 0.
Let now z: o(a) — R denote the inclusion (we know that o(a) C R as a is self-adjoint) and
use that the functional calculus is isometric to see that ||a’ — al| = || f — z|| < &/2, as required.

(v)=(iv): Suppose that (v) holds and let B be a non-zero, hereditary sub-C*-algebra of A.
By (v) and by Theorem 1.3.9(iii) we can conclude that B has an approximate unit consisting
of projections, in particular this means that there exists a non-zero projection p in B. By
(v), p is properly infinite. O

Remark 1.3.11. Conditions (i),(iv) and (v) are also equivalent if A is non-unital, see [LZ].

Definition 1.3.12. A (unital) simple C*-algebra A is said to be purely infinite if it satisfies
one — and hence any — of the equivalent conditions (i), (iv), (v) (and (ii),(iii) if A is unital)
in Proposition 1.3.10.

The definition of non-simple, purely infinite C*-algebras and some important properties of
purely infinite C*-algebras are given in [R2], Chapter 4.1.

Lemma 1.3.13. Let A be a simple, purely infinite C*-algebra.
(i) Every non-zero, hereditary sub-C*-algebra B of A is again purely infinite.
(ii) For each n € N the matrix algebra M, (A) is simple and purely infinite.

Proof. (i): We show condition (iv) in Proposition 1.3.10. Let B be a non-zero, hereditary sub-
C*-algebra of A. Then B is simple because A is, see Theorem 3.2.8 in [Mu]. By Remark 1.3.2
every non-zero, hereditary sub-C*-algebra of B also is a non-zero, hereditary sub-C*-algebra
of A and hence contains a properly infinite projection.

(ii): We show this in the unital case only, the general case is contained in the proof of
Proposition 4.1.8 in [R2]. Let n € N. As A is unital and simple so is M,,(A) by Lemma 1.1.23.
We show that M,,(A) satisfies condition (ii) in Proposition 1.3.10. Let a = (a;;);; be a non-
zero, positive element in M, (A). Then there exists a non-zero element z = (z;;);; € My,(A)
such that a = z*z, i.e. a; = ZZ:1 2,2k for each i € N,,. Therefore, each a;; is positive,
and there exists ¢ € N<,, such that a;; is non-zero (otherwise z and hence a were forced to be
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zero). Since A is purely infinite there exists an element y € A such that y*a;;y = 14. Define
t = (tw)rg € My(A) by

P y, k=dandl =1,
0, else

and let p = (pr)k1 € Mpn(A) denote the projection given by

_f1a, kE=1=1,
P = 0, else.

Then t is the matrix having y as the first entry of its ¢th row and zeros elsewhere, and p
has 14 in its upper left corner and zeros elsewhere. Matrix multiplication now shows that
t*at = p. As 14 is a properly infinite projection in A, so is p in M, (A), because if ¢ and r
are mutually orthogonal projections in A with ¢ ~ 14 ~ r, then ¢, (™) e M, (A) given by

(n)_ q, kzl:la (TL)_ r, k:l:]_,
L { 0, else, and "HOT 00, else,

are mutually orthogonal projections with g™ < p, r™ < pand ¢ ~p~r. As M, (A) is
simple, p is a properly infinite, full projection in M, (A), and therefore 1,;, (4) < p. As shown
in the paragraph before equation (1.3.1) this entails that there is an element v € M,,(A) such
that v*pv = 1y, (4). Now set x = tv and check that

rrar = vt atv = vpv = 1y, (a),

as required. ]

1.4 Completely bounded/positive maps

A good reference for the theory of operator systems and completely bounded/positive maps
is [Pa], and most of the statements given here are taken from this book. As an example for
unital, completely positive maps we consider maps like A — A, a — s*as for an isometry
s in a unital C*-algebra A, which we shall often encounter in this thesis. We conclude this
section with some extension and approximation results.

Definition 1.4.1. A closed linear subspace F of a unital C*-algebra A is said to be an
operator system if 14 € E and if E is self-adjoint, i.e. = E* = {z* | z € E}.

For each n € N we regard M, (E) as a subspace of M, (A) and equip it with the norm
inherited from the norm on the matrix algebra M, (A).

Definition 1.4.2. Let A be a unital C*-algebra and let E be an operator system in A. An
element z of F is said to be positive if it is positive in A.

Definition 1.4.3. Let E and F' be operator systems. A linear map ¢: E — F' is said to be
positive if it maps any positive element in F to a positive element in F', and p is said to be
contractive, or a contraction, if ||o|| < 1.

Remark 1.4.4. Positive, linear maps are self-adjoint.
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Definition 1.4.5. Let F and F' be operator systems. Let o: F — F be a linear map and
let for each n € N the nth inflation o™ of p be defined as in the case of *-homomorphisms,
see Definition 1.1.24. Then g is said to be completely bounded if sup,,cy|l0™| is finite, and
it is said to be completely contractive, respectively completely positive if 0™ is contractive,
respectively positive for each n € N.

Remark 1.4.6. The linear space of completely bounded maps between two operator systems
F and F can be normed with the completely bounded norm, given by

llolle = supllo™|
neN

for every completely bounded map ¢: £ — F.
The following remark is a combination of Propositions 2.11 and 3.6 in [Pa].
Remark 1.4.7. Let F and F' be operator systems and let o: ¥ — F be a linear map.
(i) If o is completely positive, then g is completely bounded and ||g||e, = |||l = ||e(1E)]|-

(ii) If p is unital, then g is completely positive if and only if ||g||c, = 1. In particular, unital,
completely positive maps have norm equal to one, which will be used in many estimates
later on.

Examples 1.4.8. (i) All *~homomorphisms are completely positive.

(ii) Let A be a unital C*-algebra and let s be an isometry in A. Then V: A — A, a — s*as
is a unital, completely positive map.

Proof. (i) Let A and B be C*-algebras, let ¢: A — B be a *-homomorphism, let n € N and
let a € M, (A) be a positive element. Then there exists z € M,,(A) such that a = z*z. Since
the inflation (™ also is a *~homomorphism, we have (™ (a) = ™ (z*z) = ™ (z)*™ ()
which shows that ¢(™) (a) is positive in M, (B).

(ii) It is easy to check that V is linear, and V is unital because s is an isometry. For every
n € N let s, = diag(s,...,s) € M,(A) and note that V" (a) = s*as, for every a € M,(A).
Let now n € N and let a be a positive element in M, (A). Then

V(n)(a) _ S:a1/2a1/28n — (al/QSn)*al/an
is positive in M, (A). O

A proof of the following extension result for completely bounded maps is given in Theorem 8.2
in [Pa).

Theorem 1.4.9 (Wittstock’s Extension Theorem). Let A be a unital C*-algebra and let E
be an operator system in A. Let H be a Hilbert space and let n: E — B(H) be a unital,
completely bounded map. Then 71 extends to a unital, completely bounded map 77: A — B(H)

with [|7lleb = [|7]]eb-

The next result shows that a self-adjoint, unital, completely bounded map 7 is close to a
unital, completely positive map if its completely bounded norm is close to one (we know that
Inlleb > 1 as n is assumed to be unital). A proof can be found in Proposition 1.19 in [Wa].
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Proposition 1.4.10. Let A be a unital C*-algebra, let H be a Hilbert space and let i be
a self-adjoint, unital, completely bounded map from A into B(H). Then there is a unital,
completely positive map o: A — B(H) such that |0 — nlleb < [|7]lcb — 1.

Combining the two preceding results we can prove the following statement, which is Lemma 1.6
in [KP]:

Lemma 1.4.11. Let A be a unital C*-algebra and let E be an operator system in A. Let H
be a Hilbert space and let n: E — B(H) be a self-adjoint, unital, completely bounded map.
Then there is a unital, completely positive map ¢: A — B(H) with ||o|z — nllcb < [|7lleb — 1.

Proof. By Wittstock’s Extension Theorem there exists a unital, completely bounded map
n: A— B(H)

such that 77|g = n and ||7||cb = ||7]|cb- Define
— I ~ 0 k\ %
7: A— B(H), a5 (i(a) +(a")").

For each x € E we then have

1

(@) = 5 (0(z) +7(27)") = % (n(x) +n(2")") = n(z)

as N|g = n and as 7 is self-adjoint, i.e. 7|z = n. For the completely bounded norm we can
estimate

_ [ _ _
Inller < [7llev < 5 (lllen + illen) = l17lle = lInlleps
ie. ||7llen = |Inleh. Moreover,

(n(a”) +1(a)") = % (7i(a) +7(a*)")" = n(a)".

Altogether we have shown that 77 is a self-adjoint, unital, completely bounded map which
extends 7 to A. Proposition 1.4.10 now yields a unital, completely positive map go: A — B(H)
such that

n(a”) =

N

o =lleb < [I7ller — 1 = lInlleb — 1,
which implies that
lele = nlleb < [Inlleb — 1,

as required. O

1.5 Nuclearity and exactness

After stating some frequently used results on minimal tensor products we turn to the definition
of nuclear C*-algebras and state some of their permanence properties. We then discuss nuclear
maps and show that a completely positive contraction being defined on or taking values in a
separable, nuclear C*-algebra is automatically nuclear. In Sections 1.5.3 and 1.5.4 we define
exactness, present Kirchberg’s result that every separable, exact C*-algebra admits a nuclear
embedding into B(H), and use this to prove that the identity map on a unital, separable,
exact C*-algebra can be locally factorized through matrix algebras via unital, completely
bounded maps.
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1.5.1 Tensor products

In the following definitions and throughout this thesis tensor products play a very important
part. As their definition requires quite a bit of work it is not given here, but there are several
textbooks where all the work is done. For a very first start into the theory of algebraic tensor
products the reader may consult [Gr], the theory of tensor products of Hilbert spaces and of
C*-algebras is dealt with in [Mu]. Except for Appendix A.2 we only consider minimal tensor
products in this thesis.

Notation. For two C*-algebras A and B let A Quin B denote their minimal tensor product.

The following result is a consequence of Theorem 6.3.3 in [Mu] and the definition of the
minimal tensor product.

Lemma 1.5.1. Let A and B be C*-algebras with representations (Ha,74) and (Hp,7B),
respectively. Then there exists a unique *-homomorphism 7: A®uin B — B(H4® Hp), where
Hj ® Hp is the Hilbert space tensor product, such that

m(a®b) =ma(a) @ mp(b) foralla e A, be B.
If 74 and 7wp are injective, then so is 7.

The next result on *-homomorphisms between minimal tensor products is also taken from
[Mu], where it is Theorem 6.5.1.

Lemma 1.5.2. Let A, B, A’, B’ be C*-algebras and let ¢: A — A’ and ¢: B — B’ be
*-homomorphisms. Then there is a unique *-homomorphism 7: A @uin B — A’ Qumin B’
satisfying

m(a ®b) = ¢(a) @ 1P(b) forallac€ A, be B.

Moreover, if ¢ and 1 are injective, then so is .
Notation. We denote the *-homomorphism 7 in Lemma 1.5.2 by ¢ ® 1.

Remark 1.5.3. Let A and B be C*-algebras and let p be a non-zero projection in B. Then
the map
t:A—>AQun B, ar—~a®p

is linear as ® is bilinear, and it is self-adjoint and multiplicative because p = p* = p?. Hence,
¢ is a *-homomorphism. Moreover, |la ® p|| = ||al|[|p|| = [|a|| for all a € A, which shows that ¢
is an embedding of A into A i, B.

Remark 1.5.4. Let A and B be separable C*-algebras. Then A ®u;y B is separable, because
if Q4 and Qp are countable, dense subsets of A and B, respectively, then the set

n
{Zai@)bi ‘ neN, a; GQA, b; GQB}
i=1
is a countable, dense subset of A @muin B.
The following result is Corollary 4.21 in [Ta).

Lemma 1.5.5. If two C*-algebras A and B are simple then so is A @uin B.
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1.5.2 Nuclear C*-algebras and nuclear maps

Definition 1.5.6. A C*-algebra A is said to be nuclear if for any C*-algebra B there is a
unique C*-norm on the algebraic tensor product of A and B.

Notation. Let A and B be C*-algebras. If A or B is nuclear, the completion of their algebraic
tensor product with respect to the unique C*-norm is denoted by A ® B.

Nuclear C*-algebras have a number of permanence properties, i.e. nuclearity is preserved
under many natural operations. Some of them are stated below, and more examples can be
found in Proposition 2.1.2 in [R2], where all save the second statement below are taken from.
A reference for statement (ii) is Theorem 6.3.9 in [Mu].

Proposition 1.5.7. (i) Abelian C*-algebras are nuclear.
(ii) Finite dimensional C*-algebras are nuclear.

(iii) If two of the C*-algebras in a short exact sequence 0 — I — A — B — 0 (see Defini-
tion 1.5.15 below) are nuclear, then so is the third.

(iv) If A and B are nuclear C*-algebras, then so is A ® B.

(v) If A is a nuclear C*-algebra and « is a *-automorphism on A, then the crossed product
A X4 Z (see Definition 6.2.1) is nuclear.

Remarks 1.5.8. (i) The C*-algebra of complex matrices M, (C) is nuclear for each n € N
as it is finite dimensional. For any C*-algebra A the map v: M, (C) ® A — M, (A), given by

Y (Nij)ig ® a) = (Nija)i g,

is a *-isomorphism, see for instance Example 6.3.1 in [Mu]. In particular, if A is nuclear, then
so is M, (A).

(ii) Let A and B be C*-algebras and let ¢: A — B be a *-homomorphism. For each n € N,
the inflation @™ : M, (A) — M, (B) of ¢ corresponds to the map

idMn((C) ®¢: Mp,(C)® A — M,(C)® B,
in the sense that the diagram

o™

My (A) M,(B)
wAT T¢B
M,(C)® A I M,(C)® B

commutes, where ¥4 and g denote the *-isomorphisms corresponding to ¢ in (i).

Definition 1.5.9. Let A and B be C*-algebras and let o: A — B be a completely positive
contraction. Then p is said to be nuclear if for each finite subset ' of A and for each ¢ > 0
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there exist a natural number n and completely positive contractions o: A — M,(C) and
n: My(C) — B such that

lo(a) = (noo)(a)l <e  foralla€F,

i.e. the diagram

N/
M,

3
—
~—

commutes within € on F.

Remark 1.5.10. In case that A and B are unital C*-algebras and g is a unital, completely
positive map, the maps o and 7 can be chosen to be unital, completely positive maps (an
idea of how to do this is given in the proof of Proposition 4.3 in [EH]).

Remark 1.5.11. Let A, B and C be C*-algebras and let p1: A — B and 02: B — C be
completely positive contractions. If p; or go is nuclear, then so is the composition 02 o 07.

Proof. Suppose first that pq is nuclear. Let F' be a finite subset of A and let € > 0. Choose
n € N and completely positive contractions o: A — M, (C) and n’': M,,(C) — B such that

loi(a) — (7' oo)(a)]| <e  forallacF.

Put n = g2 on': M,(C) — C, then 7 is a completely positive contraction as g2 and 7’ are,
and

(g2 0 ¢1)(a) = (no o) (a)ll < [lezllllor(a) — (0" o o) (a)l| < e

for all a € F', which shows that g2 o g1 is nuclear.

Assume now that g9 is nuclear. Let F' be a finite subset of A and let € > 0. Then
01(F) is a finite subset of B, and we can choose n € N and completely positive contractions
o': B — M,(C) and n: M,(C) — C such that

lo2(b) — (nod’)(b)|| < e for all b € o1 (F).

Put 0 =0’ 0p01: A — M,(C), then o is a completely positive contraction as ¢’ and p; are,
and

1(02 0 01)(a) — (noo)(a)|| = [|(e2(e1(a)) — (no ') (e1(a))l| < e
for all @ € F, as required. ]

The following theorem, which is part of Theorem 3.1 in [CE2], sheds some light on the relation
between nuclear C*-algebras and nuclear maps.

Theorem 1.5.12 (Choi-Effros). Let A be a separable C*-algebra. The following conditions
are equivalent:

(i) A is nuclear;

(ii) the identity map id4 is nuclear.
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We shall frequently use the following corollary to this theorem:

Corollary 1.5.13. Let A and B be C*-algebras and let 9: A — B be a completely positive
contraction. If A or B is a separable and nuclear C*-algebra, then o is a nuclear map.

Proof. Assume first that A is separable and nuclear. Then ida is nuclear by Choi-Effros’
Theorem, and hence so is ¢ = poids by Remark 1.5.11.
If B is separable and nuclear, then idg is a nuclear map and thus so is ¢ = idg op. ]

The following theorem states an important lifting property of nuclear maps which plays
a central part in the proof of Kirchberg’s Embedding Theorem. The original reference is
Theorem 3.10 in [CE1]; a proof is also given in Chapter 6.3 of [Wa).

Theorem 1.5.14 (Choi-Effros’ Lifting Theorem). Let A be a unital C*-algebra, let I be an
ideal in A, let m: A — A/I denote the quotient map, let E be a separable operator system
and let p: E — A/I be a nuclear, unital, completely positive map. Then there is a unital,
completely positive map A\: E — A which lifts g, i.e. which satisfies moA = g, i.e. the following
diagram commtes:

x 7 J{

/ K

1.5.3 Exact (C*-algebras

Definition 1.5.15. Let (A,,),ez be a sequence of C*-algebras and let (5, )necz be a sequence
of *~homomorphisms ¢,,: A, — A, for all n in Z. Then the sequence

Pn Pn+1
An An+1 An+2 —

is said to be ezxact if Im(p,) = Ker(¢n41) for all n € Z. An exact sequence of the form

is called short exact.

Definition 1.5.16. A C*-algebra A is said to be exact if for every short exact sequence

the induced sequence

ida®ep ida®y

0

A Qmin 1

A Qmin D

A Qmin B

0

is also exact. In other words, A is exact if the functor A ®min(-) is exact (see Chapter 3.2 in
[R1] for the definition of exact functors).

Remark 1.5.17. Every nuclear C*-algebra is exact (see, for instance, in Theorem 6.5.2 in
[Mu] for a proof).
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Similarly to nuclear C*-algebras, exact C*-algebras satisfy a number of permanence proper-
ties. The following statements are taken from Proposition 7.1 in [Kil].

Proposition 1.5.18. (i) Every sub-C*-algebra of an exact C*-algebra is again exact.
(ii) If A is an exact C*-algebra and I is an ideal in A, then A/I is exact.
(iii) If A and B are exact C*-algebras, then so is A ®muin B.

(iv) If A is an exact C*-algebra and « is a *-automorphism on A, then A x,, Z is exact (see
Definition 6.2.1).

(v) Let A be a C*-algebra, let I be an ideal in A, let 7: A — A/I denote the quotient map
and suppose that there exists a *-homomorphism \: A/I — A which lifts 7, i.e. which
satisfies m o A =id4,;. In other words, suppose that the short exact sequence

0—>=T—= A== A/T—>0

is split exact. Then A is exact if I and A/I are.

Remark 1.5.19. Notice the differences between the permanence properties of exact C*-
algebras and those of nuclear C*-algebras: Sub-C*-algebras of nuclear C*-algebras need not
be nuclear, and extensions of exact C*-algebras by exact C*-algebras need not be exact (the
existence of the lift A in statement (v) is crucial). Counterexamples can be found in [Wa].

1.5.4 Exactness and nuclear embeddability

A proof of the following theorem is given in [Wa], Proposition 7.2 and Theorem 7.3.

Theorem 1.5.20 (Kirchberg). Let A be a separable C*-algebra. Then A is exact if and only
if there exists a nuclear, injective *~homomorphism ¢: A — B(H) for some Hilbert space H,
i.e. A admits a nuclear embedding into B(H ).

Remark 1.5.21. If A in Theorem 1.5.20 is unital, then the Hilbert space H and the nuclear
embedding t: A — B(H) can be chosen such that ¢ is unital.

Proof. Suppose that A is unital, and use Theorem 1.5.20 to find a Hilbert space H and a
nuclear embedding .: A — B(H). Put P = «(14) and set H = P(H). As P is a projection, H’
is a Hilbert space. For each a € A and for each € H we have that ¢(a)z = (Pou(a))z € H,
and hence we can define a *~homomorphism

7 1(A) — B(H'), «(a) — u(a)|g-
We use this to define
V=mov: A— B(H'), a— u(a)|y.

Then ¢/ is a unital *-homomorphism from A into B(H’), which is injective because t(a)|g = 0
if and only if «(a) = 0 for all @ € A as t(a)x = (a)Pz € 1(a)(H') for all x € H. Moreover, we
know from Remark 1.5.11 that ¢/ is nuclear as ¢ is, and thus ¢/ is a unital, nuclear embedding
of A into B(H'). O
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We shall later on need a corollary of Theorem 1.5.20 which states that the identity map
on any finite dimensional operator system F in a unital, separable, exact C*-algebra A can
be factorized through a complex matrix algebra, where the involved maps are unital and
completely bounded with completely bounded norm arbitrarily close to one. In the proof
of that corollary we shall have to perturb the unital, completely positive maps which arise
from the unital, nuclear embedding of A into B(H), so we first prove a lemma which helps

us to control the completely bounded norms in case of such a perturbation (see Lemma 1.5
in [KP]).

Lemma 1.5.22. Let A be a unital C*-algebra, let E be a finite dimensional operator system
in A, let m = dim E and let {ey,...,en} be a basis of E, let {&1,...,&,} be the standard
basis of C™, and let Q: E — C™ be defined by Q(e;) = &; for each i € N<,,. Then for any
subset {ai,...,am} of A, the map W: E — span{ay,...,a,} defined by W(e;) = a; for each
t € N<,y, is completely bounded and

m
Willer < 1+m|Q) Y llai — eill-

=1

Moreover, if m||Q| Yo%, |lai — €] < 1, then W is bijective, W' is completely bounded and

m -1
IW e < (1= mlQI > llai —eill)
=1

Proof. Let {ai1,...,an} be a subset of A and let W be defined as above. Define a map
R: C™ — A by R(&) = a; — e; for each i € N<,,. Equip C™ with the maximum norm and
compute

m m
I = sup {13 M = €l | (A € € with mae [N < 1} <3 o = el
1= 1=

As Ro( is a linear map on the m-dimensional operator system E, Lemma 2.3 in [EH] yields
that R o Q) is completely bounded and

IR0 Qlley < ml[Ro @ <m|Q] Y llai —eill. (1.5.1)
i=1
For each i € N<,,, we have
W(ez) =a; = €; + (R (¢] Q)(6l)
which implies that W = idg +R o (). Therefore, W is completely bounded and

(1.5.1) m
Wieo < 14+m|Q[ D _llai —eill,
=1

as desired. Assume now that m|Q| >, |la; —e;|| < 1. For every n € N and for every
x € M, (E) we can use (1.5.1) to estimate

W (@) = id (@) + (Ro Q)™ (x)|
> Jlidag, () (@) = (R0 Q)™ ()]
>zl (1~ IR o Qll)

> Jall (1= mll QU > Jlas — edll), (1.5.2)
i=1
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which implies that |W(z)|| > 0 for all z € E \ {0}, i.e. W is injective. It is clear from the
definition of W that W is also surjective and hence bijective, so we can deduce from (1.5.2)
that

_ n -1
(W= = H(W(”)) 1H < (1 —m|Q] leai — eiH) for all n € N,
=1

and thus

17 < (1= mlQU Y llas —eall)

=1

We now turn to the corollary to Theorem 1.5.20:

Corollary 1.5.23. Let A be a unital, separable, exact C'*-algebra, let E be a finite dimen-
sional operator system in A and let € > 0. Then there exist a natural number n, a unital,
completely positive map o: E — M, (C), and a self-adjoint, unital, completely bounded map
n: o(E) — E such that noo =idg and [|n||s, <1+ €.

Proof. By Remark 1.5.21 there exists a Hilbert space H such that there is a unital, nuclear,
injective *-homomorphism ¢t: A — B(H). Let m = dim F and let {ej,..., e} be a basis
of E with e; = 14, then {u(e;) = idg,...,t(em)} is a basis of the operator system ¢(E) in
B(H) as ¢ is unital and injective. Let {&1,...,&y,} denote the standard basis in C™ and
define a map @Q: «(E) — C™ by Q((e;)) = & for each i € N<,,. Choose 0 < § < 1 such
that (1—6)~! < 1+¢, and find by nuclearity of ¢+ a natural number n and unital, completely
positive maps o: A — M,,(C) and n': M,,(C) — B(H) such that

0
m?|| Q|

Set a; = (n' o 0)(e;) for each i € N<,, and define a map W: «(E) — span{ai,...,an} by
W (w(e;)) = a; for each i € N<,,. Notice that W(idy) = W(w(e1)) = a1 = idy, i.e. W is
unital. Now

le(e)) — (0 o o)(es)]| < for all i € N<yy,. (1.5.3)

ml| QY llefes) —ail <6 <1

i=1
by (1.5.3), and therefore Lemma 1.5.22 yields that W is bijective and that W~ is completely
bounded with

m -1
W e < (1= ml QU llen) —aill) < (1-8)7" <1+
i=1

Let 171 (A) — A denote the left-inverse of the injective *-homomorphism ¢ and set
n=11"oW o, g: o(E) > E.
Then 7 is unital and completely bounded with
7l =l o W™t onf oy lleb < W Hleb < 1 +e,
and

(noo)(e;) = (L_l oW=lo n' o a) (e;) = (L_1 o W_l) (a;) = L_l(b(ei)) =g
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for each ¢ € N<,,,, and thus no o|g = idg. To show that 7 is self-adjoint let x € o(E) and
choose e € E with o(e) = . Being completely positive, o is self-adjoint and hence

n(x") =n(o(e)’) =nlo(e)) = e = (n(o(e))” = n(z)",

as required. O
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Chapter 2

The Cuntz algebras O,

The Cuntz algebras, introduced by Joachim Cuntz in [Cul], are an important example of
unital, separable, simple and purely infinite C*-algebras. We start here with their definition
and some important properties, then prove in Section 2.2 that Ky(O2) = 0 and conclude that
pOap =2 Oy for every non-zero projection in Oy. In Section 2.3 we show that M, (C) — O,, —
Oy for every n € N9 which will be used in Chapter 5 to embed quasidiagonal C*-algebras
into O,.

2.1 Definition and important properties

Unless otherwise stated, Cuntz’ paper [Cul] is the reference for the statements in this section.
An introduction to Cuntz algebras is also given in Chapter 4.2 in [R2].

Proposition/Definition 2.1.1. Let H be a separable, infinite dimensional Hilbert space.
For each n € N> there exist n isometries s1,...,s, in B(H) satisfying

sis; = idg . (2.1.1)
1

n

7

The Cuntz algebra Oy, is defined to be the sub-C*-algebra of B(H) generated by si, ..., Sy.
Equation (2.1.1) is called the Cuntz relation. Let n € N>9 and suppose that sq,...,s, are
isometries satisfying the Cuntz relation. Then

1 i i o
sisj = { 0 ;f Z#? for all 4, j € N<y,. (2.1.2)
The Cuntz algebra O is defined to be the C*-algebra generated by an infinite sequence
(5i);eny of isometries with (2.1.2) for all 4, j € N.

The following theorem shows that the Cuntz algebras are well defined in the sense that they
do not depend on the choice of the generating isometries.

Theorem 2.1.2 (The universal property of the Cuntz algebras). Let A be a unital C*-
algebra, let n € N>9 and let s, ..., s, be isometries generating O,,. Suppose that A contains
n isometries ¢1, ..., t, which satisfy the Cuntz relation, i.e. > ;" ; t;t = 14. Then there exists
a unique, unital *-homomorphism ¢: O,, — A satisfying ¢(s;) = ¢; for all i € N<,,.

30



Theorem 2.1.3. For each n € N>3 and for n = oo the Cuntz algebra O,, is unital, separable,
simple, nuclear and purely infinite.

Remark 2.1.4. With the notation from Theorem 2.1.2; the *~homomorphism ¢ is automat-
ically injective as O, is simple, i.e. O, is isomorphic to the sub-C*-algebra of A which is
generated by t1,...,t,.

The following important result is proved in Theorem 5.2.1 in [R2]. It is often referred to by
saying that O, is self-absorbing.

Theorem 2.1.5 (Elliot’s O2®@0O3 Theorem). The C*-algebras Oz and Oy® Oy are isomorphic.

2.2 Computing Ky(O7)

In this section we prove that Ky(Oz) = 0. This is the consequence of a number of statements
on the Cuntz algebras O,, which are presented below. The original proof was given in [Cu2].
The first result we use here holds for general unital C*-algebras:

Lemma 2.2.1. Let A be a unital C*-algebra and let s be an isometry in A. Define
w: A— A, a— sas”.
Then p is a *-endomorphism on A, and Ko(u) = idg,(4)-

Proof. 1t is easy to check that the map u is a *-endomorphism on A. For every n € N put
sp = diag(s,...,s) € M,(A) and note that the nth inflation of y is then given by

1w M, (A) — My (A), a— spast.

Let now p € Ps(A) and take n € N such that p € P,,(A). Set v = s,p and check that v*v =
psts,p = p and vo* = s,ps = u™(p). This shows that p ~ u(™(p), hence [plo = [1™ (p)]o
and

Ko(p)([plo) = (1™ (p)]o = [Plo,
which shows that Ko(u) = idg(a)- O

Lemma 2.2.2. Let n € N> and let sq,..., s, be isometries generating O,,.

(i) For every unitary u € O,, there is a unique unital *-endomorphism ¢, on O,, such that
©u(si) = us; for all i € N<,,. Moreover, u = Y1 | @u(s;)s].
(ii) Let ¢ be a unital *-endomorphism on O,. Then ¢ = ¢, for u= Y"1, ©(s;)s].

Proof. (i): Let u be a unitary in O,,. Then sfu*us; = 1p,, for all i € N<,, and

n

n
E usis;u* = u( E sisf)u* =uu* = 1o,
i=1

=1

ie. {usy,...,us,} is a set of isometries in O,, satisfying the Cuntz relation. By the universal
property of the Cuntz algebras there is a unique, unital *-homomorphism ¢,: O, — O,
satisfying ¢, (s;) = us; for all i € N<,. Besides,

n n

* *
g ou(si)s; = E usis; = u.
i=1 i=1

31



(ii): Check first that u as given above is a unitary:

n

n
* * * *
uru = E sip(sisj)s; = g sis; = 1o,

ij=1 i=1
n n

e = 37 osi)sisiels)) = (D sist) = ¢(lo,) = lo,.
ij=1 i=1

By (i), there is a unique unital *-endomorphism ¢, with ¢, (s;) = us; for all i € N<,,, and as
n
o(sj) = ng(si)sfsj = us; = pu(s)) for all j € N,
i=1

it follows that ¢ = . O
Lemma 2.2.3. Let n € N>o, let s1,...,s, be isometries which generate O,, and define
n
Oy — O, x— Zsixsf.
i=1
Then A is a unital *-endomorphism on O,, and the following hold:
(i) Ko(A) =nidg,(0,);
(i) Ko(A) = idgqy(0,)-

Proof. 1t is easy to check that A is unital, linear and self-adjoint. To show that A is multi-
plicative let z,y € O,, and calculate

AMx)A\(y) = Z SiTS; SjYS; = Zsi:rysf = Azy).
ig—=1 i—1

Hence, A is a unital *-endomorphism on O,,.

(i): For each i € N<y, let p;: O, — Oy, © — sjzs). Then p; is a *~endomorphism on O,
and Ko(p;) = idg,o,) for all i € N<,, by Lemma 2.2.1, and A = 7" | y1;. Let k € N and

let p € Pr(O,,). Note that for all i # j € N<,, the elements ,ugk) (p) and ,uyﬂ) (p) are mutually
orthogonal projections, and hence

1 ) + 1P 0o = 1 0o + 1 (0)]o

by Proposition 3.1.7(iv) in [R1]. Thus,

n

KoN([plo) = PP 0o = [ 1P 0], = S 1P )lo
=1 =1

=3 Ko(u)([plo) = 3. [plo = nlplo,
i=1

i=1

32



which shows that Ko()\) = nidg,(0,)-

(ii): We will show that A ~j idep,, because then the statement follows from Proposi-
tions 1.2.18(i) and 1.2.17(i). Let u =Y ;" ; A(s;)s] be the unitary with A = ¢,. Then

n n n
* * * % *
u* = E siA(s)) = g 8i8;8;8; = E A(sj)s; = u,
i=1 Q=1 ij=1

i.e. u is self-adjoint and hence the spectrum o(u) is contained in R. Consequently, o(u) is
not equal to the unit circle in C, and hence Lemma 2.1.3(ii) in [R1] yields a continuous map
v: [0,1] — O,, t +— u; such that each wu; is a unitary and such that vy = u and u; = 1p,.
Use these unitaries to define

®: [0,1] X O — Oy, (t, ) — pu, (2).

Then each ®; = ¢, is a *~endomorphism on O,,, and the map ¢ — @, (s;) = ws; is continuous
for every i € N<,, as v is continuous. By Lemma 1.1.27 this implies that ¢ — ¢y, (x) is
continuous for every x € O,. Finally, ®g = ¢,, = ¢y = A and &1 = ¢,, = $10, = ido,,
and therefore A ~, idp, which implies Ko(\) = Ko(ido, ) = idg,(0,) by the propositions
mentioned above. ]

Corollary 2.2.4. Let n € N and let g € K¢(O,,). Then (n —1)g = 0.
Proof. By Lemma 2.2.3 we have that
ng = nidg,(0,)(9) = Ko(M)(9) = idky0,)(9) = 9,
and thus (n —1)g = 0. O
Corollary 2.2.5. Ky(O3) = 0.
Proof. For every g € Ko(O2) we have g = (2 — 1)g = 0; thus Ky(O2) = 0. O

The following statement, which is Theorem 3.7 in [Cu2], describes the Ky-groups for all O,
with n € N >2.

Theorem 2.2.6. For every n € N>g, the Ko-group of O, is isomorphic to Z/(n — 1)Z.

The following consequence of Corollary 2.2.5 will be used to prove Kirchberg’s Embedding
Theorem in the unital case.

Corollary 2.2.7. For each non-zero projection p in Oy the corner pOsp is isomorphic to O,.

Proof. Let p be a non-zero projection in Oy. As 05 is simple and purely infinite, p is properly
infinite and full. Since Ky(O2) = 0, we have that [plo = [10,]o, and as 1o, also is properly
infinite and full Proposition 1.2.19(ii) yields that p ~ 1p,. Use this to choose an isometry
s € Oy with ss* = p. Then sxzs™ = psaxs™p for all x € Oy, and we can define

i Oy — pOap, T — sus™,

which is a unital, isometric and hence injective *-homomorphism. To see that ¢ is also
surjective let pyp € pOsp and check that

p(s"ys) = ss"yss" = pyp.
Thus, pOsp = Os. O
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2.3 Embedding M,(C) into O,

The following two lemmas show that, for each n € N>, the complex matrix algebra M,,(C)
embeds unitally into O,, which can be unitally embedded into Q3. Consequently, each M, (C)
can be unitally embedded into Oz (if n =1 this simply means that C embeds into Os).

Lemma 2.3.1. For each n € N>g, the complex matrix algebra M, (C) embeds unitally into
the Cuntz algebra O,,.

Proof. Let n € N>g, let {e;; | i,j € N<,,} be the system of standard matrix units for M, (C)
as in Definition 1.1.21 and let {s; | i € N<,} be a system of isometries generating O,,. Define
0: M,(C) — O, by ¢(ei;) = s;s; for all 4, j € N<;, and extend linearly. We show that ¢ is a
unital *-homomorphism. Let a = 77", ajje;; and b = Y71, bije;; be elements in M, (C),

t,j=1
compute their product
n n
ab= "> aibueijer = Y airbpei
ivgikl ik l=1

and check that

n n

p(ab) = Z aibrisis; = Z aijbrisissks; = p(a)p(b),
ik =1 ivjkl=1

i.e. ¢ is multiplicative. Moreover,

n n
* _ *
( E , aijeji) = ‘P( E , “jz‘ew E , aj;Sis; E , a;;s;s; = p(a)”
i,5=1 i,5=1 ij=1 ij=1

and
n

n
(p(an (C) Z (#7 Z 82'8; = 1(/)”,
=1 =1

Thus, ¢ is a unital *~homomorphism, which is automatically injective as M, (C) is simple. [
Lemma 2.3.2. For all n € N>, the Cuntz algebra O,, embeds unitally into O,.

Proof. We show that Oy contains, for each n € N>, a set of isometries {¢; | i € N<,,} which
satisfy the O,-relation. By the universal property of the Cuntz algebras it then follows that
there is a unital, injective *-homomorphism ¢: O,, — O3 given by ¢(s;) = t; for all i € N<,,,
where {s; | i € N<,, } is a set of generating isometries in O,.
Let s; and s2 be two isometries generating Oy. We show that, for each n € N>, the set
{ti | i € N<,,} where
1—1 . .
w={ E @
is a set of isometries in Oy which satisfy the O,-relation. Being a product of isometries in
Os each such ¢; is an isometry in Oq. If n = 2 then {¢1,t2} = {s1,s2} and there is nothing
to prove. Suppose that the O,-relation is satisfied by {t; | i € N<,} defined as in (2.3.1) for
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some n € N9 and consider the set of isometries {t;|ie N<p41} with t; = 32 lepifi<n+1
and tn+1 = sy. Then

n+1 n
Z it = Zs 5187 (sh 1) + sh(sh)*
n—1
= > s s () s s (s s (s
i=1

:Zs sist(sh ) + sy (shT

= Zt,-t;* =10,
=1

which completes the proof. O
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Chapter 3

Obtaining approximate unitary
equivalence

Before discussing the purpose of this chapter we give the definition of (approximate) unitary
equivalence and the weaker notion of approximate similarity via isometries.

Definition 3.0.3. Let A and B be C*-algebras, B unital, and let g9,n: A — B be completely
positive maps. If there is a unitary w in B such that un(a)u* = p(a) for all @ € A, then g and
n are said to be unitarily equivalent, in symbols o ~y, 1.

If for every € > 0 and for every finite subset F' of A there is a unitary u in B with
lun(a)u* — o(a)]] < e for all @ € F, then o and n are said to be approzimately unitarily
equivalent, denoted by o =, 7.

Definition 3.0.4. Let A and B be C*-algebras, B unital, and let g9,n: A — B be completely
positive maps. We say that ¢ is approzimately similar via isometries to n if for every € > 0
and for every finite subset F' of A there is an isometry s in B such that ||s*n(a)s — o(a)|| < e
for all a € F.

The main purpose of this chapter is to find conditions on which two unital, completely positive
maps or *-homomorphisms g and 1 between unital C*-algebras A and B are approximately
unitarily equivalent. As it turns out that obtaining approximate similarity via isometries
is an important step towards approximate unitary equivalence, the first two sections of this
chapter deal with this weaker property.

In particular, the main statement of Section 3.1 is that a nuclear, unital, completely
positive map on a unital, simple, purely infinite C*-algebra A is approximately similar via
isometries to the identity map on A.

In Section 3.2 we will show the following: If ¢; and o are unital, completely positive
maps defined on a finite dimensional operator system in a unital, separable, exact C*-algebra
A, then there exists, on certain assumptions, a nuclear map 7 such that [|no g; — 2| can
be made arbitrarily small. Combining this with the result of Section 3.1 we will be able to
establish approximate similarity via isometries between p; and g if these maps are unital,
injective *-homomorphisms from a unital, separable, exact C*-algebra into a unital, separable,
simple, nuclear and purely infinite C*-algebra.

In Section 3.3 it will be shown how to get from approximate similarity via isometries to
approximate unitary equivalence.
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As a first application of these results it will be proved in Section 3.4 that any two uni-
tal, injective *-homomorphisms from a unital, separable, exact C*-algebra A into Qs are
approximately unitarily equivalent.

3.1 Approximating nuclear, unital, completely positive maps
via isometries

In Proposition 3.1.3 and Lemma 3.1.4 below, which are important ingredients to the proof
of Proposition 3.1.5 on approximate similarity of a nuclear map to the identity, we need the
notion of states on a C*-algebra:

Definition 3.1.1. Let A be a unital C*-algebra. A linear functional w: A — C is said to
be a state (on A) if w is positive and unital. A state w on A is said to be pure if for every
positive linear functional p on A with ¢ < w (i.e. w — g is positive) there is a number ¢ € [0, 1]
such that o = tw.

Remark 3.1.2. Let A be a C*-algebra and let w: A — C be a positive linear functional.
Then the map
0: AxA—C, (a,b) — w(b®a)

is a positive, sesquilinear form, and hence the Cauchy-Schwarz inequality
lo(a,b)|* < o(a,a)o(b,b)
holds for all a,b € A. For w this yields
lw(ab)|* = |o(b,a*)|? < o(b,b)o(a*,a*) = w(b*b)w(aa®)
for all a,b € A.

Proposition 3.1.3. Let A be a unital, simple, purely infinite C*-algebra and let w be a state
on A. For each finite subset F' of A and for each € > 0 there is a non-zero projection p in A
such that

|lpap —w(a)p|| < e for all a € F.

Proof. We first consider the case that w is a pure state. Define L = {z € A | w(z*z) = 0},
the so-called left kernel of w. Since w is bounded, L is closed, and by Remark 3.1.2 we have

lw ((az)*az) |? < w(z*z)w ((ax)*a ((az)*a)*) =0 forallae A, z € L,

i.e. L is a closed left ideal in A. By Theorem 3.2.1 in [Mu] this implies that the set N = LNL*
is a hereditary sub-C*-algebra of A. We proceed to show that IV is non-zero. As w is assumed
to be pure, Proposition 3.13.6 in [Pel] yields that ker(w) = L + L*. Notice that, for each
a € A, we have w(a —w(a)ly) = 0, i.e. a —w(a)ly € ker(w). Being purely infinite, A
is not isomorphic to C and thus contains an element a such that a — w(a)la # 0. This
shows that ker(w) and hence L are non-zero. For every non-zero element x € L we have
0+# z*z € LNL* = N because L is a left ideal and x*z is self-adjoint. Thus, N is a non-zero,
hereditary sub-C*-algebra of A.

Since, being purely infinite, A has real rank zero, Theorem 1.3.9 yields the existence of
an approximate unit (gx)xea for N such that each gy is a projection. As N C L we have
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w(gn) = w(gign) = 0 for each A € A. Thus, setting py = 14 — ¢\ for each A € A, we have
wipr) = w(la) —w(gr) = w(la) = 1, i.e. each py is a non-zero projection in A. As shown
above, x € L implies x*x € N and thus

lzpAll® = [lpaa*zpall < l2*z(1 — qr)|| = 0 forallz € L

as (gx)xea is an approximate unit for N. We have already seen that a — w(a)l4 is contained
in ker(w) = L + L* for all a € A, and thus we can for every a € A choose z,y € L such that
a—w(a)la =z 4+ y* to obtain

[paapx — w(a)pall = [Ipa (@ — w(a)1a) pall = lpa(z + y*)pall < lzpall + P2yl
= llzpall + llypall — 0. (3.1.1)

Let now F be a finite subset of A and let ¢ > 0. For each a € F we can by (3.1.1) choose
Aa € A such that ||prapy —w(a)py|| < e for all A > A, in A. Let A € A be a majorant of
{Aa | @ € F'} and put p = p), then

|lpap —w(a)p|| < e for all a € F,

which proves the proposition in the case of pure states.

In the general case we use the fact that A, being simple and purely infinite, satisfies the
assumptions of Lemma 11.2.4 in [Di], which then entails that the set of pure states on A is
weak*-dense in the state space of A. Let F' be a finite subset of A, let ¢ > 0 and choose a
pure state 7 on A such that |7(a) —w(a)| < e/2 for all @ € F. As shown above, there is a net
(px)rea of non-zero projections in A such that ||prapx — 7(a)pa|| — O for all a € A. Choose
A € A such that [[paapy — 7(a)py|| < e/2 for all a € F, set p = p) and conclude that

[pap — w(a)pl| < |lpap — T(a)pl| + [|7(a)p —w(a)pl]| <e  foralla e F,
as desired. ]

The following lemma shows that every unital, completely positive map from a complex matrix
algebra M, (C) into a unital, properly infinite C*-algebra A can, via an isometry, be related
to a *-homomorphism from M, (C) into A.

Lemma 3.1.4. Let A be a unital, properly infinite C*-algebra, let n be a natural number and
let o: M,,(C) — A be a unital, completely positive map. Then there exist a *-homomorphism
w: M,(C) — A and an isometry ¢t in A such that

o(z) =t p(x)t for all x € M, (C).

Proof. Let {e;j | i,j € N<n} denote the system of standard matrix units in M,(C). Keep in
mind that

eijen = { 0 if j£k for all ¢, j,k,l € Ny,
and e;‘j = ¢j; for all 7,7 € N<,,. Most of the work in this proof will be needed to show the
following two statements:

(i) There is a partial isometry v € M,,(C) ® M,(C) ® A such that

v* (ac ® 1, (c) ® 1A) v=-e1 Qe R o(x) for all x € M, (C);
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(ii) There are a *-homomorphism ¢ : M, (C)® M, (C)® A — A and an isometry s € A such
that
P (e11 ®ern ®a) = sas” for all a € A.

If (i) and (ii) are true we can define
©: Mp(C) — A, z— (x® 1p,0) ® 1a).

Then ¢ is a *-homomorphism because both ) and the map defined by z — x®1,, (c)®14 are
*-homomorphisms (the latter as 1y, () ® 14 is a projection in M, (C)® A, see Remark 1.5.3).
The elements v and s satisfy

*

vy =¥ (1Mn((C) & 1Mn((C) ® 1A) v g e11 e ® Q(an((C)) =e1®en®1la (3.1.2)
and )
ss* = slys* i P (e1n ®en ®14) = P(vv). (3.1.3)

Set t = ¢ (v)s and use (3.1.3) to see that t*t = s*y(v*v)s = s¥ss™s = 14, i.e. t is an isometry.
Altogether, ¢ and t satisfy

i)

Fo(a)t = 50 (0" (2 © L) © 1) ) s 5" (en @ en @ o(2) s 2 57 s0(x)s"s = o)

for all z € M,(C), as desired. For the proof of (i) define

n

Yy = Z eij ® o(eij), (3.1.4)

ij=1
then y € M, (C) ® A corresponds to the n x n-matrix with entries in A for which the (7, j)th
entry is p(e;;). Write y as

n

y = (idp, () ® 0) ( Z eij ® 6ij>-

ij=1
Calculate
Ay o) =5 > cme
— e; Qe = — eijerl @ eijerl
n 2 G C n? ij ij
Z,‘]:l Z7]7'I€7l:1
1 < 1<
=— E €ikCkl @ €ikeEl = — E il @ €5
n? n :
i,k,l=1 i,l=1

to see that 1/n szzl €;j @ e;j is a projection and hence a positive element, which implies
that ZZj:l eij @ e;j is also positive. As idyy, ) ® o is a positive map because g is completely
positive, this shows that ¥y is positive and hence has a positive square root yl/ 2in M, (C)® A.

Choose elements a;; € A such that yl/? = Z?Fl eij ® a;; and compute

n 2 n n n n
Y= < E €ij & aij) = § €ijerl & ijaK = § €il @ a;rpap = § €i] & § ik Akl -
k=1

i,j=1 i,,k,l=1 ik,l=1 i,1=1
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Since the matrix units {e;; | ¢, j € N<,} are linearly independent, comparing the last equation
with (3.1.4) yields that

n
o(eij) = Zaikakj for all 7,5 € N<,,. (3.1.5)
k=1

Set v = Z?jzl ei1 ® ej1 ® aj;. Then v is an element in M, (C) ® M,,(C) ® A and corresponds

2

to the following n? x n’-matrix with entries in A: The first column lists the columns of

(aj)ij, the other entries are zero. Notice that, as y'/2 is self-adjoint, we have a;i = a;; for all
i,7 € N<j, and thus
v* (ei ® Loz, (c) ® 1a) v
n n
= ( Z e1x ® ey ® akl) (es7 © 1as,(c) ® 1a) ( Z em1 @ €r1 ® arm)
k=1 m,r=1
n n
= Z €1k€ij€m1 & €11€r1 @ Akl Arm = Z €11 @ e11 @ agag;
k,l,m,r=1 =1

3.1.5
(L) e ® e ® o(e;j)

for all 4, j € N<,,. As each x € M, (C) can be written as Z?j:l xije;; this extends to

v* (33 ® la, ) @ 1A) v=-e1] ®e ® o(x) for all x € M,,(C);

and as seen in (3.1.2) this implies that v is a partial isometry. This proves (i).

We now turn to the proof of (ii). For technical reasons we want to identify the set
{eij@ep | 4,4,k 1 € Ngj2} € My(C) ® M,(C) with the system of standard matrix units
in M,2(C) = M,(C) ® M,(C). Formally this can be done in the following way: For all
i,J,k,1 € N2 define two numbers r = (i —1)n+k and s = (j —1)n+1 and set g.s = e;; @ep.
A calculation shows that then {g,s | 7,5 € N2} = {e;j ® ey | 1,7,k,l € N<,, }, and

g if s=u
GrsGuv = { Orv s u for all r,s,u,v € Nepe2

and gf, = gsr for all r,s € N, 2. Since A is properly infinite we can by Remark 1.2.5 choose
a set of isometries {t; | i € N_,2} in A with mutually orthogonal range projections, i.e. with
tit; L t;jt; whenever i # j. Define p: M,(C) ® M,(C) ® A — A by ¥(gi; ® a) = tiat}
for all 4,7 < n? and for all @ € A. Let a,b € M,(C) ® M,(C) ® A and choose elements
a;j,bij € A, 1,7 € Ng2, such that

77/2 n2
a= Zgij@)aija b= Zgij®bij-
ij=1 ij=1

Extending the definition of v linearly gives 1 (a) = Z:‘j:l tiaijt;, correspondingly for b. To
see that 1) is a *~homomorphism use

n2 n2 71,2
at = Z 9i5 ® ajy, ab = Z 9it & Zaikbkb
k=1

ij=1 il=1
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to compute

’I’L2 ’I’L2 TL2
*
blat) = Y taiit = Y tiaggts = (Y tayt;) = w(a)*

1,j=1 2,7=1 4,7=1
and
712 n? n? 712 n?
¥(ab) = lb( Y g Z%k%) = 6D anbu)ti = Y tiaititebut; = (a)p(b).
il=1 k=1 =1 k=1 ijikl=1

By definition of 1 and g1 we have
P(en ®en ®a) =Y(g11 ®a) =tiat] foralla € A,
and thus (ii) holds with s = ¢;. This completes the proof. O

We are now able to show that each nuclear, unital, completely positive map on a unital,
simple, purely infinite C*-algebra A is approximately similar via isometries to id4. In the
proof we shall need the fact that an element which is almost an isometry is close to an
isometry, which was proved in Lemma 1.1.38.

Proposition 3.1.5. Let A be a unital, simple, purely infinite C*-algebra and let p: A — A
be a nuclear, unital, completely positive map. Then for each finite subset F' of A and for each
g > 0 there exists an isometry s in A such that

|s*as — o(a)|| < e for all a € F.

Proof. Let F be a finite subset of A and let ¢ > 0. Assume that 14 € F. By nuclearity
of o choose a natural number n and unital, completely positive maps o: A — M, (C) and
n: My(C) — A such that

lo(a) — (noo)(a)] < for all a € F. (3.1.6)

| ™

Being purely infinite, A is properly infinite, and so Lemma 3.1.4 yields a (possibly non-unital)
*-homomorphism ¢: M,(C) — A and an isometry ¢t € A with

n(x) =t p(x)t for all x € M,,(C). (3.1.7)
We will show the following:

(%) There exists an element w in A such that w*w = (1, (c)) and

|lw*aw — (poo)(a)| < for all a € F. (3.1.8)

| ™

Then set s = wt, check that s*s = t*w*wt = t*p(1, (c))t = 7(1a,(c)) = 14 to see that s is
an isometry in A and use (3.1.7), (3.1.8) and (3.1.6) to estimate

|s*as — o(a)| < |[tFw awt —t*(poo)(a)t| + ||(noo)(a) —o(a)]| <e  foralla e F.

We now proceed to prove (x). Put M = max,cr|/a/| and choose 0 < § < min{1,e/4} such that
Lemma 1.1.38 holds with /(12M), i.e. any element that behaves “0-almost” like an isometry
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is €/(12M)-close to an isometry. We start with the construction of an element u € A which
satisfies
|lu*au — (poo)(a)|| <6 for all a € F, (3.1.9)

then we perturb u slightly to obtain w. Let {e;; | ¢,j € N<,} denote the standard matrix
units in M, (C) and let {§; | i € N<,,} be the standard basis for C". Define a map

n

w: M,(C)® A — C, Z €ij ® ajj — % Z (o(aij)&;, &)

4,j=1 1,j=1

Since o is a unital, completely positive map, w is a unital, positive linear functional (see
Theorem 6.1 and the paragraph preceding it in [Pal), i.e. w is a state. We shall use later on
that

n

a(a) = (o(a)ij);; = Y ola)iei = Z( (a)éj,&eij =n Z wleg @a)e;  (3.1.10)

1,j=1 1,j=1 i,j=1

forall a € A. As A is unital, simple and purely infinite, so is M,,(C)® A by Remarks 1.3.13(ii)
and 1.5.8(i), and thus Proposition 3.1.3 yields a non-zero projection p € M, (C) ® A with

5
lp(ers @ a)p —w (en @ a) pll < 5 (3.1.11)

for all k,1 € N<;, and for all @ € F. As M,(C) ® A is simple and purely infinite, p is a full
and properly infinite projection. By Lemma 1.2.11(iii) this entails that e;; ® ¢(e11) 3 p for
the projection e1; ® p(e11) in M, (C) ® A, i.e. there exists a partial isometry v € M,(C) ® A
with v*v = e11 ® ¢(e11) and vv* < p. As usual, we can choose elements v;; € A with

n
v = Z €ij & Vij,
ij=1

but we will show that it is here possible to choose elements v; € A, i € N<,, such that

n
v=) €1 @i (3.1.12)
i=1
It follows from

n
e ® p(enn) =v'v = Z €jiekl & v;‘jvkl Z €1 & Z Uk]Uk:l
i,k =1 gl=1

that vjvy = 0if I # 1 and thus vy = 0 if [ # 1. Putting v; = v;; for each i € N, gives
(3.1.12). As vv* < p we know that vv*p = vv* = pvv* and, combining this with the usual
relations from Remark 1.2.2(i), we obtain that v = vv*v = pvv*v = pv. We use this to
establish the following two equalities, which we shall need below: For all k,! € N<,, and for
all a € A we have

n n
€11 ® v};avl = E eliegre;1 ® v;kavj = ( E e1; ® 1)1*) exl @ a ( E €j1 & ’Uj>
=1

ij=1
=v" (e ®a)v =0v"p (e @ a) pv (3.1.13)
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and
e11 ® w(ekl X a)go(en) = w(ekl & a)(en ® (,0(611)) = w(ekl & a)v*v
= w(er @ a)v*pv = v w(eg ® a)pu.
Combining equations (3.1.13) and (3.1.14) and using (3.1.11) we can estimate
|lvpav, — w(ew ® a)p(enn)|| = [lenr ® viav, —e11 @ w(ew ® a)p(err)||
= [[v"p(er ® a)pv — v*w(ew @ a)py

)
< |lp(ex ® a)p — w(eg @ a)pl| < 3

for all k,l € N<,, and for all a € F. Put

n
u=vnY_ vplew),
k=1

calculate
n

wrau=n Z o(eg1)vpavip(err) foralla € A,
k=1

and estimate, using (3.1.15) and that o(a) can be written as in (3.1.10), that

n

n
[u*au = (poo) (@)l = [n Y ler)viavip(en) —n Y wlew © a)p(en)|
k=1 k=1

IA
3
[

lo(ert) (viavy — wlew @ a)p(en))p(en)

5
—
Il
-

IN
3
[

|vpav; — w(ew ® a)p(err)]|

5
S~
Il
—

9

n3:5

IA
3
[

Eo

N

Il
i

(3.1.14)

(3.1.15)

for all a € F, which proves (3.1.9). To obtain w write ¢ = (1, (c)), notice that ¢ is a
non-zero projection in A and consider the sub-C*-algebra qAq. Using ¢(z) = qp(x)q for all

x € M,(C) we get

lqu”aug — (p o o) (a)[| = llqu*aug — q(p o 0)(a)q|| < [|u"au — (p o o)(a)l| < 6

for all @ € F. Hence, the element ug has the same approximation property as u, so we can
assume that u = ug. Then u*u = qu*ugq is contained in the unital C*-algebra gAq and satisfies

[u"u = Tgaqll = [u*u = qll = [uu = (poo)(1a)l <4,

because we assumed that 14 € F'. Now, Lemma 1.1.38 provides us with an isometry w € qAgq,
ie. with w*w = ¢, satisfying ||w — u|| < ¢/(12M). To complete the proof it is only left to
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check that w has the desired approximation property. Notice that ||w| =1 and [jul| <1+ 4§
and calculate

[w*aw — (poo)(a)|| < [w aw — v’ aw|| + [[uaw — v aul| + [|u”au — (p o 7)(a)]]
< Jlw* = w*flflaw] + [[v"all[lw = ull + 6

< |lw—u||M + ||lw—u||(1+0)M+6

3Me €
< —u||M < < =
<3||lw —u||M+06 < oM +5< 5
for all a € F, using that § < min{1,e/4}. This shows (x) and completes the proof. O

3.2 Approximate similarity via isometries

Proposition 3.2.1. Let A be a unital, separable, exact C*-algebra, let E be a finite dimen-
sional operator system in A and let € > 0. Then there exists a natural number n, depending
on A, FE and ¢, such that if B and B5 are unital C*-algebras and ¢1: £ — By and g3: £ — Bs
are unital, completely positive maps satisfying

(i) o1 is injective;
(ii) |lid, ® o7 || <14 €/2, where o7 *: 01(F) — F;
(iii) o2 is nuclear;

then there is a unital, completely positive map 7: By — Bsg such that ||[no o1 — o2 < ¢, i.e.
such that the diagram

E
7\
By—=5->DB

commutes within € on the unit sphere of E.

If now By = By = B is a unital, simple and purely infinite C*-algebra and 7 is nuclear and
hence by Proposition 3.1.5 approximately similar via isometries to id g, then Proposition 3.2.1
yields that g9 is approximately similar via isometries to ¢1. We will pursue this further in
Corollary 3.2.3 below.

Proof. The basic idea of the proof is to construct the following diagram

idg

01 02

such that n = 73 o 79 o 71 is a unital, completely positive map satisfying ||no 01 — 02| < e.
To this end it will be shown that one can construct maps (as indicated in the diagram by
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dashed or dotted arrows) such that the diagram is almost commutative on the unit spheres
of the involved spaces. The dashed arrows stand for unital, completely positive maps and the
dotted one indicates a unital, completely bounded map defined on o1 (FE). We start with the
construction of the second triangle:

Since A is a unital, separable, exact C*-algebra and E is a finite dimensional operator
system in A, Corollary 1.5.23 yields a natural number n, a unital, completely positive map
o1: E — M,(C), and a self-adjoint, unital, completely bounded map 7;: o1(F) — E such
that n; o 01 = idg and

I llen < 14 ¢/4. (3.2.1)

We continue with the fourth triangle: As the unit sphere of any finite dimensional normed
space is compact there exists an e£/16-dense finite subset F' of the unit sphere of E. By
nuclearity of g2 there are r € N and unital, completely positive maps o2: E — M, (C)
and n2: M, (C) — By such that ||(02 — 12 0 02)(a)|| < /8 for all a € F. For any x in the unit
sphere of E choose a € F with ||z — a|| < £/16 and calculate

€

9 &
I(e2 = n2 0 02) (@)l < (llezll + llnz 0 02l) lz — afl + l[(e2 =12 0 02)(a)| < 295 + o = 7.

Hence,
|02 —m2 002 < e/4. (3.2.2)

We now turn to the third triangle. Notice that o1 (F), being the image of the finite dimensional
operator system E under the unital and self-adjoint map o1, also is a finite dimensional (hence
closed) operator system in the unital C*-algebra M,,(C). Notice that oy0n;: 01(E) — M,(C)
is a self-adjoint, unital, completely bounded map taking values in M, (C) = B(C"), and hence
Lemma 1.4.11 yields a unital, completely positive map m: M, (C) — M, (C) with

(3.2.1)

I72l0y(E) — 020 mllen < lozomller =1 < lmfler =1 < (3.2.3)

£
1
Similarly, we construct the map 7 in the first triangle: As above it follows that oi(FE) is
an operator system. Consider the map oy 0 o7 *: 01(F) — M,(C). Proposition 8.11 in [Pa]

tells us that the map o o gl_l, being a linear map from an operator system into the complex
matrix algebra M, (C), is completely bounded with

lo © 01 leb = [lidn @ (1 0 07 )| = [I(idn ® 01) © (idn @ o7 )|
. . _ &
< llidn ® o [lidn @ o[l < 14 .

Moreover, o1 o Qfl is unital and self-adjoint, so we can apply Lemma 1.4.11 once more to
obtain a unital, completely positive map 71: By — M, (C) with

171l 1) — 010 07 Hlew < flor 0 07 Hlen — 1 < 5. (3.2.4)

o ™

Now put n =meomo7: By — By. Then 7 is a unital, completely positive map and applying
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(3.2.4), (3.2.3), n1 001 = idg and (3.2.2) we get

[noo1— o2 <|neomoriopo —7720720010Q1_10@1H + |[n2 0 T2 0 01 — 2]
< 7ilpymy — 01007 ||+ I 0 T2 001 = M2 003 0m 0 04

+[ln20o20m oo — oo

IN

&

5t 1726y () — o2 0 Ml + |In2 0 02 — 02|
13 g 3

< — — — =

SotytiTe

as required. ]

Definition 3.2.2. A Kirchberg algebra is a C*-algebra which is separable, simple, nuclear
and purely infinite.

Corollary 3.2.3. Let A be a unital, separable, exact C*-algebra, let B; and By be unital C*-
algebras and let p1: A — B and ¢2: A — By be unital *-homomorphisms with ¢ injective
and 9 nuclear.

(i) There exists a sequence (1), oy of unital, completely positive maps from By to Bs such
that [[(n, o v1)(a) — pa2(a)|| — 0 as n — oo for each a € A.

(ii) If By = Ba = B is a unital Kirchberg algebra, then there is a sequence (s,),cy of
isometries in B such that ||s}¢1(a)s, — ¢2(a)|| — 0 as n — oo for each a € A.

Proof. (i): By separability of A there exists an increasing sequence of finite dimensional
operator systems (Ey,), oy in A such that (J,,cy En = A. Then, for each n € N, we have that
¢1|E, is injective and @o|g, is nuclear. Moreover, ¢;': ¢1(A) — A is a *~homomorphism,
and hence |lid, ® @7 || < 1 for all k& € N, and, consequently, ||id; ® (¢1]g,) || < 1 for all
k,n € N. We can hence apply Proposition 3.2.1 to obtain for each n € N a unital, completely

positive map 1, By — By with [, 0 911, — ¢alp, | < 1/n, which implies that

b
|(nn 0 p1) () — @2(b)|| < HnH foralln € N, b € E,. (3.2.5)

As (Ep),cy is increasing, there exists for every b € (J,cy En a number ng € N such that
b € E, for all n € N>,,, and hence (3.2.5) implies ||(7, o ¢1) (b) — p2(b)|| — 0 as n — oc.
As U, ey En = A and as 1, 0 p1 — @2 is bounded, this implies ||(1, o v1)(a) — @2(a)|| — 0 as
n — oo for each a € A.

(ii): If By = By = B is a unital Kirchberg algebra then each of the maps 7, in (i) is nuclear by
Corollary 1.5.13. As each F, is finite dimensional we can for each n € N choose a 1/n-dense
finite subset F}, of the unit sphere of E,. Then Proposition 3.1.5 yields for each n € N an
isometry s, € B such that

§ 1
H%@daﬁn—ndwﬂwﬂlﬁg; for all @ € F),.

For each n € N and for each b in the unit sphere of E,, choose a € F,, with |ja —b|| < 1/n to
obtain
18721 (0)sn — (1 © 1) (D)

< |[snp1(b)sn — spp1(a)snll + [[shp1(a)sn — (Mn 0 w1)(@)|| + [[(1n 0 w1)(a) — (1m0 1)()]
3

1
<[bo—all+—+la-0] <.
n n
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This implies that

b
[57,01(b)sn — (Nn 0 p1)(b)]| < S‘LH foralln €N, bec E,,

and combining this with (3.2.5) gives

4|o]

lsne1(0)sn = @2(b)l| < lIsne1(b)sn = (mn © e)O) + 1[0 0 1) (b) = 2(B)l| < ==

for each n € N and for each b € E,,. As in (i) we can conclude that ||s}¢1(a)s, — p2(a)|| — 0
as n — oo for all all @ € A. O

3.3 From approximate similarity via isometries to unitary equiv-
alence

The results in this section are based on Lemmas 2.4 and 2.5 in [KP]. We start with some
technical results and estimations which shall be useful later on, when we construct unitaries
out of isometries to obtain approximate unitary equivalence.

Lemma 3.3.1. Let A be a unital C*-algebra, let s be an isometry in A and let V: A — A,
a — s*as be the corresponding unital, completely positive map. Then

l[a, ss]|| = max {[|V'(a*a) = V(a*)V(a)[['/?, |V (aa®) = V(a)V (a*)['/*}
for all a € A.

That the map V as defined in the lemma is indeed unital and completely positive was proved
in Example 1.4.8(ii).

Proof. Set p = ss*, then p is a projection. Note that x = (14 — p)ap and y = —pa(ls — p)
satisfy x*y = 0 = zy*, so that we can apply Lemma 1.1.12 to get

Ila, ss™]| = llap — pall = [[(14 — p)ap — pa(la — p)|| = max {||(1a — p)apll, [lpa(la —pl|}-

The expressions on the right hand side can be modified using

1(1a = p)apll* = |pa* (14 — p)ap]| = ||s"a"(1a — ss")as|| = |V (a*a) = V(a*)V ()]
and, similarly,

lpa(ia = p)I* = llpa(la = p)a*pll = [s*a(la = ss")a"s|| = ||V (aa®) = V(a)V (a")],
and therefore

l[a, ss*]| = max {||V(a*a) = V(a")V(a)||'/*, |[V(aa*) = V(a)V(a")|'/?}.
O

Remark 3.3.2. Let A, s and V be as in Lemma 3.3.1. Then ss* commutes with all a € A if
and only if V' is multiplicative. The “if”-part is an immediate consequence of Lemma 3.3.1.
To see the converse, assume that ss* commutes with all @ € A and let a,b € A. Then

V(ab) = s*abs = s*abss*s = s*ass*bs = V(a)V (b).

47



Definition 3.3.3. Let A be a unital C*-algebra and let s,t be isometries in A that satisfy
the Oy-relation, i.e. ss* + tt* = 14. For all a,b € A define the Cuntz sum of a and b with
respect to s and t by a ©s ¢ b = sas™ + tbt*.

Lemma 3.3.4. Let A be a unital C*-algebra, let s be an isometry in A and let V: A — A,
a — s*as be the corresponding unital, completely positive map. Suppose that v; and vy are
isometries in A which satisfy the Og-relation. Then wy; = (14 — ss*) + sv1s* and wy = sv9
are also isometries satisfying the Os-relation, and

@ Suwy 1w, V(@) — all < [|[vr, V(a)]I| + [[[v2, V(a)]I| + 2[[[a, ss™]]]
for all a € A.

Proof. Put p = ss*. Then p is a projection, (14 — p)s = s — ss*s = 0 = s*(14 — p) and
therefore

wiwy = ((1a —p) + sv7s™) (14 —p) + sv1s") = (14 — p) + svis™sv1s* =14 —p+p = la.

This shows that w is an isometry, and ws is an isometry being a product of isometries. To
show that the Os-relation holds for w; and wy we use that it is satisfied by v1 and vs:
wiw] + wowy = ((1a4 — p) + sv1s™) ((1a — p) + svis™) + svpvss™

=14 —p+ sv1v]s™ + svavys™

=la—p+p=1a.
Now the Cuntz sum with respect to w; and ws is well-defined, and we can calculate for any
a€ A:
16 @uwy o, V(a) — al| = lwiaw] + w2V (a)wy — a
=|((14 —p) +svis™)a((1a —p) + svis™) + svaV(a)vis™ — all
=|[(1a —p)a(la —p) + (1a — p)asvis™ + sv1s™a(la — p) + sv1V(a)vis™ + svaV (a)vss™ — al|
=||(1a —p)a(la —p) + (1a — p)asvis™ + svis*a(lag —p) + s (V(a) By, v V(a)) s

— sV (a)s* + pap — al|
<[[(1a=p)a(la —p) +pap — a| + [[(1a = plasvys”™ + svis™a(la — p)||
+ IV (a) ®uy 0, V(a) = V()| (3.3.1)

Check that (14 —p —p)(14a —p —p) = 14 to see that 14 — p — p is a unitary and use this to
transform the first term in (3.3.1) as follows:

[(1a = p)a(la —p) +pap — al| = [|((1a — p)a(la —p) +pap —a) (1a —p — )|
= [|(1a = p)a(la — p) — a(la — p) — pap + ap||
= |lap — pal| = ||, ss™]||-

To deal with the second term use ps = s to see that
(1a — plasvys™|| = [lapsvis™ — pasvis®|| = [|[a, p] svys™| < |[[a, ss7]]|

and, similarly,

Isvis™a(la = p)l| = lsv1s*pa — svrs™ap|| = [|sv15”[p, a]l| < ||[a, ss7]]|-
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Notice that with z = (14 — p)asvis* and y = svis*a(la —p) we have z*y = 0 = xy* (because
(14 —p)s =0), and hence we can apply Lemma 1.1.12 to give

I(La = pasvis™ + svis™a(la — p)|| = max {[[(1a = p)asvis™|, [|svis™a(la = p)|I} < [[[a, s57][|.
For the third term in (3.3.1) we get

V(@) Gvi, V(a) = V()]
< JlviV(a)vr = V(a)vrvi | + [lvaV(a)vz — V(a)vavs || + |V (@) (vrv7 + vav3) — V(a)|
= [lfor, V@)l + [[[v2, V(a)]]]-

This completes the proof. ]
Definition 3.3.5. A C*-algebra A is said to be Oy-absorbing if A @ Oy = A.

In the proof of Lemma 3.3.10 below we shall need the existence of an asymptotically central
sequence of *~homomorphisms from Oy into a unital, Os-absorbing C*-algebra A. We start
with the definition of asymptotically central sequences and then turn to the result we need.

Definition 3.3.6. Let A and B be C*-algebras. A bounded sequence (), in B is said
to be asymptotically central if lim,, .o|/[zn,b]|| = 0 for all b in B. A sequence (¢n),cxy of
*-homomorphisms from A into B is called asymptotically central if (pn(a)),cy is an asymp-
totically central sequence in B for every a € A.

The following remark will be helpful when we have to prove that a given sequence is asymp-
totically central.

Remark 3.3.7. Let (z,,),cy be a bounded sequence in a C*-algebra A. Then the set
D={acA| 7}1_%0\\[:%,@]\] =0}
is a closed linear subspace of A.
Proof. Let a,b € D and let A € C. Then
|zn(Aa + b) — (Aa + b)xy|| < |M||zna — axy|| + |20 — bay] — 0

as n — 0o, i.e. D is a linear space. To see that D is closed let @ € D and let € > 0. Let
M € R be an upper bound of {||z,|| | » € N} and choose d € D such that ||d — a|| < e/(3M).
Next, find N € N such that ||[z,,d]|| < €/3 for all n € N>y, then

[z, a]ll = l[zna — azn| < [[#na — zpd|| + [|ond — dap|| + ||den — azy||
€
<MHa—dH+§+||d—a||M<E
for all n € N>, and hence a € D. O

The result we need here is a corollary of the following statement, which is proved in [R2],
Lemma 5.2.3.

Lemma 3.3.8. There exists an asymptotically central sequence of unital *-endomorphisms

of OQ.
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Corollary 3.3.9. Let A be a unital, Os-absorbing C*-algebra. Then there exists an asymp-
totically central sequence of unital *-homomorphisms from Os into A.

Proof. Lemma 3.3.8 provides us with an asymptotically central sequence (o,),cy of unital
*-endomorphisms of Q. For each n € N define ¢,: O3 - A® Oz, x +— 14 ® g,(z). Then
each v, is a unital *~-homomorphism and for each x € O and for each elementary tensor
a®y € A® Oy we have

Jim [|[yn(2),a @3] = lim [|(14 ® (@) (a®y) = (a®@y) (14 ® on(2))]
= lim [la ® (on(2)y — yon(@))]|
= llal lim [[[on(x),y]]l = 0. (33.2)

Since the sequence (¢, (2)),,c is bounded by [|z|| for each z € Os, it follows from Remark 3.3.7
and from (3.3.2) that (vn(x)),cy is asymptotically central for each 2 € Oo, i.e. (Yn),cy is
an asymptotically central sequence of unital *~homomorphisms from Oy into A ® Os. As A
is assumed to be Os-absorbing we can find a *-isomorphism A: A ® Oy — A and use this to
define v, = Ao v, for each n € N. Then each ¢, is a unital *-homomorphism from Oy into
A, and it is easily seen that (), cy is asymptotically central: Let x € O, let a € A and let
z=\A"1(a) € A® Oy. Then, for all n € N:

len(x)a — apn(@)]| = A (Yn(2)z = 2n (@) || = llon(2)2 — 290 (2)]],
and as (¢n),cy is asymptotically central so is (¢n),cn- O

The following lemma is the first step on the way from approximate similarity via isometries to
approximate unitary equivalence: It shows how, for an isometry s in a unital, Os-absorbing
C*-algebra A, the unital, completely positive map corresponding to s can, via a unitary, be
related to the identity map on A.

Lemma 3.3.10. Let A be a unital, Os-absorbing C*-algebra, let s and ¢ be isometries in
Aandlet V: A — A avr— s*as and W: A — A, a — t*at be the corresponding unital,
completely positive maps. Then for every finite subset F' of A and for every € > 0 there is a
unitary « in A with

[uV (a)u* —al < 5k +¢ for all a € F,

where

w= max {|Via'a) = V@)V @), [WV(@a) - WV(@ WV (@2, [WV(e) - al }.
Before we turn to the proof we have a look at the special case where x = 0 for all subsets F’
of A. By Lemma 3.3.1 and Remark 3.3.2 we then have that V is multiplicative and that W is
multiplicative on V(A). Moreover, W is a left inverse of V. The conclusion of Lemma 3.3.10
is in this case that V' is approximately unitarily equivalent to id 4.

Let now F' be a finite subset of A, let ¢ > 0, and let u be a unitary in A such that
|luV(a)u* —al|| < e for all @ € F. Then we also have that ||V (a) — u*au|| < e for all a € F
which reveals another way of looking at the statement of the lemma: If s and ¢ are isometries
in A such that the corresponding unital, completely positive maps V and W are multiplicative
and W is a left inverse of V, then s and ¢ can be used to construct unitary elements u such
that V is approximated by the *-automorphisms on A given by a — u*au.
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In this way Lemma 3.3.10 may remind one of the Cantor-Bernstein Theorem, which states
that if f: M — N and g: N — M are injective maps between sets M and N, then there
exists a bijection between M and N. A slightly different version of Lemma 3.3.10 is given
as Lemma 6.3.7 in [R2], where the proof uses methods similar to those in the proof of the
Cantor-Bernstein Theorem.

Proof of Lemma 3.3.10. By Corollary 3.3.9 there exists an asymptotically central sequence
(@n)pen of unital *-homomorphisms from Os into A. Let F' be a finite subset of A and
let ¢ > 0. Let r1 and rp be isometries in Oo satisfying the Oa-relation. As (¢n),cy is
asymptotically central we can choose N € N such that

len (r1), V@)l + ll[en(re), V(a)]l] <

§a
Il (r1), WV(@)][l + llpn (r2), WV (a)][| <

(3.3.3)

N ™

for all a € F. Put v; = ¢n(r1) and vy = pn(r2). Since ¢ is a unital *~-homomorphism, v;
and v are isometries in A and satisfy the Os-relation. As in Lemma 3.3.4 define

s1= (14 — s8%) + svys™, S9 = SU9,
t1 = (1A — tt*) + tvlt*, to = tuog,

to obtain two pairs of isometries (s1, s2) and (¢1,t2) in A satisfying the Og-relation. Define
u = sat] + s1t5 and calculate

w'u = (t185 + tas])(sot] + s1t5) = t1t] + t18581t5 + tas]sat] + tats = 14,

uu™ = (sat] + s1t5)(t185 + tos]) = s285 + satitas] + s1t5t185 + 8187 = 14
to see that w is a unitary in A. We show that, for all a,b € A, adjoining with u turns the

Cuntz sum of a and b with respect to t1,ts into the Cuntz sum of b and a with respect to
51, 82!

(a4, b) U = (satt + s1ts) (trath + tobth) (t1sh + tast) = (seatt + s1bth)(t1s5 + tas?)
= 52055 + 51bs] = b s, s, @

Thus we can calculate
[uV (a)u” —
= [[uV (a)u* —u (V(a) &1, WV (a))u™ + WV (a) &5, 5, V(a) — al|
<||V(a) = V(a) Bty WV (a)|] + [|s1 WV (a)s] — s1as]|| + [|s2V (a)s5 + s1as] — al|
< [[V(a) &1, WV (a) = V(a)|| + [[WV(a) — all + [[a ©s,,5, V(a) — a (3.3.4)

for all @ € A. We have that |[WV (a) — a|| < & for all a € F' by definition of k. We proceed
to obtain an estimation for the first term. By Lemma 3.3.4 and by (3.3.3) we know that

V(@) @10, WV (@) = V(a)|| < [, WV (@[] +[[fv2, WV (a)]]| + 2[[V(a), t7]]
< 2|V (@)t + 5 (3.3.5)
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for all a € F. We show next that [|[V (a),tt*]|| < & for all @ € F. To achieve this, note that
14 — tt* is a projection and hence positive, which implies that

W (V(a")V(a)) = WV (a" )WV (a) = t*s"a"ss ast — t*s*a*stt*s*ast
=t"s"a*s(14 — tt*)s"ast
= (s*ast)* (14 — tt*)s"ast > 0
for all ¢ € A. In the same way we obtain
WV(a*a) — W (V(a*)V(a)) = t"s*a*ast — t"s*a*ss*ast = (ast)* (1 — ss™)ast > 0,
and combining the last two equations gives
0<W ((V(a")V(a)) = WV(a")WV(a) < WV (a*a) — WV (a* )WV (a) for all a € A.
Combining this with Lemma 3.3.1 yields
IV (a), tt7]|
= maX{HW (V(a*)V(a)) = WV (@ )WV (a)|'/2, |[W (V(a)V(a")) — WV(G)WV(G*)HI/Z}
< max {[|[WV(a*a) - WV (@ )WV (a)|'/2, [WV(aa®) = WV(@WV(a*)|'/2} <
for all a € F and hence, together with (3.3.5), we have

|V (a) @ty 0, WV (a) = V(a)|| < 26+ % for all a € F.

For the remaining term in (3.3.4) notice first that, by Lemma 3.3.1 and by definition of s, we
have

Ifa, 55"l = maX{HV(a*a) — V(@ )V ()2, |[V(aa*) - V(a)V(a*)Hl/z} <k
for all @ € F and thus, by Lemma 3.3.4 and by (3.3.3)
la ©sy.5, V(@) —all < [[[vr, V(@)]ll + [[[v2, V(@)]l| + 2] [a, s57]|| < 2k + %
for all a € F'. Altogether we have shown that
[uV(a)u™ —al <5k +¢ for all a € F,

which completes the proof. O

In the following lemma it is shown that if two unital, completely positive maps ¢ and 7 are,
on finite sets, almost multiplicative and similar via two isometries s and ¢, then the constant
k from the previous lemma can be made arbitrarily small.

Lemma 3.3.11. Let A and B be unital C*-algebras, let s and ¢ be isometries in B and let
V,W: B — B be the corresponding unital, completely positive maps. Let g,n: A — B be
unital, completely positive maps, let F' be a finite subset of A and let 6 > 0. Put

K= max *B) — * / YA * / _
e {IVED) VWO, WV =WV WY W) - b}

and M = max,cp|al. If
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(i) lle(a*a) = o(a®)e(a)|| < 6 and |n(a*a) —n(a*)n(a)|| < 6 for all a € F'U F*, and

(ii) ||[Vo(a) —n(a)| < d and ||[Wn(a) — o(a)|| < d foralla € FUF*U{z*x | z € F U F*},
then

% < max {25, QW} .

Note that this lemma is actually true for arbitrary unital, completely positive maps V' and
W on B.

Proof. Let b € o(F U F*) and choose a € F'U F* with g(a) = b. Then

[V (6*b) = V)V (B)[| = [V (e(a™)e(a)) — Veo(a™)Vo(a)]|
= [V (e(a")o(a) - o(a*a))|| + [V o(a*a) — n(a”a)]|
+ [In(a*a) — n(a*)n(a)[| + lIn(a*)n(a) — Vo(a*)Ve(a)|
<6 +0+6+ [[n(a)llln(a) = Veo(a)ll + n(a*) = Vo(a*) [V o(a)]
< (342M)§

and

WV (b) = bl| = [WVo(a) = o(a)|| < [[W(Ve(a) —n(a) [l + [Wn(a) - e(a)|| < 24.
The last calculation can also be done with a*a or a* instead of a to yield
[WVo(a®a) — o(a*a)|| <25,  [WVo(a®) — o(a”)| < 26.

This helps us in the estimation of the remaining term:

IWV (b*b) — WV (b* )WV ()|

= [WV (e(a”)e(a)) = WVe(a®)WVo(a)]|

< [WV (e(a)o(a) — o(a*a))|| + [WVo(a"a) = WV o(a")WV o(a)||

<64 [WVo(a“a) — o(a*a)l| + [e(a”a) — o(a®)o(a) + [lo(a”)e(a) = WV o(a®)WV o(a)|

<6420+ 0+ |lola”)[llola) = WVe(a)|l + lle(a”™) = WV o(a®)[[[[WV o(a)]|

< 042040 +406M = 4(1 + M)é.

Altogether we have obtained now that

k< max{\/m, 20, 2@} :max{25, QW}

O

Combining the results of Lemmas 3.3.10 and 3.3.11 we can now obtain approximate unitary
equivalence of two almost multiplicative, unital, completely positive maps which are mutually
approximately similar via isometries and which take values in an Os-absorbing C*-algebra.
The following lemma is designed to be used in the proof of Lemma 5.2.1. A less technical
version in the case where ¢ and n are unital *-homomorphisms is given in Lemma 3.4.1 in the
beginning of the following section.
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Lemma 3.3.12. Let A and B be unital C*-algebras such that B is Os-absorbing, and let
€ > 0. Then there exists § > 0 such that for all unital, completely positive maps o0,n: A — B
and for all finite subsets F' of the unit sphere of A the following holds: If

(i) Jlo(a*a) — o(a*)o(a)|| < § and ||n(a*a) — n(a*)n(a)|| < § for all a € FU F*, and
(ii) there exist isometries s,t € B with ||s*p(a)s — n(a)|| < d and [[t*n(a)t — o(a)| < ¢ for
alla € FUF*U{z*z |z € FUF*},
then there is a unitary u € B such that
|lun(a)u® — p(a)|| <€ for all a € F.

Proof. Choose 0 < 6 < 1 with §+10v2J < £/2 and let F' be a finite subset of the unit sphere
of A. Let 9,n: A — B be unital, completely positive maps satisfying (i), and suppose that
there are isometries s,t € B satisfying (ii). Then Lemma 3.3.10 yields a unitary v € B with

|lus*o(a)su™ — o(a)|| < 5k + % for all a € F, (3.3.6)

where

w=, max VD) = VEOVOIE, [WVE) - WVEWVE)E, V) - b}

By Lemma 3.3.11,

k< max{267 QW} ,

where M = max,crllal|. As F' is a subset of the unit sphere of A, we have M = 1 and hence
k < max{2§,2v20} < 2v/20 since we assumed § < 1. Therefore, j + 5x < § + 10v2§ < /2
and hence, using (3.3.6),

[un(a)u” — o(a)|| < [lun(a)u” —us™o(a)su™|| + [[us"o(a)su™ — o(a)|
. €
< lIn(a) — s ola)sl| + 55 + §
<d+5k+ g <e

for all a € F. O

3.4 Unitary equivalence of unital, injective *~-homomorphisms
into O,
This section starts with a simplified version of Lemma 3.3.12, and then deals with the impor-

tant result that any two unital, injective *~-homomorphisms from a unital, separable, exact
C*-algebra into Oy are approximately unitarily equivalent.

Lemma 3.4.1. Let A and B be unital C*-algebras such that B is Os-absorbing and let
v,%: A — B be unital *~homomorphisms. Let € > 0 and let F' be a finite subset of A. Then
there exists > 0 such that if there are isometries s,t in B with

Is¥¢(a)s —p(a)| <6, [[t"p(a)t — p(a)|| <6 (3.4.1)
foralla € FUF*U{z*x | x € FFU F*}, then there is a unitary v in B such that
lup(a)u® — p(a)|| < e for all a € F.
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Proof. Put M = max,cr|al| and choose § > 0 with max{2J, 2,/(1 + M)d} < e/15. Assume
that there are isometries s,t in B satisfying (3.4.1), and let V: B — B, b +— s*bs and
W:B — B, b — t*bt be the corresponding unital, completely positive maps on B. By
Lemma 3.3.10 there is a unitary u in B such that

[lus*p(a)su™ — p(a)|| < 5k + % for all a € F,

where

= e {”V(b*b) —VEVG)Y2, WV (B'b) — WV YWV 0)|Y2, WV (b) — bll} '

By Lemma 3.3.11,
Kk < max{25, 2/ (14 M)(S} < %,

and therefore
[ub(a)u” — p(a)|| < [lup(a)u® —us*p(a)su™|| + [us*p(a)su” — p(a)]
<6+ 5K+ % <e.

for all a € F. O

Theorem 3.4.2. Let A be a unital, separable, exact C*-algebra.

(i) Let B be a unital, separable, simple and nuclear C*-algebra. Then any two unital,
injective *-homomorphisms ¢,1: A — B ® Oy are approximately unitarily equivalent.

(ii) Any two unital, injective *-homomorphisms ¢, 1: A — Q9 are approximately unitarily
equivalent.

Proof. (i): Let ¢,9: A — B ® Oy be unital, injective *~-homomorphisms. We want to apply
Corollary 3.2.3(ii) to show that ¢ and 1 are mutually approximately similar via isometries.
First of all we have to check that B ® Oy is a unital Kirchberg algebra: We know that
B ® O is unital with unit 15 ® 1p,, separable as a tensor product of separable C*-algebras
(Remark 1.5.4), nuclear as the tensor product of nuclear C*-algebras (Proposition 1.5.7(iv)),
and simple as the minimal tensor product of two simple C*-algebras (Lemma 1.5.5). To get
that B ® O3 is purely infinite we consider two cases: At first assume that B is of type [, i.e. B
is isomorphic either to some M,,(C) or to K, the compact operators on an infinite dimensional,
separable Hilbert space. As B is assumed to be unital and K is not, we have B = M,,(C) for
some n € N, and therefore B® Oy = M, (C) ® Oy = M,,(O2), which is purely infinite as O is
by Lemma 1.3.13(ii). If B is not of type I, then B ® O3 is purely infinite by Theorem 4.1.10
in [R2]. Altogether this gives that B ® Os is a unital Kirchberg algebra. Moreover,

(B®0O2)®03 & B (02®02) & B® Oy,

i.e. B® O is Oy-absorbing as Oy is self-absorbing.

As B ® Oy is a nuclear C*-algebra, ¢ and 1 are nuclear *-homomorphisms by Corol-
lary 1.5.13, and hence we can apply Corollary 3.2.3(ii) to find two sequences of isometries
(8n)pery and (tn),cn in B ® Oz with

lim [|s)¢(a)s, —¥(a)|| =0, lim ||t7(a)t, — ¢(a)]] =0 forallae A.  (3.4.2)

95



Let € > 0, let F be a finite subset of A and choose § > 0 as in Lemma 3.4.1. By (3.4.2) there
exists N € N such that

lsnela)sy —¥(a)[ <0, [tn(a)in —@(a)]| <6

foralla € FUF*U{z*z | x € FFU F*}, and hence Lemma 3.4.1 yields a unitary u € B® O3
with
lup(a)u™ — p(a)|| < e for all a € F.

This proves that ¢ and ¢ are approximately unitarily equivalent.

(ii): Let p,1: A — Os be unital, injective *~homomorphisms. We consider two possibilities
of proving that ¢ and v are approximately unitarily equivalent. The first is to apply part (i):
Let A1 O3 — O3®0O3 be a *-isomorphism and consider the unital, injective *-homomorphisms
o =Aogpand ¢ = Aot from A into O @ Oy. By (i), ¢ and 1 are approximately unitarily
equivalent. Let now € > 0, let F' be a finite subset of A and choose a unitary @4 € Oy ® Os
such that B

|ay(a)a* — @(a)|| < e for all a € F.

Set u = A~1(@), then u is a unitary in Oy and
lu(a)u® = p(a)l| = A (@h(a)a” — @(a)) || = |la(a)a* — la)l| <& forallac F,

which shows that ¢ and ¢ are approximately unitarily equivalent.

Alternatively we can apply Corollary 3.2.3(ii) and Lemma 3.4.1 directly as in (i): Note
that both ¢ and 1 are nuclear as Os is. As O3 is a unital Kirchberg algebra we can apply
Corollary 3.2.3(ii) to find two sequences of isometries (sy),cy and (tn),cy in O with

lim ||s;p(a)s, —¥(a)| =0, lim ||t (a)t, — ¢(a)|| =0 for all a € A.
n—oo n—oo

As in the proof of (i) we can now apply Lemma 3.4.1 to prove that ¢ and 1) are approximately
unitarily equivalent. O

Part (ii) of the preceding theorem will play an important part in the proof of Kirchberg’s
Embedding Theorem. In Appendix A we will show how both theorems can be combined
to obtain a uniqueness statement for Os, which shows that O, is basically the only unital,
separable, exact C*-algebra satisfying these theorems.
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Chapter 4

Limit algebras

Limit algebras are, roughly speaking, C*-algebras consisting of equivalence classes of se-
quences in a given C*-algebra. They can be used to turn properties which are only approx-
imately satisfied in the original algebra into exact statements. An example of this occurs
in Lemma 4.5.2 in Section 4.5, where approximate unitary equivalence will be turned into
exact unitary equivalence by passing to limit algebras. Sections 4.1-4.4 are used to present
the concepts of products of C*-algebras, filters and limit algebras, and Section 4.6 gives some
results on limit algebras of minimal tensor products and matrix algebras.

4.1 Products and sums of C*-algebras

In the definition of limit algebras below we introduce the C*-algebra ¢°>°(A) of bounded se-
quences in a C*-algebra A which is a special case of a product of C*-algebras. As more general
products will appear in Section 5.3 we use this opportunity to give the general definition and
to state some facts, the proofs of which are either given here or can be looked up in [R1] or
[Mul].

Definition 4.1.1. Let I be a non-empty set and let (4;);cr be a family of C*-algebras. The
product [],.; A; is defined to be the set of all functions a: I — |J;c; Ai with a(i) € A; for all
1 € I and with

sup{||a(i)[4, | i € I} < oo.

We usually write a; instead of a(i) for each i € I and denote an element of [[,.; A; by (ai)icr-

Remark 4.1.2. The product [],.; A; is a C*-algebra with coordinate-wise addition, scalar
multiplication, multiplication and involution, and with norm given by

lall = sup{[la(@i)|l.a; | i € I}.

Definition 4.1.3. Let I and (A;);c; be as before. The sum )
closure of the set

ier Ai is defined to be the

{a € HAi ! a(i) # 0 for only finitely many ¢ € I}.
el

o7



Remark 4.1.4. The sum ), ; A; is a closed, two-sided ideal in J],.; A;, and hence the

quotient
H A/ Z A;
icl il
is a C*-algebra. Let
T HAi — HAZ-/ZAi
il icl icl

denote the quotient map.
The following is Lemma 6.1.3 in [R1].

Lemma 4.1.5. Let (A,),cy be a sequence of C*-algebras and let a = (an),,cy be an element
in [], ey An- Then

[7(a)]| = limsupljan||.
n—oo

In particular, a belongs to ), .y Ay if and only if lim, .||an|| = 0.

We now examine matrix algebras of products and vice versa, and use this result to describe
completely positive maps taking values in a product C*-algebra.

Lemma 4.1.6. Let I be a non-empty set, let (4;);c; be a family of C*-algebras and let
n € N. Then the map

or TIMa4) = 2 (T 4), ((eha)i). = ((0h)er),
icl i€l 7
is a *-isomorphism.

Proof. 1t is easily seen that ¢ is linear, self-adjoint and bijective. Showing multiplicativity
also comes down to doing matrix multiplication and shifting brackets: Let ((a};l)k,l)i I and

((b};l)k,l)id be elements in [],.; M;,(A4;). Then

v (((aiz)k,l)iez ((biz%l)ief) = ‘P<<<mzn:1a§“m mi ) ) <( o ZT’ﬂl)iGI)k,l

m=1
= ((@hodier) oy (hdien) = 2 ((@h)ier) @ (Ghwa) s ) -
Thus, ¢ is a *-isomorphism. O

Remark 4.1.7. Let I be a non-empty set, let (A4;);e;r be a family of C*-algebras and let
a = (a;)ier € [[;c; Ai- Then a is positive in [[,.; A; if and only if a; is positive in A; for all
i € I. To see this recall that a is positive if and only if there exists x € [[,.; A; with 2"z = a.
This is the case if and only if for each ¢ € I there exists z; € A; such that z}z; = a;.

Lemma 4.1.8. Let A be a C*-algebra, let I be a non-empty set, let (B;);c; be a family of
C*-algebras and let
0: A— H B;
iel
be a linear map. For each ¢ in I let g;: A — B; be the ith component map of p, i.e.

o(a) = (0i(a))ier for all @ in A. Then p is completely positive if and only if g; is completely
positive for each i in 1.
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Proof. Let n € N and let o™ denote the nth inflation of o, accordingly define gi") for each

1 € I. By Lemma 4.1.6 there is a *-isomorphism
o [[Mu(B:) — Mn<HBi).
i€l i€l

For each a = (ap)r,; € Mp(A) we can compute

o™ (@) = (elar)s = ((eiar)ier) iy = ¢ (((ela)i)ier) = (6" (@) _ )

1

and as both ¢ and ¢~ are positive, this implies by Remark 4.1.7 that o™ (a) is positive if

and only if so is Q,En)(a) for each i € 1. O

4.2 The limit algebra (A)

This first example of limit algebras is constructed as the quotient of the bounded sequences
on a C*-algebra by the ideal of sequences which are convergent to zero.

Notation. For every C*-algebra A the product ], .y A is simply the C*-algebra of bounded
sequences on A, which is denoted by ¢>°(A). The sum ) A equals the subset of all

sequences (an),cy in £°°(A) that converge to zero, i.e. lim, .|a,| = 0, and is denoted by
C(](A).

Definition 4.2.1. Let A be a C*-algebra. The quotient ¢>°(A)/co(A) is denoted by (A)wo.
Let moo: £°(A) — (A)s be the quotient map, define the diagonal embedding 04: A — (>°(A),
a— (a,a,a,...)and put 14 =T 004: A — (A)o-

Remark 4.2.2. The map ¢4 embeds A into (A)s because moo(a,a,a,...) # moo(b,b,b,...)
for all a # b € A.

4.3 Filters

To generalize the idea of limit algebras given in Section 4.2 one needs a more general notion
of convergence, which can be achieved by introducing the concept of filters and convergence
along filters.

Definition 4.3.1. Let w be a non-empty subset of the power set of N. If
(i) 0 ¢ w,
(ii) w is closed under finite intersections, i.e. X NY € w for all X,Y € w,
(iii) w is upwards directed, i.e. if X € w and Y C N with X C Y, then Y € w,
then w is called a filter on N. A filter w on N is said to be
- an wltrafilter if it is not properly contained in any other filter on N;

- free if Ny, X = 0.
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We first present two standard examples and then turn to a lemma with some important facts
on ultrafilters and free filters.

Examples 4.3.2. (i) For each n € N define w,, = {X C N | n € X}, then w,, is an ultra-
filter on N, but it is not free (see Lemma 4.3.3(ii),(iii)).

(ii) Define wy = {X C N | N\ X is finite}, the filter of cofinite subsets of N. This is a free
filter on N, but it is not an ultrafilter (see Lemma 4.3.3(ii)).

Lemma 4.3.3. (i) Every filter on N is contained in an ultrafilter on N.
(ii) A filter w on N is an ultrafilter if and only if either X € w or N\ X € w for each X C N.
(iii) An ultrafilter w on N is free if and only if w # w,, for all n € N.

(iv) If w is a free filter on N then each X € w is an infinite set and w contains infinitely
many sets.

(v) Each free ultrafilter w on N contains the free filter wy of all cofinite subsets of N.

Proof. (i): Let w be a filter on N. We use Zorn’s Lemma to prove that
M:{d} ’ &)isaﬁlteronNandwch},

partially ordered by inclusion, contains a maximal element. Let N be a totally ordered subset
of M and set wy = Ugep @. We show first that war is a filter. As 0 ¢ © for all @ € N it
follows that () ¢ wy. Let X, Y € wy. As N is totally ordered there is © € N with X € &
and Y € ©. Then X NY € © and hence X NY € wyr. Let now Z € wy and let K C N with
Z C K. Choose @ € N with Z € @, then K € © and therefore K € wys. This shows that was
is a filter, and as w C @ C wy for all @ € N it follows that wys is contained in M and is a
majorant of A/. Hence there exists a maximal filter containing w.

(ii): Let w be a filter on N. Suppose first that w is an ultrafilter, and assume that there is
X C N such that X ¢ w and N\ X ¢ w. Define

w={YCN|JAdcw: ANXCY}

and show that @ is a filter on N with w C @, which contradicts the assumption that w is an
ultrafilter. As N\ X ¢ w we know that B ¢ N\ X and hence BN X # () for all B € w.
Thus, 0 ¢ ©. Let Y, Z € & and choose A, B € w such that AN X CY and BN X C Z, then
ANBewand (ANB)NX CYNZ,ie.YNZ €. Let now K C N with Y C K. Then
ANX CY C K and hence K € @. Thus, @ is a filter on N. For all A € w we have that
ANX C Aand ANX C X. The first implies that w C @, and the second implies that X € @,
and hence w C @.

Conversely, assume that w is not an ultrafilter and show that there is X C N such that
X ¢ wand N\ X ¢ w. By (i) there exists an ultrafilter @ with w C @. Choose X € & \ w,
then clearly X ¢ w. But as @ is a filter, we have that N\ X ¢ &, because otherwise
) =XNN\X €, and consequently N\ X ¢ w.

(iii): Let w be an ultrafilter on N. If w = w, for some n € N, then Ny, = {n} # 0, i.e.
w is not free. Conversely, suppose that w is not free, and show that there is n € N with

60



w = wy. Since w is an ultrafilter, statement (ii) implies that for all m,n € [y, X we have
{m},{n} € w, consequently also {m} N {n} € w and thus {m} N {n} # 0, and hence m = n.
We can thus choose n € N with (., X = {n}. This implies that w, C w because for
every X € w, we know that X € w, because otherwise (ii) implied N\ X € w and hence
n ¢ Nye,Y. Thus w, C w, and as wy, is an ultrafilter this implies w, = w.

(iv): Let w be a free filter on N and let X € w. As (., Y = 0 there is for every n € X a
set Y, € w withn € Y, i.e. X N(,cx Yo =0, but on the other hand, X N[, cp Y, # 0 for
every finite subset F of X. Thus, X is infinite. Now, {Y,, | n € X} contains infinitely many
sets, and {Y,, | n € X} Cw.

(v): Let w be a free ultrafilter and let X be a finite subset of N. By (iv) this implies that
X ¢ w, and hence N\ X € w by (ii). Thus, wy C w. O

Convergence along filters is defined as follows:

Definition 4.3.4. Let (z,), .y be a sequence in a Hausdorff space 7', let zg be a point in 7°
and let w be a filter on N. Then (), is said to converge to x¢ along w, in symbols

lim z,, = xo,
w

if for every neighbourhood U of xg there exists X € w such that z,, € U for all n € X.
Lemma 4.3.5. Let 7, (x,),cy and w be as in Definition 4.3.4.
(i) If w = wy, for some m € N, then (x,), .y converges to .

(i) Assume that w is an ultrafilter and that (), is a sequence in a compact subset K
of 7. Then (), converges along w.

(iii) Assume that w = wy is the free filter of cofinite subsets of N and let 29 € 7. Then
limy, xn = xo if and only if lim,, . x, = 0.

(iv) Assume there is zy € 7 with lim, oz, = x9. Then lim,x, = z¢ for every free
ultrafilter w on N.

Proof. (i): Let m € N and suppose that w = wy,. Then {m} € w and we can simply choose
X = {m} for every neighbourhood U of z,.

(ii): For each X C N set Tx = {z,, | » € X}. Then Tx is a non-empty, compact subset of
K whenever X is a non-empty subset of N. We show first that (y, Tx 7# 0. To this end
let F be a finite subset of w. Then Y = (\ycp X # 0 as w is a filter, and therefore Ty # 0.
Moreover, if z € Ty, then there exists a sequence (ny),cy in Y such that z,, — z as k — oo.
By definition of Y this entails that (n),cy is a sequence in each X € F', and hence z € Tx
for each X € F'. Thus,
0 #Ty C ﬂ Tx,
XeF

and by the finite intersection property of compact sets it follows that (y, Tx # 0.

Choose = € [y, T'x and let U be a neighbourhood of z. Let A= {n €N |z, € U} and
B =N\ A. Then z ¢ Tp, which implies that B ¢ w. As w is an ultrafilter, this implies that

61



A € w and therefore x = lim,, z,,.

(iii) Let U be a neighbourhood of zy and suppose that lim,,, z, = x¢. Then there is a finite
subset F' of N such that for each n € X = N\ F we have z,, € U. Then z,, € U for all
n > max F' and hence lim,, . z,, = xg. Conversely, if lim,, . T, = xg, choose N € N with
xn € U for all n > N and put X = N\ Ncy, then X € wp and z,, € U for all n € X.

(iv) This follows from statement (iii) and Lemma 4.3.3(v). O

Definition 4.3.6. Let w be a filter on N and let (z,),.y be a sequence of real numbers.
Define

limsup z, = inf sup z,.
w Xew neXx

Remark 4.3.7. If w in Definition 4.3.6 is a free filter on N, then

lim sup x,, < limsup xy,,
w n—oo

because for each k € N there is X € w with X € N>y Let k € N. As Ny, X = 0 there
exists for each n € N a set X, € w withn ¢ X,,. Then X =, _, X, € w and X C N3>.

4.4 The ultrapower C*-algebra (A),

We now perform a construction similar to the one in Section 4.2 to obtain the so-called
ultrapower C*-algebra (A), of a given C*-algebra A, which defines a more general class of
limit algebras.

Remark 4.4.1. Let A be a C*-algebra and let w be a filter on N. Denote by c,,(A) the subset
of all sequences (ay),cy in £°°(A) that converge to zero along w, i.e. lim,|ay,| = 0. Then
cw(A) is a closed, two-sided ideal in A.

Definition 4.4.2. Let A be a C*-algebra and let w be a filter on N. The quotient C*-algebra
(>*°(A)/cw(A), denoted by (A),, is called the wltrapower of A with respect to the filter w. Let
7w £°(A) — (A), denote the quotient map and set 14 = m, 0d4: A — (A)y, where d4 is
the diagonal embedding of A into £*°(A) as defined in Definition 4.2.1.

Remarks 4.4.3. Let A be a C*-algebra and let w be a filter on N.
(i) It follows as in Remark 4.2.2 that ¢4 embeds A into (A),.

(ii) If wp is the filter of cofinite sets in N, then Lemma 4.3.5(iii) implies that c,,(A) = co(A)
and therefore (A)y, = (4)oo-

The following lemma establishes, for every sequence a € £*°(A), a very useful relation between
the norm of its limit (or limsup) and the norm of its image in the ultrapower algebra.

Lemma 4.4.4. Let A be a C*-algebra and let w be a filter on N.

(i) Foreacha = (ay,),cy in £>°(A) one has ||, (a)|| = limsup,||a,|; and if w is an ultrafilter,
then |7, (a)| = limy,||a,]|-
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(ii) Let k¥ € N and consider for each j € N<j an element al) = (ag))neN in [*°(A). Let
e > 0 and assume that |7,(a?))|| < ¢ for all j € N<j. Then there exists X € w such

that Ha,(lj)H < ¢ for all n € X and for all j € N<y.

Proof. (i): Consider two sequences a = (an),,cy and b = (b ), o in £°°(A) with a—b € ¢, (4),
ie. m,(a) = my(b) in (A),. Then, by definition of ¢, (A4), limy||a, — b,|| = 0 and therefore
limsup,, ||a, || = limsup,,||b,||. Thereby the map

[llw: (A)w — R0, o (a) — limsupl|an||
w

is well-defined, and it is easily shown that |||, defines a C*-norm on (A),. Besides, the
quotient C*-algebra (A),, is canonically equipped with the complete C*-norm defined by

7w ()]l = mf{fla + 2] | 2 € cu(A)}

for each a € ¢*°(A), which implies that (A), admits only one C*-norm (see Remark 6.3.3 in
[Mu]). Hence,
|7 (a)|| = limsup||ay,]| for all a = (an),,cy € £7°(A).

Assume now that w is an ultrafilter and let a = (an),cy € €°(A). Then (||lay),cy is a
sequence in the compact interval [0, sup,,cyl||an|]] and hence convergent by Lemma 4.3.5(ii).
Combining this with the first statement gives

7w (a)|| = lim sup||a, || = lim/[ay]].
w w

(ii): By (i), the assumption that ||, (a"))|| < e implies

limsup|jal) | < e for all j € N<y,

and hence there exists for each j € N<j a set X; € w such that supnerHa%j)H < e. Put
X =)< Xj, then X € w as a finite intersection, and Hag)H < ¢ for all n € X and for all
J € Neg. [
The following lemma extracts a detail from the proof of Kirchberg’s Embedding Theorem.

Lemma 4.4.5. Let A and B be C*-algebras and let v: A — B be an embedding of A into
B. Then (A),, embeds into (B),, for every filter w on N. If A, B and ¢ are unital, then (A),
also embeds unitally into (B),,.

Proof. Let w be a filter on N. Let 72: ¢*°(B) — (B),, denote the quotient map and define

Loot L°(A) = £2(B), (an)pen — ((an))pen »

then 12014, is a *-homomorphism from £*°(A) into (B),,. As is isometric and by Lemma 4.4.4
we have
tim supllan | = lmsuplu(an)| = (7 o toc) (@] for all a = (an) e € €(4)
w w
and hence

ker (15 0 1o0) = cu(A).

The first isomorphism theorem now yields an injective *~homomorphism z: (A),, — (B),. If
A, B and ¢ are unital, then so is ¢ by construction. ]
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4.5 Lifting problems and unitary equivalence

We shall next be concerned with the lifting of projections, isometries and unitaries in (A),
to projections, isometries and unitaries in ¢>°(A), i.e. for a projection p € (A4), we try to
find a projection ¢ € ¢*°(A) with 7,(q) = p and so on. In the proof of these statements we
shall need the fact that an element which behaves almost like a projection, an isometry or a
unitary, is close to a projection, an isometry or a unitary, respectively, see Lemma 1.1.38.

Lemma 4.5.1. Let A be a C*-algebra and let w be a filter on N. Then the following hold:
(i) Each projection in (A), lifts to a projection in £>°(A);
(ii) If A is unital, then each isometry in (A),, lifts to an isometry in £*°(A);
(iii) If A is unital, then each unitary in (A),, lifts to a unitary in £>°(A).

Proof. (i): Let p be a projection in (A), and choose an element a = (ay),cy in £°°(A) with
mw(a) = p. Then

Imo(a—a") | =lp—p" =0, |m(a—a®)|=lp—p*=0,

and therefore
limsup||a, — a,|| =0, limsup||a, —aZ|| =0 (4.5.1)
w w

by Lemma 4.4.4. We will use this to define a sequence ¢ = (gy,),,cy in £°°(A) consisting of
projections satisfying lim,||a, — ¢,|| = 0 and therefore 7, (¢) = m,(a) = p.

For each k € N choose §;, > 0 such that Lemma 1.1.38(i) holds with ¢ = 1/k, and such
that (0x),cn converges to zero. By (4.5.1) we can for each k € N find X}, € w such that

llan, —ay|| < Ok, |an — a2 < 6 for all n € Xj. (4.5.2)

Let n € N.

Case 1: The element a,, is itself a projection. Then set ¢, = an,.

Case 2: For all k € N we have ||a, — aj|| > 6 or |la, — a2| > 0. Then set g, = 0.
Case 3: Assume that neither Case 1 nor Case 2 holds. Then

kn, :max{k eN ‘ lan — a|| < 0p and |a, — a2|| < 5k}

nl
is well-defined (the set on the right hand side is bounded as (), converges to zero and as
an is not a projection), and Lemma 1.1.38(i) yields a projection ¢, with ||a, — ¢,|| < 1/k,.

As ¢, is a projection in A for each n € N, the element ¢ = (gn),cy IS a projection in
¢>*(A). Let now € > 0, choose K € N with 1/K < ¢ and let n € Xg. By (4.5.2) we know
that ||a, — a}|| < dk and ||a, — a2|| < 6k , and hence Case 1 or Case 3 applies. In Case 1 we
have ||a,, — gn|| = 0 < €, and in Case 3 we have
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(ii): Suppose that A is unital, let s be an isometry in (A4), and let a = (ay),,cy € £°°(A) with
Tw(a) = s be a lift of s. As in the proof of (i) we conclude that

limsup|[afan — La]) = (0@ — i)l = [15%s — 1(ay, ]| = 0. (45.3)
w
For each k € N choose a number d; > 0 such that Lemma 1.1.38(ii) holds for ¢ = 1/k, and
such that (dg),cy converges to zero. For each k € N use (4.5.3) to find Xj € w with
llayan — 14| < g for all n € Xj.

Let n € N. As in (i) we consider three cases:

Case 1: The element a, is an isometry. Set t, = a,.

Case 2: For all £k € N we have ||a}a, — 14|l > 6. Then set ¢, = 14.
Case 3: Suppose that neither Case 1 nor Case 2 holds. Then

kn =max {k € N | |lajan — 14| < &1}

is well-defined, and Lemma 1.1.38(ii) yields an isometry t,, with ||a, — t,| < 1/kp.
Now ¢t = (tn),cy is an isometry in £°°(A), and it follows as in the proof of (i) that
limy,||a, — t,|| = 0 and hence 7, (t) = s.

(iii): Suppose that A is unital, let u be a unitary in (A), and let a = (an),,cy € £°°(A) be a
lift of u. As before conclude that

limsupllayan — 14| = |[Tw(a®a — 1o (a)ll = [[u*u — 1(4), | =0
w
and in the same way
lim supllanay, — 1|l = luu* — 14, | = 0.
w

Using the same procedure as in (i) and (ii) one can prove the existence of a unitary v = (v5),,cn
in £>°(A) with lim||a, — v,|| = 0 and hence 7, (v) = u. O

The following lemma shows how approximate unitary equivalence of *-homomorphisms can
be turned into exact unitary equivalence by passing over to limit algebras.

Lemma 4.5.2. Let A and B be C*-algebras such that B is unital, and let ¢,%: A — B be
*-homomorphisms. Let w be a filter on N and let 15 = m, 0 dp: B — (B), be the canonical
embedding of B into (B),. Then the following hold:

(i) We have tg o ¢ =, tp o1 in (B), if and only if ¢ ~, ¢ in B.
(ii) If A is separable and w is a free filter, then tpoy ~,, tpot if and only if Lo &, tp o).

Proof. (i): Assume that tpo @ =, tp o in (B)y, let F be a finite subset of A and let ¢ > 0.
By assumption there is a unitary v € (B),, such that

|lv(ep o) (a)v* — (tpow)(a)| < e for all a € F.

Lemma 4.5.1(iii) yields a unitary v = (up),cy in £°°(B) with 7, (u) = v, and we have that

H7rw(u63(1[1(a))u* - 5B(SD(G))) | = llv(tp o) (a)v™ — (tpop)(a)l <e for all a € F.
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Now Lemma 4.4.4(ii) provides us with a set X € w such that
luntp(a)uy, —p(a)]| < e foralln e X, a € F.

Hence, ¢ and v are approximately unitarily equivalent in B.
Conversely, suppose that ¢ =, ¥ in B. Let € > 0, let F' be a finite subset of A and choose
u € B with
|lut(a)u® — p(a)|| < e for all a € F.

As 1p is a unital, isometric *~homomorphism, ¢p(u) is a unitary in (B),,, and
lep(u)(eB o ¥)(a)ip(u)” — (te o p)(a)]l = [[ug(a)u” — ¢(a)]| <e  foralla€ F,

which shows that tp o ¢ and tp o 9 are approximately unitarily equivalent in (B),,.

(ii): Suppose now that A is separable and that w is free. It is clear by definition that
LB © @ ~y Lp o1 implies tp o ¢ Ay, tp o 1. Assume now that tp o ¢ ~y, tpo1. By (i) this
implies that ¢ ~, ¥ in B. Let (Fy), <y be an increasing sequence of finite subsets of A with
Unen Frn = A and choose for each n € N a unitary u, € B with

[untp(a)u, — p(a)|| < for all a € F,,.

SENS

Since (F},),,cy is increasing, we can as in the proof of Corollary 3.2.3(i) conclude that
lim ||upy(a)u, —¢(a)|| =0 for all a € U F,,
neN

and as up, Y (-)uy —¢(-) is bounded for each n € N this can be extended to hold for each a € A.
Put v = 7, ((tn),en), then v is a unitary in (B), and by Lemma 4.4.4(i) and Remark 4.3.7
we obtain

[v(ep 0 9)(a)o” — (1B o p)(a)l| = limjupllun%b(a) n—¢la)]

< limsup||lupy(a)u,, — ¢(a)|| =0

n—oo
for all a € A, which shows that tg o @ ~, tg o). ]

Corollary 4.5.3. Let A and B be C*-algebras with A separable and B unital, let w be a
free filter on N and let ¢, : A — B be *~homomorphisms. Then ¢ =2, ¢ in B if and only if
LB O @Y~y LB O"L/} in (B)w

Proof. This follows immediately from Lemma 4.5.2. O

4.6 Limit algebras of minimal tensor products and matrix al-
gebras

The following result will be useful as a part of the embedding procedure in the proof of
Kirchberg’s Embedding Theorem.
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Lemma 4.6.1. Let A and B be unital C*-algebras, B nuclear, and let w be a filter on N.
Then there exists a unital, injective *-homomorphism A: (4), ® B — (A ® B).,.

Proof. Let m,: {*(A) — (A), and 75: {*°(A® B) — (A ® B),, be the respective quotient
maps. Define ¢: (4), — (A® B),, as follows: Let 2 € (A), and choose a = (an),cy € £7°(A)
with = 7, (a). Then (a, ® 1B),cy € (°°(A @min B) and we can set

p(z) = W%( (an ® 1B)n€N)'

To see that this does not depend on the choice of a consider @ = (an),cy € £>°(A) with
x = m,(a) and note that

limsuplla, ® 15 — G, ® 1p|| = limsup|la, — @, =0
w w

which implies that

”?( (an ® lB)neN) = WE?( (an ® 1B)n€N) = p(z).

Hence, ¢ is well-defined and it is easy to check that ¢ is a unital *-homomorphism. Let
g: A® B — (A® B), be the canonical embedding and define

: B— (A® B)y, b— 15(la ®b),

then ¢ is a unital *-homomorphism. Let now x € (A),, choose a = (an),cy € £°°(A) with
Tw(a) = x and let b € B. Then

p(x)p(b) = ((an@lB neN)L®(1A®b) —7T®((an®13)neN) ((1A®b)n€N)
= f?((an@@b)neN)—W ((1a®b)pen )75 ((an ® 18),en)
(0)e(),

ie. ¢((A)y) and 1 (B) commute. As B is nuclear, Theorem 6.3.7 in [Mu] implies that there
is a *~-homomorphism
A:(A),®B— (A® B),

such that A(z ® b) = p(z)y(b) for all x € (A), and for all b € B, which implies that X is
unital. It follows from Theorem 3.3 in [Bl] that every closed, two-sided ideal in (A), ® B is
generated by elementary tensors as B is nuclear. We use this to show that ker(A) = {0}. Let
r®b € (A), ® B such that A(z ® b) = 0. Choose a lift (a,),cy € £°°(A) of . Then

0=MNz®b) =78 ((an®b),cy)

which implies that
limsupl|an @ b]| = [|b] lim|jay || = 0.
w

Hence, b = 0 or lim,, a,, = 0 and thus z = 0, i.e. z ® b = 0. Consequently, ker(\) = {0} and
A is injective. O

We conclude this chapter with the following result on matrix algebras and limit algebras and
a corollary to it which will be needed in the proof of Lemma 5.2.1 in the following chapter.
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Lemma 4.6.2. Let A be a C*-algebra, let w be a filter on N and let n € N. Then
My ((A)w) = (Mn(A))

w*

Proof. Consider the diagram

My, (£%(A)) —2> 122 (M, (A))

M,
o
My ((A)w) = == = (Mn(A)),,

(n)

where 7, is the nth inflation of the quotient map =, : ¢*°(A) — (A)., where

4 0% (M (A)) — (Mn(A))

w

is the quotient map in case of the matrix algebras, and where v is the inverse of the *-
isomorphism from Lemma 4.1.6. We want to construct a *-isomorphism ¢ as indicated by
the dashed arrow.
Let = (xi5);; € Mn((A)w), choose a = ((afj)keN)i,j € M, (¢>°(A)) with w&n)(a) =z and
set
p(z) = (n" o ) (a).
To check that this is independent of the choice of a let b = ((bfj)keN)m € M, (£>*(A)) with

m(un)(b) = z. Then, using Proposition 1.1.20 at the inequalities marked with (%),

(720 o )@ = D)l = et (@ = 85)i) o) | = limsupl (ot — 8, |
()
< hmsup Z ||aZ] H = Z hmsupHaU bf]H
2,j=1 t,j=1
= Z Hﬂ'w )keN)”
t,j=1

0
< w2 (((aly — Bh)ecn),, )|

= n|n{) (a — )| = 0.

Hence, ¢ is well-defined, and it is easy to check that ¢ is a *-homomorphism. Let now
x € Mp((A)y) with p(x) = 0. Choose a = ((afj)keN)ij € M, (¢>°(A)) such that 0 = ¢p(z) =

(72 0 4)(a), ie.
0= (" o) (@)l = I (((@}):s) )
mlH

()
= limsup]|(aly)i; | = limsup|ja

€ ¢, (A) for all m,l € Ng,,. Consequently,

v =) = (mo((alyie)), =0

),

and hence (a]:nl)keN

in M, ((A),) and ¢ is injective. To see that ¢ is surjective let y € (My,(A))w, choose a lift
a € {>°(M,(A)) of y and set x = ( M o ah— D) (a). Then p(z) = (7} o) (¥~ Ha)) =y. O
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Corollary 4.6.3. Let A and B be C*-algebras, let w be a filter on N and let p: A — (*°(B)
be a linear map with component maps gp: A — B for all £k € N. Let n € N and let
Tw: £2°(B) — (B), and 7Mn: ¢ (M, (B)) — (M,(B)),, denote the quotient maps as before,
and let ¢: M, ((B)w) — (My(B)),, be the *-isomorphism from Lemma 4.6.2. Then

po(mo00)™ =no (o), .

i.e. the diagram

(Q;(cn))keN

My (A) (M (B))
(WwOQ)(n)l \Lmluwn
My((B)w) ———5—> (Mn(B))w

commutes. In particular, if (m, o 0)™ is injective, then so is M o (Q,(g"))keN.

Proof. To see this, take a = (a;j)i; € Mp(A). Then

(om0 0) )= (o 1) (e),) =2 (oo ) o)
=7 ((0f”(@) jere) = (72 0 (6 ) (@).
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Chapter 5

First embeddings into O-

In this chapter we construct the first embeddings of exact C*-algebras into Oy. Section 5.1
deals with the embedding of C(T) into Q2. Though this result goes directly into the proof of
Kirchberg’s Embedding Theorem, it is quite independent of the rest of the theory developed
here. In Section 5.2 we resume our main line of argumentation and use several results from
Chapter 3 to show that a unital, separable, exact C*-algebra which has a liftable, unital
embedding into (O2), for a free ultrafilter w embeds unitally into Q2. In Section 5.3 this
result will be applied to embed unital, separable, exact and quasidiagonal C*-algebras into
Os.

5.1 Embedding C(T) into O,

Lemma 5.1.1. The C*-algebra C(T) of continuous complex-valued functions on the unit
circle embeds unitally into Os.

In the proof of this lemma we first obtain a topological space X such that C'(X) embeds
into Q2. To construct then an embedding of C(T) into C'(X) we shall use the following
topological statements. Moreover, we shall need the notion of maximal abelian subalgebras
which is introduced below. We start with the following facts about the Cantor Set C, which
are part of Theorem VI' in [AH].

Theorem 5.1.2. (i) Every compact, totally disconnected, metrizable topological space
without isolated points is homeomorphic to the Cantor Set C.

(ii) For every compact, metrizable topological space Y there exists a continuous, surjective
map f: € — Y from the Cantor Set C onto Y.

We also consider the following corollary to statement (i) of the previous theorem:

Corollary 5.1.3. Let X be a compact, metrizable topological space without isolated points.
Then there exists a closed subset Xg of X which is homeomorphic to the Cantor Set C.

Proof. By Theorem 5.1.2(i) it suffices to construct a closed, totally disconnected subset of
X which has no isolated points. To this end we inductively construct a decreasing sequence
(Xn)pen of subsets of X such that for every n € N the following holds: The set X, is
the disjoint union of 2" non-empty, closed balls B, j € N<gn, with radius less than 27".
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Moreover, ngtll, ng‘*'l C B} for all j € N<on. All balls are defined with respect to the metric
which induces the topology on X and are supposed to have radius greater than zero.

As X has no isolated points and is metrizable and hence Hausdorff there are points
x,y € X such that there are disjoint, closed balls B}, B21 C X with radius less than 1/2 and
x € B}, y € BY. Set X1 = Bf UBJ. Again as X has no isolated points and is metrizable
we find non-empty, disjoint, closed balls B?, B C B} and B2, B C Bi with radius less than
1/4. Set Xo = U;1<j<y B?. Similarly, when X, = (J;<<on B} has been constructed for some
n € N, we find for each j € N<y» two non-empty, disjoint, closed balls Bg;r_ll, ng“ C B} with
radius less than 2~ and set X, 1 = Ui<i<ont BZ”H. Being a finite union of non-empty,
closed balls each X, is non-empty and closed in X. Thus, (X,),cy is a decreasing sequence
of non-empty, compact subsets of X, and hence

Xo= () Xn
neN

also is a non-empty, compact subset of X. We show that X is totally disconnected and has
no isolated points.

For the first property we show that every subset of Xy which contains more than one
point is disconnected. Let K C X( and let  # y € K. There are n € N and k € N<a» such
that x € By and y ¢ B}. As each B} is a closed ball in X, the sets B N K are closed in K
for every j € N<on. On the other hand,

K=X,nK= |J (B}nK),
1<j<2n

and hence
BinK=K\ ] (B}nK)
1<j<2n
J#k

is open in K as the complement of a finite union of closed sets. Altogether, B! N K is a
non-empty, clopen, proper subset of K, and hence K is not connected.

Let now x € Xy and show that z is not an isolated point in Xy. Let € > 0, and choose
n € N with 27! < ¢ and k € N<on with 2 € BP. By construction of Xy this implies that

x € Bg;jl or x € Bgljl, assume the first. Take y € B;Z,;H N Xg, then y # x, but both x and y
are contained in B}, and hence have distance less than 227" <e. [

We also need the following statement on metrizability:

Lemma 5.1.4. Let (X, 7) be a compact Hausdorff space such that C'(X) is separable. Then
X is metrizable.

Proof. Let {f, | n € N} be a countable, dense subset of C'(X). Define a function

o0

d: X x X = Rsg, (5,9) =Y 2in masc{ | (&) — fuly)], 1}. (5.1.1)

n=1

It is easily checked that d(z,x) = 0 for all x € X, that d is symmetric and satisfies the triangle
inequality. To show that d(x,y) > 0 if  # y € X we need the separability of C'(X): Let
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x #y € X. There exists (by Urysohn’s Lemma) a function f € C(X) with f(x) # f(y). Set
e = |f(z) — f(y)| and choose n € N such that || f — f,| < &/2. Then

[fn(2) = fu)| 2 |f (2) = FW)] = [ful2) = F(2)] = () = fuly)] >0,

and hence d(z,y) > 0, as required. Thus, (5.1.1) defines a metric on X, and it is left to
show that the topology induced by this metric coincides with the given topology 7 on X.
Let (zx)yen be a sequence in X, let x € X and suppose first that (xy),cy converges to
x with respect to 7. Let ¢ > 0 and choose ¢ € (0,1) with > >, ¢" < /2. As each f,
is continuous with respect to 7 we can for every n € N choose a number K,, € N with
|fn(zk) — fa(x)| < ¢ for all k € N>k, . Choose N € N such that Y 2 27" < &/2 and set
K = max{K, | n € Ncy}. Then, for all k¥ € N>:

0o N n o)
Aok, 7) = 3 g max{lfa(a) — fulw)l, 1} sZ > ;
n=1 n=1 n=N-+

i.e. (z1)ey also converges to x with respect to d. Conversely, assume that (zj),cy does not
converge to x with respect to 7, i.e. there exists a neighbourhood U of x such that z;, € X \U
for infinitely many k£ € N. By Urysohn’s Lemma there exists f € C(X) with f(z) = 1 and
flx\v = 0. By separability of C(X) there is j € N with [|f — f;]| < 1/3. For all k € N with
zr € X \ U we thus have

don, ) > 52 1f () = ()

> o (1 on) = £ = 1fitw) = )] = 1) = f(@))
1
3.95°

>

i.e. (zx),en does not converge to x with respect to d either. O
We now turn to some statements about maximal abelian sub-C*-algebras:

Definition 5.1.5. Let A be a C*-algebra. An abelian sub-C*-algebra D of A is called a
mazimal abelian subalgebra, or masa, if it is not properly contained in any other abelian
sub-C*-algebra of A.

Remarks 5.1.6. (i) An application of Zorn’s Lemma shows that every abelian sub-C*-
algebra of a C*-algebra A is contained in a masa of A. Therefore, every C*-algebra
contains a masa.

(ii) Let A be a C*-algebra and let D be a masa of A. If an element a in A commutes with
every element in D, then a belongs to D.

For more information about masas the reader may consult [R1]. We have now collected
enough material to prove that C(T) embeds unitally into Os:

Proof of Lemma 5.1.1. Let D C Oy be a maximal abelian sub-C*-algebra of Os. As 1¢,

commutes with every element of Oy and hence of D, D contains 1o, by Remark 5.1.6(ii).
Since D is a unital, commutative C*-algebra, there exists a *-isomorphism ¢: C(X) — D
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(automatically unital) for some compact Hausdorff space X. Being a sub-C*-algebra of O,
D is separable, and hence so is C'(X). By Lemma 5.1.4 this implies that X is metrizable.

We show indirectly that X has no isolated points. Assume that there is an isolated point
xo in X. Then the characteristic function x(;,) of {zo} is continuous, and we can consider
P = ¢(X{ao}) in D. As X%azo} = X{wo} = X?xo}’ the element p is a projection in D. For every
d € D choose f; € C(X) such that ¢(fs) = d and calculate

pdp = ©(X{zo1f2)P = © (fa(20)X{2o}) P = fa(20) (X {a0})P = fa(z0)p® = fa(zo)p-

This shows that pDp = Cp. Using this and that D is abelian we obtain for each d € D that
pd = dp = dp? = pdp € Cp, i.e. there is A € C such that pd = dp = A\p. Therefore we can
calculate for any x € pOsp and any d € D that

xd = xpd = \xp = \x = A\px = dpx = dx.

Thus, every x € pOap commutes with every d € D, and hence pOsp C D by Remark 5.1.6(ii).
But this implies pOsp = pDp = Cp, which is a contradiction as pOsp, being a hereditary
sub-C*-algebra of Os, is purely infinite and Cp is finite.

Thus, X has no isolated points, and Corollary 5.1.3 yields the existence of a closed subset
Xo of X which is homeomorphic to the Cantor Set €. By Theorem 5.1.2(ii) there exists a
continuous, surjective function from € onto the interval [0, 1], and as X is homeomorphic to
C, this also yields a continuous, surjective function fo: Xo — [0,1]. By Tietze’s Extension
Theorem (see Proposition 1.5.8 and its proof in [Pe2]), the function fy can be extended to a
continuous, surjective function f: X — [0,1]. This can be used to define a function

h: X - T, x+— e™/(@)
which is continuous and surjective as f is. Now we can define
Y: C(T) - C(X), g—goh.

It is easy to check that v is a unital *~homomorphism. To see that v is injective, take g € C(T)
with 9 (g) = 0. Since h is surjective, this implies that g(¢) = 0 for all t € T, and hence g = 0.
Thus, 1 defines a unital embedding of C(T) into C(X) = D C Oy, i.e. C(T) embeds unitally
into Os. ]

Remark 5.1.7. Another way to obtain an embedding of C'(T) into O, is the following: Let s
be one of the isometries which generate Oz and show that o(s + s*) = [—2, 2] (which requires
some work). Then C([—2,2]) is isomorphic to C*(s + s*,1¢,), the sub-C*-algebra of O
generated by s + s* and 1p,, and one can construct embeddings

C(T) — C([-2,2]) — Os.

5.2 A first embedding result for exact C*-algebras

We now return to the main argument of this thesis and show how the results from Chapter 3
on obtaining approximate similarity via isometries and then approximate unitary equivalence
can be used to construct an embedding into Os.
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Lemma 5.2.1. Let A be a unital, separable, exact C*-algebra and let w be a free ultrafilter
on N. Suppose that there is a unital, injective *-homomorphism ¢: A — (O3),, with a unital,
completely positive lift p: A — [*°(Os), i.e. the diagram

£ (02)

/ J/m;
A——(02),

commutes. Then there is a unital, injective *~homomorphism from A into Os.
Notation. In the following proof let id,, denote the identity map on M, (C) for every n € N.

Proof. Let (o),cn be the sequence of component maps of o, i.e. o(a) = (0x(a))ren for each
a € A. Then each g is a unital, completely positive map by Lemma 4.1.8. By separability of
A choose an increasing sequence of finite dimensional operator systems (E}),cy in A such that
Uren Ex = A. Let (ex),en be a summable sequence in Rg and choose another summable,
decreasing sequence (Jy),cy in Rsg such that Lemma 3.3.12 holds with €5, and 44, for each
ke N.

We construct two increasing sequences (k) and () in N such that Proposition 3.2.1
can be applied to find sequences (n;) jeN and (aj) oy of umtal, completely positive maps from
O into O3 such that the diagrams

A A

2——.—>02 2——0].—>(92

commute within ¢; and d;41 on the unit spheres of E;; and Ej
let

respectively. For eachn € N

j+10

Wyn 100 (M (O2)) — (Mn(OQ))w

denote the quotient map in the case of matrix algebras. As m, 0 ¢ = ¢ is an injective and

(n)

hence isometric *-homomorphism so is (m, o )™, and hence also 7 o (o4
n € N by Corollary 4.6.3. As w is an ultrafilter we have by Lemma 4.4.4 that

) keN for every

lim||(id,, @ o4) (a)] = limllo}” (@) | = | (w2 o (6}") ) (@] = [la] (5.2.1)
for all n € N and for all a € M,,(A). Moreover we have

w ((or(ab) — or(a)or(b))ren) = (w0 @) (ab) — (m, 0 0) (a) (7, © 0) (b)
= p(ab) — p(a)p(b) =0

and therefore
lim (ox(ab) — ok(a)ok(b)) =0 for all a,b € A. (5.2.2)
w

As each Fj is finite dimensional we can for each j € N find a ¢;-dense finite subset F}; of the
unit sphere of E;. Choose (Fj);cy to be increasing and set F; = F;UF;U{a"a | a € FUF*}
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for each j € N. Since each 1::’3 is contained in the unit sphere of A and since | J,on Er = A
we can find an increasing sequence (lj)j cn in N such that for each j € N and for each b € ﬁ}
there is an element a in the unit sphere of Ej, with ||b—al < d;. For each j € N choose
nj =n(A, Ey,d;) as in Proposition 3.2.1, put r; = 1 —(146;/2)"" and choose an r;/2-dense
finite subset G; of the unit sphere of M, (Ej;).

For each j € N we can now perform the following construction: For each a € G; use
(5.2.1) and (1+6,/2)"" +7;/2 <1 = ||a]| to choose a set X, € w such that

s\t —
[|(idn; @ om)(a)]| > <1 + 2J> + EJ for all m € X .

Put X; = ﬂaeGj X j o to obtain a set X; € w with
. 5]’ -1 T —
[ (idn; @ om)(a)|| > {1+ 5 + 5 for all m € X, a € Gj. (5.2.3)

Using equations (5.2.2) and (5.2.1) with n = 1 we can in the same way find )ij and )A(j inw
such that

| om (ab) — om(a)om (b)]| < 6; for all m € )A(:j, a,b € F;UF; (5.2.4)
and R
llom(a)|| > |lal| —§; for all m € X;, a € Fj. (5.2.5)

Now choose for each j € N an element k; € X; N )~(j nx j such that (k;), .y is increasing,

which is possible because X ; N X 5N X j € w and each set in a free filter is infinite.
For any j € N and for any b in the unit sphere of M, (E;;) there is an element a € G
with ||b — a|| < r;j/2. Hence, by (5.2.3):

I(idn; ® ox,) )] = [|(idn; ® ox,) (@)l = [ (idn, ® o1;) (b~ a)|

7 N TR
2<1+2”> +3 -2

= (1 + 55) B . (5.2.6)

For every z in the unit sphere of £, this implies that

. 6 _1
low; (@)1 = [1as,, () @ 0k, (@] = I (idn, @ 04,) (1as,, () @ 7) | > (1 + 23> > 0.

Thus, o, | By, is injective, i.e. (o, Elj)*lz ok, (Ey;) — Ey; is well-defined, and it follows from
(5.2.6) that

: _ 0; .

lidn; @ (or,]m, )" < 145 foreach j €N.
Moreover, each g, is nuclear as O is, and hence Proposition 3.2.1 yields for each j € N

two unital, completely positive maps 7;: Oz — Oz and oj: Oz — O as indicated in the two
diagrams above such that

H (773 © Qk?j - Qk’j+1) ’Elj H < 6]7 H (U] © ij+1 - ij) ‘Elj+1 H < 5j+1‘ (527)
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As O, is unital, simple, purely infinite and nuclear, all n; and o; are nuclear and we can apply
Proposition 3.1.5 to find for each j € N two isometries s;,t; € Oz such that

Isjor; (a)s; — (mj o or,) (@l <85, tjor, (@)t — (050 on,y) (@) <05 (5.2.8)

for all a € ﬁj. For any j € N and for any a € ]7} choose an element b in the unit sphere of
E; with [[b — al| < d; and combine (5.2.7) and (5.2.8) to obtain

55 0;(a)sj — ok, (a)|

< HS;'ij (G)Sj - (nj o ij) (a)|l + ||(77j o ij) (a) — (77j ° ij) ()| + H(nj © ij) (b) = ij+1(b)H
+ 1|0k 1 (b) — o, (a)]]

<6;+|la—0b|+d; +]b—al

< 405,

145 0k;.1 (@)t; — ok, (a)
< 16 0nyi1 (@)t; = (050 0k;41) (@) + (0 0 0k;11) (@) = (05 © Oryy) (B)]
+ (o5 © 0k;,,) (0) = 0k ()| + [lo; (b) — ox; ()
<65+ la—b|| +; + |la—b|
< 45;

for all a € ﬁj. By (5.2.4) we also have

Hij (a*a’) — Ok; (a*)ij (a)H < 6j7 ||ij+1 (a’*a) - ij+1(a*)gkj+1 (a)H < 6j+1 < 6j

for all @ € F; U F}, and so Lemma 3.3.12 provides us with a sequence of unitaries (u;),; y in
O such that
|wjor, s (a)u; — ok, (a)|| < e; for all j €N, a € Fj.

Since each Fj is d;-dense in the unit sphere of E; we can extend this as follows: For each
j € N and for each b in the unit sphere of E; choose a € Fj with [|b — a|| < §; and compute

Hujgijrl (b)u; — Ok, (b)H

< g on oy (D)W — wjon; ., (a)ufl| + |lujor,, (@)uj — ok, (@)l + llok; (@) — o, (D)

<25 +¢; % ay (5.2.9)
The sequence (o) ;o is summable as (d;), .y and (g5) ;o are. We want to define

Y(a) = lim Ad (uy---u;) ok, (a) for all a € A, (5.2.10)

J—00

where
Ad(u): Oy — Oz, = — uzu”

for each unitary u € Os (notice that Ad(u) is a *-automorphism on Oy for each unitary
u € O and that any product of unitaries is a unitary). We proceed to show that the limit in
(5.2.10) exists and that ¢ then defines a unital, injective *~-homomorphism from A into Os.
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Consider the set D of all a € A for which the sequence (Ad (uq - u;) ijﬂ(a))jeN con-
verges. Since [|Ad (uy---uj) ok, || < 1 for every j € N it follows easily that D is closed.
Hence it suffices to show that J,.n Er € D to conclude that D = A.

We obviously have 0 € D, hence consider 0 # b € |J, oy Ek, say b € E; for some [ € N.
We show that (Ad (uy - uj) ok, (b)) is a Cauchy sequence. For each m € N>; we have
b € E,, and hence by (5.2.9):

jEN

A (U1 - Umt1) Okppsn (b) — Ad (U1 - - - Um) Okpysy ()]
= [|Ad (wm+1) Okyyin (D) = Okpr (B) ]

— b1l Ad (tms1) Ok, (”%H) — Ok (ﬁ)”

< llbllam1,
and therefore for all m,n € N>; with m <n

[Ad (ur -+ - un) ki1 (0) = Ad (w1 -+ tm) Oy 3 (D) = 1A (w1 - un) @k (B) = Qi1 (D)

<ol Y oy

j=m+1

As (aj);cy is summable, this shows that (Ad (uy -+ ug) ok, (b))
and hence convergent in Os. Thus, D = A and we can define

.. 1s a Cauchy sequence
JEN C Y q

v: A— Oy, a— lim Ad(ul"'uj) gij(a).

Jj—00

As each g is a unital, completely positive map it is clear that 1 is linear, unital and self-
adjoint. Moreover we have

[¥(a)]| = [| lim Ad (uy---uj) o, (@)l = lim [Jog; ., (a)]] < la]
j—oo j—o0
for each a € A, i.e. ¥ is bounded. Recall from (5.2.4) that we have
| ox; (ab) — ok;(a)ox,; (b)|| < J; for all j € N, a,b € Fj U F}.

Let 0 # a,b € J,en B and choose | € N such that a,b € E;. Write a = a/||all, b=1b/b|
and choose for each j € N>; elements aj,b; € F; with ||a — a;|| < d; and ||b — b;|| < 05 to get

ok, (ab) — or,(a)or, (0)|| = llalll1bll]lox, (ab) — ok, (@)ox; (B)l]
< [lal[[o (ll@kj(&i?) — ok, (a;bj)l| + [l ok, (a;b;) — ox, (a;)er, (bj) |
+ llok; (az) o, (b5) — @kj(é)gkj(l;)!\)
< llalll[bll (285 + &; + 28;) = [|all[|]|55;
for each j € N>; and therefore
l(ab) = 9(a)(0)]| = lim ||Ad (u1-- - u;) (0k;4:(ab) = ok;,, (@) ory,, (D))

= lim [lox, (ab) — ok, (a) ok, (D) < llall[[bl] lim 50; = 0.
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By continuity, this implies that ¢ (ab) = ¢(a)1(b) for all a,b € A.

We have shown now that 1 is a unital *-homomorphism from A into Os. For injectivity
it hence suffices to show that ¢ is isometric. Let j € N and let b be in the unit sphere of Ej.
For each | € N>; choose a; € Fj with |[b — ;|| < 6;, and use (5.2.5) to see that

ok, (D)l = [low, (a) | — [lor, (b — a) || = [lar]| — & — 6 = [[b]| — 36, for all I € N>;.
This leads to

IO = Jim [Ad (w1 ) o, (0)] = Jimn lor, (0)] = Jimn (1] = 36) = [o].

As 1) is a *-homomorphism we have that |[1)(b)| < ||b]| for all b € A anyway, and it follows
that [|1(b)|| = ||b]| for any b in the unit sphere of (J, .y Ex. Therefore,

L@ = el ()1l = o] forallbe | B,
keN

which by continuity implies that ¢ is isometric. This completes the proof. O

5.3 Embedding quasidiagonal C*-algebras into O,

In this section it will be shown how Lemma 5.2.1 can be applied to embed quasidiagonal
C*-algebras into Oy. We start with the definition of quasidiagonal C*-algebras and state a
theorem of Voiculescu which yields a class of non-trivial examples.

5.3.1 Quasidiagonal C*-algebras

Definition 5.3.1. A separable C*-algebra A is said to be quasidiagonal if it admits a faithful
representation (H, 7) on a separable Hilbert space H such that there exists a sequence (P,)
of finite rank projections in B(H) with P,H C P, 11 H for all n € N, and

neN

lim |Py(x) —z||=0  forallz € H,
n—oo

i.e. (Pn),en converges to idy in the strong operator topology, and

lim ||Pyw(a) —m(a)Py|| =0  foralla e A.

n—oo

Remarks 5.3.2. (i) A sub-C*-algebra of a quasidiagonal C*-algebra is again quasidiago-
nal: Simply restrict the *-representation 7 in Definition 5.3.1 to the sub-C*-algebra and
use the same sequence of projections.

(ii) Both the zero C*-algebra and the complex numbers C are quasidiagonal.

The following result, which is Theorem 5 in [Vo], enables us to show that certain C*-algebras
are quasidiagonal.

Theorem 5.3.3. Let A and B be C*-algebras such that B homotopically dominates A, i.e.
there are *~homomorphisms f: A — B and g: B — A with go f ~}, id4. If B is quasidiagonal
then so is A.
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Corollary 5.3.4. Let A be a C*-algebra. Then both the cone C'A and its unitization CA
are quasidiagonal.

Proof. As shown in Example 1.1.31 the cone C'A is homotopy equivalent to the zero C*-
algebra, and its unitization C'A is homotopy equivalent to the unitization of the zero C*-
algebra, which is C. It now follows from Remark 5.3.2(ii) and Theorem 5.3.3 that CA and

C A are quasidiagonal. O

5.3.2 Embedding quasidiagonal C*-algebras

Lemma 5.3.5 below is taken from [BK], where it is contained in Proposition 3.1.3 and the
remarks preceding it. Slightly modified it will help us to show that for any unital, separable,
exact and quasidiagonal C*-algebra A there is a commutative diagram as in the assumptions
of Lemma 5.2.1, which then implies that A embeds unitally into Os.

Notation. To make this text more readable, the complex n x n-matrices are denoted by M,
instead of M, (C) in this section.

Lemma 5.3.5. Let A be a unital, separable, quasidiagonal C*-algebra. Then there exists a
sequence of natural numbers (k, ),y such that there is a unital embedding

neN neN

which has a unital, completely positive lift, i.e. there exists a unital, completely positive map
0: A — I],en Mg, such that the diagram

[Len My, (5.3.1)

/ J/r
commutes, where 7 is the quotient map.

We show in the following how this statement can be slightly refined:

Lemma 5.3.6. Let A be a unital, separable, quasidiagonal C*-algebra. Then there exist
(kn)pen > ¢ and o as in Lemma 5.3.5 with the additional property that

lim || on(a)|| = ||al] for all a € A,

where 0, A — Mj,, denotes the nth component map of ¢ for every n € N.

Proof. Choose (k),cn, ¢ and ¢ as in Lemma 5.3.5 and let g, denote the nth component
map of ¢ for each n € N. For all natural numbers n, and no with ny < no consider the map

na
Ony,ns - A— Z Mkn’ ar— (in(a)’ B} an(a)) .

n=ni

It follows from Lemma 4.1.8 that each g, n, is a unital, completely positive map. This implies
that
lon,ms(@)]] < lal| forall ny <no €N, a € A,
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and thus
lim || on, n(a)]] < |lall for all ny €N, a € A. (5.3.2)

n— o0
n>ni

On the other hand, we can use that

Iw(®)]| = limsup||b,||  for all b= (bn) ey € [ ] M,
n—oo neN

by Lemma 4.1.5, and that ¢ is isometric as it is injective to estimate

lim a)|| = lim max (a)|| = su a)|l > inf su a
il o(a)] = Jim s lls(a)] = sup on(a)] 2 jof suple (o)

= limsup|lon(a)]| = [|(7 0 0)(a)]| = [l¢(a)[| = llall

n—oo

for all ny € N and for all a € A. Together with (5.3.2) this shows that

lim || on, n(a)]| = |lal| for all ny €N, a € A.

n— o0
n>ni

In particular, this shows that for every ny € N, for every € > 0, and for every finite subset F’
of A there exists N € N5, such that

llon, n(a)|| > |lal| — ¢ for all a € F. (5.3.3)

Let {a1,aq,...} be a countable dense subset of A. By (5.3.3) we can inductively construct a
strictly increasing sequence (n;),y such that

1 . .
||an,nj+1 (@)l = llail = 5 for all j € N, 7 € Ngj,

which implies
jlggougnjanjﬂ(ai)]] = ||a]| for all : € N.

As each gp;, is bounded, this extends to

Tj+1

i 100,11 (0)| = o forall a € 4. (5.3.4)

For ecach j € N put kj = szjﬁ] k. and define

a™i 0 0
nj+1 n4 TL+1 n; 0 a/nj+1 e 0
Lj: g Mkn—>M,~€j, (a IoaiT L a J“)l—> . . . . ,
n:n] . . . .
0 0 anj+1

where each a™ denotes a k,, X kp,-matrix (with brackets erased when embedded into M ];:j).

Then ¢; is a unital, injective and hence isometric *-homomorphism for each j € N, and so we
can define unital, completely positive maps

0j = LjOOnjnj ., A— M,;j.
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As 1j is isometric for each j € N, equation (5.3.4) gives

lim [|g;(a)|| = ||a|| for all a € A. (5.3.5)
j—00

Let
7 HM,;J_ - HM%j/ZM,;j
JEN JEN JEN

be the projection map and set

o=0)en: A— 11 My
jeN

and
p=7To0p: A— HM%J/ZM,;J
JjEN JEN
Then ¢ is a unital, completely positive map as each 9; is, and thus ¢ also is a unital, completely
positive map. To prove the lemma it is left to show that ¢ is an injective *~-homomorphism.
To see that ¢ is injective it suffices to show that it is isometric, which is easily done: Using
Lemma 4.1.5 we have for each a € A that
N N ) _ (5.3.5)
[e(a)]| = [[(7 o 2)(a)[| = limsup|[g;(a)[| =" [la]-

J—00

For multiplicativity take a,b € A and estimate

1(ab) — ¢(a)p(b)|| = [[7(2(ab) — &(a)a(b))|| = limsupl|g;(ab) — g;(a)g; (b)]|

J]—00

=limsup max 1Hgn(ab) — on(a)on(d)||

j—oo My <n<nj4

— inf b) — b
é?mr?iﬁ’njg%{%x%l”@"(a ) — on(a)on ()]

= inf (ab) — 0j(a)o;(b
,geles;iH@g(a ) — 0j(a)o;(b)]

< linlf\l sup]\gj(ab) —0j(a)o;(b)|
€N j>k
= li?ﬁlipllgj(ab) —05(a)o; ()]
= |[w(o(ab) — o(a)o(b)|| = [[¢(ad) — p(a)p(b)|| = 0,

which shows that ¢ is multiplicative. Hence, (k:j)j ey P and p satisfy the statement of the
lemma. O

Using these results we can now verify the assumptions of Lemma 5.2.1 for every unital,
separable, exact and quasidiagonal C*-algebra.

Lemma 5.3.7. Let A be a unital, separable, exact, quasidiagonal C*-algebra. Then A embeds
unitally into Os.
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Proof. As A is unital, separable and quasidiagonal, Lemma 5.3.6 provides us with a sequence
(kn)pen of natural numbers and a commutative diagram as in (5.3.1), where ¢ is a unital,
injective *~homomorphism and g is a unital, completely positive lift of ¢ such that the sequence
of component maps (0n),,cy of ¢ satisfies

lim || o, (a)|| = ||all for all a € A.
n—oo

Let w be a free ultrafilter on N, then

lim||on(a)|| = lim |lon(a)| = |al for all a € A (5.3.6)
w n—oo

by Lemma 4.3.5(iv). As shown in section 2.3, there is for each n € N a unital, injective
*-homomorphism ¢y, : My, — Oz. We use these to define

oo [ Mi, — 02(02), ((a5) pen = (nl@)) e
neN

n

where each (a}) stands for a k,, X k,-matrix. Then ¢ is a unital, injective *-homomorphism

as each ¢, is. In the following we show that there is a unital *-homomorphism

L: H Mkn/ZMkn — (Og)w

neN neN
such that the diagram
[Tnen M, : (>(0s) (5.3.7)
0

A 7 HnGN Mkn/ZnGN My, - i ’(02)w

commutes. By the homomorphism theorem it suffices to show that ) My, C ker(m, o).
Let thus @ = (an),eny € Y oneny Mi,- By Lemma 4.1.5 this implies that lim, . |las| = 0,
and as ¢, is injective and thus isometric for each n € N, and as w is a free ultrafilter, we can
conclude that
[[(me 0 ¢)(a)|| = lim|[en(an)|| = lim |an| =0,
w n—oo

and thus a € ker(m, o). Hence there exists a *~-homomorphism
L: H Mkn/szn — (Oz)w
neN neN

that makes the diagram (5.3.7) commutative, and as both ¢ and 7, are unital, so is .
Using Lemma 4.4.4 and that each ¢, is isometric we can show for each a € A that

10 @)@l = [|(mw 0 10 0)(@)]| = Timl|(en © 0a) (@) = Tim]la(a)]] "2 Jal,

i.e. T o ¢ is isometric and hence injective. Altogether, we have obtained a unital, injective
*-homomorphism 7o p: A — (O3), with a unital, completely positive lift 1o g: A — £*°(Os),
and as A is assumed to be exact it follows from Lemma 5.2.1 that there exists a unital,
injective *-homomorphism from A into Os. O
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Chapter 6

Discrete crossed products

In the proof of Kirchberg’s Embedding Theorem we will need some results about crossed
products by the integers. Those results will be proved here, but the underlying facts about
the definition of crossed products and some first results are stated here without proof. For a
more detailed treatment of this material the reader may consult [Da], for instance.

Sections 6.1 and 6.2 mainly deal with the definition of crossed products. In Section 6.3
we show how, in some cases, an injective *-homomorphism between C*-algebras A and B
can be extended to an injective *-homomorphism from A X, Z into B. This result will be
applied both in the proof of the embedding theorem and in Section 6.4 where we deal with
crossed products of minimal tensor products. In Section 6.5 we then prove the existence of a
non-zero projection in Cy(R) % Z, where 7 is the left-shift on Cp(R), and use this to embed
a C*-algebra A into (Co(R) %, Z) @ A.

6.1 Crossed products by countable, discrete groups

Though the statements involved in the proof of Kirchberg’s Embedding Theorem only deal
with crossed products by the integers, it seems to make more sense to describe the construction
of a crossed product in the case of a general countable, discrete group.

Definition 6.1.1. A C*-dynamical system is a triple (A, G, «) consisting of a C*-algebra
A, a countable, discrete group G and a group homomorphism a from G into the group of
*-automorphisms on A, Aut(A). The group homomorphism « is often called a (group) action
of G on A, and we denote a(g) by a4 for all g € G.

Definition 6.1.2. Let (A, G, a) be a C*-dynamical system and let H be a Hilbert space. A
pair of maps (74, 7mq) is called a covariant representation of (A, G, a) if the following hold:
The map 74 is a *-representation of A on H, the map mg is a group homomorphism from G
into the unitary group U(H) in B(H), and 74 and m¢ satisfy the following condition:

ma(g)mala)ma(g)” = ma(ag(a)) foralla€ A, g€ @.

Remark 6.1.3. Each C*-dynamical system has a covariant representation, see [Da] for its
construction.

Proposition 6.1.4. Let (A, G, a) be a C*-dynamical system and define

AG = { Z aqg } ag € A and a4 = 0 for all but finitely many g € G}.
geG
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By establishing the formal rules

gag™" = ay(a) foralla€ A, g€ G

for multiplication and

1 1 -1 _=*

(ag)” = Oégl(a*)gfl =g a'g9 =g a forallae A, g€ G

for involution the set AG is turned into a *-algebra.

Remark 6.1.5. To see how multiplication and involution work for general elements of AG,
let =3 cqaggand b=} ;byg be elements of AG and compute

ab=2_ > aggbuh =2 > asgbng~'gh = > asag(bnlgh =23 > agas(bs1s)s

g€G heG geG heG g€G heG s€CG geG

and

a* =) g lag=) agt(a)gTt =Y aglaz)g.

geG geG geqG

Remark 6.1.6. Every covariant representation (w4, 7g) of a C*-dynamical system (4, G, «)
on a Hilbert space H yields a *-representation 7: AG — B(H) defined by

7r< Z agg> = Z wa(ag)mc(9) for all Z aqg € AG.

geG geG geqG

Proposition/Definition 6.1.7. Let (A4, G, ) be a C*-dynamical system. For each a € AG
the supremum in

la|| = sup {||7(a)|| | 7: AG — B(H) is a *-representation of AG on H }.

exists in R, and this defines a C*-norm on AG. The crossed product A x, G of A by G is
defined to be the completion of AG with respect to this norm.

Remark 6.1.8. One can define an embedding t: A — A X, G, a — ae where e is the neutral
element in G. With this in mind we shall treat A as a sub-C*-algebra of A x, G in what
follows.

The crossed product A X, G has the following universal property:

Remark 6.1.9. Let (A,G,a) be a C*-dynamical system. If (m4,7q) is any covariant rep-
resentation of (A4, G, ar), then there is a *-representation m of A X, G on C* ((wa(A), 7¢(G))

defined by
7['( Z agg) = Z ma(ag)mc(9) for all Z aqg € AG.

geG geG geG

The existence of such a *-representation of AG is just Remark 6.1.6, and the definition of
A Xo G and its norm implies that every *-representation of AG can be extended to a *-

representation of A x,, G.
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Remark 6.1.10. Let (A, G, «) be a C*-dynamical system. Recall from Remark 1.1.16 that
A x4 G is contained as an essential ideal in its multiplier algebra M(A x4 G). There exists
a group homomorphism

U:G— MAx,G), g— uy

such that
ag = aug forallae A, g € G.

If A is unital, then so is A x, G with unit 14e, and U can be defined by U(g) = 149 for all
g€ aqG.

6.2 Crossed products by Z

Definition 6.2.1. Let A be a C"*-algebra, let « be a *-automorphism on A and consider the
group homomorphism a: Z — Aut(A), n — a™. The crossed product A xgz Z is called the
crossed product of A by Z and is denoted by A X, Z. Similarly, we write the dynamical system
(A,Z,a) as (A,Z,«) and call « an action on A.

Remark 6.2.2. Let A and « be as in Definition 6.2.1. By Remark 6.1.10 there exists a group
homomorphism U: Z — M(A x4 Z) with an = aU(n) for all n € Z. Set w = U(1), then w is
a unitary in M(A x4 Z) with

an = alU(n) = au” forallae A, n e Z.

It is very common to write the elements of AZ in the form ) _, a,u" instead of ) _, a,n,
and we shall do so as well. In this notation, the formal rules for multiplication and involution
become

uau® = afa), (au)* =u*a for all a € A.

We refer to u as the unitary element implementing the action «.

We now use the universal property of the crossed product to deduce a statement about crossed
products of isomorphic C*-algebras:

Lemma 6.2.3. Let A and B be isomorphic C*-algebras with a *-isomorphism ¢: A — B,
let « be a *-automorphism on A and let § be a *-automorphism on B. If

Bop=gpoa, (6.2.1)
i.e. if the diagram
A—">B
o B
A—p5—B
commutes, then
AXgZ = B xgl.

85



Proof. Let u be a unitary in M(A X, Z) implementing the action « and let v be a unitary
in M(B xg Z) implementing the action . Consider the map 7: Z — M(B xgZ), n — v".
Then 7 is a group homomorphism and the pair (¢, 7) defines a covariant representation of
A Xy Z on M(B xgZ), because

m(n)p(a)T(n)* =v"p(a)(v*)" = 8"(¢(a)) =" p(a”(a)) for all a € A.

By the universal property (Remark 6.1.9) of A X, Z this gives rise to a *-homomorphism
: AxgZ — M(B xgZ) defined by

w< Z anu”> = Z o(ay)v"™ for all Z a,u" € AZ.

ne”L nez nez

Note that (AZ) C BZ and therefore

W(A x4 Z) = (AZ) C Y(AZ) C BZ = B x4 Z,

i.e. 1 is a *-homomorphism from A %, Z into B xg Z. As (o ¢ = ¢ o« clearly implies
ao@ ! = ¢l o we can repeat this reasoning with A and B interchanged to obtain a
*-homomorphism 7: B xg Z — A X, Z defined by

n(z bnv”> = Z 0 (bp)u"™ for all Z byv™ € BZ.

nez nez neZ
Clearly, n = ¢»~!, and thus ¢ is a *-isomorphism between A x, Z and B xg Z. O

Example 6.2.4. Let A be a C*-algebra. For each f € Cy(R) and for each a € A define a
map in Cp(R, A) by
fa: R — A, t— f(t)a,
and use this to define a map
v: Co(R)® A — Cp(R, A)
by
o(f®a) = fa for all f € Cy(R), a € A.
Then ¢ is a *-isomorphism, see Theorem 6.4.17 in [Mu]. Let 7: Cp(R) — Cp(R) be the so-
called left-shift on Cy(R), defined by 7(f)(t) = f(t+1) for all f € Cy(R) and allt € R. Let 74
be defined correspondingly on Cy(R, A). Then 7 and 74 are *-automorphisms on Cy(R) and
Co(R, A), respectively, and as Cp(R) is nuclear, 7 ® id4 is a *-automorphism on Cp(R) ® A
by Lemma 1.5.2. For each elementary tensor f ® a in Cy(R) ® A we can calculate

(Tace)(f®a)=7a(fa) = f(- +Da=o(f(-+1)®a)
=e(r(f)®a) = (po(r®ida))(f ®a),

and as both 740p and po(7®id,4) are *~homomorphisms it follows by linearity and continuity
that 74 0o p = @ o (1 ®idy). Thus, by Lemma 6.2.3,

(Co(R) & A) Xr@ida 7 = Co(R, A) My, L.
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6.3 Extending injective *~-homomorphisms to crossed products

In the following it will be shown how, on certain assumptions, a *~homomorphism between
C*-algebras A and B can be extended to a *-homomorphism from A x, Z into B. For
our purposes it will also be necessary to extend injective *-homomorphisms without loosing
injectivity, and for this we need the notion of faithful expectations.

Definition 6.3.1. Let A be a C*-algebra and let B be a sub-C*-algebra of A. An expectation
of A onto B is a positive linear map E: A — B which is surjective and satisfies E? = E. An
expectation F is said to be faithful if

E(a)=0 = a=0 for all positive a € A.
The following remark is extracted from Theorem VIII.2.1 in [Da] and its proof.

Remark 6.3.2. Let A be a C*-algebra, let « be a *-automorphism on A and let u be a
unitary in M(A x4 Z) which implements the action «. In the following we exploit the fact
that u can be replaced by tu for any ¢ € T: For each t € T define a map ¢;: AXoZ — AXyZ

by
Qt(z anu”> = Z t"a,u" for all Z apu’ € AZ.

nez nez ne”z

Then each p; is a *-automorphism on A X, Z, and the map
0: T — Aut(A x4 Z), t — o
is a group homomorphism. Moreover, ¢ is point-wise continuous, i.e. the map
T — AXgZ, t — o(x)

is continuous for each x € A x, Z. Hence we can define a map E on A X, Z by

1

“or

E(x) / oi(x)dt for all z € A x4 Z. (6.3.1)
T

Notice that E satisfies

E( Z anu") = ag for all Z a,u” € AZ,
nez nez

/t"dt = { 2m ifn =0 (6.3.2)
T

0, else

because

It is shown in the reference mentioned above that E defines a faithful expectation of A x, Z
onto A.

We can now prove the following extension result:

Lemma 6.3.3. Let A and B be C*-algebras, let a be a *-automorphism on A, let u be a
unitary in M(Ax,Z) which implements the action o and let ¢: A — B be a *-homomorphism.
Suppose there is a unitary v € M(B) such that

vp(a)v™ = p(ala)) for all a € A. (6.3.3)
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Then there is a *-homomorphism : A x, Z — B defined by
w( Z anu”> = Z o(ay)v"” for all Z a,u’ € AZ. (6.3.4)
neL neL ne”L

If, additionally, there is a group homomorphism ~: T — Aut(B), ¢+ 7 such that
(i) the map T — B, t+ 7(b) is continuous for each b € B,

(il) y(p(a)v™) =t"p(a)v" for allt € T, a € A and all n € Z,
then % is injective if ¢ is.

Proof. Assumption (6.3.3) enables us to define a covariant representation (¢, ) of (4,Z, )
on M(B) where 7 is defined by m(u) = v. By the universal property of crossed products
this yields a *-homomorphism v¢: A x, Z — M(B) defined by (6.3.4) above. To see that
Im(¢)) C B note that ¥ (AZ) C B as B is an ideal in M(B), and therefore

(A x4 Z) = (AZ) C $(AZ) C B.

Thus, we have obtained the desired *-homomorphism ¢: A x, Z — B.

Assume now that ¢ is injective and that there is a group homomorphism ~: T — Aut(B),
t — -~y satisfying the assumptions in (i) and (ii). We use the maps ~; to define a map on B
which corresponds to the faithful expectation E on A x, Z as given in (6.3.1): Define

1
F: B — B, br—>/%(b)dt.
21 Jr

™

We show that the diagram

AX,7Z B
E F
A B

commutes: Let Y, ., apu™ € AZ and use assumption (ii) and E (3, 7 anu™) = ag to com-

pute
(Fo ¢)(Z anu") = F( Z p(an)v™) = Z F(e(ap)v"

neL nez nez

Z/% (an)v™) dt = Z/t" ap)v"dt
ng an)v /t"dt

nEZ

(6.3.2)
= (ao)
=(po E)(Z anu™)
neL

which, as both F'o and ¢o E are norm-decreasing, implies Fot) = poFE. Let now x € Ax,Z
with ¢(x) = 0. Then also ¢¥(z*x) = 0 and (F o ¢)(z*x) = 0, and hence (¢ o E)(z*z) = 0. As
¢ is injective, this implies E(z*z) = 0, and as E is a faithful expectation this forces x to be
zero, which completes the proof. ]
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Corollary 6.3.4. Let A and B be C*-algebras such that A embeds into B. Let o € Aut(A)
and § € Aut(B) be *-automorphisms with 3|4 = a. Then there exists an injective *-
homomorphism from A %, Z into B xg Z.

Proof. We apply Lemma 6.3.3 to the embedding t: A — B xg Z. Let v be a unitary in
M(B %3 Z) which implements the action 3, i.e. vbv* = 3(b) for all b € B. It follows that

vi(a)o” = B(i(a)) = ala) = v(ala)),

and hence Lemma 6.3.3 yields a *-homomorphism ¢: A X, Z — B xg Z which extends ¢. By
Remark 6.3.2 there exists a group homomorphism v: T — Aut(B xg Z), t — = such that
the map t — ~;(x) is continuous for each x € B xg Z and such that

Y (bv™) = t"bu" forallteT, be B, n€Z.

In particular,
Y (L(a)v™) = t"(a)v" forallteT, ac A, neZ,

and it follows from Lemma 6.3.3 that ¢ is injective. O

When we apply Lemma 6.3.3 in the proof of Kirchberg’s Embedding Theorem we shall need
the following property of C(T):

Lemma 6.3.5. There exists a group homomorphism
0: T — Aut(C(T)), t — o
such that the map
T — C(T), t — oi(f)
is continuous for each f € C(T).

Proof. By the Stone-Weierstrafl Theorem the C*-algebra C'(T) is generated by the embedding
of T into C, which we shall denote by z, and its adjoint z*: T — C, t — t. We can
set 1(z) = tz and gi(z*) = tz* for each t € [0,1] and extend this to a *-homomorphism
or: C(T) — C(T). For all s,t € [0,1], we have g5 = ps © 01, and hence the inverse of g; is
given by 01/ = ;. This shows that

0: T — Aut(C(T)), t — o

is well-defined and a group homomorphism. For pointwise continuity on C(T) it is by
Lemma 1.1.27 sufficient that ¢ — g¢(z) = tz and t — 4(2*) = t2* are continuous, which
is clearly the case. O

6.4 Crossed products and tensor products

In this section it will be shown that the crossed product of a minimal tensor product A ®muin B
by Z equals the minimal tensor product of Ax,Z and B. In the proof we shall need a corollary
to the following statement about minimal tensor products of essential ideals:

Lemma 6.4.1. Let A and B be C*-algebras and let I and J be essential ideals in A and B,
respectively. Then I ®u, J is an essential ideal in A Qi B.
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Proof. 1t is easy to show that I ®uiy J is an ideal in A @i, B. By Lemma 1.1.18 there exist
faithful representations (Ha,m4) of A and (Hp,np) of B with

[ma(I)Ha) = Ha, [r(I)Hp] = Hp. (6.4.1)
Lemma 1.5.1 on representations of minimal tensor products yields a faithful *-representation
TARTR: A®minB - B(HA ®HB)

such that
(ma®@7R)(a®b) =ma(a) @ mp(b) foralla e A, be B.

Again by Lemma 1.1.18, I ®uin J is essential in A Qi B if
[(TI'A & TI'B)(I ®min J)(HA & HB)] = HA &® HB.

As the left hand side is a closed linear subspace of H4 ® Hp it suffices to show that any
elementary tensor 1@y € Ha ® Hp is contained in [(m4 @ 7p) (I Qmin J)(Ha ® Hp)]. Let thus
r®y € Hy®Hp and let € > 0. Choose 6 > 0 such that (||z||+||y|]|+6)d < . By (6.4.1) there
exist n € N and elements ay,...,a, € I, by,...b, € J and &,..., & € Ha, m,...nn € Hp
such that

||$ — Z?TA(G,Z)&H <9, Hy ZTFB "71” <.
i=1

Then

n

Y mala)& @Y mpbn =Y (ma©mwp) (4@ b) (& @ n))
i=1 j=1

i,j=1

is contained in the linear span of (74 @ 75)(I ®min J)(Ha ® Hp), and

Hx®y ZWA Qg §Z®Z7TB 77]”
< |lz|llly — Z?TB nll + Hx—zm ai €z||HZ7TB n;ll

< =[}6 + 5(||yH +9) <
which completes the proof. O

Corollary 6.4.2. Let A and B be C*-algebras. Then there exists a unital *~homomorphism
from M(A) @min M(B) into M (A ®min B) that extends the inclusion of A ®ui, B into
M (A ®min B)

Proof. By Remark 1.1.16 we know that A g M(A) and B g M(B), which by Lemma 6.4.1
implies that

A®min B 'S M(A) @pin M(B).

Lemma 1.1.17 yields a unital embedding of M(A) ®min M (B) into M(A Q@min B) as required.
O
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Lemma 6.4.3. Let A and B be C*-algebras and let a be a *-automorphism on A. Then
(A ®min B) Na@idg 7 = (A Ao Z) ®min B.

Proof. Notice that a ® idp is a *-automorphism on A ®muin B by Lemma 1.5.2. Let ¢ denote
the embedding of A into the crossed product A X, Z and put

@:L@idBZA@mjnB*)(AXaZ)(gminB-

Again by Lemma 1.5.2, ¢ is an injective *-homomorphism. Let u be a unitary in M(A x Z)
which implements the action a on A, and let v = u® 1,(p). Then v’ is a unitary element in
M(A %4 Z) Qmin M(B), and, via the unital embedding

ki M(A X0 Z) @min M(B) — M((A %o Z) @min B)

from Corollary 6.4.2, the element v = k(v’) is a unitary in M ((A X4 Z) @min B). Since k
extends the inclusion of (A X4 Z) @min B into M((A X4 Z) @min B), we can for each elementary
tensor a ® b € A Qmin B calculate

vp(a®@b)v* =k ((u® Lyp)(a®b)(u* @ 1yp)) =k (vau* @ b) = uau*™ @b
=ala)®b=(t®idg)(ala) ®b) = p(ala) ®b) = ¢ ((a ®idg)(a @ b)),

which extends to
vp(x)v* = ¢ ((a®idp)(z)) for all z € A ®min B.

Let w be a unitary element in M(A ®uin B) which implements the action o ® idg. By
Lemma 6.3.3 there exists a *~-homomorphism

w: (A Qmin B) Naidg 7 — (A N Z) Qmin Ba

given by
Y ((a®@b)w") = p(a @ b)v™ forallae A, be B, n € Z.

We show next that ¢ is injective. By Remark 6.3.2 there exists a group homomorphism
0: T — Aut(A x4 Z), t — g such that the map T — A x4 Z, t — g¢(z) is continuous for
each r € A x4 Z and

ot(au™) = t"au" forallteT, ac A, neZ.
Define v = 0; ® idp for each t € T. Then each ~; is a *-automorphism as g¢; and idg are, and
v: T — Aut((A X Z) @min B), t — v

is a group homomorphism. To check that the map ¢ — ~:(z) is continuous for each z in
(A X Z) @min B it suffices to show this for any elementary tensor z = a ® b, because the set

{z € (AXyZ) @min B ‘ t— y(z) is continuous}

is a sub-C*-algebra of (A X Z) ®min B by Lemma 1.1.27. Thus, let a € A %, Z and b € B.
Then for all £,s € T we have

[7t(a @b) =7s(a @ b)|| = [ler(a) @ b — os(a) @b]| = [ler(a) — es(a)l[|b]],
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and hence continuity of ¢ — v;(a ®b) follows from continuity of ¢ — g.(a). Moreover, we have
(a@b)v™ =k (pla®@b)(u® lyp)") = k(au” @ b) = au™ @b, (6.4.2)
and thus
Y (pla®@b)v") = (0 ®idp) (au™ @ b) = t"au" @ b = t"(au" @ b) = t"p(a ® b)v"

for all t € T, for all elementary tensors a ® b € A ®uin B and for all n € Z. As v(p(-)v™) and
t"p(-)v™ are norm-decreasing for all t € T and all n € Z, this extends to

Y (p(x)v"™) = t"p(x)v"™ forallt e T, v € A ®min B, n € Z.

Now it follows from Lemma 6.3.3 that v is injective, and we proceed to show that i is
surjective. For this it suffices to show that

{auv" @b ae€ A, neZ, be B} CIm(y),

because the set on the left hand side generates (A X Z) @min B and Im(v)) is a closed sub-
C*-algebra of (A Xy Z) ®min B as 1 is a *~homomorphism. Let now a € A, n € Z and b € B
and calculate

)

au”™ ® b (642 wla®b)v" = ((a @ b)w™)

to see that au®b is an element of Im(v)). Altogether we have shown that 1) is a *-isomorphism
between (A @min B) Xagidg £ and (A Xq Z) @min B which completes the proof. O

6.5 A non-zero projection in Cy(R) %, Z

In this section we perform the first step of the proof of Kirchberg’s Embedding Theorem,
namely the embedding of a C*-algebra A into (Cp(R) %, Z) ® A, where 7 is the left shift
on Cy(R). To obtain this embedding we prove the existence of a non-zero projection in
Co (R) X Z.

Lemma 6.5.1. Let A be a C*-algebra and let 7: Co(R) — Co(R), f — f(-+ 1) be the
left-shift on Cp(R). Then there exists a non-zero projection in Cy(R) %, Z.

Proof. We explicitly construct a projection p in Cy(R) - Z as follows: Define two functions
f and g in Cy(R) by
1+t te[-1,0]
FIR-R, td 1—t, tel01]
0 , else

and . [ ]
e [ IO TR tel-1,0
g: R =R, 1 { 0 , else

Then f and g are non-zero positive elements in Cy(R). Let u be the unitary in M(Cp(R) x+Z)
with whu* = 7(h) for all h € Cp(R) and put p = gu + f + u*g. Let E: Cp(R) x, Z — Cp(R)
be a faithful expectation as in Remark 6.3.2. Then E(p) = f # 0, which implies that p is a
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non-zero element in Cp(R) x- Z. Using that f and g are self-adjoint one can easily compute
that

pr=ug+fTrgu=ug+f+gu=p,

i.e. p is self-adjoint. Before checking that p? = p it is helpful to have a closer look at some
expressions which are going to appear in the calculation: We have T(g)\[_m] = 0 and therefore
g7(g) = 0, and we have
24+t te[-2,—1]
()= —t, tel[=1,0
0 , else

and hence (7(f) 4+ f)|—19 = 1. Note that 7! is given by 771(h)(t) = h(t — 1) for all
h € Co(R) and all t € R. We therefore obtain

TN = Ft-1)
{ f(t_l)_f(t_1)2v te [071] :{ f(t)—f(t)2, te [071]

0 , else 0 , else

where it is used that
fE=1)—ft-12=t—-t>=1—-t)—(1—t)? = f(t)— f(t)>  forallte[0,1].
Combined with ® (0 [ |
) Ft)— f(H)2, te]-1,0
g (t>{ 0 , else
this yields that ¢ + f2 +771(¢%) = f. Now we can calculate
p* = (gu+ [ +u*g)(gu+ f +u'g)
= gugu*u® + gufu*u + guutguu* + fgu + f* +utufu*g + utggu +urgf + (u*) ugu*g
= g7(9)u® + gr(f)u+ ¢* + fou + f* + w*t(f)g + 7 (g°) + u'gf + (u*)’7(9)g
= (r(f)+ Pgutg®+ 2 +771g") +u'g (r(f) + f)
=gu+f+u'g=p,
which shows that p is a projection in Cp(R) x; Z. O

Corollary 6.5.2. Let A be a C*-algebra and let 7: Ch(R) — Co(R), f — f(-+ 1) be the
left-shift on Cy(R). Then there exists an injective *-homomorphism ¢: A — (Cp(R) x.Z) ® A.

Proof. This follows immediately from the preceding lemma and Remark 1.5.3. O
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Chapter 7

Kirchberg’s Embedding Theorem

Kirchberg’s Exact Embedding Theorem states that a separable C*-algebra is exact if and only
if it admits an embedding into O2. We prove here that every separable, nuclear C*-algebra
can be embedded into O, and discuss in the end of Section 7.1 how this proof would have to
be adapted in the exact case. Section 7.2 deals with an important consequence of Kirchberg’s
Embedding Theorem, namely, the existence of injective *-homomorphisms between any two
Kirchberg algebras.

7.1 Kirchberg’s Embedding Theorem

Theorem 7.1.1 (Kirchberg’s Embedding Theorem). For every separable, nuclear C*-algebra
A there exists an injective *~-homomorphism ¢: A — Os. If A is unital, the embedding ¢ can
be chosen to be unital.

Proof. Let A be a separable, nuclear C*-algebra. We do not embed A into Qs directly, but
embed A into another C*-algebra which can be embedded into Oy using the tools we have
collected so far. Let 7: Cp(R) — Cp(R) be the *-automorphism given by 7(f) = f(- + 1)
for all f € Cy(R), and let 74 be the corresponding *-automorphism on Cp(R, A). Combining
Corollary 6.5.2, Lemma 6.4.3 and Example 6.2.4, we can conclude that A can be embedded
into Cy(R, A) X, Z, because we have

A — (C()(R) NTZ)@)A = (CQ(R)@A) N‘r@idAZ = C()(R,A) Xy 7. (711)

Notice that all involved tensor products are automatically minimal, because A (and also
Co(R)) is nuclear. We perform one more embedding by considering the unitization of Cy(R, A),
which we denote by B. Let 75 denote the unique, unital extension of 74 to B and use
Corollary 6.3.4 to see that

Co(R,A) ¥, Z — B X, Z.

Combined with (7.1.1) this shows that it suffices to embed B x,, Z into Oz. We first verify
the assumptions of Lemma 5.3.7 to show that B admits a unital embedding into Os. It is
clear that B is unital. As A and Cy(R) are separable, this also holds for Cyp(R) @ A, and
therefore B is separable as the unitization of a separable C*-algebra. To see that B is exact
consider the short exact sequence

0—>Co(R,A) 2> B —">C 0,
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where Cy(R, A) is considered as an ideal in its unitization B and where A and 7 denote the
inclusion and the quotient map, respectively. Recall the permanence properties of nuclear
C*-algebras from Proposition 1.5.7 to see the following: Being the minimal tensor product
of two nuclear C*-algebras, the C*-algebra Cyp(R) ® A = Cp(R, A) is nuclear. Hence, B is
nuclear as the extension of Cy(R, A) by the nuclear C*-algebra C, which implies that B X, Z
is nuclear and, by Remark 1.5.17, that B is exact. We show next that B is quasidiagonal.
Since
Co(R,A) = Cp((0,1),A) =2 SA C CA

by Remark 1.1.29 and by definition of SA and C'A we can treat Cy(R, A) as a sub-C*-algebra
of CA and, doing unitizations, we can consider B to be a sub-C*-algebra of CA. TFrom
Corollary 5.3.4 we know that C'A is quasidiagonal, and hence so is the sub-C*-algebra B by
Remark 5.3.2(i). Thus, Lemma 5.3.7 yields a unital, injective *-homomorphism tp: B — Os.

Let w be a free ultrafilter and let tp,: O2 — (O3), be the canonical embedding of Oy in
its ultrapower. Both tg and tp o 75 are unital, injective *-homomorphisms from B into Os,
and therefore by Theorem 3.4.2(ii) approximately unitarily equivalent. By Corollary 4.5.3
this implies that the maps tp, o tp and (o, o (tp o T) are exactly unitarily equivalent in
(O2),. Write v = 1p, o tp: B — (O2),, and choose a unitary v € (O2),, with

ve(b)v* = v (1(D)) for all b € B. (7.1.2)
Let 1I7: T—-C, t—1land z: T — C, t+— t and define
1. B— (Og)w ®C(T), b— L(b) Q 11

and = v ® z. As 1t is the unit in C(T) and z is a unitary, the map ¢ is a unital, injective
*-homomorphism and o is a unitary in (Oz), ® C(T). Moreover, ¢ and v satisfy

r(b)0* = (v ® 2)(1(b) @ 1) (v* ® 2*) = vi(b)v* ® 1t (12 L(tp(b)) ® 17 = t(1(b))
for all b € B, and therefore Lemma 6.3.3 yields a unital *-homomorphism
: B Xy Z— (Og), @ C(T)

defined by
o(Dobaut) =Y wb)" forall Y- bt € B
neZ nez nez

where wu is the unitary which implements the action 75. To show that 1 is injective we now
construct a group homomorphism v: T — Aut((O3), ® C(T)) satisfying the assumptions in
Lemma 6.3.3. Take p: T — Aut(C(T)) as in Lemma 6.3.5 and define

7: T — Aut ((02)p @ C(T)), t = 3 = id(o,), @ ot

Each +; is a *-automorphism as id(p,), and g; are and as the tensor product (Oz), @ C(T) is
minimal, see Lemma 1.5.2, and therefore v is well-defined. Moreover, v is a group homomor-
phism as g is, and as in the proof of Lemma 6.4.3 it follows from point-wise continuity of o
that ¢ — () is continuous for any x € (Os3), ® C(T). Finally, we can check that

2 (1)) = % ((1(0) © 1) (0 © 2)") = % (LB © ")
= (B @ 1" = 1" ((1(6) © 1) (v @ 2)") = "T(b)o"
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forallt € T, b € B and for all n € Z, and hence 9 is injective by Lemma 6.3.3. Thus, we have
obtained a unital embedding of B X, Z into (O2),, ® C(T). By Lemma 4.6.1, (O2), ® C(T)
embeds unitally into (Oy ® C(T)),, which, as C(T) embeds unitally into Oy, embeds unitally
into (02 ® O3),, (by Lemmas 5.1.1 and 4.4.5). As O ® Oy = O, it follows altogether that
B %, Z embeds unitally into (O2),:

B 7y Z = (02)0 @ C(T) = (02 @ C(T))w = (O2 @ O2)w = (O2)w-

Let ¢ denote the unital, injective *-homomorphism from B ., Z into (Oz), we have just
constructed. It was shown above that B x,, Z is nuclear, moreover, B X, Z is separable as
B is, and hence Corollary 1.5.13 implies that ¢ is a nuclear map. Therefore, we can apply
Choi-Effros’ Lifting Theorem (Theorem 1.5.14) to obtain a unital, completely positive map

0: B X7y, Z — £°(029)

which lifts ¢, i.e. m, 0 p = . Now, Lemma 5.2.1 yields the existence of a unital, injective
*-homomorphism from B X, Z into Oy which, as A embeds into B x,, Z, proves that A
embeds into Os.

Assume now that A is unital, and let ¢:: A — O5 be an injective *~-homomorphism, which
exists by the first part of the theorem. Then p = ¢(14) is a non-zero projection in Oy, and
as t(a) = pi(a)p for each a € A, we can consider ¢ to be a unital embedding of A into pOap.
By Corollary 2.2.7 there exists a *-isomorphism 7: pOsp — Oy (automatically unital), and
hence n o ¢ is a unital embedding of A into Os, which completes the proof. O

Remark 7.1.2. Theorem 7.1.1 is a modification of Kirchberg’s Exact Embedding Theorem
which reads as follows: A separable C*-algebra A is exact if and only if it admits an embedding
into Q5. The “if”-part is clear, because if t: A — Q5 is an injective *~-homomorphism, then A
is isomorphic to ¢(A) which is exact as a sub-C*-algebra of O by Proposition 1.5.18. Assume
now that A is exact. Let B be defined as in the proof of Theorem 7.1.1 and note that up
to the point where we applied Choi-Effros’ Lifting Theorem, nuclearity was not needed. We
only used that B was exact which can also be shown in the following way. Notice that the
short exact sequence

0—=Co(R,A) —=>B==C—>0

is split exact, where n: C — B, a — alp. As Cy(R, A) is exact, being isomorphic to the
minimal tensor product of the exact C*-algebras A and Cy(R), and as C is exact, Proposi-
tion 1.5.18(v) yields that B is exact. The difference in the exact case is that the lifting of the
embedding of B X, Z into (Oz),, gets more involved, see [KP] for a proof in this case.

7.2 Existence of injective *~homomorphisms between Kirch-
berg algebras

An important consequence of Kirchberg’s Embedding Theorem is that, combined with the

following lemma, it enables us to prove the existence of non-zero *-homomorphisms from a

C*-algebra A into a C*-algebra B if A is separable and exact and if B contains a properly
infinite, full projection. The following statement is taken from Lemma 4.2.3 (ii) in [R2].
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Lemma 7.2.1. Let A be a C*-algebra and let p be a properly infinite, full projection in A
with [plo = 0 in K¢(A). Then there exists a unital embedding of Oy into pAp.

Proof. As p is properly infinite there exist mutually orthogonal projections pg,p1 € A with
po < p, p1 < pandpy~p~ p. We use these to construct isometries in pAp which satisfy
the Os-relation. Let po = p — py. Using

P53 =Dp—pp1— p1p -+ p1 = P, papo = (p — p1)Po = po, p—p2=p1 >0

it follows that po is a projection and that p ~ py < p2 < p. Hence,

p2®p2<p®pIp3I P2

i.e. po is properly infinite. We now show that pg is full and then conclude that po is full as
well. Assume that pg is not full and choose a proper, closed, two-sided ideal I in A which
contains pg. As p ~ pg there exists a partial isometry sy € A with sjsp = p and sgs; = po.
Then p = siposo € I which contradicts the assumption that p is full. Hence, pg is full. If
po were not full, we could find a proper, closed, two-sided ideal J in A with ps € J. This
would imply that pg = pop2 € J, which is a contradiction as pg is full. Thus, po is a properly
infinite, full projection. Notice that pips = p1(p — p1) = 0 and therefore

[plo = [p1 + p2lo = [p1]o + [p2)o

by Proposition 3.1.7(iv) in [R1]. Moreover, [pi]o = [p]o = 0 as p1 ~ p, and thus

[p2] = [plo — [p1] = 0 = [plo-

As both p and ps are properly infinite and full, this implies that p ~ p2 by Proposi-
tion 1.2.19(ii). We can now choose partial isometries s1,s2 € A such that sjs; = sjsa = p,
and s1s] = p1 and s2s55 = pa. Then s; = ppisip € pAp and sy = ppasaep € pAp, ie. s1
and sy are isometries in pAp, and as s15] + s255 = p1 + p2 = p, these isometries satisfy the
Os-relation in pAp. The universal property of Qs now yields a unital embedding of Qs into
pAp. O

Corollary 7.2.2. Let A be a separable, exact C'*-algebra and let B be a C*-algebra which
contains a properly infinite, full projection. Then there exists an injective *-homomorphism
from A into B.

Proof. By Remark 7.1.2 there exists an embedding ¢: A — Os. It follows from Proposi-
tion 1.2.19(i) that B contains a properly infinite, full projection p with [plp = 0 in Ky(B),
and thus Lemma 7.2.1 yields a unital embedding x: Oy — pBp. As pBp is a sub-C*-algebra
of B we can consider k as an injective *-homomorphism from O, into B, and thus x o ¢ is an
injective *-homomorphism from A into B. O

Remark 7.2.3. Recall that a Kirchberg algebra is a simple, separable, nuclear and purely
infinite C'*-algebra. As each purely infinite C*-algebra contains a properly infinite projection,
and as each element in a simple C*-algebra is automatically full, Corollary 7.2.2 implies that
there exist injective *-homomorphisms between any two Kirchberg algebras. This was not
known before there was Kirchberg’s Embedding Theorem.
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Appendix A

More on 09

In this appendix we combine Theorem 3.4.2 on unitary equivalence of *-homomorphisms
into Oy and Kirchberg’s Exact Embedding Theorem to present two important properties of
the Cuntz algebra Oy. As announced after Theorem 3.4.2 we will show that O is, up to
isomorphism, the only unital, separable, exact C*-algebra which satisfies these two theorems.
In Section A.2 we then show that A ® Os is isomorphic to Os for sufficiently nice C*-algebras
A.

A.1 A uniqueness result for O,

The following lemma, which is often referred to as “approximate intertwining”, shows how
approximate unitary equivalence can be used to prove that two given C*-algebras are isomor-
phic. Its proof is given in [R2], where it is part of Corollary 2.3.4.

Lemma A.1.1. Let A and B be unital, separable C*-algebras, and suppose that there are
*-homomorphisms ¢: A — B and i: B — A such that o ¢ =, id4 and ¢ o1 =, idg. Then
A is isomorphic to B.

Using this lemma we can now prove the following uniqueness result:

Theorem A.1.2. Let A be a unital, separable C*-algebra. Then A is isomorphic to Qs if
and only if the following hold:

(i) A is exact;
(ii) Each unital *-endomorphism on A is approximately unitarily equivalent to id 4;

(iii) For every unital, separable, exact C*-algebra B there exists a unital *~homomorphism
from B into A.

Proof. Suppose first that A = O5. Then A is exact and simple as O is. Let ¢: A — A be
a unital *-endomorphism, then ¢ is automatically injective and it follows from A = Oy and
Theorem 3.4.2(ii) that ¢ =, id4. Property (iii) follows from Kirchberg’s Exact Embedding
Theorem, see Remark 7.1.2.

Conversely, assume that (i),(ii) and (iii) hold. Then A is exact and Kirchberg’s Exact
Embedding Theorem yields a unital, injective *-homomorphism ¢: A — Oy. By (iii) there
exists a unital *~homomorphism ¢: Oy — A, which is injective as Qs is simple. By (ii),
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1 o =, ida, and by Theorem 3.4.2(ii), ¢ 0 ¢ ~,, idp,. By Lemma A.1.1 this implies that
A= 0, O

Remark A.1.3. Property (iii) can be replaced by the following requirements: The unit 14
is a properly infinite, full projection in A and [14]g = 0 in Kp(A). In the “if” part of the
proof we can then use Lemma 7.2.1 to obtain a unital embedding of O3 into A, and the “only
if” part follows because O3 is unital, simple and purely infinite and Ko(Oz) =0, i.e. 1o, is a
properly infinite, full projection in Oy with [1p,]o = 0 in Ky(Oz2).

A.2 Kirchberg’s A ® O,-Theorem

Theorem A.2.1. Let A be a C*-algebra. Then A ® O, is isomorphic to O if and only if A
is unital, separable, simple and nuclear.

Proof. We first give the proof of the “if”-part of the statement. Suppose that A is unital,
separable, simple and nuclear. Then A ® Oy also is unital, separable, simple and nuclear,
and thus Theorem 7.1.1 yields a unital embedding A: A ® O — O3. On the other hand we
can define a unital embedding t: O — A® Oy, z +— 14 @x. Now Aotr: Oy — Oy is a
unital, injective *-homomorphism, and hence A o ¢ =, idp, by Theorem 3.4.2(ii). Besides,
tod: A® Oy — A® O is a unital, injective *-homomorphism, and Theorem 3.4.2(i) yields
that 1o A =, idago,. By Lemma A.1.1 this implies that A ® Oy = Os.

Assume now that A® Oy = Oy. This implies that A ® O, is unital, separable, simple and
nuclear. As A embeds into A ® O3 via a — a ® 1p,, A is isomorphic to a sub-C*-algebra of
A® Oy and hence separable. If J were a non-trivial, two-sided, closed ideal in A, then J® Oo
would be a non-trivial, two-sided, closed ideal in A ® Oy. Thus, A is simple. To see that A
is unital let (ey), oy be an approximate unit for A. We show that (ey), oy converges to an
element e € A which then is a unit for A. By Lemma 6.4.1 in [Mu] the sequence (e, ® 10,)
is an approximate unit for A ® Os. Then

neN

len ® 1o, — lago, || = l[(en @ 10,)1ag0, — lago, || — 0

as n — 00, i.e. (e, ® 10,),,cy 1s convergent and hence a Cauchy sequence in A ® Oy. As the
map given by a — a ® 1o, is an isometric *-homomorphism, we can conclude that (en),,cy is
a Cauchy sequence in A. Take e = lim,_, e, in A and check that

lae —all < [la(e = en)[| + llaen — all < lalllle = enl[ + [laen — al| = 0

as n — oo for every a € A, i.e. ae = a for all a € A. Similarly, ea = a for all a € A, and hence
e is a unit for A.

To prove that A is nuclear we need a different notion of nuclearity as we’ve used so far, and
thus we only sketch this part of the proof. For every C*-algebra B there exists a canonical,
surjective *-homomorphism from A ®pax B onto A @min B, and A is nuclear if and only if this
*-homomorphism is injective, and hence a *-isomorphism, for every C*-algebra B. Let now B
be a C*-algebra and let A\: A®max B — A®min B be the canonical surjective *~-homomorphism.
Notice that, because Oy is nuclear and taking maximal tensor products is associative,

02 Pmin (A ®max B) = 02 ®max (A ®max B)
(02 ®max A) ®max B = (02 ®min A) ®max B, (A21)

12
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and consider the commutative diagram

idp, @A
02 ®min (A ®max B) 2

|

(02 ®min A) ®max B

02 min (A @min B)

i~

(02 ®min A) ®min B

We have a *-isomorphism in the second row because A ®min Os is nuclear, and there are *-
isomorphisms in the vertical direction by (A.2.1) and because taking minimal tensor products
is associative. This shows that the map

idOQ @ A: 02 Qmin (A Rmax B) B 02 Qmin (A Qmin B)
is a *-isomorphism. Let now x € A ®mpax O2 be such that A(z) = 0. Then
(id(92 ® )\) (1(92 X $) = 1(92 ® )\(:E) =0,

ie. 1o, ® x = 0 and hence = 0. This shows that \ is a *-isomorphism and that A is
nuclear. ]

In the context of the A ® Oz-Theorem above it also makes sense to consider the following
result, which is taken from Theorem 7.2.6 in [R2]:

Theorem A.2.2. Let A be a simple, separable, nuclear C*-algebra. Then A ® Oy is iso-
morphic to A if and only if A is purely infinite.

Remark A.2.3. Theorems A.2.1 and A.2.2 show that, for every unital Kirchberg algebra A,
AR Oy =2 Oy and A® Oy = A, ie. Oy acts as a tensorial zero, and Oy, acts as a tensorial
unit in the class of unital Kirchberg algebras.

100



Appendix B

Classification of Kirchberg algebras

To demonstrate the significance of Kirchberg’s Exact Embedding Theorem and the A® Oy and
AR Os-Theorems for the classification of Kirchberg algebras we state Kirchberg and Phillips’
Classification Theorem. As the formulation of this theorem requires some notions from K K-
theory it is far beyond the scope of this thesis to give all definitions which are necessary for
understanding this theorem in detail, but I think the result is interesting nonetheless. For an
introduction to K K-theory the reader is referred to Section 2.4 in [R2], where the following
notions are explained in more detail:

To every pair of C*-algebras A and B one can assign an abelian group K K (A, B) in such
a way that every *-homomorphism ¢: A — B represents an element K K (p) in KK (A, B).
For every triple of C*-algebras A, B, C there exists a bi-additive map

KK(A,B)x KK(B,C) - KK(A,C), (z,y) —x-vy,
the so-called Kasparov product, with the following properties:
(i) The product is associative, i.e. if A, B, C, D are C*-algebras, then for allz € KK (A, B),
y€ KK(B,C) and z € KK(C,D) we have (z-y)-z=x-(y - 2);
(ii) For all *-homomorphisms ¢: A — B and ¢: B — C we have
KK(p) - KK(¥) = KK(¢ 0 ¢);

(iii) KK (A, A) is a ring with unit K K (id4).

An element x € KK(A, B) is said to be invertible if there exists y € KK (B, A) such that
x-y = KK(idy) and y - ¢ = KK(idg). Two C*-algebras A and B are said to be KK-
equivalent if KK (A, B) contains an invertible element. It follows from property (ii) of the
Kasparov product that any *-isomorphism ¢: A — B induces an invertible element KK (y)
in KK(A, B), i.e. isomorphic C*-algebras are K K-equivalent.

For every C*-algebra A the following isomorphisms hold:

Ko(A) = KK(C, A), K1(A) 2 KK (Co(R), A).

Using these identifications and the Kasparov product one can for all C*-algebras A and B
define two group homomorphisms

Yo KK(A, B) — HOHI(KO(A), KQ( )),

Y1 KK(A, B) — Hom(Kl(A), Kl(B))

s
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by setting vo(x)(20) = 20 - © and y1(x)(z1) = 21 -« for all z € KK(A,B), z9p € KK(C,A)
and z; € KK(Cy(R),A). The Universal Coefficient Theorem (UCT) below provides more
information about these maps.

A C*-algebra A is called K-abelian if it is K K-equivalent to an abelian C*-algebra, and
the UCT class N is defined to be the family of all separable, K- abelian C*-algebras.

Theorem B.0.4 (Universal Coefficient Theorem). Let A and B be separable C*-algebras.
(i) If A belongs to N, then the group homomorphism
7= ®mn: KK(A,B) — Hom(Ko(A), Ko(B)) ® Hom(K;(A), K1(B))
is surjective.

(ii) If both A and B belong to N, then an element 2z € KK (A, B) is invertible if and only
if vo(z): Ko(A) — Ko(B) and 71 (x): K1(A) — K;(B) are group isomorphisms.

(iii) If both A and B belong to NV, then they are K K-equivalent if and only if K(A) & Ko(B)
and Kl(A) = Kl(B)

Another term which appears in the classification theorem is the following:

Definition B.0.5. A C*-algebra A is said to be stable if it is isomorphic to its stabilization
A ® K, where K is the C*-algebra of compact operators on a separable, infinite dimensional
Hilbert space.

It might be useful to know the following statement, usually referred to as “Zhang’s Di-
chotomy”, which was proved in [Zh]:

Proposition B.0.6. Every separable, simple, purely infinite C*-algebra is either unital or
stable.

Theorem B.0.7 (Kirchberg and Phillips). Let A and B be Kirchberg algebras.

(i) If A and B are stable, then they are isomorphic if and only if they are K K-equivalent.
Moreover, for every invertible element z in KK (A, B) there exists a *-isomorphism
v: A— B with KK(p) = z.

(ii) If A and B are stable and belong to the UCT class N, then A is isomorphic to B if
and only if Ky(A) = Ko(B) and K;(A) = K;(B). Moreover, for each pair of group
isomorphisms «g: Ko(A) — Ko(B) and ay: K1(A) — K;(B) there is a *-isomorphism
v: A — B with Ko(p) = ap and Ki(p) = aq.

(iii) If A and B are unital, then they are isomorphic if and only if there is an invertible
element z in KK (A, B) with vo(x)([1a]o) = [1B]o. For each such element z there is a
*-isomorphism ¢: A — B with KK (p) = x.

(iv) If A and B are unital and belong to the UCT class N/, then they are isomorphic if and
only if there are group isomorphisms ag: Ko(A) — Ko(B) and a;: Ki1(A) — K;(B)
such that ag([1a]o) = [1BJo. For each such pair of group isomorphisms there is a
*-isomorphism ¢: A — B with Ky(p) = ap and Ki(p) = ay.
The proof of this classification theorem was independently obtained by Kirchberg and Phillips.
Kirchberg’s proof (see [Ki2]) is based on the existence of non-zero *-homomorphisms from
unital, separable, exact C*-algebras to unital, properly infinite C*-algebras, which we dealt
with in Corollary 7.2.2. Phillips’ approach (see [Ph]) uses the A ® Oz and A ® Oy-Theorems
from Section A.2 above.
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completely bounded, 20 hereditary sub-C*-algebra, 14
completely bounded norm, 20 *-homomorphism, 3
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covariant representation, 83 inflation, 7
crossed product, 83 invertible (in K K), 101
C*-algebra, 3 isometry, 9

exact, 25 partial, 9

ﬁmt?’ 12 K-abelian, 102

infinite, 12 Kasparov product, 101

nuclear, 23 ’

Kirchberg algebra, 46

properly infinite, 12 K K-equivalent, 101

purely infinite, 18

quasidiagonal, 78 Ko(4), 13
separable, 3 left-shift, 86
simple, 3 limit algebras, 57
stable, 102
ultrapower, 62 masa, 72
unital, 3 matrix algebra, 7
C*-dynamical system, 83 multiplicative map, 3
C*-norm, 3 multiplier algebra, 6
Cuntz algebra, 30 Murray-von Neumann equivalence, 11

Cuntz relation, 30

Cuntz sum, 48 norm-decreasing, 4

nuclear map, 23
double centralizer, 6

O,, 30
embedding, 4 Os-absorbing, 49
essential ideal, 6 operator system, 19
exact sequence, 25
short, 25 partial isometry, 9
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point-wise continuous, 87
positive element, 10
positive map, 19
product, 57
projection, 9

finite, 12

infinite, 12

properly infinite, 12
pure state, 37

real rank zero, 15

representation, 5
covariant, 83
faithful, 5
non-degenerate, 5
-5

SA, 8
self-absorbing, 31
self-adjoint element, 9
self-adjoint map, 3
short exact sequence, 25
spectrum, 4
stabilization, 102
standard matrix units, 7
state, 37

pure, 37
sum, 57
suspension, 8

tensor products, 22

UCT class N, 102

ultrafilter, 59

ultrapower C*-algebra, 62

unitarily equivalent, 36
approximately, 36

unitary, 9

unitization, 4
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