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ABSTRACT. We develop the concept of weak tracial Rokhlin property
for finite group actions on simple (not necessarily unital) C*-algebras
and study its properties systematically. In particular, we show that
this property is stable under restriction to invariant hereditary C*-
algebras, minimal tensor products, and direct limits of actions. Some
of these results are new even in the unital case and answer open ques-
tions asked by N.C. Phillips in full generality. We present several
examples of finite group actions with the weak tracial Rokhlin prop-
erty on simple stably projectionless C*-algebras. We prove that if
a: G — Aut(A) is an action of a finite group G on a simple C*-
algebra A with tracial rank zero and « has the weak tracial Rokhlin
property, then the crossed product A x, G and the fixed point alge-
bra A% are simple with tracial rank zero. This extends a result of
N. C. Phillips to the nonunital case. We use the machinery of Cuntz
subequivalence to work in this nonunital setting.
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1 INTRODUCTION

The Rokhlin property for actions on C*-algebras appeared in [20, 8, 31, 32].
Izumi gave a modern definition of the Rokhlin property for finite group ac-
tions on unital C*-algebras [23, 24]. This property is useful to understand the
structure of the crossed product of C*-algebras and properties passing from
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the underlying algebra to the crossed product [40]. However, actions with
the Rokhlin property are rare and many C*-algebras admit no finite group
actions with the Rokhlin property. Indeed, the Rokhlin property imposes se-
vere K-theoretical obstructions on C*-algebras. Phillips introduced the tracial
Rokhlin property for finite group actions on simple unital C*-algebras [43] with
the purpose of proving that every simple higher dimensional noncommutative
torus is an AT algebra [41], and proving that certain crossed products of such
algebras by finite cyclic groups are AF algebras [13] (see [39] for Z actions with
this property). The tracial Rokhlin property is generic in many cases (see [44]
and [51, Chapter 4]), and also can be used to study properties passing from
the underlying algebra to the crossed product [43, 13, 3].

Weak versions of the tracial Rokhlin property in which one uses orthogonal
positive contractions instead of orthogonal projections were studied for actions
on simple unital C*-algebras with few projections [44, 36, 21, 51, 16, 52] (see
Definition 3.7). As an example, the flip action on the Jiang-Su algebra Z =
Z ® Z has the weak tracial Rokhlin property but it does not have the tracial
Rokhlin property [21].

The Rokhlin property was extended to the case of actions on nonunital C*-
algebras [37, 49, 17], and there are actions with the Rokhlin property on stably
projectionless C*-algebras, in particular on the Razak-Jacelon algebra W [37].
However, there has been no work on extending the (weak) tracial Rokhlin
property to the simple nonunital case. (As far as we know, a suitable definition
of the tracial Rokhlin property for actions on nonsimple C*-algebras is not
known.) Moreover, actions on simple nonunital C*-algebras naturally appear,
for instance, the restriction of an action on a simple unital C*-algebra to an
invariant nonunital hereditary subalgebra (see Proposition 4.2). Also, there
are many examples of finite group actions on simple nonunital C*-algebras
without the Rokhlin property, which have the weak tracial Rokhlin property
(see Example 3.12). In fact, the problem of finding the right definition of the
tracial Rokhlin property for actions on simple nonunital C*-algebras was asked
by Phillips [42]. This motivated us to investigate the weak tracial Rokhlin
property for finite group actions on simple C*-algebras. We give the following
definition:

DEFINITION 1.1. Let a: G — Aut(A) be an action of a finite group G on a
simple C*-algebra A. We say that « has the weak tracial Rokhlin property if
for every ¢ > 0, every finite subset F' C A, and all positive elements z,y € A
with ||z|| = 1, there exists a family of orthogonal positive contractions (fy)gecc
in A such that, with f =3 fy, the following hold:

1. ||fge—afg4l| <eforalla € F and all g € G;
2. lag(fn) — fonll < e for all g,h € G;
3. (¥ —yfy—e)s Jaw

N

Afxfll>1—e.
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We say that « has the tracial Rokhlin property if we can arrange (f,)geq above
to be mutually orthogonal projections.

It turns out that our definition of the tracial Rokhlin property extends Phillips’s
definition of the tracial Rokhlin property [43, Definition 1.2] to the nonunital
simple case. We recall that in Phillips’s definition of the tracial Rokhlin prop-
erty for finite group actions on simple unital C*-algebras, Condition (3) is
formulated as follows:

(3) 1— f 24 x (or equivalently, 1 — f is Murray von Neumann equivalent to
a projection in the hereditary subalgebra generated by z),

where (fg)gec is a family of orthogonal projections in A. Phillips in [42] asked
for a correct analogue of Condition (3)" in the simple nonunital case. Condi-
tion (3) in Definition 1.1 contains our main idea for a suitable notion of the weak
tracial Rokhlin property (as well as tracial Rokhlin property) in the nonunital
case. This condition—which may seem strange at the first glance—says that
1 — f is small with respect to the Cuntz subequivalence relation. The rationale
behind this condition is that since y € A, is arbitrary, we can take it to be
arbitrarily large (that is, close to 1) and so y*> — yfy = y(1 — f)y is close to
1— f. The € gap in this condition is a technical condition needed, for example,
when applying a key lemma in the Cuntz semigroup (Lemma 2.2).

The following result can be considered as a generalization of [46, Theorem 1.9]
to the nonunital case (see Theorem 3.11).

THEOREM 1.2. Let A be a simple C*-algebra with tracial rank zero, and let
a: G — Aut(A) be an action of a finite group G on A. If a has the weak
tracial Rokhlin property then it has the tracial Rokhlin property.

Phillips in [42, Problem 3.2] asked whether there is a reasonable formulation
of the tracial Rokhlin property for finite group actions on simple unital C*-
algebras in terms of the central sequence algebra. We give an answer to this
question in the not necessarily unital simple case. Indeed, it turns out that if
moreover A is separable and one works with the central sequence algebra Ao,
then Condition (3) can be replaced by y* — yfy Za.. x (see Proposition 3.10).
We prove that an action with the weak tracial Rokhlin property is pointwise
outer (Proposition 3.2), and hence the resulting crossed product is simple.
Moreover, we prove several permanence properties for finite group actions with
the weak tracial Rokhlin property on simple C*-algebras, for example, passing
to restriction to invariant hereditary C*-algebras, minimal tensor products,
and direct limits of actions. In particular, the following result concerning tensor
products gives an affirmative answer to a question of Phillips [42, Problem 3.18]
(see Theorems 4.5 and 4.6).

THEOREM 1.3. Let a: G — Aut(A) and B: G — Aut(B) be actions of a finite
group G on simple C*-algebras A and B. If o has the weak tracial Rokhlin
property then so does a® B: G — Aut(A Qmin B). If a has the tracial Rokhlin

DOCUMENTA MATHEMATICA 25 (2020) 25072552



2510 M. FOROUGH, N. GOLESTANI

property then so does a® fB: G — Aut(A @min B) whenever B? has an approzx-
imate identity (not necessarily increasing) consisting of projections.

Phillips proved that the crossed product of a simple unital C*-algebras with
tracial rank zero by a finite group action with the tracial Rokhlin property, is
again simple with tracial rank zero [43]. The following theorem generalizes this
result to the nonunital case (see Theorem 5.2).

THEOREM 1.4. Let A be a simple C*-algebra with tracial rank zero and let o
be an action of a finite group G on A with the weak tracial Rokhlin property.
Then the crossed product A o G and the fized point algebra A® are simple
C*-algebras with tracial rank zero.

The preservation of some other classes of simple C*-algebras under taking
crossed products by finite group actions with the (weak) tracial Rokhlin prop-
erty is given in Section 5 (and in [1] and [19]).

To prove Theorem 1.4, we need to work with simple nonunital C*-algebras
with tracial rank zero. Recall that Lin in [34] first gave the definition of tracial
rank for unital C*-algebras and then he defined the tracial rank of a nonunital
C*-algebra to be the tracial rank of its minimal unitization. However, working
with the unitization of C*-algebras is not always convenient. Moreover, the
unitization of a simple nonunital C*-algebra is not simple and so one can not
use techniques which are applicable only to simple C*-algebras. To deal with
this difficulty, we develop an approach which unifies the concept of tracial rank
zero for both unital and nonunital simple C*-algebras; see Theorem A.6. This
approach helps us to study crossed products of simple nonunital C*-algebras
with tracial rank zero by finite group actions with the weak tracial Rokhlin
property. We also need some results about simple nonunital C*-algebras with
tracial rank zero, such as Morita invariance and having real rank zero and
stable rank one (the last two results in the simple wunital case are proved in
[34]). We did not find any reference proving these results (in the nonunital
case), however, they may be known to some researchers. So we prove them in
Appendix A.

2 CUNTZ SUBEQUIVALENCE

In this section, we recall some results on Cuntz subequivalence and provide
some lemmas which will be used in the subsequent sections. We refer the
reader to [2] and [45] for more information about Cuntz subequivalence.

NOTATION 2.1. We use the following notation in this paper.

1. For a C*-algebra A, A, denotes the positive cone of A. Also, A" denotes
the forced unitization of A (adding a new identity even if A is unital),
while A~ = A if A is unital and A~ = AT if A is nonunital.

2. If p and ¢ are projections in a C*-algebra A, then we write p ~noN ¢ if
p is Murray-von Neumann equivalent to q.
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3. If E and F are subsets of a C*-algebra A and € > 0, then we write E C. F
if for every a € E there is b € F such that ||ja — b|| < .

4. We write K = K (¢?) and M,, = M,(C).

5. Let A be a C*-algebra. For a,b € A, we say that a is Cuntz subequivalent
to b in A and we write a 34 b, if there is a sequence (v, )nen in A such
that ||a — v,bvf|| — 0. We write a ~4 b if both a 34 b and b Z4 a.
If a,b € (A® K)4, we write a 34 b if a is Cuntz subequivalent to b in
A® K. [a] stands for the Cuntz equivalence class of a.

6. Let a be a positive element in a C*-algebra A and let ¢ > 0. Let
fe:[0,00) — [0,00) be defined by f. = 0 on [0,e] and f:(A) = A —¢
on (g,00). We denote (a — €)1 = fe(a).

7. We use the notation Z,, for the group Z/nZ. Moreover, N denotes the
set of natural numbers not including zero.

The following key lemma will be used several times throughout the paper.

LEMMA 2.2 ([29], Lemma 2.2). Let A be a C*-algebra, let a,b € A, and let
e > 0. If ||la—b|| < e then there is a contraction d € A such that (a—e)4+ = dbd*.
In particular, (a — )4+ 34 b.

In the preceding lemma, if instead of ||ja — b|| < € we assume that |ja — b|| <e,
then again we get (a —¢)4 Za b. In fact, for any 6 > 0 we have |la—b|| < e+
and so (a —e —d)4 Za b. Letting 6 — 0, we get (a —e)4 Sab.

We need the following lemma to work with Condition (3) in Definition 3.1.

LEMMA 2.3 ([1]). Let A be a C*-algebra, let x € A be a nonzero element, and
letbe Ay. Then for any e > 0,

* 2 *
(zbz* — )y Zaz(b—¢/||z )+:I: .
In particular, if ||x|| < 1 then (zbx* —e)y Sax(b—¢e)ya* Za (b—e)y.

Proof. We have

E p—

lwba® = a (b—e/l|2]?) 2™l < J2l®lb = (b= e/al®) || < = ©

Using the remark following Lemma 2.2, we get

(wb” =€)y Zax(b—c/[al?), =

If ||z|| <1 then = > ¢ and so (zbx* — &)y Sax(b—¢e)ya* Za(b—¢e);. O

l=lI* =

The following lemma is well-know. (It follows from [29, Lemmas 2.2 and 2.4(i)].)
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LEMMA 2.4. Let A be a C*-algebra, let a,b € Ay, andlet§ > 0. Ifa 34 (b—0)+
then there exists a bounded sequence (vy,) in A such that ||a — vp,bvk|| — 0. We
can take this sequence such that ||v,|| < ||al|262 for every n € N.

The following lemma is known and follows from [2, Lemmas 2.18 and 2.19].

LEMMA 2.5. Let A be a C*-algebra, let a € AL, and let p € A be a projection.
The following statements are equivalent:

1. pZSaa;
2. there exists v € A such that p = vav*;
8. p ~MyN q in A for some projection q in aAa.

Note that the statements in Lemma 2.5 are also equivalent to [p] < [a] in the
sense of [34, Definition 2.2] (see Appendix A).

In general, there is no upper bound for the norm of v in the previous lemma,
unless there is a gap between p and a; see the following lemma (which may be
considered as a special case of [29, Lemma 2.4]).

LEMMA 2.6. Let A be a C*-algebra, let a € Ay, let e >0, and let p € A be a

projection. If p Sa (a —€)4, then there exists v € A such that p = vav* and
1

ol < e,

Proof. By Lemma 2.5, there exists w € A such that p = w(a — €)yw*. Then
[29, Lemma 2.4(i)] implies that there is v € A such that p = vav* and ||v]| <
e73. (|

Part (1) of the following lemma is a variant of [29, Lemma 2.4]. We shall use
this lemma in the proof of Lemma 3.9.

LEMMA 2.7. Let A be a C*-algebra, let a,b € A, and let € > 0.

1. If a = (b — €)4 for some x € A, then a = yb for some y € A with
Iyl < e Hlall.

2. Ifa € A(b— ¢)4 then there is a sequence (vy,) in A such that ||a—v,b|| — 0
and |Jvp|| < e *(|lall + ) for alln € N.

Proof. We define continuous functions f;,g.: [0,00) — [0,00) for € > 0 as in
[29, Lemma 2.4], that is,

t—e P 1
f(t) = t = and g.(t) =

t
0 t<e e t<e.

t>e¢

Then tfs(t>2 = (t—¢)4 and fs(t)2 = (t — €)+9e(t). Thus bfs(b)2 =(b—e)+
and f.(b)? = (b—¢)19g-(b). Note that ||g-(b)|| < e~
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To prove (1), put y = zf-(b)%. Then yb = xf.(b)?b = (b — )4+ = a. Also,
gy = af(b)'s" = a(b—)1g: (07" < [lge(0)? (b - )2a” < e 2aa”.

Thus [|y|| < e™/all

For (2), let a € A(b—¢)4 and fix n € N. Then there is w, € A such that
la — wn(b—e)t] < £. Put ap = wa(b— ). Thus ||a,|| < |lal| + L. By
(1) there is v, € A such that a, = v,b and |lv,|| < e7!(||al| + ). Then
|la — vpb|| = [la — an| < L, and so |ja — v,b|| — 0. O

3 THE WEAK TRACIAL ROKHLIN PROPERTY

In this section, we define the weak tracial Rokhlin property (as well as the
tracial Rokhlin property) for finite group actions on simple not necessarily
unital C*-algebras. We show that the weak tracial Rokhlin property implies
pointwise outerness and so the resulting crossed product is simple. Then we
compare it with other notions of the weak tracial Rokhlin property for actions
on simple unital C*-algebras. Moreover, we show that the Rokhlin property in
the sense of [49, Definition 3.2] implies the weak tracial Rokhlin property for
actions on simple C*-algebras.

DEFINITION 3.1. Let a: G — Aut(A) be an action of a finite group G on a
simple C*-algebra A. We say that « has the weak tracial Rokhlin property if
for every ¢ > 0, every finite subset F' C A, and all positive elements z,y € A
with ||z|| = 1, there exists a family of orthogonal positive contractions (fy)gecc
in A such that, with f =3 fy, the following hold:

1. ||fge —afyl| <eforalla e F and all g € G;
2. |lag(fn) — fanll < e for all g,h € G;

3. (v —yfy—e)s Zawm

4. || fzfll >1—e.

We say that « has the tracial Rokhlin property if we can arrange (f,)gec above
to be mutually orthogonal projections.

An action a: G — Aut(A) is called pointwise outer if for any g € G \ {1}, the
automorphism ¢, is outer, that is, it is not of the form Ad(u) for any unitary
in the multiplier algebra of A.

PROPOSITION 3.2. Let o be an action of a finite group G on a simple C*-
algebra A. If o has the weak tracial Rokhlin property then o is pointwise outer.

Proof. The idea of the proof is similar to that of [49, Proposition 3.2]. How-
ever, we need Condition (4) in Definition 3.1 instead of Condition (iii) in [49,
Definition 3.2], and so we need more estimates. Suppose to the contrary that
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2514 M. FOROUGH, N. GOLESTANI

there are go € G\ {1} and a unitary u in the multiplier algebra of A such that
ag, = Ad(u). Set n = card(G). Choose € with 0 < & < 1 such that

2

V1—e— V1—e—

yo—emne n€>0 and (76 ne) —4e > 0.
n

n

By [33, Lemma 2.5.11] (with f(t) = ¢z there), there is § > 0 such that if
z,y € A are positive contractions with ||zy — yz| < & then ||z2y — ya2| < e.
We may assume that ¢ < €. Choose a positive element b € A* with ||b|| = 1.
Applying Definition 3.1 with F' = {b, bu*}, with ¢ in place of €, with b in place
of z, and with y = 0, we obtain a family of orthogonal positive contractions
(fg)gec in A such that

L. ||fgb = bf,ll < d and || fybu™ — bu* fy]| < ¢ for all g € G;
2. |lag(fn) — fonll < 6 for all g, h € G;

3. [Ifbf > 1 =6 where f =3, fo-
Using (1) and (2) we have (1 denotes the neutral element of G):

1765 =" ag(fitd)|| = | X £i0% = 30 oy (e
geG geG

geaG

< S £y = ag(fu)ll < nd.

geG

Thus, using (3) at the third step we get

18 > [|f0% | = llag(f1b%)[| = [IFbf1IF — nl| f16%[| > VI =6 — n| fib? .

geG
Hence,
1 VI—-6—-nd 1—e—ne
k) > s Y2 T (1)

1 1
By (1), ||fib—bf1]] < & and so || f2b—bf? ]| <e. Thus,

16— fEBfENN < I fPb—bfE ] <e. (2)

Similarly, since || f4b — bfy|l < § we have

a0 = foobfaoll < e (3)

Note that f2bf2 L f2bf2 and thus by (1) we have

11 11 11 14 1 1—¢—ne ?
IFAosh = FEord = Isfordl = Lo 1P = L P > (==
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Moreover, using (1) we have
[ufrbu”™ = bfr]| = [lufibu® — ag, (b) f1 (5)
= |lufibu™ — ubu” f1]|
< || frbu* —bu” f1|| < 6.
Finally, using (2), (2), (3), (4), and (5) we obtain

1 1 1 1 1 1
Hago(flb) - uflbU*H > Hf;obfgzo - 12 bf12 ” - Hf;obfgzo - fgobll
— (I £g0b = age (f10) | = [uwfrbu™ = bfi|l = Iofr — fPOf7 |
2
N <\/15n€> 95

n

2
1—¢—
>(7V) g0,

n

which is a contradiction. This shows that « is pointwise outer. O

COROLLARY 3.3. Let o be an action of a finite group G on a simple C*-
algebra A. If a has the weak tracial Rokhlin property, then A x4 G is simple,
and hence the fized point algebra A% is isomorphic to a full corner of A x4 G.

Proof. Tt follows from [30, Theorem 3.1] and Proposition 3.2 that A x, G is
simple. By [48], there exists a projection p in the multiplier algebra of A x, G
such that A* = p(A x4 G)p. Since A %, G is simple, p(A x, G)p is a full
corner. O

The following lemma shows that if the property stated in Definition 3.1 holds
for some y € A, (and every z, F, e there), then it also holds for any z € Ay
which is “smaller” than y (that is, for any positive z in yAy). (Note that
AynAy =yAn Ay =yAyn A,

LEMMA 3.4. Let a: G — Aut(A) be an action of a finite group G on a simple
C*-algebra A. Let x € A4 with ||z|| = 1. Suppose that a positive elementy € A
has the following property: for every ¢ > 0 and every finite subset F' C A there
exists o family of orthogonal positive contractions (fg)gec in A such that, with

[= dec fq, the following hold:
1. ||fga —afy|l < e for all a € F and all g € G;
2. |lag(fn) — fonll < e for all g,h € G;
3 (y*—yfy—e)s Zaw;
4. fxf|l>1—e.

Then every positive element z € Ay also has the same property. Moreover, the
statement holds if we replace “orthogonal positive contractions” with “orthogo-
nal projections.”
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Proof. The idea of the proof is similar to the argument given in the proof of 1,
Lemma 3.5]. Let z € Ay be a positive element, and let a finite subset F C A,
e > 0, and an element © € A, with ||z|| = 1 be given. Let ¢ be such that

w € A such that ||z —wyl|| < §. Choose i > 0 such that n < min{e, W} By

assumption, there exists a family of orthogonal positive contractions (fq)geca
in A such that, with f =3 . fy, the following hold:

Since z € Ay, there exists a nonzero element

ot

.| fga —afql| <mforall a e F andall g € G,

=]

. ”ag(fh) - fth <nforall g,h € G;
7. —yfy—n)+ Zax;
8. | fzfll>1—n.

Since n < g, (5), (6), and (8) also hold for € in place of n. It remains to show
that (22 — 2fz —¢)+ Za 2. To see this, first by Lemma 2.3 at the first step
and by (7) at the last step, we have

2

*

g
—yfy— —) w
ol

2 S
Sa W’ —yfy—n)s Za.

(waw* —wy fyw* — zs/Q)Jr Saw (y

On the other hand, we have

€

||z2 —zfz— (waw* —wyfyw* — §)+ H

< |1z* = 2f2 = (wy*w* —wyfyw")| + 5

<22 = wyz| + |wyz — wyPw*|| + ||z fz — wy 2|
+ lwyfz —wyfyw™|| + 5
6(2l[zll + 2[jwyll) + 5

<
< B(dll2]| +28) + 5 < 64l +2)+ 5 <e.

£

Therefore, by Lemma 2.2, (2% —zfz—¢)4 Sa (wyw* — wyfyw* — 2)+ <A,
as desired. This finishes the proof.

REMARK 3.5. Let a: G — Aut(A) be an action of a finite group G on a simple
C*-algebra A.

1. If A is o-unital then « has the (weak) tracial Rokhlin property if some
strictly positive element y in A has the property stated in Definition 3.1.
This follows from Lemma 3.4 and A = yAy = Ay.
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THE WEAK TRACIAL ROKHLIN PROPERTY 2517

2. In Definition 3.1, it is enough to take y in a norm dense subset of A.
Moreover, if (e;);cs is a approximate identity for A, it is enough to take y
from the set {e;: ¢ € I}. This follows from Lemma 3.4 and the fact that
the set {y € Ay y € Ae; for some i € I} is norm dense in A..

3. In Definition 3.1, if moreover A is purely infinite then Condition (3) is
automatic. Also, if A is finite then Condition (4) is redundant (this is
proved in [1], however, we do not need it here).

4. Tf moreover A is unital, then « has the tracial Rokhlin property (in the
sense of Definition 3.1) if and only if the conditions of Definition 3.1 hold
only for y = 1 (and every ¢, F\ z as in that definition). This implies that
our definition of the tracial Rokhlin property and [43, Definition 1.2] are
equivalent in the unital case.

The Rokhlin property for finite group actions on arbitrary C*-algebras has been
introduced in [49].

PROPOSITION 3.6. Let A be a simple C*-algebra and let oc: G — Aut(A) be an
action of a finite group G on A. If a has the Rokhlin property in the sense of
Definition 3.2 of [/9], then it has the weak tracial Rokhlin property.

Proof. Let o have the Rokhlin property in the sense of Definition 3.2 of [49].
Let z,y € Ay with ||z]] = 1, let F C A be a finite subset, and let ¢ > 0. We
may assume that y # 0 and z,y € F. Also, by Lemma 3.4, we may further
assume that ||y|| < 1. Since « has the Rokhlin property, there exists a family
of orthogonal positive contractions (fg)gec in A such that, with f = deG fos
we have:

L. |lag(fn) = fonll < § for all g,h € G
2. [[fga —afy|| < 5 forall g € G and all a € F;
3. |[fa—al < 5 forallacF.

Then, Conditions (1) and (2) in Definition 3.1 are satisfied (by (1) and (2)
above). Since y € F, by (3) we have

ly* —yfyl < lly—yfll <e/2 <e.

Thus (y?> —yfy — )+ = 0 24 z. Hence, Condition (3) in Definition 3.1 is also
satisfied. To prove Condition (4), by (3) and that x € F' we have

[faf —all <\ fof —zfll+ llzf — 2l <|[fo -zl + lof —z] <e.

Thus || fzf]] > ||z|]] — € = 1 — €, and so Condition (4) in Definition 3.1 holds.
Therefore, « has the weak tracial Rokhlin property. O

DOCUMENTA MATHEMATICA 25 (2020) 2507-2552



2518 M. FOROUGH, N. GOLESTANI

There are several weaker versions of the tracial Rokhlin property for actions on
simple unital C*-algebras. In the sequel, we compare them with our definition
of the weak tracial Rokhlin property given in Definition 3.1. First we recall the
following definition for the convenience of the reader. (See [16, Definition 2.2]
for an equivalent definition.)

DEFINITION 3.7 (see [15]). Let a: G — Aut(A) be an action of a finite group G
on a simple unital C*-algebra A. Then « has the weak tracial Rokhlin property
if for every € > 0, every finite subset ' C A, and every positive element x € A
with ||z|| = 1, there exists a family of orthogonal positive contractions (fy)gecc
in A such that, with f =3 fy, the following hold:

1. ||fge —afql| <eforalla € F and all g € G;
2. |lag(fn) = fonll <€ for all g,h € G;

3. 1—fZax;

4. ||fzfll > 1—e.

PROPOSITION 3.8. Let a: G — Aut(A) be an action of a finite group G on a
simple unital C*-algebra A. The following statements are equivalent:

(a) a has the weak tracial Rokhlin property in the sense of Definition 3.7;
(b) « has the weak tracial Rokhlin property in the sense of Definition 3.1.

Proof. The implication (a)=(b) follows from Remark 3.5(1) (which implies that
it is enough to take y = 1 in Definition 3.1) and the fact that (1 — f — &)y Sa
1-—f.

To show (b)=-(a), one may take small cut-downs of f,’s in Definition 3.1 to
get the desired Cuntz-subequivalence. We give an alternative proof using the
functional calculus for order zero maps. Let F', x, and € be as in Definition 3.7.
We will find orthogonal positive contractions (fg)gec in A satisfying (1)—(4)
of Definition 3.7. We may assume that F' is contained in the closed unit ball
of A. Set n = card(G). Choose § with 0 < ¢ < 5-55. Applying Definition 3.1
with § in place of ¢, with y = 1, and with z, F' as given, there are orthogonal
positive contractions (e4)gee in A such that, with e = deG eg, the following
hold:

—_

. llega —aey|| < d for all a € F and all g € G;

[\

. Nlag(en) —egnll < 6 for all g, h € G;

3. 1—e—0)y Sauw;

S

. lexe]| > 1 —96.
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We define a c.p.c. order zero map ¢: C(G) — A by ¢(&) = decg(g)eg. Then
(1) = e. Let n: [0,1] — [0, 1] be the continuous function defined by

1—8)"1x 0<A<1-4,
77(/\){5 ) 1_(5_
—0< A<1.

The graph of n is the following:

|
|
|
!
!
|
|
|
f f
1

1-95

Using the functional calculus for c.p.c. order zero maps ([53, Corollary 4.2]), we
define ¢ = n(¢). Thus ¢: C(G) — A is a c.p.c. order zero map. Similar to the
argument given in the proof of [4, Lemma 2.8], we see that ||1)(z)—¢(z)|| < d]|z]]
for all z € C(G) with ||z|| = 1, and that

1=9(1) = 155 (1= 6(1) = 8), ~a (1—¢(1) = 8), Za .

For any g € G, set f; = ¥(xqqy). Thus, (fy)gec is a family of orthogonal
positive contractions in A and we have

5. || fg —egll <6 forall g € G.

Moreover, with f = deG fg, we have 1 — f =1 — (1) 34 =, which is (3) in
Definition 3.7. Using (5), it is easy to see that Conditions (1), (2), and (4) in
Definition 3.7 follow from (1), (2), and (4) above, respectively. O

In the following lemma, we give a (seemingly) stronger equivalent definition
of the (weak) tracial Rokhlin property for finite group actions on simple C*-
algebras. This lemma says that we can take two different unknowns z, z in
Conditions (3) and (4) of Definition 3.1 instead of 2. The idea of the proof of
this lemma will be used also in a number of places later.

LEMMA 3.9. Let a: G — Aut(A) be an action of a finite group G on a sim-
ple C*-algebra A. Then « has the weak tracial Rokhlin property (respectively,
tracial Rokhlin property) if and only if the following holds. For every ¢ > 0,
every finite subset ' C A, and all positive elements x,y,z € A with x # 0
and ||z|| = 1, there exists a family of orthogonal positive contractions (respec-
tively, orthogonal projections) (fg)gec in A such that, with f =3 s fy, the
following hold:

1. ||fga —afy|l <€ for all a € F and all g € G;
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2. |lag(fn) = fonll < € for all g,h € G;
S (P —yfy—e)+ Zaw;

4 =1l > 1 —e.

Proof. We prove only the case of the weak tracial Rokhlin property since the
proof for the tracial Rokhlin property is similar. The backward implication
is obvious. For the forward implication, let o have the weak tracial Rokhlin
property and let e, F, x,y, z be as in the statement. We may assume that F' is
contained in the closed unit ball of A. Let n = card(G). Choose § such that

0<d<1land
5 2

Put z; = (2/2 — §),. Since A is simple, [45, Lemma 2.6] implies that there
is a positive element d € z1Az; such that d 4 = and ||d|| = 1. Applying
Definition 3.1 with y and F' as given, with § in place of €, and with d in place
of x, there exist orthogonal positive contractions (fy)gsec in A such that, with
f= deG fg, the following hold:

I fga —afyl| < 5 foralla € F and all g € G
- Nlag(fr) = fonll < § for all g,h € G
W —yfy—5)+ 3ad;

- fdflf > 1= 5.

Clearly, (1), (2), and (3) follow from (5), (6), and (7), respectively. To see (4),
first note that have d € 24z, C Az; = A(2Y/2 —§),. Thus by Lemma 2.7
there exists a sequence (v, )nen in A such that ||v,2'/2 —d|| — 0 and ||v,| <
(Id]| + 1)0=1 = (1 + 1)1, Then | fv,2% f — fdf|| — 0. Since || fdf|| >1— &

and § < 1, there is n € N such that || fv,z2 f| > 1 — £ and L <1— 6. Hence,

® N & >

1 1 1 _ 1 _
L= 5 <[lfonz2 fIl < ll22 fll - lvall < fl22 fI(L+ )07 < Jlz2 fll(2 - 6)5~
Thus,
, 5 2
17200 = 1112 > (5550-5) >1-e
This completes the proof. O

Phillips in [42, Problem 3.2] asked whether there is a reasonable formulation
of the tracial Rokhlin property for finite group actions on simple unital C*-
algebras in terms of the central sequence algebra. We give an answer to this
question in the not necessarily unital simple case in the following proposition.
For a C*-algebra A, we write

Ao = 2(N, A)/co(N, A).
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We consider the elements of A in A, as the equivalence classes of constant
sequences. We denote by Ao, N A’ the relative commutant of A in A... Also,
Too: {°(N, A) — A denotes the quotient map. If a: G — Aut(A) is an
action, then we denote by ., the induced action of G on A..

PROPOSITION 3.10. Let a: G — Aut(A) be an action of a finite group G on a
simple separable C*-algebra A. Then « has the weak tracial Rokhlin property
(respectively, tracial Rokhlin property) if and only if for every x,y, z € Ay with
x # 0, there exists a family of orthogonal positive contractions (respectively,
orthogonal projections) (fg)gec n As N A" such that, with f =3 o fq, the
following hold:

1. (oo)g(fn) = fgn for all g,h € G;
2.y —yfy Ja. @
3 f2f1l = ll=ll-
If moreover A is unital, then Condition (2) can replaced by 1 — f Sa_ x.

Proof. We prove only the case of the weak tracial Rokhlin property since the
proof for the tracial Rokhlin property is essentially the same.

Assume that « has the weak tracial Rokhlin property. Let z,y,z € A4 with
x # 0. We may assume that [|z|| = 1 and z # 0. Let {a1,az,...} be a
norm dense countable subset of the closed unit ball of A. For n € N, set
F, = {a1,...,a,}. Applying Lemma 3.9 with (z — %)Jr in place of x, with
z/||z|| in place of z, with F), in place of F', and with % in place of ¢, we obtain
mutually orthogonal positive contractions (f(4.n))gec in A satisfying (1)—(4) in
Lemma 3.9. Let f; € A, denote the equivalence class of (f(g,))nen. Then
(fg)gec is a family of orthogonal positive contractions in A., N A’. It is easy
to see that Conditions (1) and (3) in the statement hold. To see (2), put
hy, = deG figin)- Then f = deG fq is the equivalence class of (hy)nen in
Ao and (y2—yhny—1)4 Za (x—3)+. By Lemma 2.4, there is v,, € A such that
|2 —yhay— )5 —vmavil] < L and o]l < 2]yl Hence 52 —yhay—veavy | <
%. Let v be the equivalence class of (vp)nen in As. (Note that (v, )nen is a
bounded sequence.) Then y? — yfy = vav* 3a_ .

Using Lemma 2.2 and [33, Lemma 2.5.12], the other implication follows.

If moreover A is unital and we replace Condition (2) by 1 — f Sa_ z, then
the forward implication follows by taking y = 1 in the preceding argument.
The backward implication follows from the previous case and the fact that

v —yfy=yQ—flyZa. 1-Ff. O

The following theorem says that for finite group actions on simple C*-algebras
with tracial rank zero, the weak tracial Rokhlin property coincides with the
tracial Rokhlin property. Similar results were proved in [46, Theorem 1.9] and
[52, Theorem 2.7] for the unital case. In the proof of these results the tracial
state space was used as an ingredient. However, in our nonunital setting, we
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use techniques from Cuntz subequivalence in the proof of the following theorem
instead of using traces.

We use the following fact (which is easy to prove) in the proof of the following
theorem. If A is a C*-algebra with real rank zero and B is a finite dimensional
C*-subalgebra of A, then both A, and AN B’ have real rank zero (see [12,
Theorem 4.10(iv)]).

THEOREM 3.11. Let A be a simple C*-algebra with tracial rank zero, and let
a: G = Aut(A) be an action of a finite group G on A. If o has the weak tracial
Rokhlin property then it has the tracial Rokhlin property.

Proof. Suppose that « has the weak tracial Rokhlin property. We have to
show that for every finite subset F' C A, every ¢ > 0, and all positive elements
z,y € A with ||z]| = 1, there exists a family of orthogonal projections (pg)gea
in A such that, with p = deG Py, the following hold:

1. |lpga — apy|| < € for all @ € F and all g € G;
2. |lag(pn) — pgnll < € for all g, h € G;

3. (v —ypy — )y Jaw

4. ||pzp|| > 1 —e.

Set n = card(G). Choose § > 0 with § < min(e/8,¢/2(n + 1)). Without loss
of generality, we can assume that x,y € F, that F' is contained in the closed
unit ball of A, and that ay4(F) = F, for any g € G. We may further assume
that y € A* (by Remark 3.5(2) since A has an approximate identity contained
in A%). We claim that there exists z € A1 \ {0} such that

5. 28 @ eqag(z) Taz.

In fact, by [45, Lemma 2.1], there is z; € Ay \ {0} such that 21 ® 1,11 34 z.
Then by [45, Lemma 2.4], there is z € A4 \ {0} such that z 4 ay4(z1) for
all g € G. We may assume that [|z]| = 1. Hence, z ® @, cq ay(2) Za
21 ® 141 34 «. This proves (5).

Since A has tracial rank zero, we can apply Theorem A.6 to find a finite di-
mensional C*-subalgebra B of A such that, with ¢ = 1g, the following hold:

6. |lga — ag|| < 6 for all a € F;
7. qAq Cs B;

8. (y* —yqy —6)+ Za z

Ne)

. lgzql] > 1 =14.

Set F = F'U B, and let By be a finite subset of B with span(By) = B. Since o
has the weak tracial Rokhlin property, arguing as in the proof of Proposi-
tion 3.10 with z in place of z, with y as given, and with gzq in place of z (using

DOCUMENTA MATHEMATICA 25 (2020) 25072552



THE WEAK TRACIAL ROKHLIN PROPERTY 2523

FUB; in place of F when applying Lemma 3.9 in the proof of Proposition 3.10),
there are orthogonal positive contractions (fy)geq in Ao N(FUBy) = AccNE’
such that, with f = 3" 5 fg, we have

10. (@oo)g(fr) = fqn for all g,h € G;
1. y* —yfy Sa. %
12. || fqzqf|| = llgzql| > 1 = (by (9)).

Note that || fezqf|| = max{||fyqrqfsll: ¢ € G||}. Hence, by (12), there exists
go € G such that

Hfgoq‘rquoH >1-9. (6)

Put D = A, N B’. Note that A,c N E’ C D and that D has real rank zero by
the remark preceding this theorem. In particular, the hereditary subalgebra
qfg0Dfg0q of D has real rank zero. Thus there is a projection 71 € qfg,D fg,q
such that

Hrl‘Jfgo - Qfgoll <4 and HTIQJCgoTl - QfgoH < 0.

Since r1 < ¢, we get

171fg0 = afgoll <6 and [[r1foor1 = afgll < 0. (7)

Put ry = ag4(r1) for every g € G\ {1}, and r = >° 7. Thus (rg)gec
is a family of projections in A.. Since r1 € fq,Dfgy C fgoAccSfg,, We have
Tg € fogoAoofgge, and so rgrp = 0 when g # h; that is, (rg)geq is a family of
orthogonal projections in A,,. We show that

13. |lrga — ary|| < e/2 for all a € F and all g € G,
14. (Qoo)g(rn) =gy for all g, h € G,
15. (y* —yry —e/2)+ Za. x, and

1

=2}

Nrzr]| > 1 —¢€/2.

Observe that (14) follows from the definition of r4. For (13), let a € F. By
(7), there is b € B such that ||gag — b|| < . Using this at the third step, and
(6) at the fourth step, we get

[ria —ari]| = |lgriga — agriq||
< llgriga — qriqaq|| + |lgriqaq — qaqriql|| + (lgagriq — agriq||
< llgr1ll - llga — qaq|| + 26 + [[gaq — aq|| - [|r14]|
<46 <e/2.
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Thus ||rga —arg|| < e/2, for all a € F and all g € G. Now, using (14) and that
ag(F) =F, for all g € G, we get (13). To see (15), first by (7) at the fifth step
(also recall that y € A* and f;, € Ax N E’), we get

H(y2 —yrfry) = |(v* —yfy) + > Fl2ag((y® — yay — 0)4 )fglg/ﬂ ’
geG
< ‘yfy —yrfry = fallag (v — yay) f12|| +
geG
1 2 2 1/2
< ‘yfy o 99/0 99/0
geG
oty = S usizastaisgy] + ®)
geG
= H Z YrgfageTely — Z Yyag(q) fogoy ’ +4
geG geG
<121+ || 32 corafaars) = aglatan)| +6

geqG
<né+d5=(n+1)s5<e/2.

On the other hand, yrfry < yry and so y*> — yry < y*> — yrfry. Then [45,
Lemma 1.7] implies that (y2 — yry —e/2)+ 3a.. (y* —yrfry —e/2).. By this
at the first step, by (8) at the second step, by (8) and (11) at the third step,
and by (5) at the fifth step, we get

(y> —yry — E/2)+ Sa. WP —yrfry—e/2);
W* —ufy) + D faslas((y® —yay — 8)4) fahe

geG
1/2 1/2
S4s 2@ Z 99/0 géo
geG
Sa. 2® P ay(z)
geG

jAoo ZC,

which is (15). To prove (16), by (7) at the sixth step and by (6) at the seventh
step, we calculate
Jrarl = a2 = 20172
> |22t 2| = [|ryer
2 ||Tlfg07’1zT1fgo7’1||

> ||f90quf90|| —20
>1-30>1-¢/2.
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This completes the proof of (13)—(16).
For each g € G, let (rgx)ren € £°(A) be a representing sequence for ry, that
is, Moo (rg,1,7g,2, -+ ) = rg. Since r, is a projection, we can assume that r, j is
also a projection for all g € G and all k € N.
Choose 1 > 0 such that if aq,...,a, are positive contractions in A where
la? — a;|| < n and |la;a;]| < n for all 4,5 = 1,...,n with i # j, then there are
mutually orthogonal projections p,...,p, in A such that ||a; — p;|| < e/4n for
alli=1,...,n.
It follows from (15) that there is v € A such that ||(y2 —yry—e/2); —vav*|| <
e/4, and so

ly? - yry — vav'|| < 3e/4. (9)
Let (vg)ken be a representing sequence for v. We can choose k large enough

such that ||rg x7n x| <mn for all g,h € G with g # h (since rgry, = 0), and that
the following hold (by (13), (14), (16), and (9)):

17. |largr — rgrall < e/2 for all g € G and all a € F;
18. |Jag(Th,k) — Tgn,k|l < e/2 for all g, h € G;

19. |ly* — yriy — vezvi|| < 3e/4, where 1y, = 37 g k3
20. ||rpxrg|| > 1—¢/2.

By the choice of 7, there are orthogonal projections (pg)gec in A such that
lrg — pgll < €/4n for all g € G. Since ||rg.r — pgll < €/4, (17) implies (1),
and (18) implies (2). Put p =3 5Py Then [[ri —pll <30 cq lIrgr — pgll <
£/4. Then by (19), we have |y* — ypy — vpav}|| < 3e/4+¢/4 = ¢ and so
(y*> — ypy — €)4+ S z, which is (3). Finally, (20) implies that |pzp|| > 1 — ¢,
which is (4). This finishes proof. O

We present a list of examples of finite group actions with the (weak) tracial
Rokhlin property on simple nonunital C*-algebras. These examples are mainly
based on the results of [1] (and Theorems 4.5 and 4.6 below). We refer the
reader to [1] for the proofs.

EXAMPLE 3.12. In the following, W denotes the Razak-Jacelon algebra [25]
and S, denotes the group of all permutations of {1,2,...,m}, for m € N.

1. Let A = @,-, M3 be the UHF algebra of type 3°° and let B be a simple
C*-algebra. Define «: Zo — Aut(A) by

% 1 0 0
a:®Ad 01 0
k=1 0 0 -1

Then the action o ® id: Zy — Aut(A ® B) has the weak tracial Rokhlin
property, by Theorem 4.5 and the the fact « has the tracial Rokhlin
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property. (See [46, Proposition 2.5] and [18, Example 10.3.23 and Re-
mark 10.4.9] for details about «.) In particular, if we take B = W, then
M3 @W 22 W is stably projectionless and a®idyy : Zg — Aut(Msze@W)
has the weak tracial Rokhlin property but not the tracial Rokhlin prop-
erty since M3e ® W does not have any nonzero projections. (We do not
know whether this action has the Rokhlin property.)

. Let A be a nonelementary simple C*-algebra with tracial rank zero and let

m € N\ {1}. Then the permutation action 3: S,, — Aut(A®™) has the
the tracial Rokhlin property [1]. Here, A¥™ denotes the minimal tensor
product of m copies of A. This result is similar to [21, Example 5.10]
which states that the permutation action of S, on Z®™ = Z has the
generalized tracial Rokhlin property. It is not clear that the action g
does not have the Rokhlin property. It may depend on A. For example,
if either Ko(A) = Z or K1(A) = Z, then 8 does not have the Rokhlin
property (by [37, Corollary 3.10]).

The flip action on Z ® Z = Z has the weak tracial Rokhlin property [21,
Example 5.10] but not the Rokhlin property. For a nonunital example, if
we take A = Z® K then the flip action on A® A = A has the weak tracial
Rokhlin property (by a result of [1] and that A is tracially Z-absorbing).
This action does not have the Rokhlin property, by [37, Corollary 3.10]
since Ko(A) = Z. We do not know whether this action has the tracial
Rokhlin property.

Let A be a simple Z-absorbing C*-algebra. Then for every finite non-
trivial group G there is an action a: G — Aut(A) with the weak tracial
Rokhlin property. This follows essentially from the fact that G embeds
into some S,, and that the permutation action of S,, on Z%™ = Z has
the weak tracial Rokhlin property. (One also needs Theorem 4.5 and
Proposition 4.1). If moreover, A is separable with either Ky(A4) = Z
or K1(A) = Z, then « does not have the Rokhlin property [37, Corol-
lary 3.10].

Let « be Blackadar’s action of Zy on Ma=~ (see [5, Section 5] and [46,
Example 3.1]). Then « does not have the Rokhlin property but it has
the tracial Rokhlin property [46, Proposition 3.4]. Now consider the ac-
tion o ® id: Zg — Mo ® K. Then a ® id has the weak tracial Rokhlin
property (by Theorem 4.5) and so the tracial Rokhlin property (by The-
orem 3.11). However, a ® id does not have the Rokhlin property (by [49,
Theorem 3.2(ii)]).

4 PERMANENCE PROPERTIES

The purpose of this section is to study the behavior of the (weak) tracial
Rokhlin property for finite group actions on simple C*-algebras under restric-
tion to subgroups, invariant hereditary subalgebras, direct limits, and tensor
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products of actions. The following proposition is a nonunital version of [13,
Lemma 5.6].

PROPOSITION 4.1. Let a: G — Aut(A) be an action of a finite group G on a
simple C*-algebra A with the (weak) tracial Rokhlin property. If H is a subgroup
of G, then the restriction of a to H also has the (weak) tracial Rokhlin property.

Proof. The proof is similar to the unital case. The main idea is the following.
Let T be a set of right coset representations for H in G. If (f,)4ecq is a suitable
family of Rokhlin elements satisfying Definition 3.1 for the action of G on A,
then we set e, = >, cp fne for any h € H. Then (ep)nen is a family of Rokhlin
elements for the action of H on A. O

Next, we show that the weak tracial Rokhlin property is preserved by passing
to invariant hereditary subalgebras.

PROPOSITION 4.2. Let A be a simple C*-algebra and let ov: G — Aut(A) be
an action of a finite group G on A. Let B be an a-invariant hereditary C*-
subalgebra of A and let B: G — Aut(B) be the restriction of a to B. If «
has the weak tracial Rokhlin property then so does B. If a has the tracial
Rokhlin property, then so does B whenever B have an approrimate identity
(not necessarily increasing) consisting of projections in the fixed point algebra.

Proof. Suppose that a has the weak tracial Rokhlin property, and let we are
give a finite set F' C B, € > 0, and z,y € By with ||| = 1. We can assume
that x,y € I and that F' is contained in the closed unit ball of B. Without
loss of generality ¢ < 1. Set n = card(G). By [33, Lemma 2.5.12], there is
0 > 0 such that if (e4)geq is a family of positive contractions in B satisfying
llegen]l < 26 for all g,h € G with g # h, then there are orthogonal positive
contractions (fy)gec in B such that [|f; —ey4|| < 5 for any g € G. We may
assume that § < 5.

Since any approximate identity for B? is also an approximate identity for B,
we can choose a positive contraction b € B? such that

lab—a| <6 and |jba — al <, (10)
for any a € F. We set z = bxb and w = byb. So by (10) we have
|z — x| <26 and [Jw—y| < 26. (11)

Applying Definition 3.1 to « with F U {b} in place of F, with z/||z| in place
of x, with w in place of i, and with § in place of €, we obtain orthogonal positive
contractions (r4)geq in A such that, with r =" __,ry, the following hold:

geG
1. |lrga —ary|| < 6 for all a € FU{b} and all g € G;
2. lag(rn) —rgnll < 6 for all g, h € G;

3. (w? —wrw —0)+ 34 z;
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4. [lrr] > 2II(L - 8).

We put e; = brgb for any g € G, and e = 3 ey For any g,h € G with
g # h, using (1) and that r,r, = 0 at the third step, we have

llegenll = lbrgb®rab]| < llrgb®ral| < 24.

Hence by the choice of § there are orthogonal positive contractions (fg)geq in
B such that |[fg —eg|| < & for any g € G. We set f =3 _; fg. Then we
have

Ifg—egll < § and |If —el <3 (12)

In particular, |le|| < |[f|| + § < 2. We show that the family (fy)sec satisfies
the conditions of Definition 3.1 for the action §: G — Aut(B), that is, we will
show that the following hold:

ot

. fga —afyl| <eforalla e F and all g € G;
- 1Bg(fn) = fonll < e for all g, h € G;

T —yfy—e)+ Ip

8 |fzfll>1—e.

=)

To see (5), using (12), (10), and (1), for any a € F and any g € G we get
[ fga — afqll < | fga — egall + |lega — brgabl| + |[brgab — bargb]|
+ [[bargb — aey| + [Jaeg — afyll
<§+20+0+20+ % <e.
To prove (6), using (12) and (2), for any g,h € G we have
185 (fn) = fonll < llag(fn) — aglen)ll + l[bag(rn)b — brondll + [legn — fonll
<§t+d+3<e

To see (7), first using (11) at the second step and using (10) and (12) at the
fifth step, we obtain
(v = yfy) = (w? —wrw —8)4 || <0+ ly* —w?|| + lyfy — wruw|
< §+46+ ||lyfy — byeyb||
<56+ llyfy — byfyl + [Ibyfy — byey]
+ [[byey — byeyb||

<56+ lly = byl + IIf —ell + llell - [ly — woll

<BO+0+E54+20=8+5<i+5<e.
Now, using Lemma 2.2 and (3), we get

W —yfy—e)s Sa (W —wrw —0)4 342 34w
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Since B is a hereditary subalgebra of A, we get (y?> — yfy —¢)+ 3 x, which
is (7). To show (8), first by (11) we have ||z]| > 1 — 24, and so by (4) we get

rzr]| > |21 = 6) > (1 —26)(1 — 8) > 1 — 36. (13)

Second, using (10) at the third step, using (1) at the fourth and fifth steps,
and using (13) at the seventh step, we obtain

lleze|| = ||brbxzbrb|| (14)
> ||brarb|| — ||br(bxb — z)rb|]
> |[brard|| — 26

> ||rbxrb|| —nd — 246

> ||rbxzbr| — 2nd — 24§
=||rzr|| — (2n + 2)d
>1-30—(2n+2)0
—1—(2n+5)5>1—¢%,

Then using (12) at the third step and using (14) at the fourth step, we get

[fefl = llexell — [lexe — exf[| — [lexf — fzf]|
2 [lexell — el - lle = fIl = lle = £

>||exe|\—z1—6
>1—§—3jf:1—5,

which is (8). This completes the proof of (5)—(8), and shows that 5: G —
Aut(B) has the weak tracial Rokhlin property.

The proof of the second part of the statement about the tracial Rokhlin prop-
erty is similar to the proof of the first part. o

ProPOSITION 4.3. Let G be a finite group. Let ((G,Ai,a(i))ig, (gajyi)igj) be
a direct system of simple G-algebras. Let A be the direct limit of the A; and
let a: G — Aut(A) be the direct limit of the o). If &) has the (weak) tracial
Rokhlin property for each i, then so does .

Proof. The statement follows essentially from the following fact. If a: G —
Aut(A) is an action of G on a simple C*-algebra A such that for every finite
set F' C A and every £ > 0 there is an a-invariant simple C*-subalgebra B of A
such that F C. B and the restriction of o to B has the (weak) tracial Rokhlin
property, then a: G — Aut(A) has the (weak) tracial Rokhlin property. O

Phillips posed the following problem for actions on simple unital C*-algebras.

PROBLEM 4.4 ([42], Problem 3.18). Let A and B be infinite dimensional sim-
ple unital C*-algebras, and let : G — Aut(A) be an action with the tracial
Rokhlin property and 8: G — Aut(B) be an arbitrary action. Does it follow
that a ® f: G — Aut(A ®min B) has the tracial Rokhlin property?
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There are some partial solutions to this problem. Lemma 3.9 of [43] is the very
special case B = M,, and [ is inner. If A has tracial rank zero and B has
tracial rank at most one, then by [42, Proposition 3.19], & ® § has the tracial
Rokhlin property. Moreover, it follows from [51, Proposition 2.4.6] that this
problem has an affirmative answer provided that A ®min B has Property (SP).
The following two results are more general solutions to this problem in the not
necessarily unital simple case.

THEOREM 4.5. Let a: G — Aut(A) and B: G — Aut(B) be actions of a finite
group G on simple C*-algebras A and B. If o has the weak tracial Rokhlin
property then so does a ® B: G — Aut(A Qumin B).

Proof. Suppose that we are given a finite set ¥ C A ®uin B, € > 0, and
2,y € (A ®Omin B)+ with ||z|| = 1. Set D = A ®muin B. We shall find a
family of orthogonal positive contractions (fy)geq in A @min B such that, with
f=2>,cc fg the following hold:

1. ||fga —afyl| <eforalla e F and all g € G;
2. Jlag(fn) — fonll < e for all g,h € G;
3. (¥ —yfy—e)+ Ip

4. |fzf||>1—e.

We may assume that there exist ¢1,...,¢, in A and dy, ..., d,, in B such that
F={c¢®d;|1<i<m}andthat |¢],||di]| <1foralll<i<m. ByPart (2)
of Remark 3.5, we may assume that y = y; ® y2 for some y; € A4 and y2 € B4
with [|y1]], [|y2]| < 1. Choose ¢ such that 0 < § < £ and ((1 — 6)* — 46 — 62) >
1 —e¢. There exists §; such that % <601 < 1and ((1 —0)%2 — 46 — 52) 2 >1-c
Put z = (x—41)4. It follows from Kirchberg’s Slice Lemma ([47, Lemma 4.1.9])
that there are elements z1 € A, and zo € By such that z1 ® 22 Zp 2z and
that ||z1]] = ||z2|| = 1. By Lemma 2.4, there exists w € A Quin B such that

|wzw* — 21 @ 25| < 6% and ||w|| < 5;1/2 < 07!, Thus there is v € A @pmin B
where v = Zle v; ® w; for some v; € A and w; € B, 1 =1,...,k, such that

5. |lvav* — 1 @ x| < 62 and [jv]| < 67t

Put E={c; |1 <i<m}U{v; |1<i<Ek}. By [28, Proposition 2.7(v)], there
is n € N such that

6. (Y3 —0)+ 3B 2@ Ly

By Proposition 3.2, « is pointwise outer, and so A is not elementary. It follows
from [7, Corollary IV.1.2.6] that A is not of Type I. Now, [45, Lemma 2.4]
implies that there is a nonzero element zy € A, such that

7. vo®1, ;jA x1.
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Put M = 1+ 30, [loil|+ 31, ws]|. Choose n > 0 such that 7 < sxrtgry.
Applying Lemma 3.9 to the action o with F in place of F, with 7 in place
of e, with zy in place of x, with y; in place of y, and with x; in place of z,
we obtain a family of orthogonal positive contractions (r4)4ec in A such that,
with 7=} 7y, the following hold:

8. |[rgc —crgl| < n for all c € E and all g € G;
9. |lag(rn) — rgnl| < n for all g,h € G;

10. (y —w1rys —n)+ Sa Zo;
11. |jreqr|| > 1 —n.

On the other hand, since B has an approximate identity contained in B?, we
can choose a positive contraction s € B? such that

12. lyssyn — 431 <, s, il < for all 1 < i < m, |[s,w]]| < 7 for al
1<j <k, and ||szas|| >1—n.

Put fg=ry®sforal ge G, andput f =3 fs. Then (fg)gec is a family
of mutually orthogonal positive contractions in A®mpin B. We show that (1)—(4)
hold. For (1), let 1 < i < m. Then by (8) and (12) we have

1[fg:ci @ dill = ||[rg @ s,¢; @ |
= ||(rgci) ® (sd;) — (cirg) @ (dys)]|
< l[rg, ei] @ (sds)|| + [[(cirg) s, di] |
<n4+n<2i<e.

Part (2) follows from (9). To prove (3), first using (12) at the third step we
have

I (" —yfy) = (7 —vairyr —n), ® (3 —6), |
< (5 ®u3) — (yaryr) @ (yasy2) — (yi —yirys) @ Y3l +n+6

=l (y1ry1) ® (y2sy2 — y3) || + 20
<d+20<e.

Then by Lemma 2.2 at the first step, by (6) and (10) at the second step, and
by (7) at the fourth step, we get
(v —yfy—¢e), Zo (i —pry —n), @ (y3—9),
Zp 2o ® (22 ®1,)

~p (2o ®1,) ® 2
IpT1 RT3

~ ~

Dszxa
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which is (3). To prove (4), first by (8) and (12) we have
k k
Z T (sw;) Z ) @ (w;s
i=1

;)
k
< Z rv; — vr) ® (swy)|| + Z [(vir) @ (sw; — w;s)||

< MZ Z llrgvi — virgl| + MZ ||sw; — w;s]|

i=1 geG
< Mkcard(G)n + Mkn < 2Mkcard(G)n < 4.

[ fo—ufll =

Also, by (11) and (12) we get

[f (@1 @ z2) fl| = [|(raar) @ (sw2s)l| = [lrazar|| - ||szas|
> (1=0)(1—n)>(1-0)>2

Then by using these two latter inequalities and (5) we calculate

(1=6)? < |lf(z1 @ z2) [
< |l fozo™ fll + || f (vav™ — 21 @ z2) f]|
<[lvfzo* fl + [|(fv — vf)zo* fl| + 62
<Nlofafo*|| + lofa(v* f — fo*)ll + 8||v]| + 62
<ol fzfll + Sllvll + oo + 6
<073 faf|| + 2067 + 62
< O72|| fof|| + 46 + 62

Therefore, by the choice of §; we obtain
[fafll > ((1—0)>—46—6%)6; >1—¢
which is (4). This completes the proof. O

The proof of the following result is similar to that of the preceding theorem.

THEOREM 4.6. Let a: G — Aut(A) and f: G — Aut(B) be actions of a
finite group G on simple C*-algebras A and B. Let a have the tracial Rokhlin
property and let B® have an approzimate identity (not necessarily increasing)
consisting of projections. Then the action a ® §: G — Aut(A Qmin B) has the
tracial Rokhlin property. In particular, Problem 4.4 has an affirmative answer.

The following corollary follows from Theorems 4.5 and 4.6 by taking B = M,
and B to be the trivial action.
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COROLLARY 4.7. Let a: G — Aut(A) be an action of a finite group G with the
(weak) tracial Rokhlin property on a simple C*-algebra A. Then the induced
action of G on M, (A) has the (weak) tracial Rokhlin property for any n € N.

The following result gives a criterion for the nonunital tracial Rokhlin property
in terms of the unital tracial Rokhlin property in the case that the underlying
algebra has “enough” projections.

PROPOSITION 4.8. Let a: G — Aut(A) be an action of a finite group G on a
simple C*-algebra A. Suppose that A has an approximate identity (not neces-
sarily increasing) (p;)icr consisting of projections such that each p; is in A%.
Then « has the tracial Rokhlin property if and only if the restriction of a to
piAp; has the tracial Rokhlin property for every i € I.

Proof. The “if” part follows from Proposition 4.3, and the “only if” part follows
from the second part of Proposition 4.2. O

5 CROSSED PRODUCTS

The main goal of this section is to show that some classes of simple C*-algebras
are closed under taking crossed products and fixed point algebras by actions of
finite groups with the tracial Rokhlin property. In particular, this is true for
the class of simple C*-algebras with tracial rank zero. This extends a result
of Phillips ([43, Theorem 2.6]) to the nonunital case and is evidence that our
definition of the (weak) tracial Rokhlin property on simple C*-algebras is the
right one.

The following proposition is essential in the sequel.

PROPOSITION 5.1. Let G be a finite group and let C be a class of simple C*-
algebras with the following properties:

1. if A is a simple C*-algebra and p € A is a nonzero projection, then A € C
if and only if pAp € C (in particular, this is the case if C is closed under
Morita equivalence);

2. if A € C is unital and « is an action of G on A with the tracial Rokhlin
property then A X, G € C;

3. if AeC and B is a C*-algebra with A= B, then B € C.

Then C 1is closed under taking crossed products and fixed point algebras by ac-
tions of G with the tracial Rokhlin property (and hence (2) above holds without
the assumption that A is unital).

Proof. Let C be a class of simple C*-algebras as in the statement. Let A € C
and let a: G — Aut(A) be an action with the tracial Rokhlin property. We
show that A x, G € C. We may assume that A is nonzero. First note that
there exists a nonzero projection p in A®. In fact, if (py)gec is a family of
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Rokhlin projections for a given e according to Definition 3.1 and if g = 5 9eG Pgs
then [|E(q) — ¢|| < ecard(G), where E: A — A* is the canonical conditional
expectation. Using functional calculus within A% gives a projection p € A®
arbitrarily close to E(q). So, p is arbitrary close to ¢, and hence it is nonzero.
Let a: G — Aut(pAp) be the restriction of a to pAp. Now, the second part
of Proposition 4.2 implies that  has the tracial Rokhlin property. By Con-
dition (1), pAp € C. Thus, by Condition (2), pAp xg G € C. Observe that
pAp X g G = p(A x4 G)p. In fact, the map ¢: pAp xg G — p(A x4 G)p defined
by ©(3geq bgtig) = Dy bgdy Where by € pAp for all g € G, is easily seen to
be a surjective *-isomorphism. Thus, by Condition (3), p(A x4 G)p € C. Now
Condition (1) implies that A x, G € C. Also, A* € C, by Condition (1). O

In the following theorem, we extend Phillips’s result [43, Theorem 2.6] to the
nonunital case.

THEOREM 5.2. Let A be a simple C*-algebra with tracial rank zero and let «
be an action of a finite group G on A with the weak tracial Rokhlin property.
Then the crossed product A xo G and the fixed point algebra A% are simple
C*-algebras with tracial rank zero.

Proof. Tt follows from Theorem 3.11 that « in fact has the tracial Rokhlin
property. Let C denote the class of simple C*-algebras with tracial rank zero.
By Theorem A.24, C satisfies Condition (1) in Proposition 5.1. Also, by [43,
Theorem 2.6], C satisfies Condition (2) in Proposition 5.1. (Note that the
assumption of separability is unnecessary in [43, Theorem 2.6].) Clearly, C
satisfies Condition (3) in Proposition 5.1. Thus Proposition 5.1 yields the first
part of the statement about the crossed product.

The second part of the statement about the fixed point algebra follows from
Corollary 3.3 which says that A“ is isomorphic to a full corner of A x,, G, and
Theorem A.24 which implies that the tracial rank zero is passed to corners. [

The following corollary is immediate from Example 3.12(2) and Theorem 5.2.

COROLLARY 5.3. Let A be a simple nonelementary C*-algebra with tracial rank
zero and let B: Sy, — A®™ be the permutation action, where m > 2. Then the
crossed product A®™ xg Sy, is a simple C*-algebra with tracial rank zero.

THEOREM 5.4. The class of simple separable nuclear Z-absorbing C*-algebras
is preserved under taking crossed products and fixed point algebras by finite
group actions with the tracial Rokhlin property.

Proof. Let C denote the class of simple separable nuclear Z-absorbing C*-
algebras. By [50, Corollary 3.2], Z-stability is preserved under Morita equiva-
lence in the class of separable C*-algebras. Moreover, by [22, Theorem 3.15],
nuclearity is preserved under Morita equivalence. Thus the class C satisfies
(1) in Proposition 5.1. On the other hand, [21, Corollary 5.7] implies that the
class C also satisfies (2) in Proposition 5.1. Therefore, by Proposition 5.1 the
class C is preserved under taking crossed products by finite group actions of
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with the tracial Rokhlin property. The corresponding result about A® holds
by noting that A% is a full corner of A x, G. (]

REMARK 5.5. There are some other classes of simple C*-algebras which are
preserved under taking crossed products and fixed point algebras by finite group
actions with the weak tracial Rokhlin property. For example, the class of simple
purely infinite C*-algebras (by [26, Theorem 3]), the class of simple C*-algebras
with Property (SP) (by the nonunital version of [27, Theorem 4.2]), and the
class of simple tracially Z-absorbing C*-algebras [1].

A C*-ALGEBRAS WITH TRACIAL RANK ZERO

We begin this section with recalling the definition of tracial rank zero for C*-
algebras from [34]. Then, we give a characterization of tracial rank zero which
unifies the definitions for the simple unital and simple nonunital cases (The-
orem A.6). The main advantage of this definition is to avoid working with
the unitization of simple C*-algebras. In particular, we are able to show that
having tracial rank zero is preserved under Morita equivalence in the class of
simple C*-algebras.

A.1 PRELIMINARIES

In this subsection we present some notation and results which will be used in
the sequel. Also, the statement of the main theorem of this appendix (Theo-
rem A.6) is given at the end of this subsection. The proof of this theorem will
be given after Lemma A.19.

NoTATION A.1. We recall some notation from [34] for the convenience of the
reader. We remark that, instead of notation [a] < [b] used in [34], we will adopt
the notation a =, b from [38, Definition 2.1].

1. We denote by Z(©) the class of all finite dimensional C*-algebras.

2. Let 01,02 be real numbers with 0 < 01 < 02 < 1. Define a continuous
function fg2: [0,00) — [0,1] by

0 0§t<0’1,
J2(t) = q linear o1 <t < 09,
1 tZUQ.

3. Let a and b be positive elements in a C*-algebra A. We say that a is
Blackadar subequivalent to b and we write a s b if there exists x € A
such that *2 = a and zz* € bAb. Note that, a 3, b is equivalent to the
relation [a] < [b] which is used in [34, Definition 2.2] (see [38, Section 4]).
Let n be a positive integer. We write a 35, b if there are n mutually
orthogonal positive elements by,...,b, € bAb such that a =3¢ b; for all
1=1,...,n.
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REMARK A.2. Observe that if p is a projection in a C*-algebra A and a € A,
then p 35 a if and only if p Z4 a (see Lemma 2.5).

DEFINITION A.3 (see [34], Definition 3.1). A unital C*-algebra A is said to
have tracial rank zero if for any € > 0, any finite subset F' C A containing a
nonzero element b > 0, any 01,09,03,04 With 0 < 03 < 04 < 01 < 09 < 1,
and any integer n > 0, there exist a nonzero projection p € A and a finite
dimensional C*-subalgebra F C A with 15 = p, such that

1. |lpa — ap|| < € for all a € F;
2. pFp Cc B;

3. 1—p Zsmpand f72((1—p)b(1 —p)) Zsn [72(pbp).

If A has tracial rank zero, we will write TR(A) = 0. A nonunital C*-algebra
A is said to have TR(A) =0 if TR(A™) = 0.

Note that in [34], for any nonnegative integer k, the notion of a C*-algebra
with tracial rank £ is introduced. Lin also introduced a weaker version of the
tracial rank zero as follows.

DEFINITION A.4 (see [34], Definition 3.4). Let A be a unital C*-algebra. We
write TR, (A) = 0 if for any € > 0, any finite subset F© C A containing a
nonzero element b > 0, any integer n > 0, and any full element € A, there
exist a nonzero projection p € A and a finite dimensional C*-subalgebra F C A
with 15 = p, such that

(1) |lpa — ap|| < € for all a € F}
(2) pFp Cc B and [|pbp|| = [|b]| — &;
B)1—pZsnpandl—p 3.

If A is nonunital we write TR,,(A4) = 0 if TR,,(A™~) = 0. Observe that for any
C*-algebra A, TR,,(A) = 0 if and only if A is TAF in the sense of [35].

Note that in Definition A.4, we may omit the assumption that b is positive. In
fact, if b is not positive we may assume that ||b]] = 1 and then use b*b instead
of b.

The following theorem follows from [34, Theorem 6.13 and Remark 6.12].

THEOREM A.5. Let A be a simple unital C*-algebra. Then the following state-
ments are equivalent:

(a) TR(A) = 0;
(b) TRy (A) = 0;

(c) for every finite set F C A, every € > 0, and every nonzero positive
element © € A, there is a nonzero C*-subalgebra B C A with B € ()
such that, with p = 1, the following hold:
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(1) |lpa — ap|| < € for all a € F;
(2) pFp Ce B;
(3) 1-pZax.
Moreover, TR, (A) =0 if and only if TR(A) = 0.
The following is the main result of the appendix.

THEOREM A.6. Let A be a simple C*-algebra. Then A has tracial rank zero if
and only if it has an approximate identity (not necessarily increasing) consisting
of projections and for any finite set F C A, any x,y € A4 with x # 0, and any
e > 0, there exists a finite dimensional C*-sublagebra E C A such that, with
p = 1g, the following hold:

(1) |lpa — ap|| < € for all a € F;

(2) pFp Cc E;

(3) (y* —ypy — )+ Za x;

(4) llpzpll > llz]| —e.
The proof of this theorem needs some preparation and will be presented after
Lemma A.19. Note that Theorem A.6 unifies the definitions of tracial rank
zero for simple unital and simple nonunital cases.
A.2 C*-ALGEBRAS WITH PROPERTY (T)

To prove Theorem A.6, in this subsection we define Property (T() and study
some of its properties.

DEFINITION A.7. Let A be a simple C*-algebra. We say that A has Prop-
erty (Tp) if A has an approximate identity (not necessarily increasing) consist-
ing of projections and for all positive elements x,y € A with x # 0, every finite
set ' C A, and every € > 0, there is a finite dimensional C*-subalgebra F C A
such that, with p = 1g, the following hold:

1. |lpa — ap|| < € for all a € F;
2. pFpC. E;

3. (v —ypy — )y a3

4. [[pzp| > [|lz[| —e.

We need the following lemma in the sequel. The proof is very similar to that
of Lemma 3.4 and so it is omitted.
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LEMMA A.8. Let A be a C*-algebra and let x € A\ {0}. Suppose thaty € Ay
has the following property. For any finite set F C A and any € > 0 there exist
a projection p € A and a finite dimensional C*-subalgebra E C A with unit p
such that the following hold:

1. |lpa — ap|| < & for all a € F;
2. pFpCe E;
3. (y* —ypy — )+ Jaw;
4- |lpzp|| > ||z —e.
Then every positive element z € Ay also has the same property.

The following proposition shows the relation between Property (Ty) and tracial
rank zero for simple unital C*-algebras.

PROPOSITION A.9. Let A be a simple unital C*-algebra. The following state-
ments are equivalent:

1. A is has Property (To);
2. TR(A) =0;
3. TRy (A) = 0;

4. for any x,y, e, F as in Definition A.7 there is a nonzero finite dimensional

C*-subalgebra E C A such that (1), (2), and (3) in Definition A.7 hold.

Proof. By Theorem A.5 we have (2)<(3). The implication (1)=-(4) is obvious.
Moreover, (4)=-(3) follows from Theorem A.5 by applying (4) with y = 1 and
using the fact that for any positive number ¢ < 1,

(I-p-e)y=(1-¢)(1-p)~a(l-p). (15)

To see (3)=-(1), note that (3) together with (15) imply that Definition A.7 is
satisfied for y = 1. Now by Lemma A.8, Definition A.7 is satisfied for every
y € A;. Therefore, (1) holds. O

We need the following lemma in the proof of Proposition A.11.

LEMMA A.10. Let A be a simple C*-algebra with Property (To). Then every
unital hereditary C*-subalgebra of A also has Property (Ty).

Proof. Let B = qAq be a unital hereditary C*-subalgebra of A where ¢ is a
projection of A. Let F' C B be a finite subset, let x,y € By with z # 0, and
let e > 0. We may assume that F' U {x,y} is contained in the closed unit ball
of B. Put G = FU{q}. Choose § > 0 with § < min{g,5}. Since A has

Property (T), there is a subalgebra E C A in Z(9) such that, with p = 1, the
following hold:
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1. |lpa — ap|| < 0 for all a € F;
2. pGp Cs E;
3. (Y —ypy—0)y Zax
4. lpzp| > |l=|| = 0.
Then by (1) we have

(apq)® — qpall = llapapq — appq|| < llapg — pal| < 6.

Thus by [33, Lemma 2.5.5] (note that the assumption ||a|| > 3 is unnecessary
in the statement of that lemma), there is a projection ¢; € B such that:

5. |lg1 — qpql| < 26.

By (2) there is ¢ € E such that ||gpg—c|| < . Then ||g1 —¢|| < 36. Thus by [33,
Lemma 2.5.4] (note that the assumption that a is self-adjoint is unnecessary in
the statement of that lemma), there is a projection e € E such that:

6. ||Q1 — 6” < 69.
Hence by [33, Lemma 2.5.1], there is a unitary u € A™ such that:
7. u*eu = ¢ and ||ju — 14~|| < 124.

Put D = u*eEeu. Then D is in Z(® and D = qu*FEuq: C qAq = B. Also,
1p = u*eu = q1. We show that:

8. |[gia — aqi|| < e for all a € F;
9. i F'q1 Cc Ds
10. (¥* —yqy — &)+ 3B ;
1L qzal > 2| —e.
By (1) and (5) we have [lq1 — pq|| < [lq1 — qpal| + [lapg — pql| < 35. Thus,
12. fln = pall = llgr — apll < 34.
To see (8), by (1) and (12) for all a € F we have
lqia — aqi|| < [[qra — pgal| + [[pa — apl| + [lagp — aq1|| <76 <e.

To show (9) let @ € F. By (2) there is b € E such that |pap — b|| < §. Put
d = u*ebeu € D. Then by (6), (7), and (12) we have:

llqraqr — d|| < |lqraq — eqragie|| + |leqragie — epgagpel|
+ [lepape — ebe|| + ||ebe — d||
<126+ 60+ + 246 = 430 < e.
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To see (11), by (12) at the first step and by (4) at the third step we get
lazqi]l = [lpgzqpl| — 66 = |lpzp|l — 66 > [lz]| — 76 > [lz]| —&.
To prove (10), first by (12) we have

1® —ypy — 6)+ — (¥* —yary)|| <0+ (¥ — ypy) — (¥* — yary)||
=0+ lypqy — yqryll <46 <e.

Therefore, by Lemma 2.2, we get (y> — yq1y — &)+ Sa (y> —ypy — 6)+ Za .
Since B is hereditary in A, we obtain (y?> — yq1y — )+ Zp @. This completes

~

the proof of (8)—(11), showing that B has Property (To). O

To compare Property (Tg) with tracial rank zero for simple not necessarily
unital C*-algebras, we need the following result.

PROPOSITION A.11. Let A be a simple nonunital C*-algebra. Then A has
Property (To) if and only if the following holds. For every e > 0, every n € N,
every monzero positive element x € A™, every finite subset F C A~ which
contains a nonzero positive element x1, and every o;, 1 < i <4, with 0 < o3 <
o4 < 01 < 09 < 1, there exists a finite dimensional C*-subalgebra E C A such
that, with p = 1g, the following hold:

1. |lpa — ap|| < € for all a € F;
2. pFp C. E and [[pz1p|| = |21 —&;
3. 1—pZaxandl—pZlsnp;

4 I3 (L =p)ar(1 = p)) Zsn [35 (p21p)-

Proof. To prove the forward implication let A be a simple nonuintal C*-algebra
with Property (Tp). By Definition A.7, there is a net (p;);cs of projections in
A which is a (not necessarily increasing) approximate identity for A. For any
y € A~ we have

lyll = tim {lpiypi]- (16)

In fact, write y = A 4+ a where A € C and a € A. Since A is not unital we have
llyll = sup{||lyd||: b € A with ||b]] < 1}. Let § > 0. Then there is b € A with
16l < 1 such that [|yb|| > ||y|]| — . Note that p;yp;b = Ap;b + p;ap;b which
tends to Ab + ab = yb. Thus there is j € I such that ||p;yp;b|| > ||y|| — d for all
1 > j. Then for every ¢ > j we have

llyll — & < llpiypibll < llpsypill < [lyll,

and so (16) holds.

Next, let €, n, F, x1, and = be as in the statement. Write F' = {z1,..., 2}
and z; = A; + a; where A; € C and a; € A for all 1 < 5 < m. Choose
ds,dy with o4 < d3 < dy < 1. By [34, Lemma 2.6], there exists 7 > 0 such
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that if a,b € A™ are positive elements with ||a||,||b|| < ||z1]| and |la — b]] < n
then [ j;‘(a)] < [fg2(b)]. (Note that in [34, Lemma 2.6] it is assumed that
llall, [|16]] < 1 but the proof of this lemma works for any upper bound M > 0
instead of 1.) Choose 0 with 0 < ¢ < min{{, 3}. By the previous remark and
that (p;)ier is an approximate identity for A, there is ¢ € I such that, with

a}; = pia;pi, the following hold:

ot

- Npizapill > (|21l = 6;
6. |la;p; —aj|| <6 and ||piaj; — a;|] < 6 for all 1 < j < m;
7. |laj —a;ll < forall 1 < j < m;

8. pizp; # 0.

Set G = {a} | 1 <j < m}. By Lemma A.10, B = p;Ap; has Property (To)
and hence TR(B) < k by Proposition A.9. Then, by [34, Theorem 5.6], there
is a C*-subalgebra D C B with D € Z(9 such that, with ¢ = 1p, the following
hold:

9. |lga); —alql| < 6 for all 1 < j < my
10. ¢Gq Cs D and ||gbiq| > ||b1|| — 6 where by = p;z1p;;
11. p; — q I pizpi, and p; — q ZJs.n q-

12, f22((pi — @)b1(pi — q)) Zsin fj;(qbl(J)-

Put £ = C(1—p;)+ D and p = 1 —p; + q which is the unit of E (here 1 denotes
the unit of A~). Then F € Z(®). Now we show that (1)-(4) in the statement
hold. To see (1), by (7) and (9), for all 1 < j < m we have

p2; — zp|l = llpa; — a;pll < |paj — paj|| + [lpa; — ajp| + [lajp — a;p||
<26+ ||lgay — ajqll < 36 < e.
To see (2), fix 1 < j < m. By (10) there is d € D such that |[gajq — d|| < 4.
Put e = A\jp+d € E. Then by (6) at the fifth step we have
lpz;p — el = |[pajp — d|| < |lgajq —d|| + |lpa;p — qajq]
<6+ [|(T = pi)aj(1 —pi) + (1 — pi)ajq + qa; (1 — pi)||
<0+ 2”0,]' *piajH + ||aj — ajpi“ <40 < e.

For the second part of (2), by (6) at the third step, by (10) at the fifth step,
and by (5) at the sixth step we get

[pz1pll > (1 = pi)z1(1 — pi) + qz1qll — [[(1 — pi)z1gl| — [lgz1 (1 — ps)||
= max {||(1 — p))z1 (1 = p)ll, llgzrgll} — [|(1 = pi)arq| — lgar (1 — py) ||
> lavagll =26 = llgpizapiq]| — 20
> |lpizipil| — 36 > [lz1]| — 46 > ||lz1 || — &
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To prove (3), note that 1 —p = p; —¢. Thus by (11), 1 — p Zsn ¢ s p. Also,
we have 1 —p =p; —q Ja pixpi Ja T.
To see (4), first note that

(pi — )b1(pi — q)) = (pi — Q)z1(pi — q)) = (1 — p)z1(1 — p)).

Thus by (12), f72((1 = p)z1(1 = p)) Zsm fir (abra) = fi;} (az19). So to prove
(4) it is enough to show that

fit(qerq) Zs 32 (paap). (17)

For this, first by (6) we have (recall that 1 = Ay + a1):

[pz1p — (qz1g + A1 (1 — pi))|
= [|(1 = pi)r1g + g1 (1 —p;) + (L = pi)o1 (1 —pi) — A (1 = pi)
= |I(1 = pi)arqg + qar(1 — pi) + (1 — pi)ar (1 — pi)||
<36 <.

On the other hand, we have ||px1p|| < ||z1]] and

lgz1g + A (1 = po)ll = max{{lgzgll, [|A(1 = pa)ll} < [l

Thus, by the choice of 7, we get
Fit(qzig + XM (1 = pi)) Zs S (p1p). (18)

Also, since gr1qg L A\1(1 — p;) and fj; (0) = 0 we have

Fa(qrig+ M (1= pi) = fi(qe1q) + f3: (M1 = py)),

and hence,
fit(aria) 3o fot(gmaq + M1 - py)). (19)

Combining (18) and (19), we get (17), and hence (4) follows.

Now we prove the backward implication. Suppose that the condition of the
statement holds (we do not use (4) in the proof). We show that A has
Property (To). Note that this condition is stronger than the definition of
TR, (A™) = 0 (that is, A~ is TAF), since it is not assumed that x € (A™)4
is full. Observe that in [35, Proposition 2.7] the assumption that a € (A™)4
is full is not used in the proof of both parts. Now let ¢ > 0, let x,y € AL,
and let ' C A be as in Definition A.7. By Lemma A.8 we may assume that
llyll < 1. Then by (the proof of) [35, Proposition 2.7] with x in place of 1,
with 7 = F'U{z,y}, with £ in place of ¢, and with = in place of a, we obtain
two orthogonal projections p1,p2 € A and a finite dimensional C*-subalgebra
E C A such that p; = 1g and that the following hold:

13. [|pia — api]| < § for all a € F and i = 1,2;
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14, p1Fp1 C5 B, llpapil] 2 2l — 5, and || (1 +po)a—al] < § for all a € F:
15. py Za .

By (13) and (14), the finite dimensional C*-subalgebra E C A with unit p;
satisfies (1), (2), and (4) in Definition A.7. To see (3), first by (13) and (14)
we get

ly® — yp1y — yp2yll < ly° — vPp1 — ¥Ppall + 119°p1 — ypryll + y°p2 — yp2y|
< ylllly —y1 + p2)ll + llypr — pryll + [lyp2 — p2yll)

<S8 €

-+ -+ -=c

3 3 3

Then by (15) and Lemma 2.2 we have (y% — yp1y — €)+ 34 Yyp2y 4 p2 Sa .
Therefore, A has Property (Ty), as desired. (Note that (14) also implies that
A has an approximate identity consisting of projections.) O

Observe that Proposition A.11 holds also for any simple unital C*-algebra A
(note that in this case A~ = A according to our convention). This follows from
Proposition A.9 and [34, Theorem 5.6].

REMARK A.12. Let A be a simple nonunital C*-algebra. Then A has Prop-
erty (To) (equivalently, TR(A) = 0 by Theorem A.6) if and only if Condi-
tions (1)—(3) in Proposition A.11 hold (because Condition (4) is not used in
the proof of the converse of Proposition A.11). Thus the only difference between
the notion of having Property (Ty) (equivalently, TR(A) = 0) and TR,,(A) =0
is that in the definition of TR,,(A) = 0 (Definition A.4) it is required that the
nonzero positive element x € A™ is full.

Now, we can prove one direction of Theorem A.6.

PROPOSITION A.13. Let A be a simple C*-algebra with Property (To). Then
TR(A) = 0.

Proof. If A is a simple unital C*-algebra then A has Property (Ty) if and only
if TR(A) = 0, by Proposition A.9. Let A be a simple nonunital C*-algebra
with Property (Tp). Then Proposition A.11 and Definition A.3 imply that
TR(A) = 0, as desired. O

A.3 PERMANENCE PROPERTIES

In this subsection we study some permanence properties of Property (Tp), and
we give the proof of Theorem A.6. We begin with the following proposition
which shows that if a simple C*-algebra has the local Property (Ty) then it
has Property (To).

PROPOSITION A.14. Let A be a simple C*-algebra with the following prop-
erty: for every € > 0 and every finite subset F' C A there exists a simple
C*-subalgebra B of A with Property (To) such that F C. B. Then A has
Property (Ty).

DOCUMENTA MATHEMATICA 25 (2020) 25072552



2544 M. FOROUGH, N. GOLESTANI

Proof. Let A be a simple C*-algebra with the property in the statement. Ob-
serve that A has an approximate identity (not necessarily increasing) consisting
of projections. Let x, y, €, and F' be as in Definition A.7. We may assume
that £ < 1 and ||z| = 1. Also, by Lemma A.8 we may assume that [jy[| < 1.
Write F' = {f1,..., fm}. Choose 6 > 0 such that 6 < £ and (2+0)d < §5. Set
F=FU {:c% Y2 }. By assumption there is a simple C*-subalgebra B of A with
Property (Tg) such that F Cs B. Thus there is b € B such that [|zz — b|| < 6.
Then

167 = il < (166 — b*2*|| + b2 % — 2] (20)
< [bfl6 + [l 6
< (2] + 0+ |22 )6 < &

Also, there exists ¢ € B such that ||yz — ¢|| < 4. Similarly, we have ||¢*c—y]| <

- Set w = c*c. So le|| < 1. Also set d = (b*b — 55)+. Note that d # 0

since [|b*b]| > 1 — & > 3 and & < 3. Moreover, there exist by,...,b, € B

such that ||b; — fi|| < d for all i =1,...,m. Put D = {b1,...,b,}. Since B
has Property (Ty), by Definition A.7 there is a subalgebra E C B in Z(®) such
that, with p = 1g, the following hold:

1. ||pb; — bip|| < d forall i =1,... m;
2. pDp Cs E;

3. (w® —wpw —0)4 Ip d;

4. |lpdp|| > ||d|| — 6.

Now we verify Conditions (1)—(4) in Definition A.7 for the given F,x,y,e. For
Condition (1), using (1) above and ||b; — fi|| < § we have

llpfi — fipll < llpfi — pbsl| + |Ipbs — bip|| + [|bip — fip|| < 30 < e.

To see Condition (2), fix 1 < i < m. By (2) above there is e € E such that
lpbip — e]| < §. Then we have
Ipfip —ell < llpfip — pbipll + [[pbip — el] <26 <e.
To show Condition (4) in Definition A.7, using (4) at the second step and (20)
at the fourth step we get
[pzp|| = [lpdpl| — llp(z — d)pl|
> [ldlf =0 = 55
e PR B v

> el — & — § > llall <.
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To prove Condition (3) in Definition A.7, first using the inequalities ||w —y|| <

15 and ||w|| < 1, we obtain

[[(w? — wpw — 8)4 — (y* — ypy)||

< [[(w? = wpw — 8)+ — (w?

— wpw)||

+ l(w® — wpw) — (y* — ypy) ||

<6+ |lw® — 2| + lwpw — wpyl| + lwpy — ypyl|
<ft+etntn<e

Therefore, by (3) and Lemma 2.2, (y?2 — ypy — &)y =4 (w? —wpw —0)y Za
d 34 x. This finishes the proof. O

The preceding proposition implies that the class of simple C*-algebras with
Property (Tp) is closed under taking arbitrary inductive limits.
The following characterization of Property (Tp) is essential in the following.

PROPOSITION A.15. Let A be a simple C*-algebra. Then A has Property (To)
if and only if there exists an approzimate identity (not necessarily increasing)
consisting of projections (p;)icr for A such that TR(p;Ap;) =0 for all i € I.

Proof. The forward implication follows from Definition A.7, Lemma A.10, and
Proposition A.13. For the backward implication, let (p;);cr be as in the state-
ment. Then Proposition A.9 implies that each p; Ap; is a simple C*-algebra
with Property (Ty). Let F' C A be a finite subset and let € > 0. Since (p;)ier
is an approximate identity, there exists ¢ € I such that F' C. p;Ap;. Applying
Proposition A.14, we conclude that A has Property (Ty). O

With the preceding characterization of Property (Tp), we can obtain more
properties of simple C*-algebras with Property (Ty).

THEOREM A.16. Let A be a simple C*-algebra with Property (Tg). Then A
has real rank zero and stable rank one.

Proof. Let A be a nonzero simple C*-algebra with Property (Ty). Propo-
sition A.15 implies the existence of a nonzero projection p € A such that
TR(pAp) = 0. Thus, by [34, Theorem 7.1], pAp has real rank zero. Since
A is simple, pAp is a full corner of A and so pAp is Morita equivalent to A.
Then by [11, Theorem 3.8], A has also real rank zero. To see that A has stable
rank one, first note that [34, Theorem 6.9] and [34, Theorem 6.13] imply that
tsr(pAp) = 1. Moreover, by [6, Corollary 4.6], tsr(A) < tsr(pAp). Hence, A
has stable rank one. O

PROPOSITION A.17. Let A be a simple C*-algebra with Property (To) and let
B be a hereditary C*-subalgebra of A. Then B has Property (To) if and only
if it has an approximate identity (not necessarily increasing) consisting of pro-
jections.
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Proof. The forward implication follows from Definition A.7. For the backward
implication let A be a simple C*-algebra with Property (Ty) and let B be a
hereditary C*-subalgebra of A which contains an approximate identity con-
sisting of projections (p;)ic;. For each i € I we have p;Bp; = p;Ap; which
has Property (To) by Lemma A.10. Therefore, Proposition A.9 and Proposi-
tion A.15 imply that B has Property (Ty). O

COROLLARY A.18. Let A be a simple C*-algebra. The following are equivalent:
1. A has Property (To);
2. xAx has Property (Tg) for allz € A, ;
3. A has real rank zero and TR(pAp) = 0 for all projections p € A.

Proof. (1)=>(2): This follows from Proposition A.17 and the fact that zAz has
real rank zero (by Theorem A.16). (2)=-(3): Suppose that (2) holds. Then by
Theorem A.16, zAx has real rank zero, for all z € A,. It follows that A has
real rank zero. The second part of (3) follows from Proposition A.13. Finally,
the implication (3)=-(1) follows from Proposition A.15. O

LEMMA A.19. Let A be a simple C*-algebra with Property (To). Then M, (A)
has Property (Tg) for all n € N.

Proof. By Definition A.7, A has an approximate identity (p;);er consisting of
projections. Put ¢; = diag(p;,...,pi;) € M,(A). Then (¢;):er is an approximate
identity consisting of projections for M,,(A4). Lemma A.10 and Proposition A.9
yield that TR(p;Ap;) = 0. Thus ¢;M,(A)q; = M, (p;Ap;) has tracial rank
zero, by [34, Theorem 5.8]. Hence, Proposition A.15 implies that M, (A) has
Property (To). O

Now, we are in a position to prove Theorem A.6.

Proof of Theorem A.6. The backward implication follows from Proposi-
tion A.13. For the other direction, let A be a simple C*-algebra with
TR(A) = 0. We may assume that A is nonunital since the unital case
follows from Proposition A.9. As TR(A) = 0, [34, Corollary 5.7] im-
plies that TRy (A) = 0 (recall that, by definition, TR(A) = TR(A™) and
TRyw(A) = TRy (A™)). Thus, A is TAF in the sense of [35]. Now by [35,
Corollary 2.8], A has an approximate identity (p;)ier (not necessarily in-
creasing) consisting of projections. (Note that the separability assumption is
unnecessary in [35, Corollary 2.8].) Then it follows from [34, Theorem 5.3]
that TR(p;Ap;) = 0 for all ¢ € I. Hence, Proposition A.15 implies that A has
Property (Tp). O

REMARK A.20. In view of Definition A.7, Theorem A.6 says that a simple
C*-algebra A has tracial rank zero if and only if it has Property (Ty).
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Theorem A.6 enables us to prove some permanence properties of simple C*-
algebras of tracial rank zero which are not necessarily o-unital.

COROLLARY A.21 (compare with [34], Proposition 4.8). Let A be a simple C*-
algebra which is an inductive limit of simple C*-algebras of tracial rank zero.
Then A has tracial rank zero.

Proof. This follows from Theorem A.6 and the remark after Proposition A.14.
O

The following corollary was proved by Lin in the unital case. More precisely,
Part (1) in the simple unital case follows from [34, Theorem 7.1] and [33,
Theorem 3.6.11]. Part (2) is proved in [34, Theorem 5.8] in the unital not
necessarily simple case. Part (3) in the case of a unital hereditary subalgebra
follows from [34, Theorem 5.3]. We deal with the nonunital case.

COROLLARY A.22. Let A be a simple C*-algebra with tracial rank zero. Then
the following hold:

1. A has real rank zero and stable rank one;
2. TR(M,(A)) =0 for alln € N;
3. if B is a hereditary C*-subalgebra of A then TR(B) = 0.

Proof. Part (1) follows from Theorems A.16 and A.6. Also, Part (2) follows
from Lemma A.19 and Theorem A.6. Finally, Part (3) follows from Part (1),
Proposition A.17, and Theorem A.6. O

A.4 MORITA EQUIVALENCE

In this subsection, we prove that the class of simple C*-algebras with tracial
rank zero is closed under Morita equivalence (note that we do not assume any
separability condition). This result was used in the proof of Theorem 5.2.

PROPOSITION A.23. Let A be a simple C*-algebra. Then A has Property (To)
if and only if A® K has Property (Ty).

Proof. The forward implication follows from Lemma A.19, the remark after
Proposition A.14, and the fact that A ® K is isomorphic to an inductive limit
lim M, (A). The backward implication follows from Corollary A.22(3) and The-
orem A.6. (]

THEOREM A.24. Let A be a nonzero simple C*-algebra. The following state-
ment are equivalent:

1. TR(A) =0;

2. A is Morita equivalent to a simple unital C*-algebra B with TR(B) = 0;
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3. TR(pAp) = 0 for some (any) nonzero projection p € A.

In particular, the class of simple C*algebras with tracial rank zero is closed
under Morita equivalence.

Proof. The implication (1)=(3) follows from Part (3) of Corollary A.22. Also,
(3)=(2) is obvious. For (2)=(1), let B be a simple unital C*-algebra with
TR(B) = 0 such that B is Morita equivalent to A. By Part (1) of Corol-
lary A.22 we have RR(B) = 0. By [11, Theorem 3.8], having real rank zero is
preserved under Morita equivalence, hence we get RR(A) = 0. In particular,
A has an approximate identity (not necessarily increasing) consisting of pro-
jections (p;);er. For each i € I, the simple unital C*-algebra p; Ap; is Morita
equivalent to A, and so it is Morita equivalent to B. Since both p;Ap; and
B are unital, they are stably isomorphic (by [10]). Thus by Proposition A.23,
p;Ap; has Property (Ty). Hence, Propositions A.9 and A.15 imply that A has
Property (Tp). Now, Theorem A.6 yields that TR(A) = 0.

The equivalence of Parts (1) and (2) implies that the class of simple C*algebras
with tracial rank zero is closed under Morita equivalence. O

As an application of the preceding theorem, we give the following result.

COROLLARY A.25. Let a: G — Aut(A) be an action of a second countable
compact group G on a simple separable unital C*-algebra A with tracial rank
zero. Suppose that o has the Rokhlin property in the sense of [14]. Then the
crossed product A X G is a simple C*-algebra with tracial rank zero.

The proof is mainly based on [14, Theorem 4.5] in which a similar result is
obtained for the fixed point algebra. Note that the fixed point algebra is unital,
and so the original definition of tracial rank for unital C*-algebras can be
applied. However, when G is infinite, the crossed product is never unital. The
Morita invariance of tracial rank zero for simple C*-algebras enables us to deal
with this difficulty.

Proof of Corollary A.25. By [14, Theorem 4.5], the fixed point algebra A® is
a simple C*-algebra with tracial rank zero. Also, by [14, Proposition 2.7],
the fixed point algebra and the crossed product are Morita equivalent. Thus,
Theorem A.24 implies that the crossed product A x, G is also simple with
tracial rank zero. O
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