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Preface

Since the work of Connes in the classification of von Neumann algebras and
their automorphisms, group actions have received a great deal of attention.
Amenable group actions on the hyperfinite IT;-factor were completely classi-
fied by Ocneanu, extending earlier results of Connes and Jones. In their work,
showing that outer actions have the so-called Rokhlin property was fundamen-
tal, as this property allows one to prove classification. For C*-algebras, the
picture is more complicated. For once, it is no longer true that (strong) out-
erness implies the Rokhlin property, and there is little hope to classify general
group actions unless they have the Rokhlin property. On the other hand, the
Rokhlin property is very restrictive, and there are many C*-algebras that do
not admit any action with this property. Several weakenings of the Rokhlin
property have been introduced to address this problem. Among them, the
weak tracial Rokhlin property and Rokhlin dimension (for which Rokhlin di-
mension zero is equivalent to the Rokhlin property) have been successfully used
to prove structure results for crossed products. Furthermore, actions with these
properties seem to be very common.

In this course, we will focus on actions of finite groups, and will only oc-
casionally comment on actions of more general groups. We will introduce the
Rokhlin property, provide many examples, and show that Rokhlin actions can
be classified. We will also see that there are natural obstructions to the Rokhlin
property, and will present some weaker variants of it: the (weak) tracial Rokhlin
property and Rokhlin dimension (with and without commuting towers). These
properties are flexible enough to cover many relevant examples, and are strong
enough to yield interesting structural properties for their crossed products. Fi-
nally, we will prove a recent analog of Ocneanu’s theorem for amenable group
actions on C*-algebras, namely, that for actions on classifiable algebras (which
are, in particular, Jiang-Su stable), strong outerness is equivalent to the weak
tracial Rokhlin property, and also equivalent to finite Rokhlin dimension (in
fact, dimension at most one).
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Chapter 2

Some preliminaries

2.1 Universal C"*-algebras

Many of the most relevant C*-algebras can be expressed as universal C*-
algebras on relatively simple sets of generators and relations. Unlike for groups,
universal C*-algebras do not always exist and there a few subtelties in the the-
ory. Here, we review those aspects that will be needed later, and refer the
reader to Blackadar’s seminal work [4].

Definition 2.1.1. Let G be a set, which we call the set of generators. We do
not assume that G be finite, or even countable. We define a relation on G to
be an expression of the form

Ip(z1, 21, - 2, 2| <y

where p is a polynomial on 2n noncommuting variables, n € N, r € [0, 00), and
T1,...,Tn €G.

Let G be a set of generators and let R be a set of relations. A representation
of (G, R) consists of a Hilbert space H and a set {a,: © € G} C B(H) such that

p(az,, @z, s s az, s a5, ) <7,
whenever ||p(z1,27,...,2,,2))| <7 is a relation in R.

Definition 2.1.2. We say that the family R of relations on a set G is admissible
if there exists a non-zero representation of (G, R), and if there exist constants
ry € [0,00), for every x € G, such that whenever {a, € B(H): © € G} is a
representation of (G, R), then |jay| < 7, for all z € G.

Universal C*-algebras defined by admissible relations exist, as we show
next.

Theorem 2.1.3. Let G be a set of generators, and let R be an admissible set
of relations on G. Then there exists a unique C*-algebra C*(G : R) containing
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a generating set {a, € C*(G : R): x € G} satisfying the relations from R, such
that whenever B is another C*-algebra containing elements {b, € B: = € G}
satisfying the relations from R, then there exists a unique homomorphism
w: C*(G : R) — B satistying p(ay) = b, for all z € G.

Proof. Denote by A the free x-algebra generated by G. Each representation
{ms € B(H): € G} of (G,R) induces a *-representation m: A — B(H), given
by m(z) = m,; for all z € G. For a € A, we define

la|| = sup{||7(a)|: 7 is a representation of (G, R)}.

Observe that ||a]| < oo for all a € A, because R is admissible. We let C*(G : R)
denote the Hausdorff completion of A with respect to this norm, and note that
C*(G : R) is a C*-algebra. If a, € C*(G : R) denotes the image of the canonical
generator © € A, then it is clear that {a, € C*(G: R): x € G} is a generating
set that satisfies the relations from R.

Now let B be another C*-algebra containing elements {b, € B: z € G}
satisfying the relations from R. Then there is a unique *-homomorphism
wo: A — B given by po(z) = by for all x € G. Let 0: B — B(H) be a faithful
representation of B on some Hilbert space H. Then o o ¢ is a representation
of (G,R), and thus

lallc+g:r) < llo(vo(a)llsa) = llpo(a)lls-

It follows that ¢¢ extends uniquely to a homomorphism ¢: C*(G : R) — B
satisfying ¢(a,) = b, for all z € G.

Finally, uniqueness of C*(G : R) follows immediately from its universal
property. O

In the definition of admissible representation, the condition that all gener-
ators are uniformly bounded in norm is necessary for a universal C*-algebra to
exist,.

Example 2.1.4. There is no “universal C*-algebra generated by a single el-
ement”. This would correspond to G = {z} and R = (). The reason is that
if such a C*-algebra existed, and a, were the canonical generator in it, the
norm of a, would have to be larger than the norm of every element in every
C*-algebra. This is of course not possible, so this algebra does not exist.

It is often the case that the relations are described rather informally, par-
ticularly when the precise description is clear. We present some examples.

Examples 2.1.5. 1. The universal unital C*-algebra generated by a self-
adjoint contraction is the universal C*-algebra with G = {1,a} and R
given by

Ila —a] <0,]lal —al|| <0,]la* —a| <0, and |a| < 1.

This C*-algebra is isomorphic to C([—1, 1]) with the canonical generator
being the inclusion of [—1,1] into C.



2.1.

UNIVERSAL C*-ALGEBRAS 7

. Similarly, the universal C*-algebra generated by a self-adjoint contraction

is isomorphic to Cy([—1,1] \ {0}).

. The universal C*-algebra generated by a unitary has G = {1,u} and R

given by
lu —ul] <0, ||ul —u|]| <0, ||u*u—1| <0 and |Juu* — 1] <O0.

This C*-algebra is isomorphic to C(S?).

. If G is a discrete group, then there is a universal C*-algebra generated

by a unitary representation of G. This algebras has G = {uy: g € G}
and R given by the relations implying that u; is the unit, u4 is a unitary
with inverse ug-1, and ugup = ugy for all g,h € G. This C*-algebra is
the full group C*-algebra C*(G) of G.

. FixneN, and set G ={e;r: 1 <j,k <n}and

. .
R ={€j = erj,ejreim = Ok jejm: 1 < j,k,[,m <n}.

The relations in R implies that each e; ;, is a partial isometry so |le; x| <

1, and hence the universal C*-algebra exists by It is easy
to check that this C*-algebra is isomorphic to M,,, with e; ;, corresponding
to the matrix that has a 1 in the (j, k)-entry and zeroes elsewhere.

. Every C*-algebra is a universal C*-algebra. Indeed, for a C*-algebra A

we may take G = {z,: a € A} with relations R given by

zall = llall, [[25 = za- || = 0, and [lzazy — zap| = 0

for all a,b € A. Then C*(G : R) is naturally isomorphic to A. This
description of A as a universal C*-algebra is however not very useful in
practice.

A number of very familiar constructions in C*-algebras can be described

through universal C*-algebras, such as direct sums, tensor products, free prod-
ucts, etc. Crossed products, particularly full crossed products, can also be

described as universal C'*-algebras; see |I'heorem 4.1.9

We close this section by introducing a particularly rich class of universal

C*-algebras, namely graph algebras.

Definition 2.1.6. A directed graph is a tuple & = (V, E,r,s), where V and
E are countable sets (usually referred to as the sets of vertices and edges,
respectively), and r,s: E — V are functions (usually referred to as the range
and source functions of an edge).

For a directed graph & = (V, E,r,s), we define its associated graph C*-

algebra C*(€) to be the universal C*-algebra generated by the set

G={py:veEV}U{s.:e€ E}

and subject to the following relations
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1. p, is a projection for all v € V;

2. pypw = 0 whenever v, w € V are distinct;
3. 858 = pr(e) for all e € E;

4. stsy =0 whenever e, f € E are distinct;
5. 8esy < py(e) for all e € E;

6. for v € V, if the set {e € E: s(e) = v} is not empty, then

Pv = E Sesse*-

e€s—1(v)

Arguably the first historical examples of a graph algebra (before these were
even considered) are the Cuntz algebras O,, [15], for n > 2, which are the alge-
bras associated to the graph with one vertex and n loops (see .
Graph algebras also include many well-studied C'*-algebras, such as the com-
pact operators, the Toeplitz algebra, AF-algebras, and all UCT Kirchberg alge-
bras with torsion-free K. The study of graph algebras is a very active one; see,
for example [81]. Indeed, they constitute a particularly tractable and accessible
class whose basic structure is well-understood.

Example 2.1.7. We collect some elementary examples of graph algebras.
1. The graph algebra associated to the graph with V' = {*} and F = ) is C.

2. For n € N| let &, denote the graph with one vertex and n loops around
it. Then C*(&,) is the universal C*-algebra generated by isometries
S1,-..,8y satisfying Z;‘L=1 s;s; = 1. Whem n = 1, the isometry s is
a unitary and hence C*(€1) = C(S1). For other values of n, the resulting
C*-algebra is known as the Cuntz algebra and denoted O,,.

3. Let n € N, and consider the graph M,, given as follows:

el eo €n—1
[ ] [ ] L L) [ ]

Then C*(M,,) = M,,.
4. Consider the graph & given as follows:

€_1 ep el
[ ] [} [ ]

Then C*(€) = K.
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2.2 Multiplier algebras

Unital C*-algebras are, for many purposes, significantly easier to work with
than non-unital ones. When a given C*-algebra A is not unital, one may
wish to consider a unital C*-algebra that contains A as an ideal. To avoid
working with C*-algebras that are “too big relative to A”, it is convenient to
look at unital algebras that contain A as an essential ideaﬂ For an algebra
of the form Cy(X), this corresponds to embedding X into a compact space
Y as an open dense subspace. In the topological setting, there are both a
minimal and a maximal way to do this: these are, respectively, the one-point
compactification X and the Stone-Cech compactification SX of X. Minimal
and a maximal unitizations also exist for an arbitrary C*-algebra A: these are
the one-dimensional unitization AT = A& C and the multiplier algebra M (A).

Theorem 2.2.1. Let A be a C*-algebra. Then there exists a unique unital
C*-algebra M(A) containing A as an essential ideal such that whenever A is
an ideal in some C*-algebra B, then there is a unique homomorphism ¢: B —
M (A) extending the identity on A and satisfying ker(¢) = {b € B: bA = {0}}.
In other words, the following diagram commutes:

A S M(A)

A
E

\
B.

Once the existence of such a C*-algebra is established, its uniqueness follows

from the universal property; see |Exercise 2.2.6, We will sketch the proof that
an algebra satisfying the properties as above exists, using double centralizers.

This requires some preparation. For a C*-algebra A and an operator T € B(A),
we define T* € B(A) by T*(a) = T(a*)* for all a € A.

Definition 2.2.2. Let A be a C*-algebra. A double centralizer on A is a pair
(L, R) consisting of maps L, R € B(A) satisfying

L(ab) = L(a)b, R(ab) =aR(b) and aL(b) = R(a)b

for all a,b € A.
We let M (A) denote the set of all double centralizers, endowed with coordinate-
wise addition and scalar multiplication, and operations

(Ll,Rl)(Lg,Rg) = (L2 OLl,Rl ORQ) and (L,R)* = (R*,L*),

for all (L,R),(L1,R1), (L2, Re) € M(A). Finally, set ||(L,R)| = ||L| for
(L,R) € M(A).

LAn ideal I in B is said to be essential if J NI # {0} whenever J is a non-trivial ideal
in B. Equivalently, if b € B satisfies bI = {0}, then b = 0.
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Proposition 2.2.3. Let A be a C*-algebra. Then M (A), as defined above, is
a unital C*-algebra.

The proof is easy, and is left as an exercise; see Perhaps the
only subtle part is showing that the adjoint operation is norm-preserving.

Example 2.2.4. Let A be a C*-algebra, and let a € A. Define L, R, € B(A)
by L4 (b) = ab and R, (b) = ba for all b € A. One easily checks that (L, R,) is
a double-centralizer, and that ||(La, Re)|| = ||la||. Moreover, it is easily verified
that the map t4: A — M(A) given by va(a) = (Lo, R,) for all @ € A is an
isometric homomorphism.

Remark 2.2.5. If A is an ideal in some C*-algebra B, then the identity
map on A extends canonically to a homomorphism ¢: B — M(A) given by
o(b) = (Lp, Rp), where Ly, Ry, € B(A) are given by left and right multiplication
by b € B, respectively. It is easy to check that ker(¢) = {b € B: bA = 0}.
Uniqueness of ¢ is also easily verified.

The proof of follows by combining [Proposition 2.2.3] [Exam-|
[ple 2.2.4] and [Remark 2.2.5]

Exercise 2.2.6. Write down a complete proof of including
uniqueness of M (A), the proof of [Proposition 2.2.3| and filling in the details in

[Example 2.2.4] and [Remark 2.2.5]

Examples 2.2.7. We list some examples of multiplier algebras, without proof.
1. If X is a locally compact space, then M(Cy(X)) = Cp(X) =2 C(BX).
2. If H is a Hilbert space, then M (K(H)) = B(H).
3. If A is a unital C*-algebra, then A = M(A).

Another convenient identification of the elements in M (A) as single opera-
tors is given as follows.

Exercise 2.2.8. Let m: A — B(H) be a non-degenerate, injective represen-
tation of a C*-algebra A on a Hilbert space H. Show that M(A) can be
canonically identified with

(T € B(H): Tr(A) C n(A), n(A)T C n(A)}.

Yet another presentation of M(A) as operators on A, once A is regarded as
a Hilbert module over itself, will be given in Section [2.4
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2.3 K-theory

The area of noncommutative topology has largely benefited from taking a notion
from topology and extending it to the category of noncommutative C*-algebras,
via a suitable rephrasing of the original notion for commutative C*-algebras
using the contravariant equivalence of the latter category with that of locally
compact Hausdorff spaces. This process has seen great sucess, since often
in point-set topology, the natural object to study is a “singular” space, that
cannot be described in purely topological terms. A prime example of this
situation is the orbit space of a non-proper action. In some of these situations,
there is a suitable noncommutative C*-algebra that can play the role of this
singular space; in the case of orbit spaces, this is usually the reduced crossed
product.

There has been a great amount in noncommutative algebraic topology —
that is, extending functors from topological spaces to groups, to general C*-
algebras. While attempts to do this for different types of homology or fun-
damental groups have not been successful, this works out particularly nicely
with K-theory. In this section we give a brief introduction to K-theory for C*-
algebras, without assuming any knowledge of K-theory for topological spaces.
The interested reader is referred to [6] for a much more thorough treatment of
this indispensable tool.

The Grothendieck group.

The Grothendieck construction allows one to obtain an abelian group from
an abelian semigroup in such a way that any group containing a homomor-
phic image of the semigroup, will also contain a homomorphic image of the
Grothendieck envelope. The following is its precise definition:

Definition 2.3.1. For be an abelian semigroup V, we define G(V) to be the
quotient of V' x V under the equivalence relation (z1,y1) ~ (22,y2) whenever
there exists z € V such that

T1+ Y2 +z=22+y1 + 2.

The set G(V) can be thought of as the set of equivalence classes of expressions
of the form = —y. Addition on G(V) is induced by addition on V' x V. Then
G(V) is an abelian group, with —(z —y) = y — « for all z,y € V. This group
is called the Grothendieck group of V.

Example 2.3.2. It is immediate to check that G(N) =Z

There is always a canonical semigroup map ty: V. — G(V), given by
ty(x) = x for all x € V. This map is, however, injective if and only if V
has cancellation, meaning that x + z = y + z implies * = y, for all z,y,z € V.
In the next example, the map ¢y is not injective.
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Example 2.3.3. Define on V = NU {o0} a sum extending the operation on
N by setting = + oo = co. Then the equivalence relation from
identifies all pairs in V, as one can see by taking z = oo. It follows that

G(NU {oo}) = {0}.
Grothendieck groups enjoy an improtant universal property.

Theorem 2.3.4. Let V' be an abelian semigroup. If G is an abelian group and
¢: V — G is a semigroup homomorphism, then there exists a unique group
homomorphism : G(V) — G satisfying ¥ o vy = @. In other words, the
following diagram commutes

v—2 @
7
Lvl / <
73w
G(V).

Morever, if G(V') is another abelian group and jy: V — G(V) is a semigroup
homomorphism satisfying the same property as above, then there exists an
isomorphism 0: G(V) — G(V) satisfying 6 o 1y = jy.

Exercise 2.3.5. Give a proof of

The Murray-von Neumann semigroup.

For a C*-algebra A and positive integers n,m with m > n, we usually identify
M, (A) with a the subalgebra of M,,(A) of those upper-left n x n matrices with
values in A. The union of these matrix algebras with these embeddings (but
not completion) is usually denoted by M., (A). Note that the completion of
M+ (A) is isomorphic to A ® K.

Definition 2.3.6. Let A be a C*-algebra. Given projections p,q € A, we say
that p and g are Murray-von Neumann equivalent, and write p ~y_yN ¢, if
there exists a partial isometry s € A with s*s = p and ss* = q.

Let n,m € N with n < m. We say that two projections p € M, (A) and
q € M,,(A) are Ky-equivalent if there exists k > 0 such that p ® 0,,—,, ®
0 ~M—vN ¢ P 0. We denote the Ky-equivalence class of p by [p]o.

We define the Murray-von Neumann semigroup V(A) of A as

V(A4) = {[plo: p € M (A) projection}.

Addition on V(A) is given by [plo + [¢lo = [diag(p,¢q)]o for projections p,q €
My (A).

Remark 2.3.7. One could define V(A) equivalently using the relations of uni-
tary equivalence (with unitaries taken in the minimal unitization) or homotopy
equivalence on the projections of My, (A). Of these relations for projections,
homotopy is the strongest, while Murray-von Neumann equivalence is the weak-
est.



2.3. K-THEORY 13

Lemma 2.3.8. Let A be a C*-algebra. Then V(A) is an abelian semigroup.

unitarily equivalent,

O

Proof. Tt suffices to show that diag(p, ¢) and diag(q, p

=

ar

— O
@

and this is easily seen by considering the unitary

O =

Examples 2.3.9. Let H be a Hilbert space.
1. If dim(#H) < oo, then V(B(H)) = N, regardless of the dimension of H.
2. If dim(H) = oo, then V(B(H)) = NU {oo}.

The Ky-group.
The definition of the Ky-group of a C*-algebra is easier when the C*-algebra

is unital, so we begin with this case.

Definition 2.3.10. Let A be a unital C*-algebra. We define its Kg-group
K((A) as the Grothendieck group (Definition 2.3.1)) of its Murray-von Neumann

semigroup V(A) (Definition 2.3.6).

Example 2.3.11. Combining the examples we saw in the previous subsections,
we deduce that

Ko(M,) =7 and Ky(B((*)={0}.

It is easily seen that K is a functor from the category of unital C*-algebras
(with unital homomorphisms) to the category of abelian groups. The standard
picture of Ko(A), for a unital C*-algebra A, is

Ko(A) ={[plo — [qlo: p,q € M (A) projections}.

Definition 2.3.12. Let A be a nonunital C*-algebra, and let A be its minimal
unitzation. Then there is a canonical unital homomorphism p: A — C, which

induces a homomorphism Ko(u): Ko(A) — Ko(C) = Z. We define K¢(A4) =
ker(Ko(p)).

With the above definition, K is a functor from the category of all C*-
algebras (with arbitrary homomorphisms) to the category of abelian groups.

The Ki-group.

Let A be a C*-algebra, let n € N, and let u € M,,(A) be a unitary. For m > n,
we regard u as a unitary in M,,(A) by identifying u with u @ 1,,_,.

Definition 2.3.13. Let A be a unital C*-algebra. Given unitaries u,v € A, we
say that u and v are homotopic, and write u ~p, v, if there exists a continuous
unitary path w: [0,1] — A such that w(0) = » and w(1) = v.

Given n,m € N with n < m and unitaries u € M,,(A) and v € M,,(A), we
say that u and v are K -equivalent, and write u ~1 v, if there exists k > 0 such
tha u ® 1,,—p, ® 1 ~p v ® 1. The Kj-equivalence class of u is denoted [u];.
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The K;i-group of a C*-algebra is defined as follows:

Definition 2.3.14. We define the K;-group K;(A) of A as
Kqi(A) ={[ui:ue U M,,(A) unitary}.
n=1

Addition on K;(A) is given by [u]; + [v]; = [diag(u,v)]; for unitaries u,v €
My (A). Then K;(A) is a group, with —[u]; = [u*]; and unit given by [1M"(g)]1
for any n € N.

With the above definition, K is a functor from the category of all C*-
algebras (with arbitrary homomorphisms) to the category of abelian groups.
Both functors Ky and K7 share a number of properties, some of which we
summarize in the next theorem.

Theorem 2.3.15. The functors Ky and K satisfy the following properties.
1. They commute with direct sums:
Ko(A® B) 2 Ko(A) @ Ko(B) and K;(A® B) = K;(A)® K,(B)
for all C*-algebras A and B.

2. They commute with direct limits: If A = L((Aj)jej, (@j.k)jket), then

Ko(A)
Ki(A)

1%

IR

((Ko(4;))jer

(Ko(®jk))jker)
(K1(A;))jer ( 7,

Pj.k

Ki(®jk))jkes)

3. They are stable: for n € N, let ¢,,: A — M,,(A) be the upper-left corner
embedding. Then Ky(t,) and K (i) are isomorphisms.

4. They are homotopy invariant: if ¢,19: A — B are homotopy equivalent
homomorphisms, then Ky(p) = Ko(¢) and K;(p) = K1(¢). In particu-
lar, Ko(A) = Ko(B) and K;(A) = K;(B) whenever A ~j, B.

Observe that parts (2) and (3) in the above theorem imply that the natural
map A -+ A® K, given by a — a®eq,1, induces isomorphisms of the K-groups
of Aand A® K.

Using part (2) in|[Theorem 2.3.15] it is possible to effortlessly compute the
K-theory of UHF-algebras.

Exercise 2.3.16. The goal of this exercise is to compute the K-theory of a
UHF-algebra in terms of its supernatural number.

1. Let n,m € N with n|m, and let ¢: M,, — M, be any unital homomor-
phism. Compute the induced map Ko(p): Ko(M,) = Ko(Mp,).
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2. Let Mo denote the CAR algebra, which is the direct limit of the ma-
trix algebras Msn, for n € N, we the canonical unital maps. Compute
Ko(Mz=) and K;(Mas).

3. Let S be a supernatural number. Compute the K-groups of the UHF-
algebra associated to S.

Exercise 2.3.17. Let A be a C*-algebra. We say that an automorphism ¢ of
A is inner if there exists a unitary u € M (A) such that ¢ = Ad(u). We denote
by Inn(A) the set of all inner automorphisms of A.

1. Show that the canonical map U(M(A)) — Inn(A) is a group homomor-
phism.

2. Show that Inn(A) is a normal subgroup of Aut(A).

3. The closure Inn(A) of Inn(A) in Aut(A) is the group of approzimately
inner automorphisms. Show that Inn(A) is a normal subgroup of Aut(A).

4. Show that Ko(p) = idg,(4) and Ki(p) = idg, (4 is ¢ is approximately
inner.

5. Is the converse to the previous item true?

For a C*-algebra A, denote by SA its suspension, which is isomorphic to
Co(R, A). Then K;(A) can be alternatively defined as K;(A) = K¢(SA). One
then defines the higher K-groups inductively, by setting K,,(4) = K,_1(SA)
for n > 1.

Bott periodicity

Perhaps the most fundamental result in K-theory for C*-algebras (or more
generally, complex Banach algebras) is the fact, known as Bott periodicity,
that Ko(A) is naturally isomorphic to K;(SA). This implies that K,,;2(A) is
naturally isomorphic to K, (A) for all n € N; in other words, complex K-theory
is periodic with period 2. (For the sake of comparison, we mention here that
real K-theory is periodic with period 8.)

Theorem 2.3.18. (Bott periodicity). Let A be a C*-algebra. Then there is a
natural isomorphism S4: Ko(A) — K1(SA).

For the proof, we refer the reader to Section 9.2 in Blackadar’s book [6].
We nevertheless discuss here the easiest case, namely A = C. This involves the
Bott projection on the 2-sphere.

Example 2.3.19. When A = C, the Bott map is an isomorphism between
Ko(C) and Ko(Cp(R?)). Since Ko(C) is generated by the class of the unit,
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it suffices to determine what Bc([1]o) is. We identify R? with C. Let p,q €
M>(Co(C)*) be the projections given by

o=(38) = (1)

Then the map B¢ is determined by Sc([1]o) = [¢lo — [Plo-

The projection q is called the Bott projection, and it can be identified with
the projection coming from a bundle as followsﬂ Identify the one-point com-
pactification of C with the space CP' of subspaces of C? of complex dimension
one, and let V be the Bott bundle, which is given by

V = {(M,v) € CP' x C,v € M}.

This is a sub-bundle of the trivial 2-dimensional bundle over CP! = $2, and
hence it is a direct summand in it. Under the natural identifications mentioned
here, ¢ is the projection onto this sub-bundle.

The 6-term exact sequence in K-theory

Let

0—>JT—">A-—T"5>B— >0

be a short exact sequence of C'*-algebras. By functoriality of the K-groups,
it follows that Ko(m) o Ko(t) = 0 and Kj(m) o K1(¢) = 0. It can even be
shown that ker(Ko(m)) = Im(Ko(¢)) and ker(K; (7)) = Im(K(¢)), so that the
following sequence is exact, for 7 =0, 1:

10) K ()
Kj(I) — K;(A) — K;(B).

However, Ky(:) and K;(:) may fail to be injective, while Ky(7) and K ()
may fail to be surjective, so that the K-functors do not preserve short exact
sequences. There is, however, a 6-term exact sequence of K-groups associated
to any short exact sequence of C*-algebras, which resembles the long exact
sequences in cohomology.

Theorem 2.3.20. Let

0—>T—>A—T"sB— >0

be a short exact sequence of C*-algebras. Then there exist group homomor-
phisms dg: Ko(B) — K;(I) (called the ezponential map) §,: K1(B) — Ko(I)

2Recall that for the algebra of continuous functions on a compact Hausdorff space, matrix-
valued projections are in one-to-one correspondence with complex vector bundles over the
space.
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(called the index map), making the following an exact sequence:

KO(L) K()(ﬂ')
Ko(I) Ko(A) Ko(B)
61T J/(So
K(B) 3 Ki(4) = Ki(])

The exponential map dg: Ko(B) — K1(I) measures the obstruction to lift-
ing projections in (a matrix algebra over) B to a projection in (a matrix algebra)
over A, and its name reflects the fact that the way that one obtains a unitary
in I is by taking exponentials.

The index map 01: K1(B) — Ko(I) measures the obstruction to lifting
unitaries in (a matrix algebra over) B to a unitary in a matrix algebra over A.
It takes its name from the fact that it generalizes the classical Fredholm index
of Fredholm operators on a Hilbert space.

Exercise 2.3.21. 1. Let

0—>=JT—">A-—T"5sB— >0

be a short exact sequence of C*-algebras, and suppose that there is a
homomorphism s: B — A satisfying m o s = idg. Show that K;(A) =
K;(I) & K;(B).

2. Let A be a C*-algebra. Use the previous part to compute the K-theory
of C(S') ® A.

3. Find examples of short exact sequences as in (1) where:

2.4 Hilbert modules and operators

Hilbert modules are a simultaneous generalization of Hilbert spaces and C*-
algebras, and are a very useful tool that allow one to give elegant and unified
proofs of important parts of the theory. Hilbert modules have had applications
in three main areas:

o Rieffel’s theory of induced representations and Morita equivalence of C*-
algebras [82];

e Kasparov’s K K-theory [50];

e Woronowicz’s theory of quantum groups [107].
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In these notes, we will be mostly concerned with the first of these applications,
specifically in Chapter [6] Cite Lance and Blackadar.

For a C*-algebra A, a Hilbert A-module is an A-module with an A-valued
inner product, satisfying axioms analogous to those satisfied by Hilbert spaces
(which are Hilbert (C-modulesED. This is the formal definition:

Definition 2.4.1. Let A be a C*-algebra and let £ be a right A-module. An
A-valued inner product on € is a map {-,-)4: £ X &€ — A which is linear on the
second coordinate and satisfies the following properties for all £,n,( € &:

1. (&m-aya = (& nyaaforall &n e and all a € A;

2. <£a77>j<4 = <7],£>A for all 5377 € 57
3. (6,64 >0forall £ € £ and (£,£)4 =0 if and only if £ =0.

If £ is complete in the norm induced by (-, -, ) 4, then we say that (&, (-,-)4)
is a Hilbert A-module.

When the coefficient algebra is clear from the context, we will write (-,-)
instead of (-, ) 4.

Hilbert modules behave very similarly to Hilbert spaces, and many construc-
tions and arguments can be adapted to this context with only minor changes.
There is just one important exception, namely that orthogonality is not nearly
as well behaved as in the Hilbert space case. For once, Hilbert submodules
are rarely complemented, and it is often the case that for a proper submodule
F C &, one has F+ = {0}, and thus F** is much larger than F.

Examples 2.4.2. Let A be a C*-algebra.

1. If I is an ideal in A, we may regard I as a right Hilbert A-module, with
the A-action given by (right) multiplication, and the inner product given
by (z,y)a = x*y for all z,y € I.

2. Let p € M(A) be a projection, and set £ = pA. Then & is a Hilbert
pAp — A-bimodule, with left and right actions given by multiplication,
and inner products given by

pAp(pa, pb) = pa(pb)*, and (pa,pb)s = (pa)*pb
for all a,b € A.

3. If (§5)jes is a family of Hilbert A-modules, then the algebraic direct sum
alg
@D &, admits a pre-inner product given by
jeJ

((&)iess (n)jes) = > (& nj)

jed

3To be precise, Hilbert spaces are the left Hilbert C-modules
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for (&),er, (;)jes € ?g &;. The completion of the algebraic direct sum
with respect to the iniii]ced norm is the Hilbert A-module @ &;. When
J is finite, no completion is needed. <

4. As a special case of the previous example, when J = N and &; = A for

all j € N, we write H4 for @ A. An alternative description of H 4 is
neN

Ha = {(an)neNi an € A, Z ay @, converges in A} ,

neN

with the inner product given by ((an)nen, (bn)nen) = > alb, for all
neN
(an)neN» (bn)neN cHy.

5. If £ is a Hilbert A-module, we define its dual module £* to be £* =
{5 ¢ € &} with & +n* = (£+n)* and A\* = (X)* for all £, € &
and all A € C. We endow £* with a left Hilbert A-module structure by
setting

a-& =(§-a)", and A(0") = (&) a.
We turn to operators between Hilbert modules.

Definition 2.4.3. Let A be a C*-algebra, and let £ and F be Hilbert A-
modules. We say that a function T': &€ — F is adjointable if there exists a
function T*: F — & satisfying

(T(&),m = (& T"(n))

for all £, € £. The operator T* is called the adjoint of T, and is uniquely
determined by T

We denote by L4(E,F) the set of all adjointable operators from & to F,
and abbreviate £4(&,E) to La(£). We also omit the subscript A whenever
confusion is unlikely to arise.

The critical reader will notice that adjointable operators are not assumed
to be linear or continuous. Indeed, this is automatic:

Proposition 2.4.4. Let A be a C*-algebra, and let £ and F be Hilbert A-
modules, and let T' € £(&, F). Then T is a continuous, linear, A-module map.

Proof. We begin with linearity. Given £1,&2,n7 € £ and A € C, we have

(T(& + A&),n) = (& + A&, T (n))
= (T(&1) + AT'(&2),m)-
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We deduce that T is linear. A similar computation, using that the inner product
respects the A-action, shows that 7' is an A-module map. Finally, to check
continuity of T', we use the Closed Graph Theorem. Let (&,)nen be a sequence
in £ converging to 0, and suppose that there exists n € F such that (T'(&,))nen
converges to 7. Then

n—oo
and hence n = 0, as desired. O

Unlike for Hilbert spaces, it is not true that every bounded A-module
map is automatically adjointable. A counterexample is the canonical inclusion
Co((0,1]) <= C(]0,1]), regarded as a map between Hilbert C([0, 1])-modules as
in item (1) of On the other hand, the following is shown just
as in the Hilbert space case.

Proposition 2.4.5. Let A be a C*-algebra and let £ be a Hilbert A-module.
Endow £(&) with the adjoint operation and with the operator norm. Then
L(€) is a C*-algebra.

Again, as in the case of Hilbert spaces, operators of finite rank and compact
operators play an important role in the theory, so we proceed to introduce these.

Definition 2.4.6. Let A be a C*-algebra, and let £ and F be Hilbert A-
modules. Given ¢ € £ and n € F, welet 0, € La(E,F) be the rank-one
operator given by 8, ¢(¢) = n - (&£,() for all { € £. One checks easily that
0y ¢ = O¢n, 80 Oy ¢ is indeed an adpmtable operator. We denote by K4(&, F)
the closed hnear span of {0, ¢: £ € E,m € F}in L4(€,F), and call the elements
in it A-compact operators. We abbreviate K4(E,E) to Ka(E). We also omit
the subscript A whenever confusion is unlikely to arise.

It is an easy exercise to verify that K(€) is an ideal in £(€), and hence a
C*-algebra in its own right.

Remark 2.4.7. A word of warning is in order. If T': £ — F is an A-compact
operator, then 7" will in general not be a compact operator in the usual sense,

when £ and F are regarded as Banach spaces; see

Next, we compute the algebra K(€) in some cases of interest.
Examples 2.4.8. Let A be a C*-algebra.

1. If A is regarded as a Hilbert A-module as in part (1) of [Examples 2.4.2]
and a,b € A, then one readily verifies that 6, is left multiplication by
ab* (which is an arbitrary element in A2 = A). Moreover, ||04 | = ||ab*||.
We deduce that IC(A) is naturally isomorphic to A. When A is unital,
the operator 0y 1 is the unit of £(A), and thus K(A) = L(A) = A. In this
case, the operator id4: A — A is A-compact, although it is not compact
unless A is finite-dimensional.
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2. Let € be a Hilbert A-module, and denote by £°° the infinite direct sum
of countably many copies of £. Then K(£°°) can be identified with the
closure of |J M, (K(&)) in L(E°°). In particular, K(E°) is isomorphic to

neN

K(€) ® K. For £ = Hy, and in combination with the preivous example,
this gives the useful identity K(H4) 2 A® K.

A number of results referring to representations of C*-algebras on Hilbert
spaces can be generalized in a straightforward manner (mostly even without
changes) to representations of C*-algebras on Hilbert modules. For example,
universal C*-algebras on generators and relations could have been defined using
representations of the relations on Hilbert modules, rather than Hilbert spaces,
without changing the outcome. Another example refers to multiplier algebras:

Proposition 2.4.9. Let A and B be C*-algebras, let £ be a Hilbert B-module,
and let m: A — Lp(€) be a non-degenerate, injective representation. Then
M(A) can be canonically identified with

{T'e Lp(&): Tn(A) Cn(A),n(A)T Cn(A)}.

The proof is identical to that of so we omit it. This presen-
tation of M (A) does have an interesting consequence, in the case A = Kg(€):

Corollary 2.4.10. Let A be a C*-algebra, and let £ be a Hilbert A-module.
Then M(K(E)) = L(E). In particular, M(A) = L(A), when A is regarded as a
Hilbert A-module.

As for Hilbert spaces, we say that two Hilbert A-modules £ and F are
isomorphic if there exists a unitary between them, that is, if there exists a
bijective map U € L(&,F) satisfying (U(£),U(n)) = (¢,n) for all {,n € E.

Perhaps the most significant result in the theory of Hilbert modules is Kas-
parov’s Stabilization/Absorption Theorem. We say that a Hilbert A-module £
is countably generated if there exists a countable set X C & such that XA is
dense in €.

Theorem 2.4.11. Let A be a C*-algebra, and let £ be a countably generated
Hilbert A-module. Then
EOHAs=HA.

Note that H 4 is countably generated if and only if A is o-unital. For
this reason, in applications one usually restricts the attention to o-unital C*-
algebras.

In order to prove we will need the following lemma, which
is proved in the same way as for Hilbert space. Recall that an element b in
some C*-algebra B is said to be strictly positive (in B) if bB = B.

Lemma 2.4.12. Let A be a C*-algebra, let £ be a countably generated Hilbert
A-module, and let T' € K(€) be a positive element. Then T is stricly positive
if and only if it has dense range.
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Proof. If T is strictly positive, then TK(E) = K(£). Now, since K(E)E is dense
in &, it follows that T'(€ is dense in &, as desired. Conversely, assume T has
dense range, and let £, € £. We will show that 6¢,, belongs to the closure of
TK(E). Let (£n)nen be any sequence in £ with nh_}rr;o T(&,) — & Then

Oy = lim Toby, ., € TK(E),

n—oo

as desired. O

Exercise 2.4.13. Prove as follows.

1. If AT denotes the one-dimensional unitization of A, denote by £ the
Hilbert AT-module which as a vector space is identical to £, with the
obvious extended action and the same A-valued inner product as £. Show
that if ET @ H+ = H+, then £ Ha = Hy. Deduce that it is enough
to prove the theorem when A is unital (which we will assume from now
on).

2. Let (£,)nen be an enumeration of a countable generating set for £, with
each element repeated an infinite number of times, and let (J,,)nen be
the canonical orthonormal basis of H 4. Show that there is a well-defined
operator T' € Ka(Ha,E ® Ha) that satisfies T(d,,) = (£,/2"™, 0,/4™) for
alln € N.

3. Show that T is injective and has dense range.
4. Show that T*T has dense range, and is hence strictly positive.

5. Show that there is a unique well-defined operator U € L(Ha,E ® Ha)
satisfying U((T*T)Y/2¢) = T(€) for all € € €.

6. Show that U is a unitary, concluding the proof of the theorem.

2.5 Morita equivalence

For a Hilbert A-module &, the set {(§,n)a: &, n € £} is not in general closed
under sums, and its closed linear span A¢ is an ideal in A which does not agree
with A in general. If A¢ = A, then we say that £ is a full Hilbert A-module.
Clearly £ is always a full Hilbert Ag-module.

Definition 2.5.1. Let A and B be C*-algebras. We say that A and B are
Morita equivalent, written A ~j; B, if there exists an A — B-bimodule £ which
is simultaneously a full left Hilbert A-module and a full right Hilbert B-module,
satisfying

A<£7’r]> ! C = 5 : <T]a<>B

for all £&,n,¢ € £. A bimodule £ as above is called an imprimitivity bimodule.
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In this section, we will prove two important results concerning Morita equiv-
alence. First, and using a construction known as the linking algebra, we will
show in that two C*-algebras are Morita equivalent if and only
if there exists a third C*-algebra into which both embed as full corners. And
second, we will prove in that for o-unital C*-algebras, Morita
equivalence is the same as stable isomorphism.

The following example will be particularly important for us.

Example 2.5.2. Let A be a C*-algebra, and let p € M(A) be a projection.

We have seen in that £ = pA is a pAp — A bimodule, and it

can be easily checked that it satisfies the identity in As a left
Hilbert pAp-module, £ is full, while A¢ is the ideal ApA generated by p. In

other words, £ induces a Morita equivalence between pAp and ApA.

In some sense, every Morita equivalence is as in the previous example.

Theorem 2.5.3. Let A and B be C*-algebras. Then A ~,; B if and only if
there exist a C*-algebra C' and a projection p € M (C) with CpC' = C(1 —p)C =
C such that pCp = A and (1 — p)C(1 —p) = B.

Exercise 2.5.4. Prove[Theorem 2.5.3] For the “only if” implication, let £ be

an imprimitivity bimodule and consider

A & a &Y.
C_[g* B}—{<n* b).aeA,beB,f,nEé’}.
Define a canonical matrix-type product and involution on C. Let C act on

gEBBby
7]* D C <77,<>B bC ’

1. Prove that C' is a C*-algebra with the induced operator norm. This
C*-algebra is called the linking algebra associated to &.

2. Show that C' and p = ( IMO(A) 8 ) satisfy the conclusion of the theo-

rem.
3. Where is fullness of £ used?

For an arbitrary Hilbert B-module &, one can define a left Hilbert Kg(&)-
module structure on &£ by

Ogn - ¢ = O¢pn(¢) and KB(£)<5777> =0y

for all £,m,¢ € £. Then £ is a K(&) — B-imprimitivity bimodule. The converse
to this remark is also true:

Lemma 2.5.5. Let A and B be C*-algebras, and let £ be an A— B-imprimitivity

~

bimodule. Then there is a natural isomorphism Kp (&) = A.
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Proof. Given &,n € &, define p(O¢ ;) = 4(n,&). By linearity and continuity,
one extends this assignment to a map ¢: Kg(£) — A, which is easily seen
to be a homomorphism. The map is surjective, because the set of all A-inner
products spans a dense subspace of A, and also injective, since it is injective
on the set of finite-rank operators. We omit the details. O]

We need to introduce the definition of the (internal) tensor product of
Hilbert modules.

Definition 2.5.6. Let A and B be C*-algebras, let £ be a Hilbert A-module,
let F be a Hilbert B-module, and let ¢: A — L(F) be a homomorphism. We
regard F as a left A-module with the action given by a -1 = ¢(a)(n) for all
a € A and all n € F. The algebraic tensor product £ ®.1s F therefore has the
structure of a right B-module. Denote by £ ®¢ F the quotient of £ ®a15 F by
the subspace generated by elements of the form

Sa@n—x®¢a)(n),

for £ € £, ne F and a € A. This is a Hilbert B-module with action given by
(E®n)b =& ® (nb), and inner product determined by

(&1 ®@m, & @mn2) = (m, d((§1,82)(102))

for all &1,&> € € and all 1,12 € F. We call £ ®4 F the internal tensor product
of £ and F with respect to ¢.

Implicit in the definition above is the fact that the sesquilinear form defined
is indeed an inner product. We omit this verification. The notation £ ®¢ F is
meant to stress the fact that the tensor product depends on the choice of ¢.
In cases where there is a canonical (or unique) choice, such as in the following
example, we may drop ¢ from the notation and simply write £ ® 4 F.

Example 2.5.7. Let H = (?(N), and B be a C*-algebra. We regard H as a
Hilbert C-module and B as a B-module. Let ¢: C — M(B) = L(B) be the
unique unital homomorphism. Then H ®¢ B is canonically isomorphic to Hp.

Example 2.5.8. More generally, let B be a C*-algebra and let £ be a Hilbert
B-module. Let ¢: C — L(€) be the unique unital homomorphism. Then
H ®c € is canonically isomorphic to the B-module £ from item (2) in

Exercise 2.5.9. Let A and B be C*-algebras, let F be a Hilbert B-module,
and let ¢: A — K(F) be a homomorphisnﬁ Show that there is a canonical
isomorphism

u: Ha ®¢ F — HQc F

determined on elementary tensors by u((§®a)®n) =R ¢(a)(n) for all £ € H,
all @ € A and all n € F. In particular, when F = B and ¢: A — B is a
homomorphism, we get Ha ®¢ B = Hp.

4This is equivalent to ¢: A — L(F) being nondegenerate in the sense that ¢(A)F is
dense in F.
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In the previous exercise, if the argument is done using C instead of H, one
obtains the isomorphisms A ®, F = F and A ®4 B = B.

Proposition 2.5.10. Let A and B be C*-algebras, and let £ be an imprim-
itivity bimodule. Then there is a canonical isomorphism ¢: £* ® 4 &€ — B of
Hilbert B-modules given by ¢(&*,n) = (§,n)p for all {,n € &.

Since A =A®e11 ~n A®K, it is clear that stable isomorphism implies
Morita equivalence. The converse is clearly not true, since for a non-separable
Hilbert space H one has C ~); K(#H) although C and K(#H) are not stably
isomorphic. A fundamental result in the theory of Morita equivalence, due
to Brown-Green-Rieffel, asserts that the converse does hold for o-unital C*-
algebras:

Theorem 2.5.11. Let A and B be o-unital C*-algebras. Then A ~;; B if
and only if A®@ K &2 B® K.

Proof. Let £ be an imprimitivity bimodule.
Claim: there is an isomorphism Ha ®4 £ = Hp of Hilbert B-modules.
Since B is o-unital, the module &£, and hence also £*, is countably generated.

In particular, we have E* ©@H 4 = H 4 by [Theorem 2.4.11} Hence, using [Propo]
at the fourth step, we get
fsition 2.5.10]
HARQAE2ZHRQcHAR®AE

2YHRXc(HADE)@aE
XY HOCHARAE) D (HRcE ®aE)
~ (Ha®a&)® (H®cB)
= HB?

thus proving the claim.

Recall that Ha ®4 € = £°° as Hilbert B-modules (see [Example 2.5.8)).

Combined with the claim above, we deduce that £*° = Hp as Hilbert B-
modules.

In the following computation, we use [Lemma 2.5.5|at the first step; item (2)
in at the second step; the isomorphism £ = Hp at the third
step; and the isomorphism Kg(Hp) = B® K at the fourth step (see last claim

in item (2) of [Examples 2.4.8)), to get
AQKZKp() @K =Kp(E>®)=Kp(Hp)=BaK.

Together with we deduce the following.

Corollary 2.5.12. Let A be a o-unital C*-algebra, and let p € M(A) be a
projection. Then pAp @ K =& ApA ® K. In particular, if p is full in A, then
pApR K =2 A® K.







Chapter 3

Group actions

3.1 (*-dynamical systems

In this section, we introduce the notion of group action on a C*-algebra, and
present a number of examples of them. A large source of examples comes from
topological dynamics, while inner actions on noncommutative C*-algebras also
play an important role in the theory.

For a C*-algebra A, we write Aut(A) for its automorphism group. If X is
any set and f: X — Aut(A) is a function, and to avoid cumbersome notation,
we usually write f, in place of f(x).

Definition 3.1.1. Let G be a topological group, and let A be a C*-algebra.
An (strongly continuous) action of G on A is a group homomorphism «: G —
Aut(A) such that for every a € A, the map a®: G — A given by a%(g) = a4(a),
for all g € G, is continuous. In this case, we say that the triple (G, A, «a) is a
C*-dynamical system, and that the pair (4, @) is a G-C*-algebra.

In these notes, actions will always be strongly continuous, and we will not
mention it explicitly. Notice that continuity is automatic if the acting group is
discrete.

The study of group actions is a generalization of the study of automorphisms
of C*-algebras, in view of the following easy observation.

Remark 3.1.2. Let A be a C*-algebra. Then there is a one-to-one correspon-
dence between Aut(A) and Z-actions on A. Indeed, given ¢ € Aut(A), the
associated action a¥: Z — Aut(A) is given by a¥(a) = ¢"(a) for all n € Z,
with the convention that ¥ = id 4.

Similarly, there are a one-to-one correspondences:
e between pairs of commuting automorphisms of A and Z2-actions on A;
e between pairs of automorphisms of A and Fs-actions on A;

e between automorphisms of A of order n and Z,-actions on A.
27
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3.2 Topological actions

It is well-known that the categories of commutative C'*-algebras and that of lo-
cally compact Hausdorff spaces are equivalent, via the Gelfand transform. Not
surprisingly, for a fixed locally compact group G, the categories of commutative
G-C*-algebras and that of G-topological spaces are equivalent. We recall first
the definition of a topological action. For a locally compact Hausdorff space,
we denote by Homeo(X) the group of homeomorphisms of X.

Definition 3.2.1. Let G be a locally compact group and let X be a locally
compact Hausdorff space. An action of G on X is a group homomorphism
0: G — Homeo(X) such that the map ¢: G x X — X given by (g, 2) = 04(z)
for all (g,2) € G x X, is continuous. When no confusion can arise, we often
omit the symbol o, and just write G ~ X to mean that G acts on X.

Theorem 3.2.2. Let G be a locally compact group and let X be a locally
compact Hausdorff space. If 0: G — Homeo(X) is a topological action, then
the formula o (f) = f o O’;l, for g € G and f € Cy(X), defines an action of G
on Cy(X).

Moreover, the assignment ¢ — ¢* defines a one-to-one correspondence be-
tween G-actions on X and G-actions on Cy(X).

We now give some relevant examples of topological actions.
Examples 3.2.3. Let G be a locally compact Hausdorff space.

1. There is unique action of G on the one-point space {x}. More generally,
every locally compact Hausdorff space X carries an action of G, namely
the trivial on idx : G — Homeo(X).

2. The action Lt: G — Homeo(G) given by Lt,(h) = gh for all g,h € G,
is called the left translation action. With a slight abuse of notation, we
also write Lt: G — Aut(Cy(G)) for the induced action.

3. More generally, if H is a subgroup of G, then H acts on G via left
translation.

4. The action Ad: G — Homeo(G) given by Ady(h) = ghg~! for all g,h €
G, is called the conjugation action. This action is trivial if and only if G
is abelian.

5. Let § € R be a number. Then the homeomorphism ry € Homeo(S?!)
given by 79(¢) = €2™0¢, for all ¢ € S*, defines a Z-action on S*. We call
this action the rotation action (by angle 6). When 6 is irrational, we call
it an irrational rotation.

6. Define the boundary 0Fs of Fy = (a,b) as the set of right-infinite reduced
words on {a,a™*,b,b71}, and endow it with the topology in which two
infinite words are close if they agree on some long initial segment. Then
JF is a Cantor set, and Fy acts on it by left concatenation (followed,
potentially, by reduction). This is called the boundary action of Fs.
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3.3 Actions on noncommutative C*-algebras

We now turn to actions on noncommutative C*-algebras.

Notation 3.3.1. If A is a unital C*-algebra, we denote by U(A) its unitary
group. When A is not necessarily unital, we write M(A) for its multiplier
algebra. There is a canonical group homomorphism Ad: U(M(A)) — Aut(A)
given by Ad,(a) = uau* for all w € U(M(A)) and all a € A. The image of Ad
is denoted by Inn(A) and it is called the group of inner automorphisms of A.
It is routine to verify that Inn(A) is a normal subgroup of Aut(A).

Definition 3.3.2. Let G be a locally compact Hausdorff group, let A be a
C*-algebra, and let z: G — U(M(A)) be a homomorphism such that for every
a € A, the map z%: G — A given by 2%(g) = zg4a for all g € G, is continuous.
Then the map Ad(z): G — Aut(A) given by Ad(z),(a) = z4az; for all g € G
and all a € A, is called the inner action associated to z.

If o is an inner action, in the sense of the definition above, then clearly
agy € Inn(A) for all ¢ € G. However, the converse does not hold in general.
The following two exercises give counterexamples:

Exercise 3.3.3. Set

(1 0 and v — 0 1
““lo -1 ) T 0 )
1. Prove that there is a well-defined action «a: Zo X Zo — Aut(Ms) deter-

mined by a(1,0) = Ad(u) and g1y = Ad(v).

2. Prove that this is not an inner action, although a, € Inn(M>;) for all
g e Zz X ZQ.

Exercise 3.3.4. Define a continuous function u: S' — M, by

H )

for all ¢ € S*.
1. Prove that u¢ is a unitary for all ¢ € S*.

2. Show that there is a well-defined action a: Zy — Aut(C(S*, Ms)) whose
nontrivial automorphism is given by conjugation by wu.

3. Prove that this is not an inner action, although Ad(u) is an inner auto-
morphism.

In some special situations, however, every action by inner automorphisms
is indeed an inner action. One such situation is given by the following lemma.
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Lemma 3.3.5. Let A be a unital C*-algebra with trivial center, let G be a
finite cyclic group, and let a.: G — Aut(A) be an action satisfying a,, € Inn(A)
for all g € G. Then « is an inner action.

As shows, the assumption that G be a finite cyclic group is

necessary in the previous lemma, while shows that the assump-
tion that A have trivial center is also necessary.

We finish this section by giving a number of methods for constructing new
actions from old ones.

Theorem 3.3.6. Let G be a locally compact group, let A be a C*-algebra,
and let a: G — Aut(A) be an action.

1. Let B be another C*-algebra, and let 8: G — Aut(B) be another action.
Let ®, be a C*-tensor product such that for all g € G, the automorphism
ag ® By of the algebraic tensor product A® B extends to an isomorphism
ag ®y By of A®, B. Then there is a well-defined action o ® 8: G —
Aut(A ®, B) given by (a ®, )y = ag ®, B, for all g € G.

2. Let I be a G-invariant ideal of A, that is, an ideal satisfying ag(I) = I
for all g € G, and denote by m: A — A/I the canonical quotient map.
Then « induces an action @: G — Aut(A/I) such that for all g € G, the
following diagram commutes:

A% g

Furthermore,

3. Let (A, <) be a directed set, and let ((Ax)aen, (tu,x)u<r) be a direct
system of C*-algebras, and denote by (A, (tx,00)rea) its direct limit. For

A€ A, let oV : G — Aut(Ay) be the action and assume that L,\’Hoag)‘) =
aé“) oy, for all A,p € A with A < p, and all g € G. Then there is a
canonical action a: G — Aut(A) satisfying ay oty oo = tx,00 © aéA) for all
g € Gand all A € A.

The next exercise shows that the assumption on ®, in part (2) of
rem 3.3.6l is not automatic.

Exercise 3.3.7. Let Ag be a C*-algebra such that Ag®ax Ag is not isomorphic
to Ap ®min Ap. (One could take, for example, Ag to be the reduced group C*-
algebra of Fy.) Set A = Ay @ Ao, and let a: Zg — Aut(A) be the flip action.
Denote by ®. the C*-norm on the algebraic tensor product A ® A satisfying

A ®'y A= (AO Qmax AO) 2] (AO Qmin AO)

Show that a; ® a; does not extend to an isomorphism of A ®,, A.
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Using we can introduce a special family of actions on UHF-

algebras.

Example 3.3.8. For n € N, let d,, € {2,3,...} be a natural number, and
denote by M, the UHF-algebra which is the direct limit of My, ® --- ® My,
for n € N. Let G be a locally compact group, and for every n € N, let
U, : G — U(M,g,) be a unitary representation. Let o™ : G — Aut(M,,) be
the inner action associated to u,, and let (" : G — Aut(My, @ --- @ My, ) be
the tensor product of o™ ... o™ (see part (1) of. Part (3)
of implies that is a well-defined direct limit action §: G —
Aut(Md).

Actions on UHF-algebras of this form are called product-type actions. For

compact groups, they have been completely classified in terms of their equiv-
ariant K-theory by Handelman and Rossmann; see [39)].

The class considered in the example above is a particular case of a more
general construction of group actions on AF-algebras obtained as certain direct
limits of actions on matrix algebras:

Definition 3.3.9. Let A be an AF-algebra, let G be a locally compact group,
and let a: G — Aut(A) be an action. We say that « is an AF-action if there
exist an AF-approximation A = liLn(An,cpn) of A, and actions a(™: G —
Aut(A,), for n € N, making the connecting maps ,, equivariant, and such
that « is (conjugate to) the direct limit of (au,, ©n)nen-

Exercise 3.3.10. Let A be an AF-algebra, let G be a finite group, and let
a: G — Aut(A) be an action. Show that A x, G is an AF-algebra.

For many decades, it was an open problem to decide whether every finite
group action on an AF-algebra is necessarily an AF-action. In [5], Blackadar
solved this problem negatively by constructing an action of Z, on the UHF-
algebra of type 2°° whose crossed product is not AF — such an action cannot be
an AF-action by [Exercise 3.3.10] The main idea is to write said UHF-algebra in
an unusual way as a direct limit of C'*-algebras that are not finite-dimensional
and do not even have trivial K. Blackadar’s construction revealed that the
structure theory of AF-algebras is really much richer than that of their algebraic
analogs, and among other things it allowed him to prove that the 2°° UHF-
algebra contains Cartan subalgebras that are themselves not AF.

The following exercise has the purpose of making the reader become fa-
miliar with Blackadar’s celebrated example. Recall that Ko (M, (C(S'))) =
K1 (M, (C(S1))) 2 Z for all n € N.

Exercise 3.3.11. For k € N, we identify My(C(S')) as
M (C(SY)) = {f:[0,1] — M continuous: f(0) = f(1),}

and define the positive twice-around embedding ¢+ My (C(S1)) — Mok (C(S1))
by

_ (cos(mt/2) —sin(mt/2)\ [ f(t/2) 0 cos(nt/2) —sin(wt/2)\"
o () = <sin(7rt/2) cos(mt/2) > ( 0 F(t+ 1)/2)) <Sin(7rt/2) cos(mt/2) >
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for all f € My(C(SY)) and all ¢ € [0,1]. Similarly, the negative twice-around
embedding ¢, : My,(C(S")) — Moy, (C(S")) is given by ¢ (f)(t) = ¢, (f)(1 1)
for all f € M(C(S')) and all ¢ € [0, 1].
1. Let k € N. Show that
Ko(¢3): Ko(My(C(S")) = Ko(Mar,(C(S1)))

is multiplication by 2, while K 1((;5%) is multiplication by the sign of ¢f.

2. For n € N, set A,, = My~ (C(S')) and let ¢,,: A, — A,41 be

_ (d(f) 0

forall f € A,,. Let A = lign(Am ¥y ). Show that A has the same K-theory
as the UHF-algebra of type 2°°.

3. Prove that A is an AF-algebra, and conclude that A is isomorphic to the
UHF-algebra of type 2°°. E|

4. For n € N, set
u, =diag (1,—1,-1,1) ® Iyn—1 € A4,
and let a: Zy — Aut(A,) be the inner action determined by w,,. Show
that ¥, : A, — A,41 is equivariant, and conclude that there is a well-
defined limit action a: Zy — Aut(A).

5. With B,, = My2n11(C(SY)), show that A% is isomorphic to B, & B,,.

6. Show that under the above identification, the restriction of ), to A%
corresponds to the map 6,: B, & B,, & B,,+1 ® B, +1 given by

On(f,g) = diag (¢;—2n+1 (f), ¢2_2n+1 (9), d’;_zm—l (9), ¢2_2n+1 (f))
for all f,g € B,.

7. Show that Ko(A*) & K;1(A%) = Ky(A). Conclude that A is not AF,
and hence that « is not an AF-action.

Bernoulli shifts are extremely important in topological dynamics and er-
godic theory. Since they also play a fundamental role within noncommutative
C*-algebras, we formally define them next.

IThis item is significantly harder than the others, and it becomes easier if one uses the
classification of C*-algebras of tracial rank zero
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Example 3.3.12. Let D be a unital C*-algebra, and let G be a discrete group.
We denote by D®C the infinite tensor product of copies of D indexed by the
elements of Gﬂ We define an action B¢ p: G — Aut(D%) on simple tensors
by

Ba,p(g)(dh, ® - @dp, @1 -++) =dgn, @+ Rdgp, @1 -

for all g, h1,...,hy, € G. We call Bg,p the Bernoulli shift of G with base D.

Another relevant family of examples of actions of noncommutative C*-
algebras is that of the so-called gauge actions. There is no formal definition of
what a gauge action is, but they typically are actions of St (or (S1)" for some
n € N) on a C*-algebra that is defined by generators and relations, where the
action multiplies some of the generators by a scalar of modulus one, in such
a way that the relations are preserved. Crossed products of gauge actions are
typically “less complicated” than the original algebras where they act, and this
is usually a very helpful feature of these actions.

In the next example, given n € N we write the elements of (S1)" as tuples

C=(C-Gn)-

Examples 3.3.13. The following are examples of gauge-type actions.

1. Identify C(S') with the universal unital C*-algebra generated by a uni-
tary u, and define an action v: S' — C(S') by ¢ (u) = Cu for all ¢ € S*.
This action is just Lt: ST — C(S1).

2. For 6 € R, let Ay denote the associated rotation algebra, which is the
universal unital C*-algebra generated by unitaries u,v satisfying uv =
e?™yu. Then there is an action v: ST — Aut(Ag) determined by ¢ (u) =
Cu and ¢ (v) = v for all ¢ € S*.

3. Identify C*(F,) with the universal unital C*-algebra generated by uni-
taries uy,...,u, without any further relations. Then there is an action
v: (SH™ — Aut(C*(F,)) determined by Yz(uj) = Cjuy for all ¢ e (shHr
andall j =1,...,n.

4. Let n € N, and consider the Cuntz algebra O,,, which is the universal
unital C*-algebra generated by isometries s1, ..., s, satisfying > s; s =
j=1
1. Then there is an action v: (S1)" — Aut(0,,) determined by Yz(s5) =
¢jsjforall (€ (SH" and all j =1,...,n.

Examples (1) and (4) above are particular cases of the gauge action on a
graph algebra.

2Formally, this infinite tensor product is defined as the direct limit of algebras of the
form ®gepD, for F C G finite, where for finite sets ¥ C F/ C G the connecting map
®gEFD — ®gEF’D isz—rT® 1F’\F'
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Example 3.3.14. Let & = (V, E, 1, s) be a directed graph (see[Definition 2.1.6)).
We denote a generic element of the group (S')¥ = {f: E — S1} by z, and for
e € E we write z, for the evaluation of z at e. The gauge action on C*(€) is
the action v: (S1)F — Aut(C*(€)) determined on generators by

’Yz(pv) = Pv and '-Yz(se) = ZeSe

forallv € V and all e € E.
The restriction of  to the (constant) copy of St is sometimes also referred
to as the gauge action of S* on C*(£).



Chapter 4

Full and reduced crossed
products

4.1 Covariant representations and crossed products

One of the main goals of these lecture notes is to study the structure of crossed
products by certain classes of actions. This section is devoted to the construc-
tion of full and reduced crossed product, and we also prove some elementary
properties.

Definition 4.1.1. Let G be a locally compact group, and let a: G — Aut(A)
be an action on a C*-algebra A. A covariant representation of (G, A, ) is a
triple (H, u, ¢), where H is a Hilbert space, u: G — U(H) is a strongly contin-
uous unitary representatiorﬂ and ¢: A — B(H) is a representation satisfying

plag(a)) = ugp(a)ug

for all g € G and all a € A.

A covariant representation (H, u, ¢) is called regular if there exist a Hilbert
space Ho, arepresentation pg: A — B(Ho) and an identification H = L2(G, Ho)
under which » and ¢ are given by

ug(€)(h) = &(g~'h) and  @(a)(£)(g) = wolag-1(alg)))(E(9))

for all g,h € G, for all £ € H and for all a € C.(G, A, ).
A covariant representation (H,u, ) is said to be non-degenerate if ¢ is
non-degenerate.

Remark 4.1.2. The previous definition also has a recipe for constructing
regular covariant representations, and in particular shows that covariant rep-
resentations exist. Namely, starting from any representation ¢: A — B(H), we

IThis means that for every & € H, the map u¢: G — H given by u¢(g) = ugy(€) for all
g € G, is continuous.

35
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take HY = L?(G,Ho) and let \*: G — U(HY) and p&: A — B(HS) be given
by

NHE)(h) =¢&(g™th) and ¢ (a)(€)(9) = p(ay-1(al9)))(£(9))

for all g,h € G, for all £ € H and for all a € C.(G,A,«). Then the tripe
(HE, A", %) is a (regular) covariant representation.

The full crossed product of a C*-dynamical system (G, A, «) is defined to
be the universal object with respect to covariant representations of the system,
while the reduced crossed product is defined to be the universal object with

respect to regular covariant representations; see [Definition 4.1.8] below. The

rigourous definition in the case that G is locally compact requires that one
develops some theory of integration on Banach spaces. Since the focus of these
notes will be on discrete groups, we omit much of this discussion here.

Definition 4.1.3. Let G be a locally compact group, and let a: G — Aut(A)
be an action on a C*-algebra A. Let p denote a left Haar measure on G, and
let A: G — R denote its associated modular function. Endow the vector space
C.(G, A) of continuous compactly supported functions from G to A with the
product given by the following twisted convolution

(@s0)(e) = [ ko) duth
for all a,b € C.(G, A) and all g € G, and with the following twisted convolution

a*(g) = Ag) " aglalg™)")

for all a € C.(G, A) and all g € G. Finally, we define the norm of a € C.(G, A)
by |lallr = [ lla(g)|l du(g). The resulting object is denoted by Ce(G, A, ).

Exercise 4.1.4. Prove that C.(G, A, «) is a normed *-algebra, and that it is
unital if and only if G is discrete and A is unital.

Remark 4.1.5. When G is discrete, C.(G, A, a) is sometimes denoted by
A[G], and it admits a more concise description as follows:

AlG] = Z agdg: F C G finite, and ay € Aforall g € F 3,
geF

with multiplication given by augbun, = acgy(b)ugn, and involution given by
(aug)* = ug-1a* = ag-1(a*)é,-1 for all a,b € A and all g,h € G.

It turns out that *-representations of C.(G, A, «) on Hilbert space are in
one-to-one correspondence with covariant representations of (G, A, ), via the
integrated form.
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Theorem 4.1.6. Let G be a locally compact group, and let a: G — Aut(A)
be an action on a C*-algebra A. Then there is a canonical one-to-one cor-
respondence between (non-degenerate) covariant representations of (G, A, a)
and (non-degenerate) s-representations of C.(G,A,«a). If (H,u,¢) is a co-
variant representations of (G, A, «), then the associated #-representation ¢ x
u: Co(G, A, o) — B(H) is called the integrated form of (u, ), and is given by

(e 2@t = | elala)(ul©) duto)
for all @ € C.(G, A, o) and all £ € H.

Proof. Let (H,u,p) be a covariant representations of (G, A,«a). We need
to show that the formula in the statement determines a x-representation of
C.(G,A,a). Given a,b € C.(G, A,a) and £ € H, we have

(p % u)(ab)€ = / (ab(9)) g (€) du(g)

- [ ] #ta
/ / ) ung(b(h™"g))un-14(&) du(h)du(g)

= ([ statmyu, ( [ oot (€) du) ) auin))
(¢ % w)(a) o (% u)(@) &

so  x u is multiplicative. One checks analogously that ¢ x u is *-preserving.

We proceed to show that any s-representation of C.(G, A,«) is the inte-
grated form of a covariant representation of (G, A, a)). We only prove the result
when G is discrete and A is unital, and refer the reader to [99] for a proof in
the general case.

Assume then that G is discrete and that A is unital. We denote by é, €
C.(G, A, a) the corresponding Kronecker delta, and by ¢: A — C.(G, A, «) the
*-homomorphism given by t(a) = ad; for a € A.In the case of discrete groups,
integrated forms take a particularly nice form. Indeed, a generic element of

C.(G, A, ) has the form > a4, where a, € A for all g € G and a4 # 0
geG
for at most finitely many g € G. If (H,u, p) is a covariant representations of

(G, A, a), one easily checks that

(p u)(z agly) = Z plag)ug

geG geG

an(b(h™"g)))ug(§) du(h)du(g)

Let ¢: C.(G,A,a) — B(H) be an x-representation. Set ¢ = 1 o and
let u: G — B(H) be given by u(g) = ¢(dy) for all g € G. Then ¢ is a
representation of A, and u is a unitary representation of G.
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We claim that ¢ = ¢ x u. To check this, it suffices to show that they agree
on elements of the form ad,, for a € A and g € G. This is readily checked:

(¢ 2 u)(ady) = p(a)ug = 1p(ad1)(8y) = b(ady),
thus concluding the proof. O

The reader is encouraged to prove the above result in the case that G is
discrete but A is not necessarily unital, using limits along an approximate
identity to define the unitary representation.

Exercise 4.1.7. Let G be a discrete group, let A be a C*-algebra, and let
a: G — Aut(A) be an action. Show that any x-representation of C.(G, A, a)
is the integrated form of a covariant representation of (G, A, ).

We are now ready to introduce full and reduced crossed products.

Definition 4.1.8. Let G be a locally compact group, and let a: G — Aut(A)
be an action on a C*-algebra A.

We define the full crossed product A x, G of (G, A, «) to be the completion
of C.(G, A, a) with respect to the norm

llallax,c = sup{||(¢ xu)(a): (p,u) is a covariant representation of (G, A, a)}.

We define the reduced crossed product A Xy o G of (G, A, @) to be the com-
pletion of C.(G, A, «) with respect to the norm

llallaxy .c = sup{|/(¢pxu)(a): (¢, u) is a regular covariant representation of (G, A, a)}.
By definition, there is a canonical quotient map x: A Xo G = A X o G.

It follows directly from the definitions that representations of A x, G are
in one-to-one correspondence with covariant representations of (G, A, &), and
that representations of A X o G are in one-to-one correspondence with regular
covariant representations of (G, A, «). These are generalizations of the corre-
sponding facts for the full and reduced group C*-algebras C*(G) and C5(G) of
G, which are, respectively, the full and reduced crossed products of the trivial
action of G on C. Section contains the explicit computations of a number
of crossed products. In particular, is a generalization of the
observation that C x G = C*(G) and C x, G = C}(G).

Full crossed products by discrete groups admit a very natural description
as universal C*-algebras with generators and relations, as we show next.

Theorem 4.1.9. Let G be a discrete group, and let a: G — Aut(A) be an
action on a C*-algebra A. Then A %, G is canonically isomorphic to the
universal C*-algebra generated by the set {au,: a € A, g € G}, where ug4 is
a unitary for all ¢ € G, subject to the relations augbup, = aag(b)ug, for all
a,be Aand all g,h € G.
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Proof. Denote by B the universal C*-algebra described in the statement; we
will show that there is a canonical isomorphism B & A x, G. By universality
of B, and since A x, G is generated by the same generators and relations as
B, there is a surjective map m: B — A X, G, which maps an element auy to
adg € Co(G,A,a), for alla € Aand all g € G.

Observe that there is a canonical inclusion ¢: C.(G,A,«) — B deter-
mined by sending t(ady) = auy for all a € A and all g € G. We obtain a
x-representation of C.(G, A,a) on B, which by must be the
integrated form of some covariant representation (¢, u), where ¢: A — B is a
homomorphism and u: G — M(DB) is a unitary representation. By the univer-
sal property of the crossed product, the integrated form of (p,u) extends to
a homomorphism 0: A x, G — B satisfying 0(ad,) = (¢ X u)(ady) = aug. It
follows that = and 6 are mutual inverses, and thus B is canonically isomorphic
to A X, G. O

Observe that in the context of the theorem above, the elements ug4, for
g € G, belong to the multiplier algebra of A %, G, and w; is its unit. In
particular, A is contained in A x, G as Au;.

Remark 4.1.10. In particular, when A is unital, a crossed product of the
form A X, Z is the universal unital C*-algebra generated by a unital copy of
A together with a unitary u satisfying uvau* = a1 (a).

In previous examples, equality between full and reduced crossed products
was deduced from simplicity of the full crossed product. A very general instance
in which full and reduced crossed products agree is when the acting group is
amenable, as we show in the next theorem, whose proof is very similar to the
proof that the universal map C*(G) — C5(G) is an isomorphism when G is
amenable.

Theorem 4.1.11. Let G be a locally compact group, let A be a C*-algebra,
and let a: G — Aut(A) be an action. If G is amenable, then the natural map
Kkt AXg G — A Xy oG is an isomorphism.

Proof. Let x € C.(G, A, ), let (H, @, u) be a covariant representation, and let
e > 0. Use ¢ to construct the regular covariant representation (HE, A, )

as in Using the notation from we will show that
(e > w)(@)]| =& < (% x A¥)(2)]-
Recall that HY is just L2(G,H). Let v € U(H®) be the unitary given by
v(€)(9) = u, ' (£(9))

for all ¢ € H® and all g € G.
Claim: For all g € G and all a € A, we have

v(Ag @ ug)v* =Ag @ 1y, and v(lzg) ® @(a))v* = ¢%(a).
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The proof of the claim is a routine verification, which we omit.

It follows that (H%, A ® u,1 12(q) @ @) is a regular covariant representa-
tion that induces the same norm as (H%, A", %) on C.(G, A, a). It therefore
suffices to show that

I > u) (@) —e < [(1@ ¢ x (A u)(@)|.

Without loss of generality, we may assume that ||(¢ % u)(z)|| = 1. Choose
& € H with ||| = 1 and

(e > u) (@)l > 1 —e/2.
Set F' = supp(z) U {1} and
5= (11__5£Q>2 ~1>0,

and use amenability of G to find a compact subset K C G satisfying u(F 1K) <
(1+0)u(K). Let £ € HY = L?(G,H) be given by

| &, forge FK
¢lg) = { 0, else.

Then ||¢]| = u(F~1K)Y2||&]l < (14 6)Y2u(K)1 /2. One shows that

(T@p) @ A@u)(x)E(g) = (ux @)(x)(&)

for all g € K, from which it follows that

11 ® @) %A@ u)(@)e] = u(K) 2w x ) (a)(E) | = u(E) (1-2).

We conclude that
u(K)2 (1= %)
(1+8) ()2

=1+ (1-5) = -e),

(M@ ex A@u) ()] >

as desired. 0O
When A = C, the converse to [Theorem 4.1.11|is true: if C*(G) = C5(G),

then G is amenable. For actions on arbitrary C*-algebras, however, this need
not be the case. For example, Cy(G) x G = Cy(G) % G regardless of G, by
[Proposition 4.2.3]

Full and reduced crossed products exhibit nice functoriality properties with
respect to a number of constructions in C*-algebras. We record a few of them,
and leave some of the proofs to the reader.
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Proposition 4.1.12. Let G be a locally compact group, let A and B be
C*-algebras, and let a: G — Aut(A) be an action. Then there are natural
isomorphisms

(A O max B) N a@maxid s G= (A N G) O max B

and
(A ®min B) ><])\,a®m;nid3 G = (A N)\,a G) O min B.

Exercise 4.1.13. Let G be a locally compact group, let A and B be C*-
algebras, and let a: G — Aut(A) be an action.

1. Prove[Proposition 4.1.12| by comparing the representations of the objects
involved.

2. Can [Proposition 4.1.12] be generalized to the case when G acts non-
trivially on B?

Proposition 4.1.14. Let G be a locally compact group, let A, and let a: G —
Aut(A) be an action. Suppose that A can be written as a direct limit (A4, (tn,00 )nen) =
lig(An,Ln), and that there exist actions a(™: G — Aut(4,), for n € N,
which make the connecting maps ¢,, equivariant, and satisfy oy (in,00(a)) =
Ln’oo(as(,n)(a)) for all g € G, for all n € N and for all a € A,,. Then

Ax,G= ligAn Moy G and A Xy oG = @An Xy am G

Exercise 4.1.15. Prove |Proposition 4.1.14] in the case that all the maps ¢,
are inclusions.

Discussion about extensions: goes well with full crossed products, not so
with reduced. What is needed later is that the crossed product of an invariant
ideal is an ideal in the crossed product.

For future use, we give here explicit descriptions of approximate identities
in full crossed products (and hence also on reduced crossed products). This
description has two very useful consequences: first, when A is discrete then any
approximate identity of A is an approximate identity of A x, G. And second,
if G is first countableﬂ and A is o-unital, then A x,, G is also sigma unital.

Proposition 4.1.16. Let G be a locally compact group, let A be a C*-algebra,
and let a: G — Aut(A) be an action. Let (a;);jes be an approximate unit for
A, and let (fi)rex be an approximate unit for C*(G). Then (a;fi)jcsrer is
an approximate unit for A x, G.

Proof. In order to check that (a; fi);jesrex is an approximate unit for A x, G,
it suffices to show that it is an approximate unit for elements of the form fa,
for f € C.(G) and a € A.

2Recall that for a locally compact group G, its full group algebra C*(G) is o-unital if
and only if G is first countable.
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Accordingly, let S C C.(G) and F' C A be finite subsets, and let € > 0.
Without loss of generality, we assume that ||a|| =1 for all a« € F. Find k € K
such that

Ife*f— fll <e&/2 and max ||ag(a) —all <e/2
gesupp(fr)

for all f € S and all a € F. Find j € J such that

o ([ awl@sio) dut@)) - [ aito) auto)| <2

forall a € F. Given a € F and f € S, we have

layfo)(af) — af]| = ( [ st du(g)> (fox f)—af

<|la, / ag(a) filg) dug) — a| + | fi* f — £
G

< /G ag(a) fi(g) dpi(g) — a

+¢e/2

~| [ @) - arite) du(g)H T
max__[ag(a) - af /G fi(g) dulg) +2/2

" gesupp(fi)
<eg/24+¢€/2=¢,
as desired. O

Corollary 4.1.17. Let G be a locally compact group, let A be a C*-algebra,
and let a: G — Aut(A) be an action.

1. If G is discrete, then any approximate identity of A is an approximate
identity of A x,, G.

2. If G is first countable and A is o-unital, then A x,, G is also sigma unital.

4.2 Examples and computations

This section is devoted to the computation of a number of examples of full and
reduced crossed products. We begin with the trivial action on a C*-algebra.

Example 4.2.1. Let A be a C*-algebra, let G be a locally compact group,
and let idga: G — Aut(A) be the trivial action. Then there are canonical
isomorphisms

A Hid 4 G=A Qmax C*(G) and A XN ida G=A Qmin C;(G)
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Proof. Covariant representations for (G, A,id4) on a Hilbert space H are in
natural one-to-one correspondence with pairs (¢, 7) of commuting represen-
tations ¢: A — B(H) and 7: C*(G) — B(H). Thus, the universal object for
these representations is the maximal tensor product of A and C*(G). Similarly,
regular covariant representations of (G, A,id 1) have the form (¢®idpz2(q),idy®
A), where ¢: A — B(H) is some representation and \: G — U(L?(G)) is the
left regular representation. The universal C*-algebra that these representations
generate is thus the minimal tensor product of A and C5(G). O

The notation x that we use for crossed products is inspired by the following
fact.

Exercise 4.2.2. Let G = N x H be a semidirect product of discrete compact
groups. Show that there are canonical isomorphisms

C*(G) 2 C*(N)x H and CL(G) = CL(N) %y H.

For the next computation, we recall that M,, is the universal unital C*-
algebra generated by {e;r: j,k =1,...,n}, subject to the relations

n

€j,k€L,m = Ok,m€jm. €jk = €k,js E e =1
Jj=1

for all j,k,I,m =1,...,n. Elements e; as above are called matriz units for
M,.

Proposition 4.2.3. Let G be a locally compact group. Then there are canon-
ical isomorphisms

Co(G) x1e G = Co(G) xare G = K(LX(G)).

Proof. We only prove the proposition in the discrete case; the proof for arbi-
trary G can be found in ?777.

For g € G, we denote by u, the canonical unitary implementing Lt, in the
full crossed product, and we denote by x4 € co(G) the characteristic function
of {g}. For g,h € G, set ey, = Xgugp—1 € co(G) X G.

Let F C G be a finite set.

Claim: There is a canonical isomorphism pp: B((?(F)) — C*({egn: g, h €
F'}) satisfying pp(1) = )2 cp€g,g- For this, it is enough to show that the
set {e,n: g,h € F} satisfies the relations for matrix units in B(¢*(F)). For
g,h,k,m € F, we have

€g,hCk,m = XgUgh—1 XkUkm—1
= XgLtgn—1 (X&) Ugh-11m—1
= XgXgh—1kUgh—1km—1

= Xg5h7kugm—1 .
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On the other hand, it is clear that e} , = ep 4 for all g,h € F. The claim thus
follows.

Observe that if F; C F; are finite subsets of G, and we regard B(¢?(F})) as a
(non-unital) subalgebra of B(¢*(F)), then o, |g(e2(r)) = ¢r,- We deduce that

the family (¢r) zc o finite induces a well-defined contractive homomorphism

p: |J  B(F)) = Ce(G,co(G),Lt).
FCG finite

By continuity, ¢ extends to a homomorphism v : K(¢£?(G)) — co(G) ¥t G. This
homomorphism is surjective, since its range contains the dense set span{eg : g, h €
G}. Since K(¢?(@G)) is simple, ¢ must also be injective and hence an isomor-
phism.

Finally, since ¢o(G) 11 G is simple and ¢o(G) xx 1t G is a quotient of it (via
k), they must be isomorphic. O

The previous proposition can be generalized

Proposition 4.2.4. Let G be a locally compact group, let H be a closed
subgroup, and let G act on G/H by translation. Prove that there are canonical
isomorphisms

Co(G/H) xu G = C*(H) © K(L*(G/H))

and
Co(G/H) 1. G = C5(H) ® K(L*(G/H)).

Exercise 4.2.5. Prove [Proposition 4.2.4]in the case that G is discrete.

Example 4.2.6. Let 6 € R be a number, and let 79: Z — Aut(C(S!)) denote
the rotation action from part (5) of Then C(S1) x,, Z is
isomorphic to Ay, that is, the universal C*-algebra generated by two unitaries
u, v satisfying uv = €2™%yu, and the same is true for C(S1) xy ., Z

Proof. Let v denote the canonical generating unitary of C(S*). Then rq(v) =
ey, and hence the result follows from The reduced crossed
product, being a quotient of the simple C*-algebra Ay, is therefore isomorphic

to Ay itself. O

Example 4.2.7. Let Zy act on S via conjugation, and denote by a: Zo —
Aut(C(S1)) the induced action. We will show that

C(SY) o Zo =2 {f € C([~1,1], Mu): f(1), f(—1) are diagonal}.

Denote by S}r the closed upper-half circle, and observe first that the algebra

B= {f € C(SL, Ms): f(1), f(—1) are of the form B y}}

xT
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is isomorphic to what we want to get. Define ¢: C(S') — B by
_|fz) 0
o(f) = { 0 f(z)

for all f € C(S') and all z € S%, and let v € U(B) be the unitary given by

v(z) = [(1) (1)] for all z € S1. One checks that v? = 1 and that vp(f)v* =

o(ai(f)) for all f € C(S). By the universal property of C(S!) x,, Zso, there
is a unique homomorphism 1 : C(S!) %, Zs — B extending ¢ and satisfying
¥(u) = v. One checks that this homomorphism is given by

_[folz) £i(2)
V(fo+ fru) = [ff@ fé(zﬂ

for all fo, f1 € C(S') and all z € S1. The rest of the proof consists in showing
that 1 is an isomorphism, which we leave as an exercise.

Exercise 4.2.8. Complete the details in

Exercise 4.2.9. Let Zy act on [—1, 1] via multiplication by -1, and denote by
a: Zo — Aut(C([—1,1])) the induced action. Compute C([—1,1]) x4 Zo.

The following computation will be very relevant in The action
we consider there is a particular case of a product type action, as defined in

Q
P O

Proposition 4.2.10. Let G be a finite group, and set m = |G|. We denote
by D the UHF-algebra of type m®, which we identify with the infinite tensor
product of B(¢%(G)). Let A: G — U(¢*(G)) denote the left regular representa-
tion, and let 6: G — Aut(D) be the action given by

by = ®pZ1Ad(Ag)
for all g € G. Then D x4 G is isomorphic to D.

Proof. For n € N, set D, = @ B(¢*(G)) and let 6 : G — Aut(D,,) denote
j=1

the restriction of § to D,. ISenote by tn: Dp — Dpy1 the map given by
tn(d) =d®1 for all d € D,,, and note that (D, ) is the equivariant direct limit
of the systems (D, t,,,5™). We denote by

Lp X G: Dn A 5(n) G — Dn+1 A §(n+1) G

the homomorphism induced by ¢,. By |[Proposition 4.1.14] there is a natural
isomorphism

@(Dn X 5(n) G7Ln X G) =D As G.
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We begin by computing D,, x5x) G. For g € G, set )\gn) = @ Ay, so that
j=1
558”) = Ad()\g")). For g € G, we write uy € Dy, x5t G and vy € C*(G) for the

canonical unitaries. We define a linear map

n

Ont Dy Xgm) G—-D,® C*(G)

by ¢n(dug) = d)\,(]") ®vg for all d € D, and all g € G. We claim that ¢, is an
isomorphism. To check multiplicativity, we let d,e € D,, and g,h € G. Then

on(dug)pn (eur) = (d)\gn) ® vg)(e/\gln) ® vp)

= (AP eA™) @ vgn

= 6§ ()N @ vy

= on(ddg") (e)ugn)

= en((dug)(eun)),
as desired. A similar computation shows that ¢,, is *-preserving. The map ¢,
is clearly surjective, since its image contains all elementary tensors. Injectivity
can be deduced from the fact that both the domain and the codomain of ¢,, are

finite-dimensional C*-algebras with the same linear dimension. One can also
see this directly by constructing its inverse, which is the map 1, : D,,@C*(G) —
D, x5ty G given by ¥, (d ® vg) = d)\(gﬁ)lug for all d € D,, and all g € G. This
proves the claim.

It follows that there is an isomorphism

Dx;G= hﬂ(Dn ® C*(G), pnt1 0 (tn X G) 0 hy,).
The connecting map is given by
(Pnt1 0 (tn @ G)ohn)(d @ vy) =
O

Similar arguments can be used to compute the crossed products of other
product-type actions. The following computation will be relevant in[chapter 12]

Exercise 4.2.11. Let G be a finite group, and set m = |G|. We denote by FE
the UHF-algebra of type (m + 1)*°, which we identify with the infinite tensor
product of B(¢*(G) @ C). Let A® 1: G — U(*(G) @ C) denote the direct
sum of the left regular representation and the trivial representation, and let
B: G — Aut(FE) be the action given by

By =@ Ad(Xg @ 1)

for all g € G. Compute E xg G, at least when G = Zs.
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4.3 Conditional expectations in crossed products by
discrete groups

In this section, we will establish the existence of a canonical conditional ex-
pectation from full and reduced crossed products by discrete groups back into
the original coefficient algebra. We will also prove a distinguishing feature of
the reduced crossed product, namely, faithfulness of its canonical conditional
expectation.

Lemma 4.3.1. Let G be a discrete group, let A be a C*-algebra, and let
a: G — Aut(A) be an action. Let ¢: A — B(H) be a representation and
let (HE, A", %) be its associated regular covariant representation as in

Let F C G be a finite set, let ay € A, for g € F, and set

a= Z agug € Ce(G,A,a) CA Xy G.
geF

1. For £ € HY and g € G, we have

(9 x N (@)€)(9) = D plag-1(an)(E(h"g)).

heG

2. For g € G, let s, € B(H,H®) be the isometry which sends ¢ to &5, for
all £ € H. For all g,h € G, we have

s;(gaG X )\H)sh = p(ag-1(agy-1)).

The proof of the previous lemma is routine, so we leave it as an exercise.

Exercise 4.3.2. Prove [Lemma 4.3.1]

Lemma 4.3.3. Let GG be a discrete group, let A be a C*-algebra, let a: G —
Aut(A) be an action, and fix g € G. Then there exists a unique contractive
linear map Eg: A x50 G — A satisfies Ey(a) = ag for all a = > paguy €

C.(G,A,a) as in Moreover, for every representation ¢: A —
B(#H), one has

52(6% % N (B)s = (g1 (Eyps (b)).
for all g,h € G, and for all b € A x5 o G.

Proof. Define a linear map Eéo): C.(G,A,a) — A by evaluating at g. Then
E, is continuous with respect to the || - ||« norm on C.(G, A, ). It therefore
suffices to show that || - [[cc < || - [|]x norm on C.(G, A,«). For a as in the
statement, and for an isometric representation 7: A — B(H), we have

llagll = lImo(ag)ll = lIs1( x A)(@)sg-1[| < [1(¢% % X*)(a)l| < llallx-

The last identity follows immediately from part (2) of [Lemma 4.3.1 O



48 CHAPTER 4. FULL AND REDUCED CROSSED PRODUCTS

It follows that for any a € A 1) o G, and hence for every a € A x, G, there
are well-defined coefficients a, € A, for g € G. (This is obvious for elements in
C.(G, A, a).) However, a cannot in general be recovered as deg aglg, since
this series does not in general converge in the crossed product. However, as we
show next, an element in the reduced crossed product is zero if and only if all
of its coefficients are zero.

Theorem 4.3.4. Let G be a discrete group, let A be a C*-algebra, and let
a: G — Aut(A) be an action.

1. If a € A X o G satisfies Eg(a) =0 for all g € G, then a = 0.
2. If a € A Xy, G, then |[Ey(a*a)|? < ||E1(a*a)]| for all g € G.
3. If a € A %) o G satisfies Eq(a*a) =0, then a = 0.

Proof. (1). Let ¢: A — B(H) be a representation. If a € A x o G satisfies
Ey(a) =0 for all g € G, then s;(th x A" (a)s, = 0 for all g, h € G, and hence
(% x A™)(a) = 0. Since ¢ is arbitrary, it follows that a = 0.

(2). For a finite subset /' C G and anelement a = . p agug € Cc(G, 4, a),
we have

a‘a = Zag_l(aga;i)ug_lh
g,h

and thus
Ei(a*a) = Z agay = Z Ey(a)Eq4(a™).
geG geG
Thus Ei(a*a) > ay-1(Ey(a)Eg(a)*) for all g € G and hence ||Ei(a*a)|| >
|E4(a)]|?. By continuity, this holds for all elements in 4 x5 o G.
(3). If Ei(a*a) = 0, then E4(a) = 0 for all g € G by part (2), and hence
a =0 by part (1). O

Among the maps E,, for g € G, the one corresponding to the unit of the
group is special. For once, it is a completely positive map, and it is even a
conditional expectation in the sense of the following definition.

Definition 4.3.5. Let B be a C*-algebra, let A C B be a C*-subalgebra,
and let E: B — A be a positive, linear map. We say that F is a conditional
expectation if E(a) = a for all a € A, and E(ab) = aE(b) for all a € A and all
be B.

When A and B are commutative von Neumann algebras and FE is unital,
it can be shown that a conditional expectation in the sense of
is given by a conditional expectation at the level of the underlying measure
spaces, in the sense of probability theory.

Proposition 4.3.6. Let G be a discrete group, let A be a C*-algebra, and let
a: G — Aut(A) be an action. Then the map Fy: Ax) oG — Ais a conditional
expectation.
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Proof. Positivity of F; follows by taking ¢ = h = 1 in the displayed identity

of [Lemma 4.3.3] Since A is identified with Au; C A %) o G, it is clear that

E(a) = a for all a € A. Finally, given a € A and b € C.(G, A, a) of the form

b= Y bgug, it is clear that E(ab) = ab; = aE(b). Since E is continuous, it
geG

follows that this identity holds for all b € A X o G, as desired. O

Definition 4.3.7. Let G be a discrete group, let A be a C*-algebra, and let
a: G — Aut(A) be an action. Then the maps

E=FE:A%,oG—A and EFok: Ax,G— A

are called the canonical conditional expectations on the reduced and full crossed
products, respectively.






Chapter 5

Duality theory for abelian group
actions

In this chapter, we will prove a generalization of Pontryagin’s duality G~G
in the context of crossed products of C*-algebras, usually known as Takai
duality. In its most classical form, it is a result about crossed products by
abelian groups, although generalization for arbitrary groups, using coactions,
exist 777. For the sake of clarity of the exposition, we will restrict ourselves to
the abelian case.

The original proof of Takai duality, due to Takai, has been subsequently
simplified by other authors. In these notes, we have chosen to follow Raeburn’s
proof [80], which is based on the universal property of the (full) crossed product.
Accordingly, we devote the next section to establishing said universal property
and discussing an important example, namely G acting on Cy(G) by translation
(see also [Proposition 4.2.3)).

5.1 The universal property of the full crossed products

In this section, we prove that the full crossed product of a C*-dynamical system
can be completely described through a universal property intimately related
to covariant representations of the system. This presentation is not surprising,
but it has the advantage of making certain computations of crossed products
much easier. Additionally, a relatively elementary proof of Takai duality can
be given using this picture of the crossed product.

Notation 5.1.1. Let G be a locally compact group, let B be a unital C*-
algebra, and let u: G — U(B) be a unitary representation. We will usually
also denote by u: C.(G) — B the non-degenerate *-representation given by

U(f) = fG f(g)ug d,u(g) for all f € C('(G)

Theorem 5.1.2. Let G be a locally compact group, let A be a C*-algebra,
and let a: G — Aut(A) be an action. Then there exist homomorphisms

tat A= M(AXx,G) and 1g: G - UM(A %, G))
51
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satisfying
1. ta(ag(a)) = ta(g)ra(a)ig(g)~! for all a € A and all g € G;
2. Axo, G=3pan{ia(a)c(f):a € A, f € C.(Q)};

3. Whenever (H,u, @) is a covariant representation of (G, A, «), then
p=(pxu)ory and u= (¢ X u)oLq.

Moreover, suppose that B is another C*-algebra and that j4: A — M(B)
and jg: G — U(M(B)) are maps satisfying conditions (a), (b) and (c) above.
Then there exists an isomorphism ¢ : A X, G — B such that Y or4 = j4 and
YoiG = jg.

Proof. For g € G, let 1g(g): C.(G, A, ) = C.(G, A, a) be given by vz (g)(z)(h) =
ag(z(g~th)) for all z € C.(G, A, @) and all h € G. 1t is easily seen that tc(g)
determines an invertible multiplier of A x, G, and that the resulting map
tg: G — M(A x4 G) is a unitary representation.

For a € A, let ta(a): Cc(G, A, a) = C.(G, A, a) be given by t4(a)(x) = ax
for all z € C.(G,A,a). It is easily seen that t4(a) determines an invertible
multiplier of A x, G, and that the resulting map t4: A = M(A x, G) is a
homomorphism. The maps ¢ and ¢4 clearly satisfy conditions (1), (2) and (3)
above.

Now let (B, ja,jc) be a triple as in the statement. Since (ja, jg) is a co-
variant representation and j, is non-degenerate, there exists a non-degenerate
homomorphism j4 X jg: A Xo G — B satisfying

(jJaxjg)ota=ja and (ja ¥ ja)otia = ja-

Reversing the roles of (B, ja,jg) and (A X4 G,t4,tg) gives a non-degenerate
homomorphism ¢4 X tg: B — A X, G satisfying

(taxig)oja=1ta and (1a X ig)ojc = tc-
It is then immediate that j4 X jg and 14 X tg are mutual inverses. O

Remark 5.1.3. Instead of developing the theory of crossed products as we did
in Section we could have defined crossed products through the universal
property from the previous theorem. Had we taken that route, we would have
had to show that there exists a least one (and hence precisely one) crossed
product. Of course our work in Section [£.1] shows that one crossed product
can be obtained by completing C.(G, A, a) with respect to its universal norm,
but there is a slightly shorter way of proving its existence. We can find a
set S of covariant representations of (G, A, «) such that every cyclic covariant
representation is equivalent to an element of S. Then set

A= @ ¢ and g = @ U,

(H,p,u)€S (H.pu)€S
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which act on the Hilbert space €@  H. Then take A X, G to be the closed
(H,p,u)ES
linear span of {va(a)g(f): a € A, f € C.(G)}.

We will now have another look at the crossed product of Lt : G — Aut(Co(GQ))

from the perspective of [Theorem 5.1.20 Recall that M(K(L?*(G))) is just
B(L*(@)).

Example 5.1.4. Let G be a locally compact group. Let A\: G — U(L*(Q))
be its left regular representation, and let m: Co(G) — M (K(L?*(G)) be the
multiplication function. Then (K(L?(G)),m, ) is the crossed product of the
translation action Lt: G — Aut(Cy(G)). Checking that it satisfies the prop-

erties in [Theorem 5.1.2| is easy, with the exception of (c). Indeed, (a) is an

elementary computation that amounts to the identity Ad(A,) o m = moLtg,
valid for all g € G. For (b), it suffices to observe that m x A maps C.(G, C.(G))
into the space of kernels in C..(G x G), which is known to be dense in K(L?(G)).
Finally, (c) can be established using induced representations, and we omit the
argument.

5.2 Dual actions and Takai duality

We begin by showing the existence of dual actions, using the universal property

of crossed products established in

Proposition 5.2.1. Let G be a locally compact abelian group, let A be a
C*-algebra, and let a: G — Aut(A) be an action. Then there exists an action

a: G — Aut(A x, G) which is determined by
ay(ta(a)ic(f)) = rala)ic(xf)
for x € G, for a € A and for f € C,(G).
Proof. Fix x € G, and define 15: G — U(M(A x4 G)) by t5(g) = x(9)ta(9)

for all g € G. We claim that (A X G,ta,7) satisfies the universal property

for A x4 G from [Theorem 5.1.2] Parts (a) and (b) are clear, while (c) follows

since (M, u, ) is covariant if and only if (H, x ~u, ®) is covariant, and one has
u=(pxx Tu)ork.

It follows that there is an automorphism &, € Aut(A x, G) satisfying
ay(tala)ia(f)) = tala)ia(xf) for all a € A and for all f € C.(G). It is easy
to check that the resulting map a: G — Aut(A x4 G) is a homomorphism of
groups. Finally, for y € G, for a € A and for f € C.(G), we have

lea(a)ea (xf)—rala)ea (NI < llallllie ) —ra (NI < llallp(supp(f) xS = flloo-

Now, recall that the topology of G is uniform convergence on compact subsets
of G. Tt thus follows that the action of G on C.(G) my multiplication is
continuous with respect to || - ||oc. We conclude that @ is continuous. O
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When G is discrete, there is a very concrete description of the dual action
in terms of the canonical generators identified in

Proposition 5.2.2. Let G be a discrete abelian group, let A be a C*-algebra,
and let a: G — Aut(A) be an action. For x € G, for a € A and for g € G, we
have

ay(aug) = ax(g)uy

Proof. Recall that A x, G is generated by linear combinations of elements of
the form aug, for a € A and g € G. For x € G, the formula for the dual action
given in [Proposition 5.2.1| entails that &, (auy) = ad,(ug), SO we may assume
that a = 1. In terms of the map tg from [Theorem 5.1.2] the unitary ug is just
t(d4), where §, € C,(G) C C*(G) is the Kronecker delta. Since xd, = x(9)dq
in C.(G), we conclude that &, (uy) = x(9)uy, as desired. O

In particular, we see that a leaves A fixed and acts on the unitaries by
multiplication by the character.
We now look at a concrete example:

Example 5.2.3. Let Z act on the one-point space. Then C x, Z = C*(Z) =
C(S1), where the last identification is given by the Fourier transform. Denote
by u € C(S') the canonical generating unitary, which is just the inclusion of
St into C. Then a: S — Aut(C(S1)) is determined by @, (u)(w) = zu(w) =
zw = u(wz) for all w € S'. In other words, @ is canonically identified with
Rt: ST — Aut(C(S1)). (And also with Lt, since G is abelian.)

The previous example is a particular case of a much more general fact:

Proposition 5.2.4. Let G be a locally compact abelian group, acting trivially
on C. Show that the dual action id: G — Aut(C*(@)) can be identified with

the left translation action of G on itself.

Proof. Let Fo: C.(G) — C’O(@) be given by

)= /G F(9)7(@) du(g)

forall f € C.(G)and all T € G. It is readily verified that F is a +-homomorphism
(with respect to convolution), which is contractive for the universal norm of
C*(@G) and has dense range. Thus it extends to an isomorphism F: C*(G) —

Co (@), known as the Fourier transform. It suffices to check that Fy is equiv-

ariant with respect to id and Lt.
For x,7 € G and f € C.(G), we have

Folide(£)(7) = Folxf)(r / £ dulg) = Fo(£)(x"'n),

as desired. O
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In turn, one could wonder what is the dual of the translation action — this
is the double dual of the trivial action. One should notice right away that one
cannot possibly get the trivial action back, since (double) dual actions are never
trivial for G # {1}. However, one gets a very natural action on the compact
operators.

Proposition 5.2.5. Let G be a locally compact abelian group, and identify
L?(G) and L?*(G) via the Fourier transform. Then

Lt: G — Aut(K(L3(G))) = Aut(K(L3(G)))

is the action of conjugation by the left regular representation A: G — U(L2(@)).

Exercise 5.2.6. Prove [Proposition 5.2.5|

Putting |Proposition 5.2.4] and |Proposition 5.2.2| we see that in the case of
the trivial action, the passage to the dual generates a copy of K(L?(G)) with
conjugation by the left regular representation. Takai’s theorem shows that this
phenomenon occurs in full generality:

Theorem 5.2.7. (Takai duality) Let G be a locally compact abelian group,
let A be a C*-algebra, and let a: G — Aut(A) be an action. Then there exists
a canonical equivariant isomorphism:

T (Axg Gxg G) 2 (AR K(LG)), a ® Ad(N)).

Proof. The proof is technical and long. For the sake of brevity and clarity,
we will sketch the core of the argument, given by a series of claims whose
verifications we leave to the reader. R

We will construct maps jax,c: AxaG = M(A®K(L*(G))) and jz: G —
U(M(A® K(L*(G)))) such that the triple (A ® K(L*(G)), jax.csjg) satisfies
the universal property for A x, G xg G. We denote by (A X G,ta,tg) the
universal triple given by

Let a,a™t: A — Cy(G,A) C M(Co(G, A)) be the (coaction) maps given
by

a(a)(g) = ag(a) and a~'(a)(g) = oy '(a)

for all a € A and all ¢ € G. We define map ja: A — M(A ® K(L*(@)),
ja: G = UM(A®K(L*(G)))) and jg: G— UM(A®K(L*(G)))) by

jA(a):(idA(X)m)oa*l, Je=14®A, and jz=14®m,

where we regard canonically G as a subset of Cy(G), which acts on K(L(G))
by multiplication.

Claim 1: (ja,jg) is a covariant pair for (G, A, ). It therefore makes sense
to consider the integrated form j4 xjg: AxaG — M(A®K(L*(G))). This will
be our map jax,c. We now proceed to show that (A® K(L*(@)),ja % ja, ja)
satisfies the conditions in The following two claims show that

conditions (a) and (b) are satisfied.
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Claim 2: (ja ¥ jg,jg) is a covariant pair for (G, Ax,G,Q). The proof of
this claim reduces to showing that jsz commutes with j4, since the interaction
with jg is clear from R R

Claim 3: span{ja(a)jc(f)ic(f):a € A, f € C(Q), f € Cc(G)} is dense
in A® K(L*(Q)). implies that the span of the elements of the
form jG(f)jg(f) is dense in K(L*(G)), so it suffices to ja(a)jc(f) spans a
dense subset of A ® Cy(G).

It remains to check condition (c). For this, let (#H,v,¢ X u) be a covariant
representation of ((A; , AX oG, &). We want to construct a homomorphism ¢: A®
K(L*(G)) = B(#) such that ¢ o (ja X jo) = ¢ X u and ¢ 0 jg = v.

The representation v: G — U(H) can be integrated to a non-degenerate
homomorphism from C*(G) 2 Cy(G), which we extend to a unital homomor-
phism 6: Cy(G) — B(H) satisfying §(x) = v, for all x € G.

Claim 4: (H,u,0) is a covariant representation of (G,Cy(G),Lt). This is
relatively straightforward from the fact that (v, p % u) is a covariant pair for
(G, A%, G, Q).

Since v commutes with ¢ (because & leaves A fixed), so does . Hence we
get a homomorphism 0 ® ¢: Co(G) ® A — B(H). Weset m = (0 ® ¢) o a.

Claim 5: 7 commutes with 6 and with u. Commutation with 6 is clear
since @ itself commutes with 8 ® ¢. Commutation with u is somewhat more
delicate.

It follows that © commutes with 8 x u, so we get an induced homomorphism

b=m® 0 xu): A K(LHG)) — BH).

Claim 6: We have 9o ja = ¢, Yo jg =u and ¥ o jsz = v. It thus follows
that ¢ o (ja X jg) = ¢ % u, and hence part (c) in is verified.

Denote by tax.c: Axqa G = M(AX,G X5 (A;) the canonical inclusion. We
deduce that there exists an isomorphism

T AQK(L*(G)) = Axg G x5 G

satisfying 7(ja(a)jic(f)ig f)) = LAxag(LA(a)Lg(f))L@(f) for all a € A, all
f € C.(G) and all fec. ( ). It remains to show that 7 is equivariant.
Fixge G,a€ A, f € C.(G) and f € C.(G). Note that

~ ~ ~

Ag(taxaa(ta(a)ia(f)a(f)) = taxac(tala)ia(f))ea(gf).

Thus, the result follows from the following claim.
Claim 7: We have

~ ~

(g @ Ad(N))(Ja(a)ic(f)ig(f)) = jala)jc(f)ia(af)-

This concludes the sketch of the proof. O
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The proof of given above is admittedly quite involved. For

finite groups, however, it takes a much simpler form, and the reader is encour-
aged to attempt the following illuminating exercise.

Exercise 5.2.8. Give a complete proof of Takai duality for G = Zs and A
unital. In this case, the isomorphism can be described very explicitly.

We will explore a number of consequences of Takai duality in the next chap-
ters, particularly to computations of the K-theory of certain crossed product.
Here, we apply it to obtain a satisfactory description of the G-invariant ideals
in A.

Proposition 5.2.9. Let G be a locally compact abelian group, let A be a
C*-algebra, and let a: G — Aut(A) be an action. Then the assignment I
I x4, G defines a one-to-one correspondence between the G-invariant ideals in

A and the G-invariant ideals in A Xo G.

Proof. Let I be a G-invariant ideal in A. One easily checks that I x,, G is
isomorphic to

span(ua(z)ic(f): w € I, f € Ce(G)},
and therefore I x|, G is canonically an ideal in A x, G. The identification

above also makes it obvious that I x|, G is @—invariant, so the assignment is
well-defined. R

Suppose now that J is a G-invariant ideal in A x, G. Taking its crossed
product and reasoning as above, we deduce that J x|, G is a G-invariant ideal

in Ax, G xz G. This double crossed product is equivariantly isomorphic to

(A® K(L*(@)),a ® Ad(\)) by [Theorem 5.2.7, so there exists a G-invariant

ideal Iy in A such that
J xa), G =1; @ K(L*(G)).

We claim that IMMIG = I and that J = I; x,, G. Let ja,jc and
Jj& be the maps constructed in the proof of that show that
A ® K(L?(G)) satisfies the universal property of the double crossed product.
We will use the fact that the Takai isomorphism

T AQK(LA(G)) = Axq G xg G
satisfies 7(ja(a)ja(f)ig(f)) = tax.c(ta(a)ia(f))ig(f) for all a € A, all f €
C.(G) and all f € C.(G).

Let I be an a-invariant ideal in A. Using a-invariance, one checks that
ja(I) is contained in M (I ® K(L*(G))). It then follows that the restriction of
7 to I ® K(L3(@)) is an isomorphism between I ® K(L2(G)) and I x4 G x5 G.
This shows that II*‘auG =1.

The other identity is proved similarly, and is left as an exercise. O

We finish this chapter with two examples.
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Example 5.2.10. Let 6§ € R, and consider the rotation algebra
Ap = C*({u, v unitaries with uv = e*"¥pu});

see[Example 4.2.6 The gauge action v: S — Aut(4y) described in part (2) in

Examples 3.3.13|can be immediately identified with the dual action of rg: Z —
Aut(C(S1)), once C(S') %, Z is identified canonically with Ay. It follows that
there is an equivariant isomorphism

(Ag x S1,7) = (C(SY) @ K(L*(S1)), re @ Ad(N)).

Although we do not have enough tools to prove all the claims in the following
example, we choose to present it here due to its historical relevance.

Example 5.2.11. Let n € N with n > 1, and consider the Cuntz algebra
O,, with its gauge action v: S* — Aut(0O,,) from part (4) of [Examples 3.3.13}
Then there is a canonical identification of O,, x, S1 with M,~ ® K(¢*(Z)),
where the dual of v becomes the bilateral shift.

Possibly add: Landstat, and Pedersen’s result on equivariant isomorphism
of the crossed product.



Chapter 6

Compact group actions

In this chapter, we define and study fixed point algebras, with special emphasis
on the case of compact group actions. We will define the strong Connes spec-
trum of an action of a compact abelian group, and will prove that the spectrum
is full if and only if the fixed point algebra is Morita equivalent to the crossed
product.

6.1 Fixed point algebras

Definition 6.1.1. Let G be a locally compact group, let A be a C*-algebra,
and let a: G — Aut(A) be an action. We define the fized point algebra of « by

A% ={a € A: ay(a) = a for all g € G}.
When « is clear from the context, we sometimes write A® in place of A®.

Fixed point algebras are the noncommutative analog of orbit spaces, since
for a locally compact Hausdorff space X and an action of G on X there is a
canonical identification Cp(X/G) = Co(X)C.

In particular, when G is not compact, the fixed point algebra may be very
small (and in some cases even empty). The study of fixed point algebras is
therefore most meaningful in the case of compact group actions. In this case,
there is a canonical conditional expectation from the original algebra to the
fixed point algebra, which is in some sense “dual” to the one constructed in

[Mheorem 4.3.41

Proposition 6.1.2. Let G be a compact group with Haar probability measure
i, let A be a C*-algebra, and let a: G — Aut(A) be an action. Then there
is a canonical faithful conditional expectation E: A — A% given by E(a) =
[ ag(a) du(g) for all a € A.

e

Proof. That E is a conditional expectation is proved analogously to

and is left as an exercise. We show that F is faithful as follows. Let
59
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a € A be nonzero. Choose a positive linear functional ¢: A — C such that
¢(a*a) > 0. By continuity, there exists an open neighborhood U of e € G such
that ¢(ay(a*a)) > 0 for all g € U. Then

B(E(a"a)) = /G aga*a) dpg) > /U ag(a*a) dp(g) > .
Thus E(a*a) # 0 whenever a # 0, as desired. O

Definition 6.1.3. Let a: G — Aut(A) be an action of a compact group G
on a C*-algebra A, and let a € A*. We denote by ¢,: G — A the continuous
function that is constantly equal to a. We denote by ¢: A* — C(G,A) C
A X4 G the resulting map.

Fauthfulness of the conditional expectation is very helpful when checking
whether a certain equivariant map is injective. Concretely, it suffices to check
injectivity on the fixed point algebra.

Corollary 6.1.4. Let G be a compact group, let A and B be C*-algebras,
let a: G — Aut(A) and 8: G — Aut(B) be actions, and let ¢: A — B be an
equivariant homomorphism. Then ¢ is injective if and only if ¢| 4a: A% — BS
is injective.

Proof. Tt is clear that ¢|4a; is injective if ¢ is. Conversely, let a € A be
a positive element satisfying ¢(a) = 0. Since E is natural with respect to
equivariant homomorphisms (meaning that E o ¢ = ¢ o E), it follows that
©(E(a)) = 0. Since E(a) € A* and @] 401 is injective, we deduce that F(a) = 0.
Using positivity of a and faithfulness of E (Proposition 6.1.2)), we conclude that
a =0, as desired. O

Theorem 6.1.5. Let G be a compact group, let A be a C*-algebra, and
let a: G — Aut(A) be an action. Then c¢: A* — A x, G is an injective
homomorphism, and there exists a unique projection p € M(A %, G) such that
c(A%) = p(A xq G)p.

Proof. Tt is clear that c is injective, so it suffices to check that it is multi-
plicative. Given a,b € A* and g € G, we use the operation in C(G, A, a) to
get

(coxan)lo)= |

calh)an(cn(hg)) du(h) = / ab dyu(h) = ab = ca(g),
G G

as desired.

Denote by 1 the unit of M(A), and by p the function on G which is con-
stantly equal to 1. (Observe that p = ¢; when A is unital.) Then p belongs to
M(A x4 G) (and it belongs to A X, G if A is unital). It is clear that p is a
projection.
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Let a € A*. We claim that ¢, = pc,p. Given g € G, we have

(ca*D)(g) = /G calR)on(p(h~"g)) dpu(h) = / al du(h) = a = calg),

G

SO Cq*P = ¢4. A similar computation (or taking adjoints) shows that pxc, = cq,
so the claim is proved. It follows that ¢(A%) C p(A x4 G)p. Let us show the
converse inclusion.

Given f € C(G, A, a) and g € G, we have

(f*p)(g /f Jas(p(h™'g)) du(h /f ) du(h
and thus

(% f *p)(g) = /G p(h)an((f *p)(h"9)) / / an(F(K)) du(k)du(h).

Setting = [ ay, (f f(k) du(k‘)) du(h), we have x € A% and p* f*p =cy. It
G G

follows that p(A x4 G)p C ¢(A%). Since uniqueness of p is clear, the proof is
complete. O

For future use, we extract some identities from the proof of the previous
theorem.

Remark 6.1.6. Let the assumptions and notation be as in
and let f € C(G, A) and let g € G. Then

(f*p)(g / F(h) du(h), (p* F)(g) = /G an(f(h™1g)) dp()
and

(Fop*f)g) = / an / £0k) dpu(k) | dp(h).
G G

Remark 6.1.7. Let G be a finite group, let A be a unital C*-algebra, and let
a: G — Aut(A) be an action. Then there are two canonical ways of embedding
A% into A x4 G: one such embedding is the map ¢ from and
the other one is the composition A% < A < A x, G. These embeddings never
agree for non-trivial G: while the first one is a corner embedding, the second
one is unital.

We now apply in combination with the theory of Morita
equivalence from Section For this, we need to know when crossed prod-
ucts and fixed point algebras are o-unital, which we do next. The result for
the crossed product was proved for general locally compact groups in
so we treat the case of fixed point algebras of compact group
actions here.

Recall that for a locally compact group G, its full group algebra C*(G) is
o-unital if and only if G is first countable.
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Proposition 6.1.8. Let G be a compact group, let A be a C*-algebra, and
let a: G — Aut(A) be an action.

1. If (a;) e is an approximate unit for A, then (E(a;)) ey is an approxi-
mate unit for A contained in A%.

2. If A is o-unital, then A“ is also o-unital.

Proof. (1). Let (a;);e.s be an approximate identity in A. Fix a positive element
a € Aand e > 0. Since {ay4(a): g € G} is norm-compact in A, we can find
Jo € J such that ||ajag(a) — ag(a)|| < e for all j > jo and all g € G. Since «
is isometric, the previous inequality is equivalent to ||ag(aj)a — al| < € for all
Jj > jo and all g € G. By averaging over G, we conclude that |E(a;)a—al < &
for all 7 > jo, as desired.

(2). This follows immediately from (1). O

Corollary 6.1.9. Let G be a compact group, let A be a C*-algebra, and let
a: G — Aut(A) be an action. Then A% is Morita equivalent to an ideal in
A Xy G. In particular, if A is o-unital, then A® is stably isomorphic to an ideal
in Ax,G.

Proof. The first claim follows immediately from [Theorem 6.1.5| and [Exam-|
while the second one follows from|Proposition 4.1.16} [Proposition 6.1.8|

and [Corollary 2.5.12 O
The ideal generated by the image of A% in A x, G under the map ¢ from
admits the following natural description.

Proposition 6.1.10. Let G be a compact group, let A be a C*-algebra, and
let a: G — Aut(A) be an action. For a € A, let @ € C(G, A) be given by
a(g) = ag(a) for all g € G. Then the ideal in A x, G generated by c(A%)
agrees with B

span{a” xb: a,b € A}.

Moreover, for a,b € A we have (a* *b)(g) = a*ay(b) for all g € G.

Exercise 6.1.11. Prove |Proposition 6.1.10]

6.2 Eigenspaces of compact groups actions

In this section, we analyze the structure of a C*-algebra which has a compact
group action, through the so-called eigenspaces of the action. In the following
section, these eigenspaces will be used to define two kinds of spectra for the
action, which provide useful information about the ideal structure of the crossed
product.

Since this analysis is technically much simpler when the group is abelian,
we will restrict to this case throughout. It should be noted, however, that the
results in this section admit non-commutative analogs; see 777.
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Definition 6.2.1. Let G be a compact abelian group, let A be a C*-algebra,
and let a: G — Aut(A) be an action. For a character x € G, we define the
associated spectral subspace, also called eigenspace A(x) by

A(x) ={a € A: ay4(a) = x(g)a for all g € G}.

Note that if t: G — {1} denotes the trivial character, then Ay = A is the
fixed point algebra of «.

Proposition 6.2.2. Let G be a compact abelian group, let A be a C*-algebra,
and let a: G — Aut(A) be an action.

1. For x € é, there exists a contractive linear idempotent map FE,: A —
A(x) given by

Py(@) = [ Xaaq(a) dito)
for all @ € A. Moreover, Ey o B, =0if x # 7.
2. For all x,7 € @, we have

A" =A(x"") and  A(x)A(T) € A(x7).

3. Given a € A, we have E,(a) = 0 for all x € G if and only if = 0. In
particular, >  A(x) is dense in A.
xe@

4. Given a € A, we have Fj(a*a) =0 for all x € G if and only if a = 0.
5. A(x)A(x)* is an ideal in A* for all x € G.

Proof. (1). Fix y € G. For a € A, the element E, (a), as given in the statement,
is well-defined because g — «a(a) is continuous and G is compact. Moreover,
for h € G we have

an(Ex(a)) = /G X@ang(a) dulg) = /G X0 Tg)ay(a) dyu(g) = x (1) Ey(a),

so Ey(a) € A(x). The resulting map E,: A — A(x) is clearly linear and
contractive. Given 7 € G and a € a, we have

o )@ = [ [ 3 @) tagne) duto)iuth
/ / Bagn(a) du(g)du(h)
- /G Yg)r(g)du(s) /G “1(h)an (@)dpu(h).

When 7 = x, the above expression equals E, (a), so we deduce that E, o E, =
E,. When 7 # x, then [, x ' (9)7(g9)du(g) = 0 and hence E, o E, = 0.
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(2). These are straightforward to verify.

(3). Recall that spanlll*G = C(G). Then the assumption implies that
Jo F(9)ag(a) du(g) = 0 for all f € C(G). Let (f;)je s be an approximate
identity for L'(G) contained in C(G). Then

a=tin [ fi(9)ay(@) dulg) =0,
Ji€d Ja
as desired.
(4). This was proved in [Proposition 6.1.2}
(5). Fix x € G. It follows from (3) that A(x)A(x)* is contained in A%, so it

remains to show that it is an ideal in it. In turn, this follows from the fact that
for a € A* and b € a, we have E, (ab) = aE, (b) and E, (ba) = E, (b)a. O

At this point, the reader should notice some similarities between the maps
E,: A — A(x), for x € G (for G compact) in the previous proposition, and
the maps Eg: AxG — A, for g € G (for G discrete) from These
are, in some sense, “the same”, and the precise relationship will become clear
in the next chapter. For now, we give an example in which these maps are
really identical.

Example 6.2.3. Let G be a compact abelian group, and let I' denote its
dual group, which is discrete. Then C(G) can be canonically identified with
C*(T"). Under this identification, the action Lt: G — Aut(C(G)) is given by
Ltg(uy) =v(g9)uy for all g € G and all y € T.

Foryel = @, we have

C(G)(y) ={z € C*(I'): Lty(z) = v(g)z for all g € G} = Cu,,

and the linear idempotent E,: C(G) — C(G)() from [Proposition 6.2.2| is
precisely the linear idempotent E.: C*(T') — C from [Lemma 4.3.3} To check
this, notice first that both maps send w, to d, ,u,. Therefore they agree on
the canonical unitaries of C*(I"), and thus on all of C*(T").

The previous example can be greatly generalized:

Exercise 6.2.4. Let T' be a discrete abelian group, and set G = T. Let
B:T'— Aut(B) be an action, and set

A=BxgI' and a=B:G— Aut(A).
Show that A(x) = Bu, for all x € G~T. In particular, this shows that the
fixed point algebra of the dual action S is B.
We make some comments about non-continuous actions.

Remark 6.2.5. Let G be a compact abelian group, let A be a C*-algebra,
and let a: G — Aut(A) be a not necessarily continuous action. The spectral
subspaces A(x) can be defined also in this context, and their closed linear span
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Ao = Y A(x) is a G-invariant subalgebra of A. It is immediate that the
XE@

restriction of a to A, is continuos, and in fact A, is the largest G-invariant

subalgebra of A where « is continuous. Indeed, an alternative description of

A, is the following:

Ay ={a € A: the map a®: G — A given by g — a4(a) is continuous}.

Fixed-point algebras of tensor product actions can be computed nicely using
spectral subspaces:

Proposition 6.2.6. Let G be a compact abelian group, let A and B be C*-
algebras, and let a: G — Aut(A) and 8: G — Aut(B) be actions. Then

(A® B)*®? = 3" A(x) ® B(x™).

XG@

In particular, when 8 = idp, we have (A® B)*®42 = A*® B (and this is valid
also for non-abelian groups).

Proof. Tt follows from part (3) of [Proposition 6.2.2[ that > A(x) ® B(7) is
xn'eé

densein A® B. If E: A® B — (A® B)*®” denotes the canonical conditional
expectation from [Proposition 6.1.2] then the image of . A(x)® B(7) under
x,Tea

E is dense in (A ® B)*®7,
Let x,7 € G, let a € A(x) and let b € B(7). We use orthgonality of the
characters of G at the last step to get

E@@@aé%@®m@m@>

:m®w4x@ﬂmw@>

[ a®b, ifx=71""
10, otherwise.

Thus, it follows that A(x) ® B(x~!) is contained in (A ® B)*®? for all x € G,
and that their span is dense. O

6.3 Spectra for compact abelian group actions

In this section, we use the eigenspaces considered in the previous section to
define spectra for compact abelian group actions, and show that the ideal
structure of the crossed product can be determined in the case of full spectrum.

Notation 6.3.1. If a: G — Aut(A) is an action, we write Herg(A) for the
set of all G-invariant hereditary subalgebras of A. For B € Herg(A), we write
a|p for the induced action on B.
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We now introduce two different spectra for compact abelian group actions.

Definition 6.3.2. Let G be a compact abelian group, let A be a C*-algebra,
and let a: G — Aut(A) be an action.

1. We define strong Arveson spectrum é}v)(a) to be
Sp(a) = {x € G: A A(x)* = A°}.
2. We define strong Connes spectrum T'() to be

T(@= () Splals).

BeHerg (A)

There are “weak” versions of these spectra, called respectively the Arveson
spectrum Sp(a) and the Connes spectrum I'(a), that are defined using the
condition A(x) # 0, instead of A(x)A(x)* being dense in A%*. Unlike their
strong versions, Sp(a) and I'(a) are subgroups of G. All these spectra are in
general different, and the following exercise shows that the “strong” versions
are in general different from the regular ones.

Exercise 6.3.3. Let a: {—1,1} — Aut(C([—1,1])) be the action induced by
multiplication by —1 on [—1,1].

1. Describe the spectral subspaces of a.
2. Compute Sp(a), I'(at), Sp() and I'(a).
An alternative description of éB(a) is given in the following exercise.

Exercise 6.3.4. Let G be a compact abelian group, let A be a C*-algebra,
and let a: G — Aut(A) be an action. Show that

Sp(a) = {x € G: A()AA(x 1) = A}.

Also, both the Connes spectrum and the strong Connes spectrum can be
computed using the dual action.

Proposition 6.3.5. Let G be a compact abelian group, let A be a C*-algebra,
and let a: G — Aut(A) be an action. Then

1. T(a) ={x € G: a,(I)N1 #0 for all ideals I C A x, G}.
2. I'(a) = {x € G: ay(I) C I for all ideals I C A x4 G}.

Proof. Part (1) is proved on pages 391 and 392 of [56]. Part (2) is Lemma 3.4
(but really Lemma 3.2) in [55] — but this is also for locally compact, perhaps
there’s a better proof for compact G7 O
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The actual spectrum of an action (Arveson’s, Connes’, or the strong ver-
sions), as a subset of G , does not provide much information, and the condition
that seems to be of interest is fullness of the spectrum (meaning that it is
equal to é) In this case, it turns out that a lot about the ideal structure of
A X, G, although what exactly can be said depends on what spectrum one is
considering.

Theorem 6.3.6. Let G be a compact abelian group, let A be a C*-algebra,
and let a: G — Aut(A) be an action.

1. The following are equivalent:
) Spla) = G
b) ¢(A®) is a full corner in A x4 G (see [Theorem 6.1.5)).
2. The following are equivalent:
a) [(a) =G;
b) For every ideal J in A 1, G we have J = (J N A) x4,., G.
Proof. (1). (a) implies (b). Set
C =spanl'l={a*b € C(G, A): a,b € A}.
We will show that C = C(G, A). Since

- laxae < -l < M1+ lloo

on C(G, A), the result will follow from density of C(G, A) in Ax,G. Moreover,
since spanl =G = C (@) and

{9 f(g)a: f € C(G),a € A}

is dense in C(G, A), it suffices to show that for every x € G and for every
a € A, the function ya belongs to C. R

Fix a € A with |la|] = 1, fix x € G and fix ¢ > 0. Use part (1) of
[Proposition 6.1.8| to find e € A* such that |la — ae|| < €/2. Since A(x)*A(x)
is dense in A%, there exist n € N and x1,...,%n,y1,..-,yn € A(x) such

that

n n o
e— Y iyl < e/2. Set f = ) xja** % 3;, and note that f(g) =
j=1 Jj=1

x(g)a Zl zty; for all g € G. Then
J:

n n
Ix(9)a—f9)ll = |x(9)a = x(9)a)_zjy;| < lla—ael| +allle =) ajy;ll < e
j=1 j=1
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for all g € G. Since f belongs to C, it follows that x(g)a belongs to C as well
and thus C = C(G, A), as desired.

(b) implies (a). Given f € C(G,A) and 7 € G, we will denote by 7f €
C(G, A) the pointwise product of 7 and f. Notice that ||7f||ax.c = || fllax.c
for all f € C(G, A), and that 7(f1* f2) = (7f1) (7 f2) for all f1, f» € C(G, A).

Let € > 0, let x € é, and let x € A% Then there exist n € N and

Ay, ... Qn,b1,...,b, € A such that |[x tc, — > Ei;gj < &. Recall the def-
j=1

inition of the linear contractive idempotent E,: A — A(x) from part (1) of
[Proposition 6.2.2] The proof will be concluded once we show that

Claim: for a,b € A, and for p € M(A %, G) as in|Theorem 6.1.5, we have
pr(X71@) x (x 1) xp = CE,\ (a)* By (b)-

To prove the claim, let g € G. Using we get,
(p* (x"13))(g) = / an(O @) (hLg) du(h)
G
—x"'(0) / x(h)an (@1, (@(g~ h)")) du(h)
G

— () /G xRy (ag-1p(a*)) du(h)

Similarly,

(B)a) = [ T B duh) = [ 37 )an@)dn(h) = By (o)

G
Thus,

(I 0]+ [0 D +8] ) (0) = [ X 0)E(@)"an (B 1) dih)

as desired. This proves the claim.
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Recall that x71(f1 * f2) = (x " f1) * (x 1 f2) for all fi, fo € C(G,A). In
the following computation, we use at the first step that ¢: A* — A x, G is
an isometric homomorphism, and at the second step we use the claim and the

fact that the image of ¢ is contained in p(A x,, G)p (see|[Theorem 6.1.5), to get

2= Ey(@)Ey(b))|| = llex =D r (o) Ey)
j=1

J=1
n ~
< ez — x IZEj*bj
j=1
n ~
= Xcsz?i;‘*bJ ,
j=1
as desired. This concludes the proof.
The equivalences in (2) have to be filled in. O

There also exist characterizations of fullness of the spectra Sp(a) and I'(«)
in terms of weaker conditions for the ideals in the crossed products. Reference?
In particular, we deduce the following:

Corollary 6.3.7. Let G be a compact abelian group, let A be a C*-algebra,
and let a: G — Aut(A) be an action. Then A %, G is simple if and only if
I'(a) = G and A is a-simple.

Proof. 1f A X, G is simple, then A%, being a corner of it, is also simple. Thus
I'(a) = G and thus A is a-simple (since otherwise every nontrivial G-invariant
ideal would induce a non-trivial ideal in A X, G). The converse follows imme-

diately from [Theorem 6.3.6] O

As usual, it is instructive to look at the commutative case to gain intuition.

Lemma 6.3.8. Let G be a compact abelian group, let X be a locally compact
Hausdorft space, and let a: G — Aut(Cy(X)) be an action. If G ~ X is free,
then the ideal in Cy(X) %, G generated by the image of Cy(X)* = Co(X/G),
that is

span{(g,z) = fi(x)fa(g™" - @): f1, fa € Co(X)},

is equal to Cp(X) x4 G.
Proof. Assume that G ~ X is free. Using the Stone-Weierstrass theorem, it

suffices to show that functions of the form given in the statement separate the
points of G x X. Let (g,x), (h,y) € G x X be distinct points.
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If x # y, then there exists f; € Co(X) such that fi(z) # fi(y). Let
fa € Cp(X) be any function which is identically 1 on the (compact) orbits of
x and y. Then

fi@) falg™" ) = fi(x) # f1(y) = fi(y) f2(R7 - ).

If z = y, then g # h. Since the action is free, we have g7' -z # h™! - 2. Let
f2 € Cy(X) be any function distinguishing these two points, and let f; € Co(X)
satisfy fi(xz) # 0. Then

fi(@)fa(g™" ) # fiz) = fi(y) fa(h™" - ),
as desired. O]

For commutative dinamical systems, fullness of the strong spectra is equiv-
alent to freeness:

Proposition 6.3.9. Let G be a compact abelian group, let X be a locally
compact Hausdorff space, and let a: G — Aut(Cy(X)) be an action. Then the
following are equivalent:

1. Sp(a) = G;

2. ['(a) =G;

3. Every ideal in Cy(X) x4, G has the form Cy(U) x, G for some G-invariant
open subset U C X;

4. G ~ X is free.

Proof. That (1) implies (4) follows from [Lemma 6.3.8|in combination with the
first part of [Theorem 6.3.6f To prove the converse, suppose that G ~ X is
not free, and find g € G\ {1} and = € X such that g-z = 2. Let x € G be

any character with x(g) # 1. A function f € Co(X)(x) in particular satisfies
F(x) = f(g- ) = x(9) £ (), 50 it must be f(z) = 0. Thus Co(X)(x)* Co(X)(x)
consists of functions that vanish on the orbit of x, and thus its closure cannot
coincide with Co(X)* = Cop(X/G). We deduce that x # Sp(«), which is a
contradiction.

That (2) implies (1) is a general fact; and the equivalence between (2)
and (3) is the content of the second part of Finally, since
any G-invariant hereditary subalgebra of Cy(X) has the form Cy(U) for some
G-invariant open subset of X, and since freeness passes to ideals, another

application of together with the first part of[I'heorem 6.3.6|shows
that (4) implies (2), thus finishing the proof. O

The case of the gauge action on the irrational rotation algebra Ay is a
particularly interesting one, that can be analyzed using the tools from this
chapter to conclude that Ay is simple (although this is of course not the easiest
way to prove this fact!).
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Exercise 6.3.10. Let 0 € R\ Q and consider the irrational rotation algebra
Ag. Let v: ST — Aut(4y) be the gauge action, which is given by

o) =u and 7.(v) = 20
for all z € S1.

1. Compute the spectral subspaces of Ay with respect to 7.
2. Compute I'(y).

3. Show, using Takai duality (Theorem 5.2.7)) and the characterization of

ideals in the crossed product in the case of full strong Connes spectrum

(Theorem 6.3.6)), that Ay is simple.






Chapter 7

K-theory of crossed products

Many interesting C*-algebras can be described as suitable crossed products,
and this presentation is usually used to obtain new information about the in-
ternal structure of the algebra in question. There are, for example, a number of
tools to study the ideal structure of crossed products, and in particular criteria
for deciding when a crossed product is simple. Much less can be said about
the structure of projections in crossed products (even for finite group actions,
where one can explicitly write down every element in the crossed product). In
this context, K-theoretic methods are usually very helpful, revealing a great
deal of information. Indeed, the computation of the K-theories of the irrational
rotation algebras, as well as the Cuntz algebras, were originally obtained re-
garding these objects as crossed products (by the integers, in both cases). In
particular, the computation of the K-theory for irrational rotation algebras
shows that they contain non-trivial projections, a fact that was long believed
to be false!

In this chapter, we will study the K-theory of crossed products by the reals
and the integers (and, as a consequence, by the circle). For the reals, Connes’
analog of the Thom isomorphism [I4] that the K-theory of the crossed product
is independent of the action (and hence the same as for the trivial action). For
the integers, the result is not so definite but one can obtain a 6-term exact
sequence, called the Pimsner-Voiculescu exact sequence [77], relating the K-
groups of the crossed products with those of A. The methods presented here
also show that the K-groups of the crossed product only depend on those of A
and the homotopy class of the automorphism.

Both Connes’ Thom isomorphism and the Pimsner-Voiculescu exact se-
quence have by now a number of (independent) proofs. We will here take
the shortest path, by deriving the Pimsner-Voiculescu exact sequence from the
Thom isomorphism, following an argument of Connes [14].

3
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7.1 Connes’ Thom isomorphism

Connes’ analog of the Thom isomorphisnﬂ is a generalization of Bott peri-
odicity 7 which is the case of the trivial action. Intuitively
speaking, since R is contractible, any action of it is homotopic to the trivial
one, and their crossed products should have the same K-theory since K-theory
is homotopy invariant. This by itself is not enough to prove the theorem (ho-
motopic actions do not in general produce homotopic crossed products), but
this general intuition certainly plays a role in the proof.

Theorem 7.1.1. Let A be a C*-algebra, and let & € Aut(A). Then there are
natural isomorphisms

KJ(A Ao R) = Klfj(A) for j = 07 1.

We will only sketch the idea of the proof of leaving most

details to the reader. For these, the reader is referred to either [14] or Sec-
tion 10.9 in [6]. Our goal here is to obtain a description of the isomorphisms
that is sufficient for what we do later; that the maps here described do indeed
satisfy the properties that we claim, will not be proved.

Let 7 denote the action of R on R U {400} which fixes 400 and acts by
translation on R. We write C'A for the algebra Co(RU{+00}) ® A, and endow
it with the action v ® . Similarly, we write SA for Cy(R) ® A, endowed with
the action Lt ® a. It is relatively straightforward to check that SA Xpiga R is
naturally isomorphic to A ® K(L%(R)).

Observe that there is a short exact sequence

0> SAXR—->CAXR—= Ax,R—0,

whose associated 6-term exact sequence in K-theory (Theorem 2.3.20)) becomes

Ko(A) —— Ko(CA X R) _— Ko(A Ao R)

s | iao

Kl(A Aa R) <~ Kl(CA X R) I — Kl(A)

The rest of the proof consists in showing that §p and J; are isomorphisms.
Next, we show that to prove this, it suffices to show that just one of the maps
above is zero.

Lemma 7.1.2. The maps §p and §; are always isomorphisms if and only if the
natural map Ko(A) — Ko(CA x R) is always zero.

1The Thom isomorphism is a result relating the K-homology groups of a bundle over
a space with the K-homology groups of the space itself. For one-dimensional bundles, the
outcome is a shift by one in the indices of the homology groups.
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Proof. By exactness, if §; is an isomorphism, then Ky(A) — Ko(CA x R) is
zero. Conversely, if Ko(A) — Ko(CA x R) is always zero, then by taking
suspensions (with trivial R-action), and using that the suspension commutes
with the cone, we deduce that K;(A) — K;(CA x R) is always zero as well.
In particular, §y and d; are always surjective.

It follows that if K;(A x4 R) =0, then K;_;(A) = 0. Applying this to the
algebra A x, R and the action @, we deduce that if K;(A x,RxzR) =0, then
Ki_j(Ax,R) =0. Note that A x, R x5 R is isomorphic to A ® K(L?*(R)) by
Takai duality.

Putting these things together, we deduce that K;(4A x, R) = 0 if and
only if K1_;(A) = 0. Applied to the algebra C'A, which is contractible and
hence has trivial K-groups, we deduce that K;(CA x R) = 0 for all algebras
A and all actions a. Now the exact sequence above implies that §y and §; are
isomorphisms, as desired. O

Observe that the natural map Ko(A) — Ko(CA x R) is induced by the
composition

p: A= AR K(LA(R)) =2 SAxR— CAxR.

The rest of the proof uses a detailed analysis of this map, which we proceed
to sketch. The arguments presented here are not the original ones used by
Connes in [14]; instead, we follow arguments of Pimsner and Voiculescu, and
specifically Blackadar’s presentation in Section 10.9 of [6].

We assume throughout that A is unital, and treat the nonunital case later.
Observe that when A is unital, there is a canonical embedding Cy(R) 3 R —
CAxR. Denote by x the characteristic function of (0, cc), and let p, f € L'(R?)
be given by

p(z,y) = 2 Ux(y)x(y —x) and f(z,y) =e " *x(2)x(y — z)
for all z,y € R.

Lemma 7.1.3. The functions p and f define elements in Cp(R) x1; R.

Proof. If p and f were continuous on both variables, then they would belong
to C.(R?), which is a subalgebra of the crossed product. Although p and f
are not continuous on y, they can be approximated in norm by elements of
LY(R,C.(R) as follows: for ¢ > 0, let g.: R — R be the continuous function
that agrees with x except on [0, ], where it is linear. Set

x/2

pe(@,y) = e Vg (y)g-(y —x) and fo(z,y) = e " ?g.(2)g-(y — x)

for all z,y € R. Then p. and f. belong to C.(R?), and lin(1)pE = p and
E—r

lim f. = f in the L'-norm. O
e—0
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A routine computation shows that p is a projection in Cy(R) x1¢ R, and
hence also in CA x R. Similarly, one shows that s =1 — f is an isometry with
ss* =1—pin M(CA x R).

It can also be proved that ¢ can be identified with the homomorphism
determined by

¢(a) (l‘, y) = O{I(G)p(.ﬁ, y)
for all @ € A and all ,y € R. In particular, the image of ¢ is contained in the
corner p(CA x R)p.

Let p: A — M(CA x R) be the canonical unital embedding as constant
functions, and let B be the subalgebra of M(CA x R) generated by CA x R
and p(A). Then there is a split extension

0—=CAxR-= B A 0

and hence the map Ky(t): Ko(CA x R) — Ky(B) is injective. Set ¢ = v o
¢: A — B. Tt thus suffices to show that Ky(¢) is the zero map.

For e > 0, set ¢ (x,y) = Lp(x/e,y/e) and t. = 1 f(x/e,y/e) for all z,y € R.
Then ¢.,t. € CAxR. We also set s. =1—t. € M(CA x R).

Exercise 7.1.4. For ¢ > 0, show that s. is an isometry in M(CA x R) and
that s.s. =1 — g..

For € > 0, let
we: A—> M(CAxR) and ¢.: A—-CAxR

be the homomorphisms given by we(a) = s.p(a)sk and ¢ (a)(z,y) = az(a)g(z, y)
for all @ € A, and for all z,y € R. We set . =10 ¢.: A — B. Observe that
we(A) € (1 —q.)B(1 — ¢.) and 9.(A) C g-Bg.. In particular, w. and 1.
have orthogonal ranges and hence their sum p. = w. + ¥, is a homomorphism
A— B.

Exercise 7.1.5. Show that Ko(w.) = Ko(p) for all € > 0.

Note that the assignment € +— 1. is norm-continuous, and in particular
Ko (1)) is independent of € (and equal to Ky(1))). One can also show (although
it takes somewhat more work), that € — . is also norm-continuous, and thus
Ko(pe) = Ko(p) for all e > 0. Combining these facts with the previous exercise,
we get

Ko(p) = Ko(pe) = Ko(we) + Ko(ve) = Ko(p) + Ko(¥),

which shows that K((¢)) = 0 and thus concludes the proof of [Theorem 7.1.1

7.2 The Pimsner-Voiculescu exact sequence

In this section, we explain how one can obtain the Pimsner-Voiculescu exact
sequence from [Theorem 7.1.1] This is not the original argument of Pimsner and
Voiculescu from [77], but rather Connes’ proof from [I4]. In this treatment,
the use of the mapping torus is crucial, so we define it next.
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Definition 7.2.1. Let A be a C*-algebra and let o € Aut(A). We define its
mapping torus M, by

M, = {f € C([0,1], A): £(1) = a(£(0))}.
Lemma 7.2.2. Let A be a C*-algebra and let v € Aut(A).
1. There is a canonical isomorphism
My =Z{feCyR,A): f(x+1) =a(f(x)) for all z € R}.
2. The action a: R — Aut(Cy(R, A)) defined by
ag(f)(t) = f(t — )
for z,t € R and f € Cp(R, A) restricts to an action a: R — Aut(M,).
3. There is a short exact sequence

00— Cy((0,1)) ® A M, A 0.

Proof. Part (1) is obvious. For part (2), it suffices to notice that M, (using
the presentation from part (1)) is invariant under a.
For part (3), note that a function f € Cy((0,1), A) naturally belongs to

M, (using the presentation from [Definition 7.2.1)), and that Cy((0,1), A) is an

ideal in M. Then the quotient map M, — A is given by evaluation at 0. [

We will need the following lemma, which resembles

Proposition 7.2.3. Let G be a locally compact, abelian group, let A be a
C*-algebra, and let a: G — Aut(A) be an action. Let C be a C*-algebra, and
let v: G — C be an action. Suppose that

: (Ax, G,a) = (C,)

is an equivariant, surjective homomorphism, and let M (¢) denote the extension
to the multiplier algebras. Then ¢ is injective (and hence an isomorphism) if
and only if M(¢)|la: A C M(A x, G) — M(C) is injective.

Proof. Since the “only if” implication is obvious, we assume that M ()4 is
injective. Denote by J the kernel of ¢, which is a G-invariant ideal of A x,, G.

Using we denote by
?: (AR K(L*(G)),a® Ad(N)) — (C %, G,7)

the induced G-equivariant homomorphism, whose kernel is J x5 G. Let I be
the unique G-invariant ideal such that

J x5z G =1 KL*G));

see [Proposition 5.2.9 Then I %, G is contained in the kernel of M (), which
implies that I = {0}. We deduce that @ is injective, and thus ¢ is injective as
well. O
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Proposition 7.2.4. Let B be a C*-algebra, and let 8: R — Aut(B) be an
action which is trivial on Z < R. Denote also by 8 the induced action of T
on B, and let f € Aut(B xg T) be the dual automorphism. Then B xg R is
canonically isomorphic to M 5 In particular, K;(M 5) is canonically isomorphic
to Kl_j(B).

Proof. We use the universal picture of crossed products given in[Theorem 2.3.4}
Denote by

tp: B— M(BxgT) and tr: T —UM(B xgT))

the universal covariant pair for (T, B, 3). Given s € R, we denote by y;s €
I@(% R) the character given by xs(t) = €t for all t € R. We also write
m: R — R/Z = T for the canonical quotient map We define a covariant pair
(JB, jr) for (R, B, 8) on Mj by

jg(b) =tp(b) and jr(t)(s) = xs(t)er(n(t))

for all b € B and all t,s € R. One checks that (jp,Jjr) is indeed a co-
variant pair on M. 3 By there is an induced homomorphism
p: BxgR — Mﬁ' This homomorphism can be seen to be surjective, and it

is also @—equivariant, where M 5 carries the real action described in part (2) of
Since M () agrees with 1 on B, it follows from|Proposition 7.2.3|
that o is injective, and hence an (equivariant) isomorphism.

The statement about the K-theory of the mapping torus now follows from

[Mheorem 7.1.11 O

The general structure result for mapping tori given in the previous proposi-
tion is just a particular case of a much more general result for induced algebras,
which we proceed to describe (more details can be found in [37] and [Gg].

Definition 7.2.5. Let G be a locally compact abelian group, and let H be a
closed subgroup in G. Given an action a: H — Aut(A) of H on a C*-algebra
A, we define the induced G-algebra (G,Ind% (A), Ind% (a)) by

md%(A) = {f € C4(G, A): f(g+h) = an(f(g)) for all g € G,h € H},

and we let Ind$ (@) be the restriction of the translation action of G on Cy(G, A)
to Ind% (A).

Observe that if o is an automorphism of a C*-algebra A, then Indj(A) is
just M, and the induced action Ind% («) is the action & defined in part (2) of
The following is the general form of [Proposition 7.2.4]for abelian
groups.

Theorem 7.2.6. Let G be a locally compact abelian group, let H be a closed
subgroup, let A be a C*-algebra, and let a: G — Aut(A) be an action that is



7.2. THE PIMSNER-VOICULESCU EXACT SEQUENCE 79

trivial on H. We write @: G/H — Aut(A) for the induced action. Then there
is a natural G-equivariant isomorphism

b (A X, G,a) = (Indgl(A iz G/H), IndS , (&))

The proof of this theorem is beyond the scope of these notes, so we omit it.
Some particular cases are much easier to obtain, and we leave the following as
an exercise:

Exercise 7.2.7. Give a proof of [Theorem 7.2.0] for A is unital when G = Z
and H = nZ for n € N.

We now turn to the Pimsner-Voiculescu exact sequence.

Theorem 7.2.8. Let A be a C*-algebra, and let o € Aut(A), and denote by
t: A — A X, 7Z the canonical inclusion. Then there is a natural 6-term short
exact sequence

id— Ko (a) Ko(t)
Ko(A) Ko(A) Ko(A X Z)
Kl(A Ao Z) i) Kl(A) K () Kl(A)

Moreover, K;(A Xq Z) = K;_j(M,) for j = 0,1, and thus the K-theory of
the crossed product only depends on the homotopy class of « in Aut(A).

Proof. Set B = A %, Z and let §: T — Aut(B), regarded as an action of R
which is trivial on Z. Then B xg T =2 A® K by Takai duality (Theorem 5.2.7)),

and B xg R = MB by |Pr0position 7.2.4} Thus, there is a short exact sequence

0——=Ch((0,1)) @ AQK ——= B xgR AQK 0;

see part (3) of [Lemma 7.2.2

Note that the K-theory of A ® K is isomorphic to that of A, and that the
K-theory of Cy((0,1)) ® A® K is isomorphic to that of A with a degree-one
shift (by the comments at the end of [Section 2.3 and [Theorem 2.3.18]).

Since K;(B xgR) 2 K;_;(B) by [Theorem 7.1.1} the 6-term exact sequence
for K-theory (Theorem 2.3.20) associated to the short exact sequence above
gives the exact sequence in the statement (rotating one place clock-wise). The
identification of the maps is left to the reader. (It involves, among others,
having a sufficiently good description of the exponential and index maps in

Theorem 2.3.20] which we have omitted.)

We turn to the last claim. Note that M 3 is just the mapping torus associated
to the automorphism a a®Ad(N) of AQK(£?(Z)). Now, since X is homotopic
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to 1 in B(¢£2(Z)) (because the unitary group of £2(Z) is connected), we have a
homotopy
a®@Ad(N) ~, a® idic(e2(z))-

Since homotopic automorphisms give rise to isomorphic mapping tori (see

, we deduce that MB is isomorphic to Ma@idmez(z))' However, it is
immediate to see that there is a natural isomorphism

Magidy 25, = Ma ® K(E(Z)).

The result thus follows by combining these facts with the isomorphism K;(Ax,
Z) = Ki1-j(Mjp) obtained above. O

Exercise 7.2.9. Complete the proof of by showing the follow-

ing.

1. If & and y are homotopic automorphisms of a C*-algebra A, then M, is
isomorphic to M,.

2. If a is an automorphism of a C*-algebra A, then there is a natural iso-
morphism

M, >~ M, ® K((*(7)).

®idx2@)
Exercise 7.2.10. Let A be an AF-algebra and let o € Aut(A).
1. If A is unital, show that A x, Z is not AF.

2. If A is not unital, show with an example that A X, Z may be AF.

An alternative approach using Toeplitz extensions

In this subsection, we describe a different proof of not using the

Thom isomorphism This approach is necessarily more difficult
than the one presented above, and for the sake of brevity we will not prove

most of the claims we make. This proof uses Topelitz extensions and has the
advantage that the maps Ko(A Xy Z) = K1(A) and K1(A x4 Z) — Ko(A) can
be described in a satisfactory way, unlike in the proof given before.

Recall that the Toeplitz algebra 7 is the universal unital C*-algebra gen-
erated by an isometry s. Given an automorphism « € Aut(A) of a C*-algebra
A, we write 7, for the subalgebra of (A x4, Z) ® T generated by A ® 17 and
u®s. We abbreviate t = u® s, which is clearly an isometry, and set p = 1 —tt*,
which is a projection in 7,. We identify A with a subalgebra of 7, canonically,
and write a instead of @ ® 1. Define matrix units in 7, with values in A by
ejr(a) = ol (a)t/p(t*)* for j,k € N. It is relatively straightforward to show
that these generate a subalgebra of 7T, isomorphic to A ® K, and we denote by
w: A® K — T, the resulting map.

Lemma 7.2.11. Let the notation be as in the discussion above. There exists
a unique homomorphism ¥: 7, — A X, Z satisfying ¥(a) = a for all a € A
and ¥(u) =t.
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Proof. We define a homomorphism v: T, — A X, Z as follows. First, by the
universal property of 7, there exists a (unique) homomorphism ¢g: T — AX,Z
satisfying ¢g(s) = 1. Since A %, Z commutes with (1) in A X, Z, there is
a well defined homomorphism idax,z ®@ Y¥o: (A Xa Z) @ T — A X, Z, and its
restriction to 7T, is the desired map. O

We will assume the following result without providing a proof, although it
can be shown with elementary methods.

Proposition 7.2.12. Let o € Aut(A) be an automorphism of a C*-algebra
A. Let p: AQ K — 7T, be the map from the discussion above, and let ¢: T, —
A X, Z be the homomorphism provided by Then the following

is an exact sequence:

04>A®/C—w>7;—w>A><laZ—>O.

We wish to apply the 6-term exact sequence in K-theory (Theorem 2.3.20))

to the short exact sequence provided by the previous proposition. For this,
we need to identify the K-theory of the Toeplitz extension with that of A
in a canonical way. Let k: A — A ® K be the embedding as the upper-left
corner, which induces isomorphisms of the K-groups by parts (2) and (3) of
Let t: A — T, denote the canonical inclusion. Then ¢ also
induces isomorphisms on K-theory, although this is much more difficult to
proveﬂ Next, we need to identify how ¢ acts on K-theory, once the K-groups
of A® IKC and of T, are identified with those of A.

Lemma 7.2.13. Adopt the notation from the discussion above, and let j =
0,1. Then the following diagram is commutative:

id—Kj (o)
K;(4) K;5(A)
Kj('ﬁ)l J/KJ(L)
Kj(A® K) — e K (T2).

Consider now the 6-term exact sequence associated to the short exact se-
quence in [Proposition 7.2.12¢

Ko(p) Ko (%)

Ko(A®K) Ko(T2) Ko(A %o Z)
51T l(sg
K (A Ao Z) ) K (A) K () Kl(A)

2The only way I know to show this is by proving that the quasi-homomorphism 7o — A
induced by the pair (id7,,Ad(14 ®s)): Ta — Ta is an inverse for ¢ at the level of K-theory.
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The K-groups of A ® K are identified with those of A via &, while the K-
groups of 7T, are identified with those of A via ¢. Since 1 o ¢ is the canonical
inclusion of A into A x Z, and since K;(¢)™! o K;(p) o Kj(k) = id — K;(«)
by we obtain again the Pimsner-Voiclescu exact sequence from
with the extra addition that the boundary maps can be de-
scribed as follows:

id— Ko (a) Ko(t)
Ko(A)%Ko(A) KQ(A Ao Z)
Kl(n)loélT Ko(r) " todg
Kl(A A Z) Kl(A) Kl(A)

Kl(L) lle(Oé)

7.3 Consequences and applications

Crossed products by the circle and cyclic groups

As a consequence of the Pimsner-Voiculescu exact sequence, in combination
with Takai duality, one can derive a 6-term exact sequence involving the K-
groups of the crossed product by a circle action. This exact sequence is not as
useful as the one in since each K-group of the crossed product
appears twice and not just once, but it nevertheless gives useful information in

many cases; See [ILXercise (.o.

Theorem 7.3.1. Let a: T — Aut(A) be a circle action on a C*-algebra A.
Then there is an exact sequence

Ko(A o T) ——2 o Ko(A4 1, T) —————— Ko(A)

T |

Kl(A) Kl(A Ao T) Kl(A NQT).

id— K1 (@)

The unlabeled maps can also be completely described:

1. When K;(A) is identified with K;(A ® K(L?(T))) under the canonical
corner embedding, the maps K;(A X, T) — K;(A) are induced by the
canonical inclusion

AxgTes Axg T xgZ =2 AR K(LA(T)).

2. When Kj;(A) is identified with K;_;(A x4 R) using the Thom isomor-

phism the vertical maps are induced by the canonical
quotient map A X, R — A x, T.

Proof. Apply|Theorem 7.2.8/to @ € Aut(Ax,T), and identify A x,T x5Z with
A®K(L*(T)) using Takai duality (Theorem 5.2.7)) to obtain the exact sequence
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in the statement, with the proper identification of all the horizontal maps. The
identification of the vertical maps is carried out using the description of the
vertical maps of the Pimsner-Voiclescu exact sequence given in
in combination with the description of the Thom isomorphism; we omit the
details. O

Exercise 7.3.2. Let a: T — Aut(A) be an action on a (nonzero) C*-algebra
A.

1. If A is AF, show that the dual automorphism & of A x,, T is not approx-
imately inner.

2. Find an example where a is approximately inner.

The case of finite cyclic groups, whose proof follows the lines of the Pimsner-
Voiculescu theorem, is left as an exercise.

Exercise 7.3.3. Let A be a C*-algebra, let n € N, and let a: Z,, — Aut(A)
be an action. Let w: A x4 Z — A X4 Z, denote the canonical quotient map.
Prove that there is an exact sequence

Ko(A xto Z) — 80D e (A s Zy) ——————> K1 (A x4 Z)

Ko(ﬂ')T lKl(TK‘)

Ko(AxqZ)<———K1(A X4 Zy) o K1(A Xy Zy).

Some K-theory computations

There are a number of very important applications of Two

historically important consequences have been the computations of the K-
groups of rotation algebras and Cuntz algebras.

Proposition 7.3.4. Let § € RN [0,1). Then

K()(Ag) = Zz and Kl(Ag) = Z2,
with K (Ay) generated by [u]; and [v];. Moreover, there exists a projection
po € Ag with 7(pg) = 0, and for 6 ¢ Q, the group Ky(Ap) is generated by [1]o
and [p]o.
Proof. O

The case of Cuntz algebras is left as an exercise. The reader may assume,
without proof, that Cuntz algebras are simple.

Exercise 7.3.5. Let n € N with n > 2.
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[ee]
1. Let e € M, be the projection e; ;. For m € N, set D,,, = &Q M,, and

m=—k

let ¥y, : Dy, — Dyyyq be given by
Ym(r) =e®@x €e® Dy € Dy

for all elementary tensors € D,,. Denote by D the associated direct
limit, with canonical maps ¢,,: D,, — D, for m € N. Show that D is
isomorphic to M,,~ ® K.

2. For m € N, let 0,,,: D,;, = D,,_1 be an isomorphism (for example, just
by reindexing the tensor factors) and let e, : D,, — Dy, be given by

am(z) =e®0y(x) €1® Dy € Dy

for all elementary tensors € D,,. Show that there is an automorphism
a € Aut(D) such
QO Py = Pm O Qm

for all m € N.
3. Compute Ko(a) and K;(«).
4. Show that D x, Z is isomorphic to O, ® K as follows:

a) Denote by p € Dg the unit of Dy & M,~, and denote by u €
M (D x4 Z) the canonical unitary. Set s = up. Then Dy = pDp and
p(D x4 Z)p is generated by Dy and s.

b) For j=1,...,n, set s; = (ej,1 ®p)s € D x4 Z. Then sjs; = p and
n
> 5;87 = p.
j=1
¢) Show that p(D x4 Z)p = O,,.

d) For m € N, let p,, € D,, be the unit. Then D X, Z is isomorphic
to the inductive limit of p,, (D Xq Z)ppm, and py—1(D Xo Z)ppm—1 is
generated by pn, (A X Z)py, and

{ejk ®@pm: 1< 4,k <n} CM,®Dy, = Dy_1.

e) Conclude that D %, Z is isomorphic to O,, ® K.
5. Compute Ky(O,,) and K;(0O,). Deduce that O, = O,, if and only if

n=m.

Exercise 7.3.6. Let a: Z,, — Aut(O3) be an action such that a; is approxi-
mately inner. Show that

Ko(O3 o Zn) 2 K1(O2 x4 Zy) = {0}.



Part 11

Rokhlin-type properties for finite
group actions
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Chapter 8

Introduction

By the groundbreaking work of Murray and von Neumann, separably acting von
Neumann factors can be divided into three types: type I factors have nonzero
minimal projections, type II are those that have no minimal projections but
contain a finite projection, and type III factors have only infinite projections.
Type II factors are further divided into type IT;, when there is a (normalized)
finite trace, and type Il if there is a semifinite trace. (The other types also
have subdivisions, but we will not go into that here.) Since factors of type I,
are all tensor products of type II;-factors with B(¢?), the study of II;-factors
is in some sense equivalent to the study of type II factors. A remarkable
result of Connes asserts that for a II;-factor, hyperfiniteness is equivalent to
injectivity, and moreover there exists a unique such II;-factor, usually denoted
by R. This factor has been extensively studied by a number of authors. A
common “regularity” property that a factor M may satisfy is absorbing R
tensorially (usually known as being McDuff). McDuff II;-factors are much
better understood than general II;-factors. Moreover, if M is any factor, then
M®RR is a McDuff factor (of type II; if so is M).

Once the classification of von Neumann factors was completed, the attention
quickly shifted to the study of their automorphisms, and, more generally, the
study of group actions on them. Automorphisms of the hyperfinite 1I;-factor R
which have finite order (that is, actions of a finite cyclic group) were studied by
Connes [13]. His work was considerably extended by Jones [48], who studied
and classified finite group actions on R. These advances culminated in the
remarkable work of Ocneanu [67], who classified general amenable group actions
on McDuff factors. In particular, it follows from his work that there exists a
unique, up to cocycle equivalence, outer action of any given amenable group
on R. We will say more about these results in Chapter

The study of the structure and classification of C*-algebras developed, for
quite some time, rather independently from the advances on the side of von
Neumann algebras. Matui and Sato [65] were the first ones to import techniques
from von Neumann algebras in a systematic way, obtaining groundbreaking

results. These methods were further developed by a number of authors, and
87
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these contributions are particularly relevant in the verifications of (3) = (2)
and (2) = (1) in the Toms-Winter conjecture:

Conjecture 8.0.1. (Toms-Winter; see, for example, [23]). Let A be a unital,
separable, simple, nuclear, infinite dimensional C*-algebra. Then the following
are equivalent:

1. A has finite nuclear dimension.
2. Ais Z-stable.
3. A has strict comparison of positive elements.

The implications (1) = (2) and (2) = (3) were shown to hold by Winter
[104] and Rerdam [85], respectively. As of (3) = (2), the result is known in the
case that T(A) is a Bauer simplex and its extreme boundary is finite dimen-
sional, thanks to the independent works of Matui-Sato [64], Kirchberg-Rgrdam
[53], and Toms-White-Winter [94]. For C*-algebras with stable rank one and
locally finite nuclear dimension, the result was recently shown by Thiel [91].
Finally, the implication (2) = (1) is true whenever T'(A) is a Bauer simplex,
and this was recently shown by Bosa-Brown-Sato-Tikuisis-White-Winter [10].

Now that the Elliott programme to classify simple, nuclear C'*-algebras is
almost completed (see Appendixfor a historical account), it is natural to shift
our attention to the study of their automorphisms, and, more generally, group
actions on them. By comparison, this area is considerably underdeveloped,
and there were, until recently, no systematic efforts to study their structure
and make attempts at their classification. Until around 10 years ago, only
rather restricted classes of group actions have been studied at a time. Izumi’s
study and classification of finite group actions with the Rokhlin property [40]
can be described as the first instance of a systematic study, where the actions
under consideration are not described by the way in which they are constructed
(namely, as direct limit actions of very special form), but rather characterized
by an abstract property. Roughly speaking, for a finite group action, the
Rokhlin property says that there exists a partition of unity, indexed by the
elements of the group, consisting of approximately central projections which are
cyclically translated by the group action (more details are given in Chapters
and [1I). Izumi’s work was extended by the author and Santiago [31] to the
non-unital case, and also to actions of compact groups [32]. The structure of
crossed products by actions with the Rokhlin property has also been the object
of a number of works by Osaka-Phillips [69], Hirshberg-Winter [44], Pasnicu-
Phillips [71] and the author [25] 2§].

Actions with the Rokhlin property are rare, and many algebras o not have
any. One obstruction is that the Rokhlin property, at least for finite groups,
implies certain divisibility properties on K-theory. Attempts to circumvent
obstructions of this sort led Phillips to introduce the tracial Rokhlin property
[75], where the projections are now assumed to have a left over which is small
in the tracial sense (more details are given in Chapter . Among other
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applications, the tracial Rokhlin property has been used by Echterhoff-Liick-
Phillips-Walters [I7] to study fixed point algebras of the irrational rotation
algebra Ay under certain finite group actions, and it was also used by Phillips
to show that any simple higher-dimensional noncommutative tori is an AT-
algebra [73]. The main result used in these works is a theorem of Phillips,
asserting that the crossed product of a C*-algebra with tracial rank zero by
a finite group action with the tracial Rokhlin property again has tracial rank
Zero.

Even the tracial Rokhlin property does not solve what is arguably the
strongest restriction that a C*-algebra can have in order to admit Rokhlin ac-
tions: the existence of projections. For example, the Jiang-Su algebra does not
admit any action with the tracial Rokhlin property. The need to study weaker
versions of these properties was quickly recognized, leading to two further no-
tions. The weak tracial Rokhlin property, in which one replaces the projections
in the definition of the tracial Rokhlin property with positive elements, has
been considered (sometimes under different names) by Archey [1], Hirshberg-
Orovitz [42], Sato [86], Matui-Sato [63], and Wang [98], among others. The
main application of this notion has been showing that Jiang-Su absorption is
preserved by taking crossed products by actions with the weak tracial Rokhlin
property. We say more about this property in Sections 3 and 5.

A different approach was taken by Hirshberg-Winter-Zacharias [45], who
introduced the notion of Rokhlin dimension for automorphisms and actions
of finite groups. In this formulation, the partition of unity appearing in the
Rokhlin property is replaced by a multi-tower partition of unity consisting of
positive elements, each of which is indexed by the group elements and per-
muted by the group action (see Chapter for more details). It is built into
the definition that the lowest value of the Rokhlin dimension (which is zero),
is equivalent to the Rokhlin property discussed above. Not requiring the exis-
tence of projections, actions with finite Rokhlin dimension are more abundant:
for actions on the Jiang-Su algebra, Rokhlin dimension equal to one is in fact
generic. Despite it being so seemingly common, finite Rokhlin dimension is a
powerful tool to prove bounds of the nuclear dimension of crossed products.
An advantage of this approach is that the definition of Rokhlin dimension does
not require the C*-algebra to be simple; in particular, the theory can be ap-
plied to actions on compact Hausdorff spaces. The works of Hirshberg-Winter-
Zacharias for Z-actions, and of Szabo [89] for Z%-actions, illustrate this fact
nicely. Rokhlin dimension has been defined for actions of much more general
groups: for residually finite groups by Szabo-Wu-Zacharias [90], for compact
groups by the author [27] and [26], and further by the author, Hirshberg and
Santiago [30], and for the reals by Hirshberg-Szabo-Winter-Wu [43].

With all these seemingly different Rokhlin-type properties, a natural ques-
tion arises: when does one of these properties imply another one? Except for
the obvious implications, it is not clear what the relationship between them is.
This is explored in Chapter where we show that for a large class of simple
C*-algebras, the weak tracial Rokhlin property and having Rokhlin dimension
at most one are equivalent. The goal of this series of lectures is to familiarize
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the audience with all these Rokhlin-type properties, as well as giving a sample
of the techniques that are used to work with each of them.

Throughout, we will work mostly with separable, unital C*-algebras and
finite groups. Removing the unitality and separability assumptions assump-
tion is, for the most part, not difficult, and we omit this issue completely here.
(The results in Chapter have really only been proved for separable, uni-
tal algebras.) Moving away from finite groups involves more complications.
Some results hold in general for compact groups, while others hold for discrete
amenable groups, and those concerning Rokhlin dimension require the group
to be moreover residually finite. While definitions and proofs will be given for
finite groups mostly, we will mention, when appropriate, what generalizations
have been obtained in the literature.



Chapter 9

Preliminaries

9.1 Strongly self-absorbing C*-algebras.

A bit strange to have it before McDuff’s result...
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Chapter 10

Classification of outer actions on
the hyperfinite 1I;-factor

In [48], Vaughan Jones gave a complete classification, up to conjugacy, of all
actions of a finite group on the hyperfinite II;-factor R, using invariants that
are essentially algebraic. His result does not generalize to arbitrary II;-factors,
although there is a version for approximately inner actions on McDuff factors.
Jones’ classification theorem generalizes previous results of Connes [13] for
actions of Z,, and was subsequently extended by Ocneanu, who obtained a
similar classification for amenable group actions.

Since the invariants used to classify actions on R vanish in the case of outer
actions, it follows that there is a unique outer action of any finite (or of any
amenable) group on R. This particular case is in fact an important step in
the proof of the general theorem, arguably the most difficult one, and in this
chapter we will outline the argument to obtain this uniqueness result. The
proof consists in showing that outer actions on R have the so-called Rokhlin
property, and then proving that two actions with the Rokhlin property are
conjugate.

The material contained in this chapter inspired many C*-algebraists to
study actions on C*-algebras, trying to obtain results similar to those of Connes,
Jones and Ocneanu. The rest of these notes cover some of the latest develop-
ments in the study of C*-dynamical systems, particularly in what concerns
the C*-algebraic versions of Jones’ Rokhlin property for finite group actions
on von Neumann algebras. This chapter therefore provides a historical per-
spective on one of the first uses of the Rokhlin property, specifically in what
refers to classification of finite group actions on R. Since these lecture notes
are devoted to the study of actions on C*-algebras rather than von Neumann
algebras, some of the results in this chapter will be only sketched and many
facts about the structure theory of II;-factors, presented in the first section,

will be used without proof.
93
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10.1 Preliminaries on von Neumann algebras and factors

A von Neumann algebra is a C*-subalgebra of B(#) that is closed in the weak
operator topology. Von Neumann algebras have been abstractly characterized
by Sakai as those C*-algebras that admit an isometric predual. Despite the
fact that von Neumann algebras are C*-algebras in their own right, it is not
usually helpful to think of von Neumann algebras as C*-algebras. It may be il-
lustrative to mention that, while C*-algebras are regarded as noncommutative
toplogical spaces, von Neumann algebras are usually regarded as noncommuta-
tive measure spaces. Behind this philosophy is the fact that if M is an abelian
von Neumann algebra, then there exists a measure space (X, p) such that M
is isomorphic to L™ (X, M)H

The foundations for the advancement of the theory of von Neumann alge-
bras were laid by Murray and von Neumann in their groundbreaking works in
the early 1940’s. Among other fundamental results, they showed that any von
Neumann algebra decomposes as a direct integral (a generalization of a direct
sum) of von Neumann algebras with trivial center (also called factors). Since
many problems about von Neumann algebras can be reduced to the case of a
factor, it is important to understand the structure of the latter. Factors can
be classified into three types, with corresponding subtypes:

e Type I: there is a nonzero minimal projection.
— Type 1, for n € N: the unit can be written as the sum of 7 minimal
projections.

— Type I: otherwise.
e Type II: there are no minimal projections and there is a finite projection;

— Type II;: the unit is a finite projection.

— Type II.: the unit is an infinite projection.
e Type III: all nonzero projections are infinite;
— Type III,, for 0 < A < 1 depending on the Connes spectrum.

Factors of type I can be completely described: M, is the unique factor of
type I,,, while every factor of type I, has the form B(#) for some infinite-
dimensional Hilbert space H. Moreover, every factor of type Il is a tensor
productﬂ of a factor of type IT; and B(#H). Further, every factor of type III can
be written as the crossed product of a factor of type II with an R-action. In
other words, the study of von Neumann factors in some sense can be reduced
to the study of II;-factors.

IThere is also a topological space Y such that M is isomorphic to C(Y’), but this space
is from many points of view a very pathological one, and it is not useful when analyzing the
structure of M.

2Tensor products of von Neumann algebras are defined spatially, similarly to how minimal
tensor products of C*-algebras are constructed. The von Neumann algebraic tensor product
is usually denoted by ®.
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I1,-factors.

There are a number of constructions that give rise to factors of type II;. For
this, we briefly discuss crossed products of von Neumann algebras.

Crossed products of actions on von Neumann algebras are defined analo-
gously as the reduced crossed products of C*-algebras, except that one needs to
construct a universal regular covariant representation and construct the crossed
product spatiallyEI As in the C*-algebra case, if the group is discrete, then the
crossed product can be defined more directly as follows. Take any faithful
representation of the von Neumann algebra, consider the associated regular
covariant representation, and take its integrated form. Then the crossed prod-
uct is isomorphic to the von Neumann algebra generated by its image. If M
is a von Neumann algebra and a group G acts on it, we denote the associ-
ated crossed product by M <G to distinguish it from the C*-algebraic crossed
product. Note, however, that M x,G and M %, G coincide when G is finite.

Crossed products can be used to construct a number of examples of II;-
factors.

Example 10.1.1. Let G be a discrete group, let (X, i) be a probability space,
and let G act on (X, 1) in a measure-preserving way. Then L*°(X) x G has a
trace, which is induced by p. If the action is free and ergodic, and p has full
support, then L>°(X) x G is a II;-factor.

Example 10.1.2. Let G be a discrete group. Then its group von Neumann
algebra L(G) = Cx G, which can be alternatively be defined as the weak closure
of C3(G) in B(f*(G)), has a trace. Moreover, L(G) is a factor (necessarily of
type II;) if and only if G has infinite conjugacy classes (ICC).

Perhaps the most important example of a II;-factor is the one constructed
in the followingﬁ

Example 10.1.3. The II;-factor R is defined as the weak closure of the UHF-
algebra Ms~ in the GNS representation associated to its unique trace. It is a
factor because 7 is an extreme state, and it is of type II; because by definition
the trace on Mo~ extends to a trace on R.

Factors of type II; enjoy two fundamental properties that are used repeat-
edly: the existence of a unique trace, and the fact that the order of its pro-
jections is determined by the values of this trace. Recall that if p and ¢ are
projections in a C*-algebra A, we write p < q if there exists a projection ¢’ < ¢
such that p ~y—yN ¢’

Theorem 10.1.4. Let M be a II;-factor.

3There is no obvious or useful analog of the full crossed product, so this distinction is
not incorporated in the terminology or notation.

41t also arises in the constructions from [Example 10.1.1| and [Example 10.1.2| whenever G
is amenable.
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1. There exists a unique weakly continuous trace 7: M — C, which is nec-
essarily faithful.

2. Comparison: projections p,q € M, one has p < ¢ if and only if 7(p) <
7(q). Moreover, p ~, ¢ if and only if 7(p) = 7(q).

3. For every t € R there exists a projection p € M with 7(p) = t.

4. If p is a projection in M, then pMp is also a II;-factor.

A useful consequence of this fact is given in the following exercise:
Exercise 10.1.5. Let n € N.

1. Let A be a C*-algebra, and let py,...,p, be projections in A that are
Murray-von Neumann equivalent. Show that A contains a subalgebra
isomorphic to M,,.

2. If M is a II3-factor and n € N, then M contains a subalgebra isomorphic
to M,,.

Hyperfiniteness

A key notion in the study of factors is that of hyperfiniteness, which we define
next.

Definition 10.1.6. A von Neumann algebra is said to be hyperfinite if it
contains an increasing net of finite dimensional subalgebras whose union is
dense in the weak operator topology.

Example 10.1.7. The II;-factor R from is hyperfinite by

construction.

A groundbreaking result of Connes [12] asserts that for a separably act-
ing von Neumann factor, hyperfiniteness is equivalent to injectivity, and also
equivalent to amenability.

Major breakthroughs by Murray and von Neumann, Connes, Haagerup,
Krieger, and Popa culminated in the classification of hyperfinite factors:

Theorem 10.1.8. There is a unique hyperfinite factor of type I,,, for n € N,
I, 111, I, and IIIy, for 0 < A < 1. On the other hand, the hyperfinite
factors of type Il correspond to certain ergodic flows.

It may be interesting to mention that the study of group actions on von
Neumann factors was instrumental in obtaining the results above. Concretely,
the classification of outer automorphisms on the hyperfinite II;-factor R was
key in Connes’ award-winning proof of the uniqueness of hyperfinite factors
of type III,, for 0 < A < 1. Indeed, he showed that if M is a hyperfinite
IIT\-factor, then there is an outer automorphism 6 of R®B(¢?) which scales
the trace by A, and such that M is isomorphic to the crossed product by 6. In
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order to show that any two hyperfinite I1I)-factors are isomorphic, it therefore
suffices to show that any two outer automorphisms of R®B(¢?) which scale
the trace by A, are cocycle Conjugat In this way, classification of actions on
von Neumann algebras arose as an area with fundamental applications to the
structure of factors.

Here, we give a brief proof of the uniqueness of R. In its proof, we will need
the trace (semi-)norm || - - - |2 associated to a trace 7 in a von Neumann algebra
M, which is defined by ||a|s = 7(a*a)'/? for a € M. Tt is an easy consequence
of Kaplansky’s density theorem that, for a II;-factor M, the topology on the
norm-unit ball of M generated by || - |2 agrees with the weak topology.

Theorem 10.1.9. The II;-factor R from |[Example 10.1.3|is the unique sepa-
rable hyperfinite II;-factor.

Proof. Let M be a hyperfinite II;-factor with trace 7.

Claim 1: given € > 0 and a finite-dimensional subalgebra N C M, there
exist n € N and an embedding My — M such that dj.,(Man,z) < €|z for
all x € N. To simplify the argument, we will assume that N is a matrix
subalgebra of M, say N = M, for some r > 2. Let {€;5:1 < j,k <r} be a
system of matrix units in M generating N. Find a rational of the form m/2"

satisfying ‘ (e11) — ﬂ‘ < -5, and use [Exercise 10.1.5| to find a projection

p < “{1% with trace m/2". For j,k=1,...,r, set ejk =gl )pé{lrl)C € M. Then

{ej’k. 1 < j,k <r}is asystem of matrix units in M (it may not be unital),
and the algebra P that they generate satisfies d.j,(P,z) < ¢l|z|| for all z € N.
Set g = 1—1p. Then both p and g have dyadic rational traces, so there exist
s,t € Nand n € N with 7(p) = s/2™ and 7(q) = ¢/2". Use to
find unital copies
Mg — pMp and M; — qMag,

and choose the corresponding matrix units {f](sk) 1<4,k<s}and {f](tlz 1<
J,k <t} in M. Now, the projections

A £ e ) elh, el f)el), el f el el £,
(t) (t)
1,105 Jtt

are orthogonaL add up to the unit of M, and have all the same trace, which
equals — +t = 2% The algebra they generate, which is isomorphic to Man,
contains P, and hence satisfies the conditions in the claim.

Claim 2: M contains Mas as a weakly-dense subalgebra.

Claim 3: M is isomorphic to R. Consider the GNS-representation of M
associated to 7p;. By the previous claim, M contains My~ as a weakly-dense

subalgebra. Since the restriction of 7p; to Ma is the unique trace of Maye,

5Two automorphisms ¢ and 1 are cocycle conjugate if and only if there are a unitary
u and an automorphism 6 such that 6 o Ad(u) o po6~! = 1. Once ¢ and 1 are regarded
as Z-actions, this means that there is a cocycle perturbation of one of them (in the sense of

Definition 10.2.2)) which is conjugate to the other one.
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this representation restricts to the GNS representation of Ms«, and hence the
von Neumann algebra generated by its image, which is isomorphic to M by
weak density, must agree with R.

Finish the proof? O

Central sequences and McDuff’s theorem

Sequences algebras and relative commutants (also called central sequence alge-
bras) are fundamental tools not only in the study of the structure of operator
algebras, but also in the study and classification of group actions on them.

The first use of central sequence algebras can be traced to the work of
McDuff [66], who characterized those IT;-factors that tensorially absorption of
R in terms of the existence of a unital embedding of R into the central sequence
algebra of the factor. Later on, Jones used central sequence algebras in order
to classify outer actions of finite groups on R.

In this subsection, we define the central sequence algebra of a II;-factor.
We begin with a discussion about (free) ultrafilters on N.

Definition 10.1.10. A wultrafilter over N is a set w of subsets of N satisfying
1.0 #w;
2. f S,T € w, then SNT € w;
3. For every S C N, either S € w or N\ S € w.

An ultrafilter gives a notion of largeness in N, where one regards a subset
of N to be large if it belongs to the ultrafilter. Limits along ultrafilters are
defined naturally, as follows:

Definition 10.1.11. Let X be a topological space, let (x,)nen be sequence in
X, let x € X, and let w be an ultrafilter over N. We say that (z,,)nen converges
to x along w if for every open set U C X containing z, the set {n € N: z,, € U}

belongs to w. In this case, we write lim z,, = z.
n—w

A remarkable properties of ultrafilters is that bounded sequences always
converge along an ultrafilter.

Lemma 10.1.12. Let X be a compact Hausdorff space, let (x,)nen be se-
quence in X, and let w be an ultrafilter over N. Then there exists a unique
x € X such that (2, )nen converges to x along w.

Proof. Uniqueness of z is clear since X is Hausdorff. For S € w, set
Xs={zn:ne St CX,

which is closed in X. Note that the family {Xg: S € w} has the finite inter-
section property, by condition (2) in [Definition 10.1.11} By compactness of X,

the intersection of this family is nonempty, so let « be an element in () Xg.
Sew
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We will show that (z,)nen converges to x along w. Let U C X be an open
subset containing x. Arguing by contradiction, assume that {n € N: z,, € U}
does not belong to w. Hence there exists S € w such that X¢ C X\U. However,
this contradicts the fact that x belongs to Xg, thus proving the claim and the
lemma. O

We can now define the (central) sequence algebra of a II;-factor.

Definition 10.1.13. Let M be a II;-factor, and let w be an ultrafilter over N.
We denote by ¢°(N, M) the von Neumann algebra of all bounded sequences
with values on M (endowed with the supremum norm)ﬁ Set

Jo ={z € >N, M): ligl lznll2 = 0},

which is a weakly-closed two sided ideal in £*° (N, M). The quotient is denote by
M*¥, and called the sequence algebra of M. We denote the canonical quotient
map by k%, (N, M) — M*, or just x if no confusion is likely to arise.

The sequence algebra M* is endowed with the canonical trace 7,,: M“ — C
given by 7, (k(z)) = 7}1_13) 7(2y) for all z € (N, M).

The factor M can be identified with the subalgebra of £>°(N, M) consisting
of the constant sequences, and with a subalgebra of M* via k. We define the
central sequence algebra of M to be the relative commutant M“ N M’.

Note that by definition, every representing sequence (ay)nen in M of an
element a € M* N M’ satisfies lim,,_,, ||an® — xay|l2 =0 for all z € M.

The construction of M“ N M’ is sufficiently functorial that any automor-
phism ¢ of M induces an automorphism ¢* of M N M’.

Definition of free ultrafilter.

A special feature of the hyperfinite IT;-factor R, is that its central sequence
algebra (associated to a free ultrafilter) is again a II;-factor, and that an auto-
morphism of R is outer if and only if it induces an outer automorphism of the
central sequence algebra.

Theorem 10.1.14. Let w be a free ultrafilter. Then R*¥ N R/ is a II;-factor.
Moreover, an automorphism ¢ of R is outer if and only if ¢ € Aut(R¥ NR/)
is outer.

We close this subsection with McDuff’s characterization of absorption of R.

Theorem 10.1.15. Let M be a II;-factor, and let w be a free ultrafilter. Then
the following are equivalent

1. There is an isomorphism M = M®R;
2. There is a unital embedding R — M* N M’;

3. For some (any) n > 2, there is a unital embedding M,, — M“ N M’.

61f M is concretely represented on the Hilbert space H, then the algebra ¢ (N, M) can
be represented concretely on £2(N) ® H in a canonical way.
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10.2 Outer actions on II;-factors

Recall that an automorphism ¢ of a C*-algebra A is said to be outer if there
does not exist a unitary u € M(A) with ¢ = Ad(u). Moreover, an action
a: G — Aut(M) is said to be outer if a4 is outer for all g € G\ {1}.

Proposition 10.2.1. Let G be a discrete group, let M be a factor, and let
a: G — Aut(M) be an outer action. Then Mx,G is a factor. If M is of type
ITy, then so is M x,G. Finally, if G is finite, then the same conclusions apply
to the fixed point algebra M.

Proof. Set N = Mx,G. We begin by showing that N is a factor. Let z € N
be a central contraction. We will show that x belongs to M, in which case it
belongs to the center of M and hence it is a scalar. Denote by E: N — M the
canonical conditional expectation. We argue by contradiction, so we assume
that there exists g € G such that E(zu,) is not zero. (Such a group element
exists by faithfulness of E/, which can be proved analogously to )
We claim that «y is inner.

Given a € M, we have

E(zug)a = E(zuga) = E(zag(a)ug) = E(ag(a)zug) = ag(a)E(zug).

Now set z = E(zug), which is an element in M satisfying za = a4(a)z for
all @ € M. By taking adjoints, we also get az* = z*ag4(a) for all a € M. Hence

2'za = 2 ag(a)z = az’z,

and thus z*z belongs to the center of M. Take the polar decomposition z = v|z|
of z in M, where v is a unitary in M and |z| = (2*2)"/2. Then |z| is a (nonzero)
scalar, and thus the identity za = a4(a)z gives va = ag4(a)v for all a € M.
Hence v € M implements g, as desired. This is a contradiction, which shows
that N is a factor.

Assume that M is of type II;. Then the factor N = M x,G cannot be of
type I since it contains the II;-factor M, and it admits a (normalized) trace
given by 7 o E. Hence M is of type II;.

When G is finite, one can show as in that the element p =

% >~ ug is a projection in N and that pNp is isomorphic to M“. Since

Gl

geG
a corner of a factor (of type II;) is again a factor (of type II;), the result
follows. O

We will need the notion of a 1-cocycle for a group action.

Definition 10.2.2. Let G be a discrete group, let A be a unital C*-algebra,
and let a: G — Aut(A) be an action. A function w: G — U(A) is said to be
an a-cocycle if

Wgn = Wgorg(wp)



10.2. OUTER ACTIONS ON II,-FACTORS 101

for all g,h € G. We moreover say that w is a coboundary if there exists
v € U(A) such that wy = vay, (v*).
Given an a-cocycle w, we denote by a®: G — Aut(A) the action given by
= Ad(wg) o oy for all g € G.

For finite group actions, deciding whether a cocycle is a coboundary or not
amounts to comparing two projections in the crossed product.

Proposition 10.2.3. Let G be a finite group, let A be a unital C*-algebra,
let a: G — Aut(A) be an action, and let w: G — U(A) be an a-cocycle. For
g € G, let ug € A 1, G denote the canonical unitary implementing cg. Then

1
p= e quuq and ¢ = e Zug
|G| = 1G] =
are projections, and w is a coboundary if and only if p ~y_yN G-

Since the proof is straightforward, we leave it as an exercise, together with

other claims made in [Definition 10.2.21

Exercise 10.2.4. Let G be a discrete group, let A be a unital C*-algebra, let
a: G — Aut(A) be an action, and let w: G — U(A) be an a-cocycle.

1. Show that the map a: G — Aut(A) given by oy = Ad(w,) o o, for all
g € G, is an action.

2. Show that A x, G and A x4+ G are canonically isomorphic.

Suppose now that G is finite. For g € G, let uy € A X, G denote the canonical
unitary implementing «,. Set

1
p= wytt, and q= Ug.
|G‘qu @ 2

geG geG
3. Show that p and ¢ are projections.
4. Show that w is a coboundary if and only if p ~y—yN ¢.

Theorem 10.2.5. Let M be a II;-factor, let G be a finite group, and let
a: G — Aut(M) be an outer action. Then every a-cocycle is a coboundary.

Proof. Let w: G — U(M) be an a-cocycle, and let p,q € M be as in [Proposi-
Denote by 7)s the unique trace of M. By [Proposition 10.2.1] the
crossed product M xo G is a II;-factor with trace given by 7(3_ 4 agug) =
mv(ar) for all 37 - aguys € M o G. Since II;-factors have comparison by
1t suffices to show that 7(p) = 7(q). It is clear that 7(p) = w;
and 7(q) = 1, so we shall only prove that w; = 1. However, this follows from
the following identity

w1 = W2 = wlal(wl) = wiwq.
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10.3 Classification of outer actions on R

In this section, we will sketch Jones’ proof that there exists a unique outer
action of any finite group on R. Roughly speaking, the argument has two
main steps:

e Any outer action on R has the Rokhlin property.
e Two actions on R with the Rokhlin property are conjugate.

We will concentrate mostly on the first part, for two reasons. First, because
this part is really very special to the hyperfinite II;-factor, and nothing like this
is true in the C*-algebraic context. And second, because the second part of the
argument can be proved using techniques similar to those we will present in
and there the von Neumann algebraic techniques are not as crucial.

We therefore begin by defining the Rokhlin property for finite group actions
on II;-factors (which we will call the W*-Rokhlin property, to distinguish it

from the property we will study in [chapter 11)).

Definition 10.3.1. Let G be a finite group, let M be a II;-factor, and let
a: G — Aut(M) be an action. We say that a has the W*-Rokhlin property if
for every finite subset ' C M and every € > 0, there exist mutually orthogonal
projections p, € M, for g € G, satisfying

1. ||ag(pn) — pgnll2 < € for all g, h € G;

2. Y pg=1
geG

3. |lpga — apyll2 < e forallg € G and all a € F.

A family of (necessarily orthogonal) projections that add up to the unit is
also referred to as a partition of unity.

Remark 10.3.2. Let w be a free ultrafilter. When M is separable, an action
a: G — Aut(M) as above has the W*-Rokhlin property if and only if there
exists a unital equivariant embedding

(L>®(G),Lt) = (M“ N M',a%).
The following is the canonical example of a Rokhlin action.

Example 10.3.3. Let G be a nontrivial finite group. Consider the conjugation
action Ad(\): G — Aut(B(¢*(G))). There is an infinite tensor product action

d = @ Ad()) of G on the UHF-algebra of type M)g|~. Since the unique trace
neN
of M|gj~ is invariant under ¢, it follows that there is a well-defined action

w: G — Aut(R) which extends 6. We claim that this action has the W*-
Rokhlin property. Given a finite subset FF C R and € > 0, there is a unital
equivariant embedding ¢: (B(£2(GQ)), Ad()\)) — (R, i) that satisfies ||¢(z)a —
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ap(z)||2 < eljz|| for all x € B(¢*(@)) and all a € Fﬂ If {eg.1: g, h € G} denotes
the matrix units of B(£*(G)), we set p, = e, , for all g € G. It is then easy to
verify that these projections satisfy conditions 1, 2 and 3 in [Definition 10.3.1]

Let G be a finite group and let X be a finite G-space. We endow B(¢£?(X))
with the G-action v: G — Aut(B(¢%(X))) given by v4(ezy) = €g.z gy for all
z,y € X and all g € G. When X = G with the translation action, we obtain
the action of conjugation by the left regular representation.

Lemma 10.3.4. Let M be a II;-factor, let G be a finite group, and let X be a
finite G-space, and let ov: G — Aut(M) be an outer action. Then there exists
a unital, G-equivariant embedding

(B(£A(X)),7) = (M, a).
Proof. Since M@ is a II;-factor by [Proposition 10.2.1] we use [Exercise 10.1.5

to find matrix units f, , € MY, for 2,y € X. For g € G, set wy = > fyuus
rzeX

which is a unitary in M%. For g,h € G, we have

WqgWh = Z fg-w,a:fhvy,y = Z fg-m,hflx = Z f(gh)-z,xa

z,ycX reX reX

as well as wy = wy-1. It follows that w is a unitary representation of G with

values in M, and hence it is an a-cocycle when regarded as a map w: G —

U(M). By [Theorem 10.2.5| there exists v € U(M) such that wy = v* ey (v) for

all g € G. For z,y € X, set e,y = vfy,v* € M. Clearly these are matrix
units generating a copy of B(¢2(X)). Moreover,

ag(ery) = ag(v) fgnoy(v*) = vwgf%yw;v* = Vfgu,g4V" = €gu,gy;

for all g € G and all z,y € X. We conclude that the induced unital embedding
B(/*(X)) — M is equivariant. O

We can now prove that outer actions on R have the W*-Rokhlin property.

Theorem 10.3.5. Let G be a finite group, let a: G — Aut(M) be an action,
and let w be a free ultrafilter over N. Then the following are equivalent:

1. « is outer;
2. « has the W*-Rokhlin property;

3. There is a unital equivariant embedding

Y (B(A(G)),Ad(N)) = (R NTR/,a%).

"This follows by identifying R with the weak closure of the infinite tensor product of
B(£*(@)), approximating F' in the seminorm || - ||2 by elements in the UHF-algebra Mo,
then further by elements in some finite tensor product of B(¢2(G)) in the C*-norm, and
finally choosing a tensor copy of B(£2(G)) that commutes with those approximations.
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Proof. The implication (2) = (1) is completely general for actions on a II;-
factor M: suppose there exist go € G and uw € U(M) such that oy, = Ad(u).
Choose projections p, € M, for g € G, satisfying the conditions of [Defini-]
for F = {u} and ¢ = 1/2. Complete the proof!

To prove (3) = (2), observe that (£°°(G),Lt) embeds into (B(¢2(G)), Ad()\))
canonically as multiplication operators. Hence the restriction of ¥ to £>°(G) is
the desired homomorphism as in

It therefore remains to prove (1) = (3), so suppose that « is outer. By
Theorem 10.1.14] « induces an outer action on the II;-factor R“ NR'. By

ILemma 10.3.4] there exists a unital equivariant embedding
¥ (B(2(G)),Ad(\)) — (R NR',a¥).

O

The above result is quite remarkable, since a very strong global property
(the W*-Rokhlin property) is obtained from an a priori much weaker pointwise
property (outerness)

Once the Rokhlin property for outer actions has been established, there
are at least two ways of proving the classification of outer actions. The first
proof, which is outlined in the rest of this chapter, one of the main tools is
that, consists in “splitting off” a tensorial copy of the model action p from
and then showing that what is left over is the trivial action
on the relative commutant. The second proof uses arguments that are much
closer in spirit to those used in C*-algebras (specifically, the Evans-Kishimoto
intertwining argument), and does not depend on the model action p. This
alternative proof is not explicitly presented in these notes, but it can be easily
reconstructed from the classification of actions with the C'*-Rokhlin property
given in

We proceed to sketch the first of the proofs described above. For this, we
need an equivariant version of McDuff’s result [Theorem 10.1.15} in which the
conclusion is that a given action absorbs an action on R tensorially. We cannot
allow arbitrary actions on R, and the class of actions that are suitable for our
purposes is what we call McDuff actions.

Definition 10.3.6. Let G be a finite group and let §: G — Aut(R) be an ac-
tion. We say that v is a McDuff action if there are an equivariant isomorphism
0: (R®R,6 ®6) — (R,d) and unitaries u,, € (RR)%, for n € N, satisfying

lim |Ju,0(z)u — 2@ 1g|2=0

n—oo
for all x € R.
The next exercise contains some examples of McDuff actions.

Exercise 10.3.7. Let G be a finite group, and let X be a finite G-space. De-
note by vx: G — Aut(B(¢%(G))) the induced action, and by dx: G — Aut(R)
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the action given by § = @ vx, using the identification R = & B((?(X)).
neN neN
Prove that dx is McDuff. Deduce that the trivial action of G on R is McDulff,

and also that the model action p: G — Aut(R) with the W*-Rokhlin property

(see [Example 10.3.3) is McDuff.

Virtually the same proof as in [Theorem 10.1.15| allows one to prove the
desired equivariant McDuff result (see [29] for a more general version):

Theorem 10.3.8. Let M be a separable II;-factor, let G be a finite group, let
a: G — Aut(M) be an action, let §: G — Aut(R) be a McDuff action, and let
w be a free ultrafilter. Then the following are equivalent

1. There is an equivariant isomorphism (M, o) = (MR, a ® §);
2. There is a unital equivariant embedding (R, d) — (M¥ N M’ a®).

Moreover, if there exists a finite G-space X such that § = dx as in
cise 10.3.7, then the above are also equivalent to

3. There is a unital equivariant embedding (B(¢2(X)),vx) — (M“NM’, a%).

Combining [Theorem 10.3.5] and [Theorem 10.3.8] we immediately deduce
the following.

Corollary 10.3.9. Let G be a finite group and let a: G — Aut(M) be an
outer action. Then there are equivariant isomorphisms

(,R’@Ra a® /~L) = (Rv a) = (’R'@Ra a® ldR)

Classification, once the Rokhlin property is established, can be proved along
the exact same lines of classification of C*-Rokhlin actions; see next chapter.
We don’t do it for vNa.






Chapter 11

The Rokhlin property

The works of Connes [13] and Jones [48] motivated the search for analogs of the
results from in the context of finite group actions on C*-algebras,
particularly in what refers to their classification. Early studies came in the
works of Fack-Marechal [24] and Herman-Jones [40], who studied what we now
call the Rokhlin property for Z,-actions on UHF-algebras. A few decades
later, Izumi’s groundbreaking work [46] laid the foundations for a systematic
study of the Rokhlin property. There, he gave a complete classification of
finite group actions with the Rokhlin property in terms of the approximate
unitary equivalence classes of the individual automorphisms. Later works by
Hirshberg-Winter [44] Osaka-Phillips [69], and the author [25], focused on the
structure of the crossed product as well as the internal properties of Rokhlin
actions.

In this chapter, we give an overview of the results concerning finite group
actions with the Rokhlin property, including the most prominent uses: their
classification (including existence and uniqueness results for homomorphisms)
and the structure of their crossed products. We restrict the analysis to unital
C*-algebras throughout, in order to avoid unnecessary technicalities.

11.1 Finite group actions with the Rokhlin property

In this section, we introduce the Rokhlin property for actions of finite groups
and study some basic properties and examples.

We begin by introducing the Rokhlin property for finite group actions on
unital C*-algebras.

Definition 11.1.1. Let G be a finite group, let A be a unital C*-algebra, and
let a: G — Aut(A) be an action. We say that « has the Rokhlin property if
for every finite subset F' C A and every £ > 0, there exist mutually orthogonal
projections p, € A, for g € G, satisfying

1. |lag(pn) — pgnll < € for all g, h € G;
107
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2. Y pg=1;
g€G
3. |lpga — apy|| < e for all g € G and all a € F.

The Rokhlin property is clearly invariant under equivariant isomorphism.
In the next exercise it is shown that it is also invariant under cocycle conjugacy.

Example 11.1.2. Let G be a finite group, let A be a unital C*-algebra, let
a: G — Aut(A) be an action, and let w: G — U(A) be an a-cocycle.

1. Show that « has the Rokhlin property if and only if o™ does.
2. Suppose that a has the Rokhlin property. Show that there exists v €

U(A) with wy = vay(v*) for all g € G. (Hint: use [Proposition 10.2.3|
together with an approximation argument.)

As in the case of von Neumann algebras, an equivalent characterization
when A is separable can be given in terms of central sequence algebras. We
denote by A, the quotient of £°(N, A) by the ideal ¢y(N, A), and call it the
sequence algebra of A. We write Ao, N A’ for the relative commutant of A
in the sequence algebra, and call it the central sequence algebra of A. Note
that C*-algebraic sequence algebras are decorated with subscripts, while von
Neumann algebraic sequence algebras are decorated with superscripts. We do
so because for a II;-factor M, its von Neumann algebraic central sequence and
its C*-algebraic central sequence never agree.

Proposition 11.1.3. Let G be a finite group, let A be a separable unital C*-
algebra, and let a: G — Aut(A) be an action. Then « has the Rokhlin property
if and only if there is a unital, equivariant homomorphism ¢: (C(G),Lt) —
(Ao N A’ ).

Exercise 11.1.4. Give a proof of [Proposition 11.1.3]

In order to solve the above exercise, one needs to represent a projection
in the (central) sequence algebra with a sequence of projections, which is an
easy application of functional calculus. The sum of these projections will then
be very close to the unit of the algebra, and a further perturbation argument
needs to be performed to find nearby projections that add up exactly to the
unit.

Arguments of this nature involve, either explicitly or implicitly, the notion
of weak semiprojectivity. For algebras that admit a finite presentation in terms
of generators and relations (see 7 this notion can be expressed very
nicelyﬂ Suppose that A = C*(G : R) is the universal C*-algebra on the finite
set of generators G subject to the finite set of relations R. Then A is weakly
semiprojective if and only if for every ¢ > 0 there exists § > 0 such that
whenever B is a C*-algebra and b, € B, for v € G, are elements satisfying

LA more thorough treatment of the subject can be found in [62].
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all the relations from R up to J, then there exist ¢, € B, for x € G, which
satisfy the relations from R exactly and moreover ||b, — ¢, || < € for all z € G.
Examples of weakly semiprojective algebras include C* and C(S!). In the
context of [Proposition 11.1.3] weak semiprojectivity of C(G) = CI!¢I allows one
to replace projections that add up to almost one by projections that add up to
exactly one.

There is an equivariant version of weak semiprojectivity, called equivariant
weak semiprojectivity, that has been studied in [74] and [76]. We will not
discuss this notion in these notes, but we do want to mention one consequence
of the results in [74]. In Theorem 2.5 there, it is shown that for a finite group
G, the translation action on C(G) is equivariantly weakly semiprojective (this
also appears, with an easier proof and for abelian G, in Section 5 of [2§]),
meaning that projections that are “almost” translated by G can be perturbed
to find projections that are exactly translated. In particular, this leads to the
following strengthening of the Rokhlin property.

Remark 11.1.5. Let G be a finite group, let A be a unital C*-algebra, and
let a: G — Aut(A) be an action. We say that « has the Rokhlin property if
and only if for every finite subset F' C A and every € > 0, there exist mutually
orthogonal projections p, € A, for g € G, satisfying

1. ag4(pn) = pgn for all g, h € G;

2. Y pg=1;
geG

3. |[pga —apyl| < e forall ge Gand alla € F.

The difference between the conditions above and those listed in [Defini
[tion 11.1.1]is that in condition (1) in[Remark 11.1.5] the projections are exactly
permuted by the group action. This strengthening makes a number of argu-
ments much shorter and conceptually clearer, and will be used in a number of
proofs in this chapter. This simplification is not strictly necessary, since all the
results presented here can be proved using projections as in |[Definition 11.1.1}]

The following is the canonical example of a Rokhlin action; see also

ple 10.3.3

Example 11.1.6. Let G be a nontrivial finite group. Consider the conjugation
action Ad(\): G — Aut(B(¢%(G))). Then the infinite tensor product action § =

& Ad()) of G on the UHF-algebra of type M|~ has the Rokhlin property.
neN

We collect some preservation properties for the Rokhlin property that will
be needed later. Their proofs are easy, and are mostly left to the reader.

Proposition 11.1.7. Let G be a finite group, let (A,,tn)neny be a direct
system of unital C*-algebras with unital connecting maps, and for each n € N,
let o™ : G — Aut(A,) be an action such that ¢, o a!(]n) = agn+1) o1, for all
n€Nandall g € G. Set A= liﬂAn and a = @a(”). If o™ has the Rokhlin
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property for infinitely many values of n, then « has the Rokhlin property as
well.

Proof. Let F C A be a finite subset and let ¢ > 0. Find n € N and a finite
subset Fy C A,, such that dist(F, s 00 (Fo)) < €/2. By increasing n, we may
assume that o™ has the Rokhlin property. Find projections qq € Ay, for
g € G, satisfying the conditions in [Definition 11.1.1/for o™, £/2 and F,. One
easily checks that the projections p; = tn,c(qg) € A, for g € G, satisfy the
conditions in [Definition 11.1.1]for «, € and F, as desired. O

Proposition 11.1.8. Let A be a unital C*-algebra, let G be a finite group,
and let a: G — Aut(A) be an action with the Rokhlin property.

1. Let B be a unital C*-algebra, and let 5: G — Aut(B) be an action of G
on B. Let A® B be any C*-algebra completion of the algebraic tensor
product of A and B for which the tensor product action a® 3 is deﬁnedﬂ
Then « ® B has the Rokhlin property.

2. Let I be an a-invariant ideal in A, and denote by @: G — Aut(A/I) the
induced action on A/I. Then @ has the Rokhlin property.

3. Let p be an a-invariant projection in A. Set B = pAp and denote by
B: G — Aut(B) the compressed action of G. Then § has the Rokhlin

property.

Exercise 11.1.9. Prove |Proposition 11.1.8

Using |Proposition 11.1.7] and |Proposition 11.1.8] we can construct more
actions with the Rokhlin property.

Example 11.1.10. Let G be a finite group, and let § be the Rokhlin action

of G on Mg~ from and consider the tensor product action
d®ido,: G — Aut(M|g= ® Oz).

This action has the Rokhlin property by part (1) of [Proposition 11.1.8] Since
M,gj> ® Oz is isomorphic to Oz, we have thus constructed an action of G on
09 with the Rokhlin property.

Proposition 11.1.11. Let G be a finite group, and let m € N. Then there is
action of G on M,,~ with the Rokhlin property if and only if |G| divides m.

Proof. Suppose that |G| divides m. Then My, = M0 @ M|g|~, and hence a
tensor product construction similar to the one given in [Example 11.1.10[shows
that there is an action of G on M,,~ with the Rokhlin property.

Conversely, suppose that there is an action a: G — Aut(M,,~) with the
Rokhlin property. In particular, there is a projection p = p; € M,,~ that

2See [Exercise 3.3.7] and observe that the action a described in that exercise has the
Rokhlin property.
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satisfies > a4(p) = 1. Since a4 is approximately inner for all ¢ € G, we

g€G
deduce that [ag( )o = [plo for all g € G; see [Exercise 2.3.17 It follows that
(1o = |G|[plo in Ko(Mype) = Z [£]. This is only possible if |G| divides m, as
desired. O

Exercise 11.1.12. Let §# € R\ Q, and let G be a nontrivial finite group. Show
that there is no action of G on Ay with the Rokhlin property.

Exercise 11.1.13. Let G be a finite group and let n € {2,...,00}. Show that
there is an action of G on O, with the Rokhlin property if and only if |G|
divides n — 1.

11.2 Classification of equivariant homomorphisms

The main result of this section asserts that finite group actions with the Rokhlin
property are classified, up to conjugation by an approximately inner auto-
morphism, by the approximate equivalence classes of the individual automor-
phisms; see This result is due to Izumi in the unital case [46],
and to the author and Santiago in the nonunital case [31]. We only treat the
unital case here, but we follow the arguments from [31], since they allow us to
prove a more general result regarding equivariant homomorphisms.
We begin by introducing a useful definition.

Definition 11.2.1. Let A and B be unital C*-algebras, let G be a finite group,
let a: G — Aut(A) and 8: G — Aut(B) be actions, and let

@, (A,a) = (B,5)
be equivariant homomorphisms. We say that ¢ and ¢ are G-approzrimately
unitarily equivalent, written ¢ e 1/}, if for every € > 0 and every finite subset
au

F C A, there exists a G-invariant umtary u € BP satisfying ||up(a)u*—v(a)|| <
gforallaeF.

Note that when « and 3 are trivial, then G-approximate unitary equivalence
is just the usual approximate unitary equivalence, which we denote by ~ .

aue
In the proof of [Proposition 11.2.3] we will repeatedly use the fact that,
whose proof is left as an exercies.

Exercise 11.2.2. Let pq,...,p, be orthogonal projections in a C*-algebra A,
and let x1,...,Zn,Y1,---,Yn € A. Prove that

n n
D opiws =Y iyl < max [l —yll.
j=1,....n
j=1 j=1

n
Without orthogonality of the projections, the best bound is > ||z; — y;]|-
j=1
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Proposition 11.2.3. Let A and B be unital C*-algebras, let G be a fi-
nite group, let a: G — Aut(A) and 5: G — Aut(B) be actions, and let
o, : (A,a) — (B, ) be equivariant homomorphisms. Suppose that § has
the Rokhlin property. Then ¢ od 9 if and only if ¢ o .

-aue

Proof. We only need to prove the “only if” implication, so let F' C A be a finite
subset and let e > 0. Without loss of generality, we assume that ||a|| < 1 for all
a € F. Find § > 0 such that whenever z is an element in a unital C*-algebra
satisfying ||zz* — 1|| < ¢ and ||z*z — 1|| < 4, then there exists a unitary u with
lu—z|| < e/6.

Set F' = |J ag4(F), which is a G-invariant finite subset of A. Since ¢ ~aue

geaG

1, there exists v € U(B) such that

lvp(a’)o™ —p(a)]| < /6

for all o’ € F".
Fix g € G and a € F. Then a’ = «a4-1(a) belongs to F'. Using the
inequality above and the fact that ¢ and ¢ are equivariant, we get

[0Bg-1(p(a))v™ = Byg-1(¥(a))]| < /6.

Apply B4 to the inequality above to get
189 (v)p(a)Bg(v)" = ¥(a)|| <e/6.

Using the Rokhlin property for 5 and [Remark 11.1.5] choose a partition of
unity of projections p, € B, for g € G, satisfying 84(pn) = pgp, for all g,h € G,

and ||pyx — xpy|| < min{d/2,e/6} for all z € (F) U {By4(v), By(v*): g € G}.
Set

z = Zpgﬁg(v) € B.

geG

zz" = Z DgBqg(v)Bn(v™)pn = Z PgPrBe(v)Br(v") = Zpgﬂg(vv*) =L

25
g,heG 2 g,heG geG

Similarly, one checks that ||z*z — 1|| < §. Moreover, given g € G, one has

By(2) =Y By(pn)Ben(v) = Y pgnBen(v) = 2,

heG heG

so z belongs to B?. By the choice of §, we can find a unitary u € B? satisfying
lu—z|| < e/6.
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Given a € F, we have

up(a)u” = 2p(a)z” = ) pgBy(v)e(a)Bu(v )pn
6 g,heqG

Z pgphﬂg (a)Br(v™)

g,heG

Z pgBy(v)p(a)By(v™)

geG

~ Y(a).

=
6

v @

Thus ||up(a)u* — ¥(a)]| < € for all a € F. We conclude that ¢ o 7,/1, as
desired. O

In the next proposition, we show that equivariant homomorphisms can be
classified if the codomain action has the Rokhlin property.

Proposition 11.2.4. Let A and B be unital C*-algebras, let G be a finite
group, let a: G — Aut(A) and : G — Aut(B) be actions, and let ¢: A —
B be a homomorphism. Suppose that g has the Rokhlin property and that
Bg o ~poag for all g € G. Then:

1. For any £ > 0 and for any finite set F' C A there exists a unitary w € U(B)
satisfying the following inequalities for all ¢ € G and all a € F:

1(Bg 0 Ad(w) 0 p)(a) — (Ad(w) o p o ag)(a)]| <&, and
[(Ad(w) o p)(a) — p(a)l| <e+ sup [(Br 0 ¢ o ap-1)(a) = p(a)].-

2. When A is separable, there is an equivariant homomorphism 9: (A4, a) —
(B, B) with ¢ ~ .

Proof. (1). Let F be a finite subset of A and let ¢ > 0. Without loss of

generality, we may assume that F' consists of contractions. Set F' = (J oy (F),
geG
which is a finite subset of A. Since 850 ¢ ~ @oay for all g € G, there exist
aue

unitaries u, € U(B), for g € G, such that
€
10Bg © @) (b) = (Ad(ug) 0 p 0 ag) (D) < 15
forallb € F' and g € G. For a € F and g,h € G, we have

||(Ad(ug)090°ah)( ) = (Bn o Ad(up-14) 0 @) (a)]|
= [[(Ad(ug) o @ 0 ag)(ag-1n(a)) — (B © Ad(up-: )Owoahﬂg)(%—lh(a))ﬂ
(
(

<A uwowoaﬁ«@lha> (By 0 ) (ag-1(a))]|
+[|(Bg 0 ©)(ag-11(a)) — (B 0 Ad(up-14) 0 9 0 ap-1,)(ag-15(a))||
<f L 2 _c

— 10 10 5
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Let 6 > 0 such that whenever x € B satisfies ||[z*z — 1|| < § and ||zz* —
1]| < 4, then there exists a unitary w € U(B) with [Jw — z| < /5. Using
the Rokhlin property for 8 and choose a partition of unity
of projections p, € B, for g € G, satistying By(pn) = pgn for all g,h € G,
and [[pgr — xpyl| < min{d/2,e/5} for all z € p(F") U {ug,u;: g € G}. Set
x = ) pgugs € B. Using an argument similar to the one in the proof of

geG
[Proposition 11.2.3] it is easily seen that ||z*x —1|| < ¢ and ||zz* —1|| < §. Find

w € U(B) with ||w — x| < /5. In particular, |zbz* — wbw*|| < ||b]|2e/5 for all
b € B. Moreover, for b € B, one has

zbr* = Zpg(ugbu;) = ZpgAd(ug)(b)~

geG geG

Fix a € F and h € G. Then

(Bn o Ad(w) 0 p)(a) & D pag(Bn 0 Ad(uy) o ©)(a)

€

5 geq

— Z pg(Br 0 Ad(up-14) o ¢)(a),

geG

V)

and
(Ad(w) o poan)(a) & > py(Ad(uy) oo an)(a).

geG

v R

Using that the p, are orthogonal projections, we get

18 0 Ad(w) 0 9)(a) — (Ad(w) 0 o 0 ) (a)|
< % 4 sup [[(Ad(uy) 0 9o an)(a) — (Br 0 Ad(up-1,) 0 ) a)|

5 geG
< 5e

— = €.

5

Thus,

I(Ad(w) 0 ¢)(a) = p(a)]| = [ D py((Ad(uy) 0 ¥)(a) = ¢(a))

geG
< sup [|(Ad(ug) 0 p)(a) = ()
geG
< sup ([(Ad(ug) © ¢ 0 ag)(ag-1(a)) — (Bg o @) (ag-1(a))|

+1|(Bg 0 poag-1)(a) — p(a)|))
<e+ sgg |(Bg 0 @ oag-1)(a) —p(a)

)

as desired.
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(2) Let (Fp)nen be an increasing sequence of finite subsets of A whose
union is a G-invariant dense x — Q[i]-subalgebra of Alﬂ Set ¢1 = ¢ and find a
unitary wy € U(B) such that the conclusion of the first part of the proposition is
satisfied with ¢1 and e = 1. Set o = Ad(w;)owp1, and find a unitary wy € U(B)
such that the conclusion of the first part of the proposition is satisfied with @9
and € = % Tterating this process, there exist *-homomorphisms ¢, : A — B,
with @1 = ¢, and unitaries (wy,)nen in U(B) such that ¢,11 = Ad(wy,) o pa,
for all n € N, which moreover satisfy

1

may [(Bg 0 n)(a) = (pn 0 ag)(a)|| < on

for all n € N and for all a € F,,, and

3
lns1(@) = en(@ll < o

for all n € N and for all @ € F,,. Then the sequence (¢x(a))ren is Cauchy
in B for every a € |J F,, which is a dense x-subalgebra of A. Denoting
neN
by to(z) its limit, it follows that the map v¢o: | F, — B is well-defined,
neN
linear, *-multiplicative and contractive. Therefore, it extends by continuity
to a map ¢: A — B. By construction, each ¢,, is unitarily equivalent to ¢,
so ¢ is approximately unitarily equivalent to . Finally, it is clear that ¢ is

equivariant. O

By combining |Proposition 11.2.4] with an intertwining argument, we will
show that Rokhlin actions can be classified up to conjugacy by approximately
inner automorphisms; see |[Corollary 11.2.6| The required intertwining tech-
nique, known as the Evans-Kishimoto intertwining, is an equivariant version of
Elliott’s intertwining argument, which we present next.

Theorem 11.2.5. Let A and B be separable unital C*-algebras, let G be
a finite group, and let a: G — Aut(A4) and f: G — Aut(B) be actions.
Suppose that there exist equivariant homomorphisms ¢: (A, «) — (B, 3) and
Y: (B, B) = (A, a) such that

1/;0<pr ida and poy ~ idg.

G-aue

Then there exists an equivariant isomorphism 0: (A4, «a) — (B, ) with 6 o
-aue
®.

3To accomplish this, one starts with any increasing sequence (ﬁn)nGN of self-adjoint finite

subsets of A with dense union. By replacing each F, with U ag(Fn), we may assume that
geaG

these sets are G-invariant. Also fix an exhausting sequence (Qn)nen of finite subsets of Q[4].

One then takes F| = Fi. Inductively, set Fy, = (Qn—1+ Frn—1) U (Frn—1 + Fr—1) U Fy,. Then

the sequence (Fy)nen satisfies the desired conditions.
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Proof. Let (FA),en and (FB), ey be increasing sequences of G-invariant finite
subsets of A and B, respectively, whose unions are G-invariant dense * — Q[i]-
subalgebras of A and B, respectively. Set o = ¢ and 1y = 9. Since 1 o

Yo . id 4, there exists a G-invariant unitary u; € U(A®) such that
-aue

1
I(Ad(u1) 0 0 © po)(a) —all < 5
for all @ € F{*. Set 11 = Ad(u;) o g, which is also equivariant and satisfies

Y1 ~ by. Since pgotp; ~ @pohy ~ idpg, there exists a G-invariant
G-aue G-aue G-aue

unitary v; € U(B?) such that

1
I(Ad(v1) 0 po 0 1) (b) —b]| < 5
for all b € FP. Set p; = Ad(v1) o g, which is also equivariant and satisfies

p1 1~ Qo Proceeding inductively, we find a G-invariant unitary u,, € U(A%)
-aue

such that

1(Ad(un) © 1 0 pn_1)(a) — af| < 2i

for all a € F;f‘. We then set ¢, = Ad(u,) o 9¥,—1, and continue to find a
G-invariant unitary v,, € U(B?) such that

(Ad(w) o gm0 ) (0) — bl < 57

for all b € Ff. Then we set ¢, = Ad(v,,) © Yn—1, and continue. The result is
a so-called approzimate intertwining diagram, which is a diagram of the form

A id 4 A ida A ida A
B , B - B _ B
idp idp idp

where the n-th triangle that has A as two of its vertices is commutative within
1/2" on FA, and the n-th triangle that has B as two of its vertices is commu-
tative within 1/2" on F5.

Given a € |J F2, the sequence (¢ (a))ren is Cauchy in B, and we denote

neN

by 0o(a) € B its limit. Similarly, (¢ (b))ren is Cauchy in A for allb € |J FB,
neN

and we denote by 7o(b) € A its limit. The resulting maps
bo: | JF} > Bandm: (JFP— A
neN neN

are easily seen to be well-defined, Q[i]-linear, contractive, self-adjoint and
equivariant. Thus, they extend to equivariant homomorphisms 6: (A4, «) —
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(B,B) and 7: (B,8) — (A4, «), respectively. Since my o §y is the identity on
U F2, and 6 o 7y is the identity on |J FZ, we deduce that 7o 6 = id4 and
neN neN

@ om = idg. In other words, 6 is an equivariant isomorphism with inverse .

Finally, since ¢, o for all n € N, and ¢, o 1 for all n € N, it is easy
-aue -aue
to see that 6 ~ @ and m ~ 1, thus completing the proof. O

G-aue G-aue

We are now ready to prove the main result of this section.

Corollary 11.2.6. Let G be a finite group, let A be a separable unital C*-
algebra, and let o, 8: G' — Aut(A) be actions with the Rokhlin property. Then
there exists an approximately inner automorphism 6 € Inn(A) satisfying

foa,oft =4,

for all g € G, if and only if g ~ B, for all g € G.

Proof. We use part (2) of [Proposition 11.2.4 for id4: A — A to obtain an
equivariant homomorphism ¢: (A4,a) — (B, ) with ¢ ~ id4. Exchanging

the roles of & and 8 and applying part (2) of [Proposition 11.2.4] again, we
obtain an equivariant homomorphism ¢: (4, 3) — (B,«) with ¢ ~ ids. In

particular, the equivariant homomorphisms
Yop: (A a) = (Aa) and poy: (A4,8) = (4,B)

satisfy Yoy ~ idg and pot ~ idy. By |Proposition 11.2.3|, we deduce that

o o idg and g o9 o id4. Finally, by [Theorem 11.2.5] we conclude
-aue -aue
that there exists an equivariant isomorphism 6: (A, o) — (B, 8) with 6 o2
-aue

In particular, 8 ~ ¢ ~ id4, so 6 is approximately inner.
aue aue

The assumption in the corollary above that both a and 8 have the Rokhlin
property cannot be removed. For example, the action § from
has the Rokhlin property, and it is pointwise approximately unitarily equivalent
to the trivial action.

We note some immediate consequences of [Corollary 11.2.6

Corollary 11.2.7. Let G be a finite group. Then there is, up to conjugacy, a
unique action of G on Oy with the Rokhlin property.

Proof. Since any automorphism of Oy is approximately inner, |Corollary 11.2.6
implies that there is at most one Rokhlin action of G on Os. Hence, it suf-
fices to argue that there exists some Rokhlin action, and this follows from
[Example T1.1.10} O

Corollary 11.2.8. Let G be a finite group, and let m € N.

1. If |G| divides m, then there is, up to conjugacy, a unique action of G on
M, with the Rokhlin property.



118 CHAPTER 11. THE ROKHLIN PROPERTY

2. If |G| does not divide m, then there is no action of G on M,,~ with the
Rokhlin property.

Proof. This follows from [Proposition 11.1.11] together with the fact that any
automorphism of M,,«~ is approximately inner. O

11.3 Existence of Rokhlin actions

Jorollary 11.2.6] asserts that Rokhlin actions are classified in terms of the ap-
proximate unitary equivalence classes of the automorphisms. In this subsection,
which is based on results of Barlak-Szabo from [3], we will study the prob-
lem of finding Rokhlin actions that induced prescribed approximate unitary
equivalence classes. While it is in general difficult to obtain general existence
theorems for Rokhlin actions, this satisfactory results can be obtained in the
case of UHF-absorbing C*-algebras.

To state this question rigorously, we need to introduce some notation.

Notation 11.3.1. Let A be a unital C*-algebra. We denote by Aut,ue(A)
the quotient of Aut(A) by the relation of approximate unitary equivalence.
One readily checks that Auta,e(A4) is a group, with the operation induced by
composition on Aut(A). For an automorphism ¢ € Aut(A), we denote by
[©]aue the associated class in Autyyue(A4).

Corollary 11.2.6[can be restated by saying that [-]aue is a complete invariant

for actions with the Rokhlin property. It is therefore natural to wonder what
is the range of this invariant. In other words, we wish to answer the following
question:

Question 11.3.2. Let G be a finite group, let A be a unital C*-algebra, and
let ©: G — Autaye(A) be a group homomorphism. Does there exist an action
a: G — Aut(A) with the Rokhlin property satisfying [o]aue = ©7

The above question does not always have an affirmative answer: for A =
C(Zs), the (trivial) homomorphism ©: Zs — Autaue(A4) with ©_; = [idalaue
cannot be realized by a Rokhlin action. This is due to the fact that two auto-
morphisms of a commutative C*-algebra are approximately unitarily equivalent
if and only they are equal.

Remark 11.3.3. [Question 11.3.2| has two difficulties: first, given a map ©

as in the statement, it is not a priori clear that there exists some action that
implements © (this is in fact often a very difficult problem). But even once this
is overcome, a second difficulty is finding a Rokhlin action that implements ©.

A general characterization of those homomorphisms G — Autau.(A4) that
can be realized by Rokhlin actions is probably out of reach, but we will see
that when A absorbs the UHF-algebra Mg, then always has

an affirmative answer; see [ITheorem 11.3.5] This result in fact shows that the
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trivial homomorphism G — Aut,ue(A) can be realized by Rokhlin action if and
only if A absorbs M|g|e.
We need a preparatory lemma.

Lemma 11.3.4.

Theorem 11.3.5. Let G be a finite group, and let A be a unital C*-algebra.
Then the following are equivalent:

1. For every group homomorphism ©: G — Aut,u.(A4), there exists an ac-
tion a: G — Aut(A) with the Rokhlin property satisfying [a]aue = ©.

2. There is an isomorphism A ® M|gj~ = A.
Proof. O

For a finite group G and a unital C*-algebra A, we denote by Rokg(A) the
set of all Rokhlin actions of G on A, and by Rokg(A) the set of all conjugacy
classes of Rokhlin actions using approximately inner automorphisms.

The results of this section imply the following.

Corollary 11.3.6. Let G be a finite group, and let A be a unital C*-algebra
satisfying AQ M|~ = A. Then the natural map Rokg(A4) — Hom(G, Autaye(A))
is bijective and induces a bijection between Rokg(A) and Hom(G, Aut,ue(A4)).

Proof. This follows immediately from[Corollary 11.2.6|and [Theorem 11.3.5 [

11.4 Duality for Rokhlin actions

11.5 Crossed products of Rokhlin actions

In this section, we present a systematic study of the structure of crossed prod-
ucts and fixed point algebras by finite group actions with the Rokhlin property.
Our main technical result is the existence of an approximate homomorphism
from the algebra to its subalgebra of fixed points, which is a left inverse for the
canonical inclusion. Combining this with arguments involving weak semipro-
jectivity, it is shown that a number of classes, characterized by inductive limit
decompositions with weakly semiprojective building blocks, are closed under
formation of crossed products by such actions. We will also show that a number
of structural properties, which have been thoroughly studied in the classifica-
tion of simple, nuclear C*-algebras, are also inherited by the crossed product
and the fixed point algebra whenever the action has the Rokhlin property.

The results and arguments in this section are based on [25]. Some of the
results here presented were also independently obtained in [44], [69], and [2],
but we chose to follow [25] since the methods there developed, specifically the
existence of a sequence of completely positive contractive maps A — A® that
asymptotically fix A%, lead to the most general results.
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One feature of the approach we follow here, is that the attention is shifted
from the crossed product to the fixed point algebra. We have seen in [Theo-
that if a finite (or even compact) group G acts on a C*-algebra A,
then A% is a corner in A x G. Using this, one can many times obtain infor-
mation about the fixed point algebra through the crossed product. When this
corner is full, then one may also use this result to transfer information from
the fixed point algebra to the crossed product. We therefore begin by showing
that this is indeed the case whenever the action has the Rokhlin property.

Proposition 11.5.1. Let G be a finite group, let A be a unital C*-algebra,
and let a: G — Aut(A) be an action with the Rokhlin property. Then A is
Morita equivalent to A %, G, and hence they are stably isomorphic.

Proof. We will use the notation from|Proposition 6.1.10} Fix g € G, and denote

by u, the canonical unitary in the crossed product A x, G implementing o.

We claim that it is enough to show that g is in the closed linear span of the

functions a* *E, for a,b € A. Indeed, if this is the case, and if € A, then zu,

also belongs to the closed linear span and elements of this form span A x, G.
For n € N, find projections pg ) e A, for g € G, such that

L. H% (y”) — pl)

2. Y i =1.
geG

< % for all g,h € G; and

For a,b € A, the function a* b e A X, G can be written as a linear
combination of the canonical unitaries in the following way:

b= (Z ah(b)uh> .
heG

Thus, for n € N and k£ € G, we have

pg’,ﬁ)**pk =y (Zah Z) )

heG

We use pairwise orthogonality of the projections pén), for g € G, at the third
step, to get

(n) (n) (n)
Py *Dr " — Dgi Ug

= |lpt (Z P ) o,

heG

< péﬁi)ag(pi)) —pgkuhH+ > | an el e
heG,h#g
<[l =2+ X2 [Jeni™)  pi
hEG, hg
1 G
<z4gol-ni=1
n n
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It follows from condition (2) above that

—

E:pﬁy*pﬁ)fug
keG

2
< limsup —|G =0.

n—00 n

lim sup
n—oo

By |[Proposition 6.1.10, we deduce that u, belongs to the closed two sided ideal
in A X, G generated by A%. In particular, A is Morita equivalent to A X, G.
Since both algebras are unital, we conclude that they are stably isomorphic by

Mheorem 2.5.111 O

In view of the previous proposition, in order to understand the structure
of the crossed product of an action with the Rokhlin property, it suffices to
understand the structure of its fixed point algebra. Indeed, we will show that
a number of properties pass from A to A“ and A x, G. The properties we will
consider are all preserved by stable isomorphism, and hence our strategy will
be to show first that the property in question passes to the fixed point algebra,
and then use [Proposition 11.5.1|to deduce the same for the crossed product.

Our main tool to obtain information about the fixed point algebra is the
following.

Theorem 11.5.2. Let A be a unital C*-algebra, let G be a finite group, and let
a: G — Aut(A) be an action with the Rokhlin property. Given a finite subset
Fy C A, a finite subset F» C A% and ¢ > 0, there exists a unital completely
positive map 1: A — A® such that

1. For all a,b € F;, we have
[¥(ab) — ¢ (a)y(b)]| < &;

2. For all a € Fy, we have ||¢(a) — al <e.

In particular, when A is separable, there exists an approximate homomor-
phism (¢, )nen consisting of unital completely positive linear maps t,,: A —
A% for n € N, such that lim |4 (a) —a|| =0 for all a € A®.

n—oo

Proof. Set F = F? U F,. Without loss of generality, we may assume that
la]] <1 for all @ € F. Use the Rokhlin property for «, in the form given in

Remark 11.1.5] to find projections p, € A, for g € G, satisfying

(a) ag(pr) = pgn for all g,h € G;

(b) Zpg:1§

geaG

(¢) |lpga —apgy|| < e forall ge G and all a € F'.
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Define a linear map ¢: A — A% by

Y(a) = Zpgag(a)pg

geG

for all a € A. We claim that 1 has the desired properties. We first check that
the range of 9 really is contained in A%. For h € G and a € A, we use condition
(a) above at the second step te get

an((a)) = Z an(pg)ang(a)an(pg) = thgahg(a)phg = ¢(a),

geG geG

as desired.
It is also clear that v is unital and completely positive. Let a,b € F;. We
use condition (c¢) at the third step to get

P(a)p(b) = > pgag(a)pgpnon(a)pn

g,heG

Z Pgerg(a)pgorg (b)pg

geG

? Z Pgarg(a)ayg(b)pg

geG

= 1(ab).

Finally, given a € F» C A®, we use condition (c) at the second step to get

Y(a) = Z Pgcrg(a)pg ~ Z pgag(a) = a,

g,heCG g9,heG

thus completing the proof of the theorem. O

In some concrete applications, it may be more convenient to have a map
P: A — A% that is exactly the indentity on A®. This is possible, at the cost
that the resulting map will not in general be completely positive. Since we will

not use this variant of [Theorem 11.5.2] we leave it as an exercise.

Exercise 11.5.3. Let A be a unital C*-algebra, let G be a finite group, and
let a: G — Aut(A) be an action with the Rokhlin property. Given a finite
subset F' C A and € > 0, show that there exists a unital map ¢: A — A such
that

1. For all a,b € F}, we have
[¥(ab) = (a)y(b)| <e and [[¢(a)" —(a”)] <&

2. For all x € A%, we have ¢(z) = .
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Using [Theorem 11.5.2] it is possible to show that a variety of structural
properties pass from A to A% and Ax,G. The following result, which combines
results from [69], [44] and [25], summarizes some of the most important ones:

Theorem 11.5.4. The following classes of unital C*-algebras are closed under
formation of crossed products and passage to fixed point algebras by actions
of finite groups with the Rokhlin property:

1. C'*-algebras that are direct limits of certain weakly semiprojective C*-
algebras. This includes UHF-algebras, AF-algebras, Al-algebras, AT-al-
gebras, countable inductive limits of one-dimensional NCCW-complexes,
and several other classes;

2. Kirchberg algebras;
3. Simple C*-algebras with tracial rank at most one;

4. Simple, separable, C*-algebras satisfying the Universal Coefficient The-
orem;

5. C*-algebras with nuclear dimension at most n, for n € N;
6. C*-algebras with decomposition rank at most n, for n € N;
7. C*-algebras with real rank zero or stable rank one;

8. C*-algebras with strict comparison of positive elements;

9. Separable D-absorbing C*-algebras, for a strongly self-absorbing C*-
algebra D;

10. C*-algebras whose K-groups are either: trivial, free, torsion-free, torsion,
or finitely generated;

11. Weakly semiprojective C*-algebras.

All of the properties listed in the theorem above are stable under Morita
equivalence, so it suffices to prove the claims for the fixed point algebra. To
do this, one should first prove that if .: B — A is a unital inclusion of C*-
algebras and there exists a sequence (¢, )nen of unital compeltely positive
maps ¢, : A — B that is asymptotically multiplicative and asymptotically the
identity on B, then all of the properties listed in pass from A
to B. The proof of the theorem is then completed by applying this observation
with B = A® in combination with

As an example, we explain in detail how to prove the part of item (7) that
refers to stable rank ond?

4Recall that a unital C*-algebra has stable rank one if the invertible elements are dense.
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Proof. Suppose that A has stable rank one. Let a € A% and let € > 0. Without
loss of generality, we may assume that ¢ < 2. Find & € A invertible with
|z —al <e/2. Let 9p: A — A* be a unital completely positive map as in the

conclusion of [Theorem 11.5.2| for Fy = {z,271} and Fy = {a} with tolerance

€/2. Then
(@)@ -1 < g <1 and [z~ Ye(x) — 1] < g <1

It follows that ¥ (x)w (2~ 1) and (2~ 1)(x) are invertible, so there exist b, c €
A% with (z)yY(x~1)b = 1 and ep(z7 1)y (x) = 1. In particular, (z) is left
and right invertible in A%, so it is invertible. Since

() = all < 5 + (@) - ¥(a)] <=,

we conclude that A% has stable rank one. O

With the exception of preservation of the UCT, the remaining statements in

can be proved using similar ideas, and we leave the verification

as an exercise.

Exercise 11.5.5. Complete the proof of possibly skiping item
(4).



Chapter 12

The (weak) tracial Rokhlin
property
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Chapter 13

Rokhlin dimension

The noncommuting tower version is easy to cover: just prove finiteness of
nuclear dimension is preserved. Duality theory, ideals in crossed products.
It would make sense to have a second subsection with the commuting tower
version. There I can add the stuff from GHS, example of difference, the non-
existence results of Hirshberg-Phillips and myself. One has to be careful be-
cause this will take more than one lecture...
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Strongly outer actions on
Z-stable (*-algebras
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Appendix A

Structure and classification of
(*-algebras

In this appendix, we give an overview of the historical developments surround-
ing one of the main driving forces in C*-algebra theory in the last three decades:
the Elliott classification programme. The material contained here will help in
the understanding and contextualization of the topics covered in the second
part of these lecture notes. No proofs will be given here, and we will refer the
reader to the literature for further details instead.

A.1 The beginnings of the Elliott programme

In the early 1990s, George Elliott initiated a programme to classify simple, sep-
arable, nuclear C*-algebras in terms of K-theory. The evidence available at the
time was in retrospect rather limited, and it consisted of Glimm’s classification
of UHF-algebras [33]; the subsequent work of Elliott on AF-algebras [18]; and
Elliott’s classification of A']I‘—algebrasE] of real rank zero [19]. The precise form
of the invariant saw some changes once it was realized that K-theory by itself
would not be enough to classify algebras without sufficiently many projections.
This invariant is now known as the FElliott invariant, and is defined as follows.

Definition A.1.1. Let A be a unital C*-algebra. We define its Elliott invariant
Ell(A) to be the quadruple

Ell(A) = ((Ko(A), Ko(A)+, [Lalo), K1(A), T(A), p),

where p: Ko(A)xT(A) — R is the canonical pairing determined by p([plo, 7) =
7(p) for all projections p € A® K and all traces 7 € T(A).

There is a natural notion of equivalence of Elliott invariants, where the
objects involved are supposed to be isomorphic in such a way that the pairings
of the different tuples fit into a commutative diagram.

LAn AT-algebra is a direct limit of algebras of the form F ® C(T), where F is a finite
dimensional C*-algebra.
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Elliott’s original conjecture is the following:

Conjecture A.1.2. Let A and B be simple, separable, unital, nuclear C*-
algebras. Then A and B are isomorphic if and only if Ell(A) = Ell(B).

Some words about the conditions in|Conjecture A.1.2|are in order. Unitality
is the least crucial of all assumptions, and it is in fact not strictly necessary
(although the invariant in the non-unital case is slightly different). Simplicity
is a very common assumption throughout mathematics, and the classification
of simple C*-algebras is a very natural place to start if one wishes to classify
more complicated algebras. Finally, separability and nuclearity are included as
assumptions because one should not expect to obtain reasonable classification
results for C*-algebras whose weak closures in their GNS representations are
not classified or even properly understood. Weak closures in GNS constructions
are separable (in the sense of tracial von Neumann algebras) if the original C*-
algebra is separable, and they are all hyperfinite if and only if the C*-algebra is
nuclear. (And if the state is an extreme trace, then the weak closure is a factor,
indeed the hyperfinite IT;-factor R.) In particular, separability and nuclearity
are conditions that guarantee the classifiability of the weak closures.

In this formulation, Elliott’s conjecture saw remarkable success in the 1990’s.
For example, Elliott’s classification of AF-algebras is a confirming example,
since for unital AF-algebras the Elliott invariant can be seen to be equivalent
to the triple (Ko (A), Ko(A)T,[14]o). The same is true for Elliott’s classification
of AT-algebras of real rank zero in terms of Ky and K;.

A.2 Kirchberg algebras: a major success, modulo the
UCT

Perhaps the most outstanding success of this programme came with the clas-
sification of purely infinite C*-algebras, so we define this notion next.

Definition A.2.1. A simple, unital C*-algebra A is said to be purely infinite
if for all @ € A\ {0} there exist x,y € A such that zay = 1.

Examples of purely infinite simple algebras are the Cuntz algebras O,, (these
are also nuclear and separable), as well as the Calkin algebra (which is not
nuclear, or even separable). Purely infinite simple C*-algebras do not admit
any trace, so their Elliott invariant reduces to K-theory.

A highly praised result of Kirchberg and Phillips [511[72] from the late 1990’s
confirms Elliott’s conjecture in the purely infinite case. This result builds on
vast amounts of work of several authors, among which Kirchberg stands out.
For this reason, a purely infinite, simple, separable and nuclear C*-algebras is
commonly referred to as a Kirchberg algebra.

Theorem A.2.2. [Kirchberg-Phillips]. Let A and B be unital Kirchberg alge-
bras satisfying the Universal Coefficient Theorem (UCT). Then A and B are
isomorphic if and only if (Ko(A),[1alo) = (Ko(B), [1s]o) and K;(A) = K;(B).
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The Cuntz algebras Os and O played a pivotal role in the proof of the
above theorem (at least in the approach taken in [72]), thanks to the following
facts (known as Kirchberg’s Geneva Theorems [52]):

o If A is a Kirchberg algebra, then A ® O, = A;
e If A is a simple, separable, unital, exact C*-algebra, then A ® Oy = O,.

The reader will note that has an unexpected assumption:
the UCT. Accordingly, we define it next.

Definition A.2.3. Let A and B be separable C*-algebras. We say that the
pair (A, B) satisfies the UCT if the following conditions are satisfied:

1. The natural map 74 p: KK(A,B) — Hom(K,(A), K.(B)) defined by
Kasparov in [50], is surjective.

2. The natural map pa p: ker(ra ) — Ext(K,(A), K.11(B)) is an isomor-
phism.

If this is the case, by setting e4 p = ;"5 Ext(K.(A), K.y1(B)) — KK(A, B),
we obtain a short exact sequence

TA

0 — Ext(K,(A), K.41(B)) = KK (A, B) 2 Hom(K, (A), K. (B)) — 0,

which is natural on both variables because so are 74,5 and 114 B.
We further say that A satisfies the UCT, if (A, B) satisfies the UCT for
every separable C*-algebra B.

Phillips also showed that any Kirchberg algebra, satisfying the UCT or not,
has the same K-theory as a Kirchberg algebra that does satisfy the UCT. In
particular, if there exist Kirchberg algebras that do not satisfy the UCT, then
these algebras will not be able to be classified using the Elliott invariant.

Not being able to prove that it holds automatically in the nuclear caseﬂ the
community began to regard the UCT as an additional condition that ought to
be added to the Elliott conjecture. The UCT assumption remains until today
as a rather mysterious one, and the problem of whether a nuclear C*-algebra
satisfies the UCT is a very relevant one, known as the UCT problem.

A.3 AH-algebras and the power of Elliott’s intertwining
argument

The arguments used by Glimm in the classification of UHF-algebras [33], and by
Elliott both in the classification of AF-algebras [I8] and of AT-algebras [19],
relied on a very powerful technique of “intertwining” two inductive systems
corresponding to different algebras to obtain an isomorphism between them.

2There are counterexamples for exact C*-algebras.
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This technique, which became known as the FElliott intertwining, allows for
a surprising level of flexibility, and it was then quickly realized that it could be
adapted to deal with much more general cases. In the equivariant setting, the
reader will find an application of a basic form of this intertwining argument in
Mheorem 11.2.51

Elliott’s intertwining argument is particularly powerful whenever the alge-
bras in question can be constructed as inductive limits of algebras in a specified
class, which are usually referred to as “building blocks”. For AF-algebras, the
building blocks are the finite dimensional C*-algebras, while for AT-algebras
the building blocks are the circle algebras, namely sums of algebras of the
form M, (C(T)). In this context, one wishes to understand when an isomor-
phism between the Elliott invariants is induced by homomorphisms between
the building blocks, so as to “intertwine” the inductive systems. Once one
knows that a certain map between building blocks exists, it is also necessary
to know when two such maps are (approximately) unitarily equivalent. The
proof of showcases how existence and uniqueness results for
maps can be used to obtain a classification theorem.

Despite the fact that some inductive limit C*-algebras may appear to have
a very particular, perhaps even artificial, form, the study of such objects gained
significant impetus once it was proved by Elliott and Evans [20] that all irra-
tional rotation algebras are AT-algebras. Furthermore, and at least shortly
after Elliott formulated his conjecture, it was surprising that K-theory does
indeed classify non-trivial classes of C*-algebras, and particular inductive lim-
its were among the first classes for which this could be established. The extent
to which this could be pushed is surprising, and we describe next the most
advanced result in this direction.

A homogeneous algebra is a sum of algebras of the form pM,,(C(X))p, where
X is a compact, Hausdorff space and p € M,,(C(X)) is a projection. An AH-
algebra is a direct limit of homogeneous algebras. Finally, an AH-algebra is
said to have very slow dimension growth if, very roughly speaking, the covering
dimensions of the spaces appearing in some AH-decomposition increase much
slower than the ranks of the projections in the decomposition.

AH-algebras are automatically separable, nuclear, and satisfy the UCT. In
particular, when they are simple and unital, they fall within the class of algebras
covered by Elliott’s conjecture. Indeed, building on vasts amount of previous
work, simple AH-algebras with very slow dimension growth were classified by
Elliott-Gong-Li [22] and Gong [35]:

Theorem A.3.1. Let A and B be simple, unital AH-algebras of very slow
dimension growth. Then A and B are isomorphic if and only if Ell(A) = Ell(B).

Later results show that the assumption of very slow dimension growth is
equivalent to formally weaker conditions on the growth of the AH-algebra
(specifically what is known as slow dimension growth); see [104].

homogeneous is something else, and ASH classification missing.
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A.4 Classification through tracial approximations

Despite the power of Elliott’s intertwining argument, most of the natural ex-
amples of simple, nuclear C*-algebras rarely come with canonical inductive
limit decompositions using more tractable building blocks. It was thus quickly
realized that it was necessary to obtain classification results using assumptions
that could be checked in cases where the algebra is not given as a direct limit.
A major breakthrough in this direction was Lin’s study and classification
of C'*-algebras of tracial rank zero. Roughly speakingﬂ a simple unital C*-
algebra A is said to have tracial rank zero if for every finite subset F' C A and
for every € > 0 there exist a projection p € A, a finite dimensional C*-algebra
C, and a unital homomorphism ¢: C' — pAp such that, with p~ = 1 — p, one
has ||a — pap — prapt| < e for all @ € F and 7(pt) < ¢ for all 7 € T(A).
Lin’s result from [57] reads as follows:

Theorem A.4.1. Let A and B be separable, simple, unital, nuclear C*-
algebras of tracial rank zero satisfying the UCT. Then A and B are isomorphic
if and only if Ell(A) = Ell(B).

One of the main advantages of the above result is that its main hypothesis,
tracial rank zero, can be verified for a wide variety of C*-algebras, including
many arising from topological dynamical systems 7?7, or even noncommutative
dynamical systems 7?7, without having to prove that the algebras in question
admit tractable inductive limit decompositions.

Lin’s tracial rank zero classification was shortly after extended to algebras
of tracial rank one [53].

A.5 Exotic examples: from Jiang-Su to Villadsen,
Rgrdam and Toms

The mid 1990s saw the construction of simple nuclear C*-algebras which were
not believed (or hoped) to exist. These examples would later revolutionize the
Elliott programme, since some of these pathological examples unequivocally
demonstrated the need to modify Elliott’s conjecture.

In his monograph [49], Kaplansky asked whether every simple C*-algebra
must contain a nontrivial projection. The consensus at the time seems to be
that this would not be the case, and that the most likely counterexample would
be either the irrational rotation algebra Ag or the reduced group C*-algebra
C%(F2). The first candidate turned out to have lots of nontrivial projections
(see [83]), while the second one was indeed proved to be simple [79] and pro-
jectionless [78]. Tt was then asked whether a nuclear simple C*-algebra must
contain a nontrivial projection. Even this question has a negative answer, as
Blackadar showed in [8] and [9]. A later construction due to Jiang and Su [47]
(which, with today’s knowledge, is known to be the same as the one constructed

3This formulation is only correct whenever A has strict comparison of positive elements
by traces.
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by Blackadar in [9]) attracted a great deal of attention due to its connections
to Elliott’s classification programme. Indeed, the algebra Z constructed in
[47), now known as the Jiang-Su algebra, is an infinite-dimensional simple, sep-
arable, unital, nuclear C*-algebra satisfying the UCT with the same Elliott
invariant as the complex numbers. Even more, under a very mild condition on
Ko(A) called weak unperfomtz'owﬂ any C*-algebra A as in the assumptions of
[Conjecture A.1.2fsatisfies Ell(A) = Ell(A ® Z); see [36].

It follows that at the level of the Elliott invariant, and when Kj is weakly
unperforated, the Jiang-Su algebra Z acts as a tensorial unit. Hence, if the
Elliott Conjecture were to hold, every C*-algebra with weakly unperforated
Ky-group should be isomorphic to its tensor product with Z. These obser-
vations motivated significant efforts to understand the structure of Z-stable
C*-algebras, which were regarded as the C*-algebraic analogs of the McDuff
factors. Among many other remarkable properties, Z-stable C*-algebras enjoy
a formidable dichotomy relative to the structure of their projections: a simple
Z-stable C*-algebra is either stably finite or purely infinite; see [36]. In partic-
ular, simple Z-stable C*-algebras admit a type-like characterization analogous
to von Neumann factors.

The question of whether every infinite-dimensional C*-algebra as in
has weakly unperforated Ky-group was open at the time, and it
was settled shortly after by Villadsen [97]. Villadsen’s construction of a sim-
ple, separable, nuclear C*-algebra whose Ky-group is not weakly unperforated
answered a long-standing question of Blackadar, the order on projections in
this algebra is not determined by their behavior on traces. (This is in stark
contrast to the situation for II;-factors; see ) The methods
and constructions used by Villadsen were later refined and extended to con-
struct a number of “pathological” examples of nuclear C*-algebras, two which
we proceed to discuss.

In [84], Rgrdam showed that there exists a simple, separable, nuclear C*-
algebra containing a finite and an infinite projection; this C*-algebra is in
particular infinite but not purely infinite, and hence does not satisfy the di-
chotomy that Z-stable C*-algebras do. Perhaps most importantly, Rgrdam’s
example showed that Elliott’s conjecture, at least in its original form, was not
true (even if the UCT is added as an assumption): the C*-algebra he con-
structed has the same Elliott invariant as a purely infinite algebra (namely, its
tensor product with Z), yet it is not itself a Kirchberg algebra. Shortly after,
Toms [93] constructed two C*-algebras A and B that could not be distinguished
by virtually any “reasonable” functorﬂ including the Elliott invariant, the real
and stable ranks, and any homotopy-invariant continuous functor, yet were not
isomorphic. The construction of these algebras follows ideas of Villadsen and
is simpler than related constructions: the algebra A is constructed as a direct
limit of algebras of the form My (C(]0,1]™)), with connecting maps defined us-

4An ordered group G is said to be weakly unperforated if for any g € G, one has g > 0 if
and only if for some (for all) n € {2,3,...} one has ng > 0.
50One for which it was conceivable that a range result could also be proved.
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ing diagonal maps and point evaluations. (Of course, the choice of matrix sizes,
dimension of the space, and connecting maps must be done with extreme care.)
The C*-algebra B is then the tensor product of A with any UHF-algebra (and
it could also be taken to be A ® Z).

A natural reaction to the incompleteness of the Elliott invariant is to ex-
pand it to include whatever data was used to prove its incompleteness. This
is, however, not always a good idea. For once, it is possible that the resulting
invariant is still incomplete, thus requiring further modifications. Even worse,
one may incorporate so much new information that a result proving its com-
pleteness may lack any practical impact. In this sense, not all counterexamples
are of the same quality.

While the examples of Rgrdam could be distinguished using their stable
rank, Tom’s examples required a much finer invariant: the Cuntz semigroup.
However, since range results for Cuntz semigroups are still until today out of
reach, any classification using this invariant would not be accompanied with
any result describing the range of the invariant (which all previous results did).
Toms’ counterexample was therefore regarded as evidence not of the fact that
the invariant must be enlargened, but rather that the class of C*-algebras
one wishes to classify must be restricted. The results from [36] that were
discussed above strongly suggest that the class of separable, simple, nuclear,
unital C*-algebras that are Z-stable may be particularly tractable, and that
the Elliott invariant may not be the right invariant to use outside the Z-stable
case. Further evidence of the fact that Z-stable C*-algebras are distinctly
tame, was provided by Rgrdam in [85], where it is shown that Z-stable C*-
algebras always have strict comparison of positive elements by quasitraceslﬂ;
and that they have stable rank one whenever they are finite.

The possibility that Z-stability had to be added to the assumptions in the
Elliott conjecture was quickly agreed upon, and this led to the revised Elliott
conjecture:

Conjecture A.5.1. Let A and B be simple, separable, unital, nuclear, Z-
stable C*-algebras. Then A and B are isomorphic if and only if Ell(4) =
Ell(B).

In retrospect, the necessity of some form of tensorial absorption should
not come as a surprise, since tensorial stability is ubiqutous in results about
classification and structure of operator algebra. For example, a major step in
Connes’ groundbreaking work [12] involved showing that an injective II;-factor
absorbs the hyperfinite II;-factor tensorially; similarly, a highly praised result
of Kirchberg [52] asserts that a simple, nuclear, separable C*-algebra is purely
infinite if and only if it absorbs the Cuntz algebra O, tensorially.

Whether the UCT has to be included as an assumption in the above con-
jecture is still up to debate. In particular, a verification of [Conjecture A.5.1]
would imply a positive solution to the UCT question. The fact that a simple

6This means the following: for positive elements a,b € My (A), one has a 3 b whenever
d-(a) < d-(b) for all 2-quasitraces 7 on A, where d.(a) = li_)m 7(al/™).
n oo}
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Z-stable C*-algebra is either stably finite or purely infinite, implies that
has two cases: the (purely) infinite and the (stably) finite. Since
the infinite case was beautifully settled by the work of Kirchberg and Phillips,
all efforts towards confirming the revised version of Elliott’s conjecture focused
on the stably finite case. In this setting, a combination of very deep results
of Cuntz [16], Blackadar-Handelman [7], and Haagerup [38], implies that any
stably finite, simple, nuclear, unital C*-algebra has a tracial state. This fact
was of enormous significance since it opened the doors to the use of techniques
from II;-factors in the study of stably finite, nuclear C*-algebras, via the GNS
construction.

A.6 The Toms-Winter regularity conjecture

The study of C*-algebra theory is usually referred to as noncommutative topol-
ogy, since Gelfand’s theorem establishes a duality between commutative C*-
algebras and locally compact Hausdorff spaces. This point of view has been
very fruitful, particularly as topological tools, such as K-theory, have been
successfully adapted to the C*-algebraic setting. In this vein, it is natural to
extend other topological notions to the noncommutative world. In the case of
covering dimension, several different approaches have been proposed, includ-
ing the real and stable rank. In the early 2000’s, Winter studied new notions
of covering dimension for C*-algebras, which are finite only for nuclear C*-
algebras; see [100] [102]. Later, two new dimensional notions were introduced,
which would play a revolutionary role in the study of the structure of nuclear
C*-algebras: the decomposition rank [54], and the nuclear dimension [I06]. As
in the case of their precursors, these are defined by regarding a completely
positive approximation (Fy, 1¥x, ¥x)aea of a nuclear C*—algebram as a noncom-
mutative analog of an open covering, and the imposition of extra conditions on
the maps ¢, can be used to define a dimensional invariant for the C*-algebra
in question. In order to describe what extra conditions are used, we introduce
a definition.

Definition A.6.1. Let ¢: A — B be a completely positive map between C*-
algebras A and B.

1. We say that ¢ has order zero if ¢(a)p(b) = 0 whenever a,b € A, satisfy
ab=0.

2. For n € N, we say that ¢ is n-decomposable if A can be written as a
direct sum A = Ag @ --- @ A, and ¢| 4, is order zero for all j =0,...,n.

7This means that Fy is finite dimensional, the maps 1 : A — Fy and @y : Fy — A are
completely positive, with i contractive, and li)r\n llex(a(a)) —a|| = 0 for all a € A. One

obtains an equivalent notion if one requires that the maps @) be contractive, which is how
this notion is usually defined. However, for the purposes of this discussion, a completely
positive approximation has bounded maps into the given C*-algebra.



A.6. THE TOMS-WINTER REGULARITY CONJECTURE 139

3. We say that ¢ is decomposable if there exists n € N such that ¢ is n-
decomposable.

In order to motivate the definitions of decomposition rank and nuclear di-
mension, we reproduce here a characterization of nuclearity using order zero
approximations which was obtained by Hirshberg-Kirchberg-White [41].

Theorem A.6.2. Let A be a C*-algebra. Then A is nuclear if and only if
there exists a completely positive approximation (F, ¥y, ©x)aea for A, where
1y is decomposable for all A € A.

The notions of nuclear dimension and decomposition rank are refinements of
the above result, where one moreover imposes a uniform bound on the number
of components of the maps 1.

Definition A.6.3. Let A be a C*-algebra, and let n € N.

1. We say that A has nuclear dimension at most n, and write dimy,.(A) < n,
if there exists a completely positive approximation (Fl, ¥x, ©x)aca for A,
where v, is n-decomposable for all A € A.

2. We say that A has decomposition rank at most n, and write dr(A4) < n, if
there exists a completely positive approximation (Fy,¥x, ox)aca for A,
where v, is n-decomposable and contractive for all A € A.

The nuclear dimension dimy,.(A) and decomposition rank dr(A) of A are de-
fined as the smallest integers for which condition (1) or (2), as appropriate, are
satisfied.

These dimensional notions enjoy a number of good properties: they do
not increase when passing to ideals, hereditary subalgebras, or quotients; are
invariant under Morita equivalence; behave well with respect to extensions
and direct limits; and agree with covering dimension of the spectrum in the
commutative setting. One clearly always has dimy,c(A) < dr(A).

The difference between nuclear dimension and decomposition rank (contrac-
tivity of ¢)) seems like a minor one, perhaps even one that could be arranged
via rescaling. However, as it turns out, there is a dramatic difference between
both notions: while the decomposition rank is only possibly finite for (strongly)
quasidiagonal C*-algebras, nuclear dimension is finite for all Kirchberg alge-
bras. However, when the decomposition rank of a simple C*-algebra is finite,
its value tends to agree with the nuclear dimension of the algebraﬁ

The connections between finiteness of the nuclear dimension or decomposi-
tion rank, on the one hand, and classification and structure, on the other, were
noticed early on. A first result in this direction draws a connection between
finiteness of the decomposition rank and tracial rank zero: a unital, separable,
simple Z-stable C*-algebra with finite decomposition rank has tracial rank zero
if and only if it has real rank zero [101]|ﬂ

8This is now known to always be the case when the algebra satisfies the UCT, as we
discuss later.
9 As it was proved later in [103], the assumption of Z-stability is automatic in this context.
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In the light of the above result and the counterexamples to Elliott’s conjec-
ture mentioned in it is interesting to understand when the nuclear
dimension of Villadsen’s algebras is finite. This task was carried out by Toms
and Winter in [95], where they showed that these algebras, finiteness of the
decomposition rank, Z-stability, and strict comparison, are equivalent, and
the class of Villadsen algebras that satisfy these conditions is covered by El-
liott’s conjecture. These conditions make sense for arbitrary C*-algebras not
necessarily of Villadsen type, and the suspicion that the equivalence between
them may hold in much greater generality began to emerge. This speculation
chrystalized in the following regularity conjecture of Toms and Winter:

Conjecture A.6.4. Let A be a simple, separable, unital, nuclear C*-algebra.
Then the following conditions are equivalent:

1. dimyye(4) < oo.
2. Ais Z-stable.
3. A has strict comparison of positive elements.
When A is finite, the above conditions are also equivalent to
4. dr(A) < 0.

Thus, the Toms-Winter conjecture predicts the equivalence between three
seemingly unrelated properties of topological, analytic, and algebraic flavors.
Despite their diverse nature, these regularity properties are all satisfied by those
classes of C*-algebras which have been successfully classified by the Elliott
invariant, and they all fail for the exotic algebras that provide counterexamples
to Elliott’s conjecture.

The only obvious implication is (4) = (1), while the implication (2) = (3)
had been verified by Rgrdam [85]. Perhaps one of the major breakthroughs
in the first decade of this century was the fact that Z-stability, a necessary
assumption to obtain classification by K-theory, is implied by finiteness of
the decomposition rank [103], and even by finiteness of the nuclear dimension
[104], at least in the simple, unital, and separable case, thus proving (1) = (2)
and hence establishing an expected implication between a topological property
(finiteness of a “noncommutative covering dimension”) and an algebraic prop-
erty (tensorial absorption of Z). This result had huge implications, since it is
often much easier to verify that the nuclear dimension of a given C*-algebra is
finite, than verifying that it is Z-stable. A remarkable example of this situation
is given by a result of Toms-Winter [96], stating that minimal crossed product
of homeomorphisms of finite dimensional spaces have finite nuclear dimension,
and are hence Z-stable.

These developments gave great impetus to the study of the structure of
nuclear C'*-algebras, which underwent revolutionary and fast-paced progress,
verifying several particular cases of [Conjecture A.6.4] In one of their celebrated
works, Matui and Sato [64] used novel von Neumann algebra methods to prove
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that (3) = (2) whenever A has finitely many extreme traces. This implication
is now known to hold whenever the extreme boundary 9,7(A) is compact and
finite dimensional; see the independent works [53][94], 87], which largely build on
Ozawa’s notion [70] of W*-bundle. Using radically different techniques, Thiel
has also shown that this implication holds whenever A has stable rank one and
“locally finite nuclear dimension”, without any restrictions on the geometry of
T(A); see [91].

For a long time, the implication (2) = (1) was only accessible through
classification: the strategy was to identify a classifiable C*-algebra with an
explicit model which has finite nuclear dimension. Besides depending on vast
amounts of technical machinery, this approach is necessarily restricted to C*-
algebras satisfying the UCT. In later breakthroughs, Matui and Sato [65], and
Sato, White, and Winter [88], proved this implication under the assumption
that A has a unique trace. Finally, the implication (2) = (1) has been very
recently proved by Castillejos-Evington-Tikuisis-White-Winter in [TT]. There,
the authors also showed that, in the finite case, the combination of (1) and
quasidiagonality of all traces is known to be equivalent to (4), and in this
case one even gets dr(A) = dim,,.(A) € {0,1}, the value zero being realized
precisely by the AF-algebras. For stably finite algebras satisfying the UCT,
quasidiagonality of all of its traces is automatic by the main result of [92].

The proofs of (3) = (2) and (2) = (1), in most of the situations where they
are known to hold, use fair amounts of von Neumann algebra techniques. In
this context, the passage from von Neumann algebras to C*-algebras is, how-
ever, not completely direct. Among other things, it is necessary to reinterpret
notions from von Neumann algebras in the C*-algebraic setting. This rephras-
ing process is now usually referred to as “coloring”; we elaborate on this idea
next.

Let us consider, for example, the notion of hyperfiniteness. If one wants
to obtain its C*-algebraic analog, the most naive thing to do is to replace the
weak operator topology with the norm topology, and the resulting notion is the
property of being AF. Such C*-algebras, albeit being very tractable, represent
a rather small class, and therefore are not a satisfactory conceptual analog of
the hyperfinite von Neumann algebras. A more flexible and useful counterpart
is played by those algebras that have finite nuclear dimension. The difference
between these two notions is that in the definition of nuclear dimension, instead
of having homomorphisms from finite dimensional C*-algebras, one allows for a
finite number of maps of order zero. Regarding these maps as having different
“colors”, we usually say that having finite nuclear dimension is the colored
analog of hyperfiniteness, while being AF is the strict analog. As a further
example, the strict analog of the W*-Rokhlin property is the C*-algebraic
Rokhlin property 7 while its colored analog is Rokhlin dimension .

The above reasoning motivates the principle of coloring von Neumann alge-
braic properties. Intuitively, this amounts to replacing projections with a sum
of finitely many positive elements, and homomorphisms with a sum of finitely
many order zero maps. The minimum number of positive elements (or order
zero maps) needed is used to define a notion of dimension, in such a way that
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dimension zero corresponds to the strict analog of the property in question.
For example, nuclear dimension zero is equivalent to being AF. This general
philosophy is the guiding principle behind many recent advances, including
many recent developments in C*-dynamics.

A.7 The end of the story

One of the most striking developments in the “new era” of the Elliott pro-
gramme is what is sometimes referred to as Winter’s deformation technique
[105], which uses Z-stability in an innovative way. Denote by Q the universal
UHF-algebra, and let p and ¢ be different prime numbers. In this context, the
basic idea is to regard A ® Z as a stationary inductive limit of paths in A® Q
with endpoints in A ® Mpe and A ® Mye. Assuming that A ® Q, A ® My~
and A ® My are classifiable in terms of their Elliott invariants, and that iso-
morphisms can be constructed in a continuous way, Winter showed that A® Z
can also be classified in terms of its Elliott invariant.

This breakthrough provided a new framework to obtain positive classifica-
tion results, but it also demanded much stronger uniqueness results for isomor-
phisms, not only up to approximate unitary equivalence, but up to asymptotic
unitary equivalence. In this context, several variants of the Basic Homotopy
Lemma played key roles. Once the difficulties associated to this new approach
were sorted out, it was proved that the class of simple, separable, nuclear, Z-
stable unital C*-algebras which satisfy the UCT and whose tensor products
with UHF-algebras have tracial rank at most one, can be classified in terms
of their Elliott invariants; see [61), [105] [60, [59]. This class is indeed much
larger than those classes that had been previously classified: for example, the
Jiang-Su algebra itself has infinite tracial rank, but its tensor product with
each UHF-algebra has tracial rank zero. This class was however known not to
contain every separable, simple, nuclear, Z-stable unital C*-algebra satisfying
the UCT |E|, so more general classification theorems were needed.

In terms of proving isomorphism theorems, the final step in this direction
was taken by Gong-Lin-Niu in [34], where they introduced the notion of gen-
eralized tracial rank, which is inspired in the notion of tracial rank but where
point-line algebras are used in the tracial approximation. Again with the aid
of Winter’s deformation technique, the authors showed that the class B of sim-
ple, separable, nuclear, Z-stable unital C'*-algebras which satisfy the UCT and
whose tensor products with UHF-algebras have generalized tracial rank at most
one, can be classified in terms of their Elliott invariants. Moreover, this class
of algebras exhausts the possible values of the Elliott invariant, in the sense
that if A is a simple, separable, nuclear, Z-stable unital C*-algebra, then there
exists a C*-algebra B in B such that Ell(A) = Ell(B). This, however, does not
on the face of it complete the proof of [Conjecture A.5.1] since one does not

10The Kg-group of any algebra in this class is a simple, rational Riesz group, and there are
also some constraints on the pairing map. For example, certain inductive limits of “point-
line” algebras (also called Elliott-Thomsen building blocks) do not belong to this class.
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a priori know whether one gets an isomorphism A = B. It does nevertheless
show that, in order to complete the proof of the revised Elliott conjecture, it is
necessary to understand the structure of simple, nuclear Z-stable C*-algebras,
and in particular show that any such algebra automatically belongs to B.

That this is the case follows, under the ever-present assumption of the UCT,
by the combination of the works of Elliott-Gong-Lin-Niu [21], Tikuisis-White-
Winter [92], and Castillejos-Evington-Tikuisis-White-Winter [I1]. Indeed, in
[21] it is shown that every finite, separable, simple, unital C*-algebra with
finite nuclear dimension (hence nuclear and Z-stable), all of whose traces are
quasidiagonal and which satisfies the UCT, belongs to B. By the main result of
[92], quasidiagonality of all traces is automatic in the previous setting, and this
confirmed the Elliott conjecture for UCT algebras of finite nuclear dimension.
Finally, it is shown in [IT] that finiteness of the nuclear dimension follows from
Z-stability for algebras as in [Conjecture A.5.1} and hence this conjecture is
verified in the presence of the UCT. Whether this assumption is also automatic
remains unknown, and this is one of the main open problems in the structure
of nuclear C*-algebras.
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