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MORITA EQUIVALENCE OF C*-CROSSED
PRODUCTS BY INVERSE SEMIGROUP
ACTIONS AND PARTIAL ACTIONS

NANDOR SIEBEN

ABSTRACT. Morita equivalence of twisted inverse semi-
group actions and discrete twisted partial actions are in-
troduced. Morita equivalent actions have Morita equivalent
crossed products.

1. Introduction. Morita equivalence of group actions on C*-
algebras was studied by Combes [3], Echterhoff [5], Curto, Muhly
and Williams [4] and Kaliszewski [11]. We adapt this notion for both
Busby-Smith and Green type inverse semigroup actions, introduced in
[18] and [19]. We show that Morita equivalence is an equivalence rela-
tion and that Morita equivalent actions have Morita equivalent crossed
products. The close connection between inverse semigroup actions and
partial actions [18], [9], [19] makes it easy to find the notion of Morita
equivalence for discrete twisted partial actions. In Section 4 we work
out some of the details of discrete twisted partial crossed products, con-
tinuing the work started in [8]. The fact that Morita equivalent twisted
partial actions have Morita equivalent crossed products will then fol-
low from the connection with semigroup actions. In [1] Abadie, Eilers
and Exel introduced Morita equivalence of crossed products by Hilbert
bimodules. We show that this definition is equivalent to our definition
of Morita equivalence on the common special case of partial actions by
Z.

2. Preliminaries. In this section we discuss isomorphisms of Hilbert
bimodules. Note that our Hilbert bimodules are not necessarily full.
Our references for Hilbert modules are [10], [12] and [16].

Definition 2.1. The triple (¢4, ¢, ¢p) is called an isomorphism

1991 AMS Mathematics Subject Classification. Primary 46L55.
Received by the editors on December 3, 1999, and in revised form on May 24,

2000.
This paper is based upon work supported by the National Science Foundation
under Grant No. DMS 9401253.

Copyright ©2001 Rocky Mountain Mathematics Consortium

661



662 N. SIEBEN

between the Hilbert bimodules s Xp and ¢Yp if ¢4 : A — C and
¢p : B — D are C*-algebra isomorphisms and ¢ : X — Y is a map
such that for all z,y € X and a € A, b € B we have

(a) o(z-b) = o(x) - oB(D);

) ¢((2,9)B ) (¢(x), 6(y)) D;
) dla-x) = pala) - o(z);
) ¢alalz,y)) = c(o(x), 9(y));

) ¢ is surjective.

(b
(c
(d
(e

The following lemma shows that we can relax some of these condi-
tions. Note that part (ii) is an improvement of [11, Lemma 1.1.3].

Lemma 2.2. With the notations of Definition 2.1 we have
(i) if ¢ satisfies (b) then it is a linear isometry;
(ii) if ¢ satisfies (b) then it also satisfies (a);

(iii) if ¢ satisfies (b) and (c) and ¢Yp is an imprimitivity bimodule
then ¢ also satisfies (d) and (e) so that it is an isomorphism between
X andY.

Proof. An easy calculation using (b) and the linearity of ¢p shows
that ||¢(Aa + ub) — Ap(a) — pp(b)||> = 0. It is also an isometry since

le(@)I* = [{(x), ¢())pll = llos({z,2)p)ll = [z, )5l = ||2]*.

Part (ii) follows from the following calculation:

(- b) — ¢(@) - pp(b)|?

= [[{¢(z - b) = d(x) - 6B(D), ¢(x - b) — ¢(z) - 95(b)) D
= [[{¢(z - b), d(z - b)) p — (b(x - b), d(x) - o)) D
—(0(2) - ¢8(b), ¢(z - 0))p + (d(2) - 95(D), ¢(x) - #5(0))

= llop((z-b,x-b)p) — ¢({(x - b,2)5)d5(D)
— op(b")¢s((z,z - b)) + ¢p(0")dp((x,2)B)¢5(D)|

To show

=0.
(iii) let Z = (;5( ). Then we have
D:¢ (B) = ¢p(5pan (X, X)) C span ¢p((X, X)p)

= Span (¢(X), ¢(X))p C 5pan (Z, Z)p ,



MORITA EQUIVALENCE OF C*-CROSSED PRODUCTS 663

and so D =8pan(Z,Z)p. Z is a left C-module since

C-Z=0¢a(A) ¢(X) C (pa(A)-d(X))
A - - 2.

Z is also a right D-module since
Z-D C $(X) -span ($(X), (X)) p
= span (¢ (¢(X), ¢(X)) - 6(X)) C Z.

Hence Z is a closed subbimodule of Y with full right inner product, and
so Z =Y by the Rieffel correspondence. This shows that ¢(X) =Y
since ¢ is an isometry between Banach spaces. For z,y, 2z € X we have

¢alalz,y))e(2) = ¢a

which implies condition (d) by a standard Hilbert module argument.
O

Note that the proof of (iii) shows that if ¢ satisfies (b) and (c) then ¢
is an isomorphism of X onto a C' — D Hilbert subbimodule of Y. Also
note that the statements of the lemma remain true if we interchange
condition (b) with (d) and condition (c¢) with (a).

The proof of the following lemma is an easy application of Lemma
2.2.

Lemma 2.3. (id, ¢,id) is an isomorphism between the Hilbert
bimodules aXp and AYg if and only if (id, ¢,id) is an isomorphism
between the corresponding imprimitivity bimodules 4, Xp, and ¢,Yp, -

3. Morita equivalent twisted actions. Recall from [17] that if
4 X p is an imprimitivity bimodule then there is a bijective correspon-
dence, often called the Rieffel correspondence, between closed subbi-
modules of X and closed ideals of A. If I is a closed ideal of A then
I - X is a closed subbimodule of X. Note that by the Cohen-Hewitt
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factorization theorem we do not have to take the closure of I-X. Sim-
ilarly X - J is a closed subbimodule of X if J is a closed ideal of B.
On the other hand, if Y is a closed subbimodule of X then ;Y is an
imprimitivity bimodule, where I is the closed span of 4(Y,Y) and J is
the closed span of (Y,Y)p. We call ;Y; an imprimitivity subbimodule
of X.

Definition 3.1. A partial automorphism of the imprimitivity bimod-
ule 4 Xp is an isomorphism between two imprimitivity subbimodules
of X. We denote the set of partial automorphisms by PAut (X).

Let A be a C*-algebra, and let S be a unital inverse semigroup with
idempotent semilattice E, and unit e. Recall from [19] that a Busby-
Smith twisted action of S on A is a pair (§,v), where for all s € S,
Bs + Agr — Ay is a partial automorphism, that is, an isomorphism
between closed ideals of A, and for all s,t € S, vy is a unitary
multiplier of Ag, such that for all 7, s, € S we have

(a) Ac = 4;

(b) BsBr = Ad st 0 Bst;

(¢) vs,u = lpsa,,) if s or t is an idempotent;

(d) Br(avs )vr st = Br(a)vy svps ¢ for all a € Apv Ag.
We refer to condition (d) as the cocycle identity.

Also recall that a covariant representation of a Busby-Smith twisted
action (A4,S,0,v) is a triple (7, V, H), where 7 is a nondegenerate
representation of A on the Hilbert space H and V; is a partial isometry
for all s € S, such that for all r;s € S we have

(a) Vs has initial space w(As«)H and final space m(As)H;

(b) ViVs = W(vr,s)VTSQ

(c) 7(Bs(a)) = Vsm(a)V} for a € Ag-.

Definition 3.2. The Busby-Smith twisted actions (A, S, a, u) and
(B, S, 8,v) are Morita equivalent if there is an imprimitivity bimodule
AXp and a map s — (as, s, Bs) : S — PAut (X) such that ¢, : X —
X, where X, := A, - X = X - B, and for all s,t € S we have

Gshr = Us,p * Gt () - v:,t :
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We say that (X, ¢) is a Morita equivalence between (o, u) and (5, v),
and we write

(A, S, a,u) ~x.4 (B, S, B,v).

Note that ¢s¢; and ¢ have the same range X, and so X4 C X,.

Lemma 3.3. Using the notations of Definition 3.2 we have
(a) ¢s(Xs+ - Br) = X
(b) ds(As - Xt) = X3
(c) span avs (a(Xs+, X)) = Ast,
for all s,t € S.

Proof. We know from [19] that §s(Bs«B:) = Bs: and so we have
¢S(XS* Bt) = (bs(Xs* 'Bs*Bt) = (bs(Xs*) 'ﬂs(Bs*Bt) = Xs'Bst = Xst 5
showing (a). A similar calculation shows (b). Finally (c) follows from
the calculation:

span as (4 (Xer, Xy)) = Span as(a(Ags - Xor, X))
= span a (4 (X, Ag - X3))

= 5pan 4(¢s(Xs+), ds(As- - Xy))
:mA<Xqust>:Ast- O

Proposition 3.4. Morita equivalence of Busby-Smith twisted actions
s an equivalence relation.

Proof. It is easy to see that (4,5, o, u) ~a,q (4,5, a,u). It is also
easy to check that if (4, S, o, u) ~x,4 (B, S, 8, v), then (B, S, 3, v) ~%d

(A, S, a,u), where é(ﬁc) = ¢(x) . To show transitivity, suppose
(A7 Sa «, ’LL) ~X,p (B7 Sa Ba ’U) ~Y ) (Ca Sa s U}) .

Let Z be the balanced tensor product X ®p Y, that is, the Hausdorff
completion of X ®Y in the C-valued inner product determined by

(1 @Y1, 22 @ y2)c = (Y1, (T1,22)B - Y2)C -
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It is well known that Z is an A — B imprimitivity bimodule. We are
going to define a map 6 such that (A, S, a,u) ~z¢ (C,S,v,w). For all
s € S we have
Zs=(X®pY) - Cs=X®p (Y C)
=X®p(Bs-Y;)=(X-B,)®pYs = X;®pY;.

For all s € S the map ¢ : X¢« X Yo — Z defined by 0'(z,y) = ¢s(2) ®
¥s(y) is bilinear, and so we have a linear map 0 : X © Yoo — Z
satisfying 6%. (z ® y) = 0'(z,y). The following computation suffices to
check that 6" is isometric:

s((T1 @Y1, 22 @ Y2) ) -
So 67 extends uniquely to an isometric linear map 60, : Zs« — Z,. The

above calculation also shows that 6 satisfies Definition 2.1(b), and it
is routine to check Definition 2.1(c). Finally for all s,¢ € S, we have

0:0; = GsPt @ sty = Us,t - (bst(') ’ U;,t ® Vst - wSt(') ’ w:,t

= Ut Pst() @ V5 Vst st (+) W = Usy - Os-wg . O

Recall [2] that two projections p and ¢ in the multipliers of a C*-
algebra C are called complementary if p+ ¢ = 1. The two corners pCp
and ¢Cq are also called complementary. The projection p is called full if
the corner pCp is full, which means pC'p is not contained in any proper
ideal of C' or equivalently C'pC'is dense in C'. If the C*-algebras A and
B are Morita equivalent, then they are isomorphic to complementary
full corners of the linking C*-algebra

c—()‘% g)

In fact, we can identify A and B with pC'p and ¢Cq, respectively, where
p= ((1) g) and ¢ = (8 (IJ) Here we identified the multiplier algebra
M(C) with

(31(%) i)
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as in [6, Appendix]. On the other hand if two C*-algebras are
isomorphic to complementary full corners of a C*-algebra, then they
are Morita equivalent.

Note that if the actions (A, S, o, u) and (B, S, 8, w) are Morita equiv-
alent, then the C*-algebras A and B are also Morita equivalent. We
have a natural action of S on the linking algebra of A and B:

Proposition 3.5. If (A, S, a,u) ~x 4 (B, S, 8,v), then the formulas

(a :c) B (ozs(a)~ ¢S(x)> we s — (u&t 0 >
P\aov) e s@) T L0 e

define a Busby-Smith twisted action (C,S,v,w) on the linking algebra
C of aXp. Moreover, (Y,v(-)|Y) implements a Morita equivalence

between (C, S,v,w) and (B, S, 3,v), where Y = (8 g) cC.

Proof. 1t is well known that ¢Yp is an imprimitivity bimodule
if Y inherits the inner products from the C*-algebra C', that is,

c(y1,y2) = y1y; for all y1,y2 € Y and <(8 Zf) , (8 §)>B = (z,2)p+b"d
for all z,z € X and b,d € B. It is easy to check that

A, X,
o-(% )

is the closed ideal of C' which is in Rieffel correspondence with By via
the imprimitivity bimodule ¢Yp. The calculation

w((55) (6 3) = (s e S i)
_ <O‘S(G)~ ¢S($)> ( Qs C)~ (bs(z))
¢s(y) Bs(b) ) \ ¢s(w)  Bs(d)
-5 3)+ (5 3)

shows that v, is a homomorphism for all s € S. It is easy to verify that
75 preserves adjoints and is bijective, hence is an isomorphism between
Cs« and Cs. We only check the cocycle identity in the definition of
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Busby-Smith twisted actions. It suffices to show that for a € A,«Ag,
b€ B.«Bg; and x, y € X« N Xgy,

a _ ar(aus,t)ur,§t (br(m : Us,t)
o <(g b) wS7t) N < ¢r(us,t . y) 6T(bvs,t)vr,st>

Y a7 Wy Wy t = Ozr(a)u,«,sum,t gb?" (l‘) * Ur,sUrs,t
r y* b r,s Wrs, ¢T(y)~ Uy gUps ﬂT(b)’Unsvrs,t

are the same. The diagonals are clearly equal. We check the upper
right corner. Since x = ;.- a,. for some x, € X,~ and a,. € A~ we have

¢'r($ . Us,t)vr,st = (br(xr . a'rvs,t) = Qbr(xr)ﬁr(arfvs,t)

= ¢T(xT)6T(aT)UT,SvTS,t = ¢r(x)vr,svrs,t .

The equality of the lower left corners follows similarly. For the other
part, the conditions of Definition 3.2 for the pair (Y, ~(+)|Y") follow from
routine calculations. u]

A similar proof shows that in the previous theorem (C,S,~,w) and
(A, S, B,v) are also Morita equivalent. Recall [19] that two Busby-
Smith twisted actions (a, u) and (3, w) of S on A are exterior equivalent
if for all s € S there is a unitary multiplier V; of F, such that for all
s,te s

(a) ﬁs = Ad V; O (s,

(b) Ws t = Vsas(lM(ES*)‘/t)us,tV;;ﬁ'

Theorem 3.6. If the twisted actions (A, S, a,u) and (A, S, 5, w) are
exterior equivalent, then they are also Morita equivalent.

Proof. Let V implement an exterior equivalence between (o, u) and
(B, w). We show that (A, ¢) implements the Morita equivalence, where
¢s : Agx — Ay is defined by ¢s(a) = as(a)VyF. For a,b,x € A we
have

¢s($ : b) = ozs(a:)as(b)V: = (Jés(ﬂ?)‘/:ﬁs(b) = (bs(x) : ¢B(b)
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verifying Definition 2.1(a). If z,y € X4+ = A,+, then we have

as(al@,y) = as(ey”) = as(@)V (as()V7)" = a(ds(2), ¢s(y)),

which verifies Condition 2.1(d). By the note after Lemma 2.2, it
remains to observe that if ¥ € Xy« = A(y)~ then

(¢s¢t)(m) = Oés(Oét(-T)V;*)
= as(at(a?))us Ve Vst tCVS(lM(A )Vt) A
- us,t¢st($)w o

Recall [17] that if 4Xp is an imprimitivity bimodule then every
representation 7w of B on a Hilbert space H induces a representation
7% of A on the Hilbert space HX defined by 7% (a)(z®¢) = (a-z) ®¢,
where HX is the Hausdorff completion X ®p H of the algebraic tensor
product X ® H in the seminorm generated by the semi-inner product

(z@&lyen) = T(y,2)B)E [ mMu = | 7(z,y)B)n)H -

Note that (z-b) @& =xz@m(b){ forallz € X, b€ B and £ € H. The
following is the semigroup version of [3, Section 2].

Theorem 3.7. If (A, S,a,u) ~x,4 (B,S,3,v), then every covariant
representation (w,V,H) of (B,v) induces a covariant representation
(7%, VX HX) of (a,u) on the Hilbert space HX = X ®@p H, where
7 is as above and

Vi (x®€) = ¢s(z) © Vs(6)

for all elementary tensors v ® £ € HX = X« @p H.

Proof. First note that if x € X, and € € H then x = y - b for some
y € X, and b € By; hence, 1 @& = (y-b) @ € = y@7w(b)€. So HX =
X, ®p H, where Hy = m(Bs)H = V,H. To show the existence of VX,
define T: X3« x H — X, ®p Hs by T(x,8) = ¢s(x) @ V€. T is clearly
bilinear so there is a unique linear map T” : X« ® Hyx — X« Qp Hyx
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such that T"(x ® &) = T'(z,£). We check that 7" is isometric. For
x,y € Xg« and &,n € Hy we have

(T'(xz®8) [T (y@n)ux = (¢s(x) ® Vil | ¢s(y) ® Vin)x
((¢s(y), ¢s(2)) B)VsE | Van)u
m(Bs((y, 2)B))Vs& | Ven)u
Ver((y, 2)B)E | Ven)u
(g, 2)B)E M = (@ |y @n)px .
So T' determines an isometry 7" from HX to HX. If we define VX
to be T" on HX and 0 on (HX)* then VX is a partial isometry with
initial space HX = (A4 - X) ®@p H = 7% (A )HX. Tt follows that the
final space of VX is 7% (A,)HX.

We can check the covariance condition for elementary tensors. Let

a€ Ay andz®& € X®H. Since H= H, ® H-, we only need to

s

consider the two cases ¢ € H, and & € HE. If € € H, then ¢ = 7w(ab)p
for some a,b € A; and n € H. Hence t ® £ = z - a ® 7(b)n and so we
can assume that x € X,. Thus,

VI (@) (V) (2 ®€) = dsla- ¢, () @ ViV (€)
= (as(a) - 2) @ € = 7 (as(a))(z @)

On the other hand if ¢ € (H,)* then for all y € X, and n € H we have

~—~ o~~~

(e flyepnu = |7z, y)p)n)u =0
and so x ® ¢ € (HX)*. This means (VX)*(z ® ¢€) = 0. Since a4(a) - =
is in X, it is of the form y - b for some y € X and b € Bs. Thus,
¥ (as(a))(z ®€) = (as(a) 2) @ E=y@m(b)g =0

as well. |

Of course the inducing process works the other way too, that is, every
covariant representation of o induces a covariant representation of (.

Recall [19] that the crossed product A x4, S of a Busby-Smith
twisted action (A, S, a,u) is the Hausdorff completion of the Banach
x-algebra

Lo ={x €1*(S,A): 2(s) € A, for all s € S}
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with operations

(@xy)(s) = D ar(ar (@(r)y(t))ur,

rt=s
and
2" (s) = s 5= s (2(s")")
in the C*-seminorm || - ||, defined by

l|z]|a = sup{||(m x V)(z)|| : (7, V) is a covariant
representation of (A, S, a,u)}.

Alternatively, generalizing Paterson’s approach [14] to the twisted case,
we could define

|zl = sup{||¢(z)|| : ¢ is a coherent representation of L}

where a representation ¢ of L, is coherent if it satisfies ¢(aXssx) =
od(aX,) for all s € S. Soif I, is the closed ideal generated by elements of
the form aXss+ —aXe, then the crossed product A x,, S is the enveloping
C*-algebra of L, /1.

If X denotes the characteristic function of {s}, then aX; is an element
of L, for all a € A;. The canonical image of aX;s in A x4, S will be
denoted by ads. Then A x, 4 .S is the closed span of {ad : a € Ay, s €
S}. Note that we have the following formulas:

as0s * ard; = as(a;  (as)ar)us 16t
(ads)* = a;  (a*)ul 0.

The idea of the proof of the following theorem comes from [3, 4] and
[11].

Theorem 3.8. If (A,S,a,u) and (B, S, 3,v) are Morita equivalent
actions, then the crossed products Axq S and Bxg S are also Morita
equivalent.

Proof. Let (X,$) be a Morita equivalence, and let (v,w) be the
Busby-Smith twisted action of S on the linking algebra C' of 4 Xp as
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in Proposition 3.5. It suffices to show that A x,, S and B xg, S are
complementary full corners of C' x4, S. Let

(1w O /0 0
p‘( o o) o a=1{g L) )

It is clear that pd. and ¢d. are complementary projections in M (C X .,
S). We show that ¢d. is a full projection. If

as Ts ay T
= - eC d d={ - e C
¢ <ys bs > s (yt bt ) !

then

_ [ Us, Oés( <¢§1(x5),y>) ¢s(¢;1(xs)'b)'vs,
058 - q5€ * d(St N ( ¢SE6;1Abs) ' yt)~ . ui,t ﬂs(ﬁgl(bs)b:)vs,t t) 5St .

We can check fullness on the four corners, and this can be done easily

using Lemma 3.3. A similar calculation shows that pd, is also full.
Now we show that B xg, S = ¢dc * (C X, S) * gdc. We use the

fact that B xg, S is the Hausdorff completion L_gu'”ﬁ of Lg in the

greatest C*-seminorm || - |3 coming from covariant representations of
(B,v), while C X, S is the Hausdorff completion L_AY”'”W of L, in the
greatest C*-seminorm || - ||, coming from covariant representations of
(v, w). Since

qae(c Xfy,w S)qae — qae(L_'y”HW)qae — qxe * L'y * qxe ”H’Y — L—BH”—Y ,

it suffices to show that the seminorms || - [|g and || - ||, are the same on
Lg, where we regard Lg as a subspace of L. If (7,V) is a covariant
representation of (v, w) then (7|B,m(q)V) is a covariant representation
of (B,v) and so || - ||y < |- |lg on Lg. On the other hand, a covariant
representation (mw,V, H) of (f8,v) induces a covariant representation

(7Y, VY, HY) of (v,w), where Y = (8);), HY =Y ®p H and

(50 8)=9)=(0 G5 %) e

(2 2o (b 5a)eve
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The image of (8 g) Xs € Lg under ¥ x VY evaluated at an elementary
tensor (8 Z) ®&of HY is

Y<8 2)VY ((8 fl>®£)_<8 bﬂso(d))‘g’vsf

) @ rave

2) ® Vsm(d)E.

Il Il
7 N N
oo OO

Ifd € B and £ € H, then

[E

o6 0)ee (6 0)=9),,
=06 2)-60)),)e),

= (r(d*d)¢ | ) m = (7(d)¢ | m(d)E)
= || ()]l -

Hence, if b; € By, foralli=1,...,nand f =Y, b;Xs, € Lg, then

serin((3 9)e4)

On the other hand,

||m x V(f)|| = sup { I X|:E§))g|(i)§||H :de B¢ e H}

< v (o §) @)
H( > :de B, eH

<7 x V(I

= [lm x V(f)m(d)&] -

HY

which implies that ||- ||, > ||-||g on Lg. A similar argument shows that
A XquS =pbe (C Xy S) * ple. O
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The proof also shows that if we use the notation X x4, S =
POe(C X S)qde or simply X x S, then

A Xa,uSNXxS B X3, S.

We now have two different ways to induce representations of A x, S
from representations of B xg S. The next result shows that they are
essentially the same. For simplicity we only state the untwisted version
of the result because that is all we need later. The proof closely follows
that of similar results in [5] and [11], and goes back ultimately to [3].

Proposition 3.9. If (A,5,a) ~x¢ (B,S.0) and m x V is a
representation of B xg S on H, then the induced representations
7X x VX and (7 x V)X*¢S are unitarily equivalent.

Proof. Let Y = X x4 S. The map
T :X xH— H"
defined by
/ (0 =z
T'(1,6) = (0 0) Y

is bilinear and so there is a unique linear map 7" : X ® H — HY such
that T"(z ® &) = T'(x, ). We check that T" is isometric. For z,y € X
and &, € H we have

(T"(x &) | T"(y@mn))

(¢ 3o B)son),
(WV(<(8 )b )%, )e1m),

™ X V)(< >B§e)§ | n)H = (77(<y7$7>3)§ | n)H
:( ®E|y®n)ux .

So we have an isometry T : HX — HY such that T(z ® &) =
(8 3) de ® & T is onto since if z; € X and § € H then there are
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xz € X and b € B, such that z, = 2 - b and so

0 =z (0 =z 0 0
(0 5)nee=(5 5)o (5 §)oes
0 =z
(¢ $)ew)os

_ (8 g) 5o @ x V(b3s)E
=T(z@m(b)VsE) .

Carrying the above calculation a little further, we have
0 =z . (0 x4
(0 0)6s®§—T((w b) @ Vi) = (0 0)66®Vs§,

and we need this fact in the verification that T intertwines 7% x VX
and (7 x V)Y: fora € A; and 2 ® £ € X ® H we have

(V) @)Tes g = (a0 5)a) e
=((50)o (6 5)) ¢
(3 (4 5o

_ (o ¢s<oa.<,—1<a>~ac>)mf

0 0
_ (0 ¢s(ag(a)- )
—(0 0 >6E®VS§

= T(¢s(a ' (a) - 2) © Vig)

=TV % (a7 (a))(z ®€)

— T @V (@ 6)

=T (7% x VX)(ads)(z ® €). o

Let A be a C*-algebra, let S be a unital inverse semigroup with
idempotent semilattice E and let NV be a normal Clifford subsemigroup



676 N. SIEBEN

of S. Recall from [19] that a subsemigroup N of S is a normal Clifford
subsemigroup if it is normal, that is, ¥ C N and sNs* C N, and it is
also Clifford, that is, n*n = nn* for all n € N. Also recall from [19]
that a Green twisted action of (S, N) on A is a pair (v, 7), where v is an
inverse semigroup action of S on A (that is, a semigroup homomorphism
s+ (s, Ase, Ag) + S — PAut (A) with A, = A) and 7, is a unitary
multiplier of A, for all n € N, such that for all n,l € N we have

(a) v = Ad 75

(b) vs(7n) = Tsns+ for all s € S with n*n < s*s;

(¢) TnTi = Tt

The following is the semigroup version of [5, Definition 1].

Definition 3.10. The Green twisted actions (A,S, N,a,7) and
(B, S,N,B,p) are Morita equivalent if there is a Morita equivalence
(X, ¢) between the untwisted actions (4, S, a) and (B, S, 3) such that
Tn & = @p(x) - pp for all m € N and z € X,,. We say that (X, ¢) is a
Morita equivalence between (A, S, N,«a,7) and (B, S, N, 3, p), and we
write (4,5, N,a,7) ~x.4 (A,S,N, 3, p).

The proof of the following theorem is modeled on Echterhoff’s proof
[5] in the group case.

Theorem 3.11. If (A,S,N,a,7) and (B,S,N,,p) are Morita
equivalent Green twisted actions, then the crossed products A X o S
and A xg , S are also Morita equivalent.

Proof. Let (X,¢) be a Morita equivalence. Suppose (m,V, H) is
a covariant representation of G which preserves the twist, that is,
7(pn) = V,, for all n € N. The induced representation (7%, VX HX)
of «v also preserves the twist, since if z,y € X,, and £, € H,, then

(T ()@ @& |y @ngx = (Ta -z @& | y@n)px
((y, 7 - 2)B)E | M1
(<y7 ¢n(x)>Bpn)€ | 77)H
7((y, &n(2)) B) Vil [ M1
V(@@ &) |y@n)ux

™
™

= (
=
= (
= (
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and so 7%(7,) = V.X. A similar calculation shows that if (7%, VX)
preserves the twist then so does (w,V). By [17, Proposition 3.3] the
kernels of 7 x V and (7 x V)X*¢% are in Rieffel correspondence. By
Proposition 3.9, 7% x VX and (7 x V)X*¢9 have the same kernel.
Hence the twisting ideals of I, and I, are in Rieffel correspondence
and so the quotients are Morita equivalent by [17, Corollary 3.2].

4. Connection with twisted partial actions. The close con-
nection between partial actions and inverse semigroup actions [18], [9],
[19] makes it possible to get quick results about the Morita equivalence
of crossed products of twisted partial actions. First recall the definition
of a twisted partial action from [8].

Definition 4.1. A (discrete) twisted partial action of a group G on
a C*-algebra A is a pair (a,u), where for all s € G, as : A;-1 — Ag
is a partial automorphism of A, and for all r, s € G, u, is a unitary
multiplier of A,.A,s, such that for all r, s, t € G we have

(a) A. = A, and «, is the identity automorphism of A;
(b) ar(Ar—145) = A Ay

(c) ar(as(a)) = upsars(a)uy; for all a € Ag-1Ag-1,-1;
(d) te,t = ute = Laray;

(€) ar(aus)ur st = ar(a)uy supsy for all a € A,—1 A Ag.

Definition 4.2. The twisted partial actions (4,G,«,u) and
(B, G, u,w) are Morita equivalent if there is an imprimitivity bimod-
ule 4 Xp and a map s — (as,ds, ts) : G — PAut (X), such that
¢s : Xg+ — X, where Xy, = Ay - X = X - B, and for all s,t € G and
x € X Bi-1,-1B;-1, we have

bst(T) = st - Pst(T) - w:,t .

We say that (X, ¢) is a Morita equivalence between (A, G, a,u) and
(B,G,0,w), and we write

(Aa G,OZ,U) ~X,p (Ba Gaﬂa w) .

Recall from [9] that, for a group G, the associated inverse semigroup
S(G) has elements written in canonical form [g1][g; '] - [gm][g;:}][8],
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where g1, ..., gn, s € G, and the order of the [g;] [g;l] terms is irrelevant.
Multiplication and inverses are defined by

[91)lox "]+ [gm] (g 1ls] - [hal[AT] -+ [ [y 11
= [gllgr "1+ [gmllgm Nlslls™ 1[sha][(sha) 7] -+ [hn][(shm) ] st]

and

(o)l ']+ lgm]lgm'1[sD)*
=[5 gmll(s " Tgm) ] [T (s o) s T
Thus [e] is an identity element for S(G) if e is the identity of G,

so we can write [g1][gy ']+ [9m][9"] for [01]l97 ']+ - [gm][9:"][e], and
these are the idempotents of S(G). Recall from [19, Section 4] that if
(A, G, a,u) is a twisted partial action, then the corresponding Busby-
Smith twisted action (4, S(G), 8,v) is defined by

Ap=Ay, - Ag, As
By =aga ta, ata
P T “g917g1 9m = Ggm S

Up,q = 1M(qu)us,t>

where

p=1lgllgr '] lgmllomls], = [m][hT"]- - [hal[hy 1] -

Theorem 4.3. The twisted partial actions (A, G, a,u) and (B, G, 1, w)
are Morita equivalent if and only if the corresponding Busby-Smith
twisted actions (A, S(G),B,v) and (B, S(G),v,z) are Morita equiva-
lent.

Proof. Suppose (4, S(G), 8,v) ~x.4 (4, S(G),v, z). If we identify the
element s € G with [s] € S(G), then ¢ : G — PAut (X). For s,t € G
and x € X - By-14-1B;-1, we have

bsi(z) = aﬁ[s ey (%) = Vs, ]+ D)) (%) - s 11
)it - Plstte—1 (%) - g1
= Vs, [ Vst], 111 * Plst1 P10 (T) * ZLst) [0 2]s, 11
= Us,t - Plog)(T) - W3 since, e.8.; V] [t-1)[¢] = La(Ap)

= Us,p - Pst(2) - Wy -
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Now suppose (4, G, a,u) ~x 4 (B, G, u,w). We can extend ¢ to S(G)
by defining
bp = 92591 g_ll T ngm (bg:nl ®s

for p = [gl][gfl] < [gmllgmt][s] € S(G). We verify Definition 2.1(d). If
:L‘,yEXp*ZX~Bp*=BSBgT—nlB 1 -1 B 1 1,

Im 91 Im 91

then

Bp(alz,y)) = aglag;ll T O‘gmag;,iO‘S(A@’ y))

= A<¢91 ;11 T ¢g7n¢;7i¢s(x)’ b ;11 T (Zﬁgmébgji ()
A<¢p(£)v¢p(y)> .

Similar calculations show that Definition 2.1(a) is also satisfied, which
is enough by Lemma 2.2. O

Starting with a twisted partial action (4, G, «,u), Exel [9] builds a
semidirect product C*-algebraic bundle B over G in the sense of Fell.
He defines [9] the crossed product AX, .G as the enveloping C*-algebra
of the cross sectional algebra L!(B). We show that the corresponding
Busby-Smith twisted action has an isomorphic crossed product:

Proposition 4.4. If the Busby-Smith twisted action (A, S(G), 8, w)
corresponds to the twisted partial action (A, G,a,u), then the crossed
products A X G and A X g, S(G) are isomorphic.

Proof. We are going to show that the Banach x-algebras Lg/I3 and
L'(B) are isomorphic, which suffices since the crossed products are the
enveloping C*-algebras. The formula

(X1 1g7)1s1) 7= OXs
defines a bounded *-homomorphism ¢’ : Lg — L*(B). Since
& (aX(g,).. [ 1110) — OX[e]) = OXe — AXe =0,

¢’ takes Ig to 0 and hence determines a bounded *-homomorphism
¢:Lg/Is — L'(B). Going the other way, the formula

Y(aXs) = aXpg + 1Ip
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defines a bounded *-homomorphism ¢ : L(B) — Lg. It is clear that
1 o ¢ is the identity map To show that 1 o ¢ is also the identity map,
consider 1o ¢( axi, +I 3) = aX[s)+13. We can choose elements

bceA[g] Lo [s] suc t ata—bc Hence

X (g ] fgrt)(s) — OX[s) = (OX[g,) g1y — OX[e)) ¥ EX[s € I D

Using Theorems 3.8 and 4.3 we now have:

Corollary 4.5. Morita equivalent twisted partial actions have Morita
equivalent crossed products.

We now develop the basic theory of covariant representations for
twisted partial actions, generalizing [13, Proposition 2.8] and [15
Section 3].

Definition 4.6. A covariant representation of a twisted partial
action (A,G,«a,u) is a triple (m,U, H), where 7 is a nondegenerate
representation of A on the Hilbert space H and for all s € G, Uy is a
partial isometry on H such that

(a) Us has initial space m(A,-1)H and final space m(As)H;
(b) UUy = W(Us,t)Ust for all s,t € G,
(c) m(as(a)) = Usm(a)U; for all a € A 1.

Note that we have Ug» = w(us» s)UZ for all s € G. Every covariant
representation gives a representation of the cross-sectional algebra.

Definition 4.7. The integrated form m x U : L1(B) — B(H) of the
covariant representation (m,U) is defined by

(7 x U)(a) = 3 wla(s))Us,
seG

where the series converges in norm.

The proof of the following proposition is essentially the same as that
of [19, Proposition 3.5].
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Proposition 4.8. 7 x U is a nondegenerate representation of L1(B).

Lemma 4.9. Let (4,5(G),5,v) be a Busby-Smith twisted action
corresponding to the twisted partial action (A, G, o, u). If (7, V) is a
covariant representation of (8,v) then (w,U) is a covariant represen-
tation of (v, u), where Us := Vi) for all s € G. Conversely, if (m,U) is
a covariant representation of («,U), then (m,V) is a covariant repre-
sentation of (8,v), where

ng][gf1]~~-[gn}[g;1][s] =Py, - Py Us

and Py denotes m(1pp(a,)) for allt € G. Moreover, this correspondence
between covariant representations of (a,u) and (3,v) is bijective.

Proof. The only nontrivial condition to check for the first part is

Definition 4.6(b):
UsUr = Vs V[t] = (Vo). 1)) Vsl [s—1] s

]
Lar(ay g may) st Visiis—111st]

Il
3

Il
g

) (1M(A =110 )‘/[s [s=1][st]

(
(us
= 7 (Us,) T (Vs 1), 1)) Visi1s=1) Vist
= (Us, ) [s][s— I]V[st] = W(Us,t)Ust-
To show the second part, first notice that the P;’s commute since
the 1p7(4,)’s are central projections in the double dual of A. There-

fore Vi, j...;qz115 18 well defined since Py, --- Py, does not depend on

the order of the idempotents [g1][g; '], -, [gn]lg;']. It is clear that

V[ql] JozYs] is a partial isometry. This partial isometry has the re-

quired final space since
F(‘/[gl]_”[g;l][s])H =P, P, ,UH=P, ---P, m(A)H
=P, Py PsH =m(Ay, --- A, As)H
= (A g1 H -
We can show that it also has the required initial space by taking

conjugates. To check multiplicativity, let p = [g1]---[g;,}][s] and
q = [h1] -+ [h;}][t]. Then we have

V;)Vq = ]3g1 .. .PgmUS_Ph1 .. 'PhnUt~
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We first simplify a piece of this expression:

UsPp,
= U, U;U U, Uy,
= Pym(us,n, )Usn, Uy,
= sW(Us,hl)PshlUshlUhflﬁ(uhl,hfl)*
= PsPshlﬂ(us,hl)W(ushl,hfl)Usﬂ'(uhl,h;l)*

= PSPShl’]T(usyhl)USU:W(UShl’hl—l)US’JT(Uhl’hl_l)*

)*
1)

where ey is an approximate identity for Az Aqp,

= li/{n PSPShlﬂ'(Usﬁl)Usﬂ'(Oés_l(6)\U,sh17h1—1))W(Uhhhl—
= li)r\n PSPShlw(us’hl)USW(u:,l,sas_l (eAuShhhl_l)us_17s)7r(uh1,hl_1)*
= li)r\n Py Pypyy (s by JUsm(ug—1 gors—1 (eA)uS_17Sh1uhl’hl_1)w(uhl’hl_l)*

= Pspshﬂr(u&fn)Usﬂ(u:*l,sus—%shl)

= liin PSPshlUSUS*W(e#usyhl)Usw(u:_l’susfl’shl)
= lim P Pon, Uy (0 (€t )T (0s 01 om,)
= hﬁn Py Psp, UsT(ug-1 jorg-1 (CHUSJLI)’U,8717S)7T(U:7178U3717Sh1)
= liin Py Py, Usm(ug—1 ovg—1(€p)Us—1 sUe,hy U1 gp, )T (Us=1 5, )
= P,Py,, Us.

Repeating this calculation n — 1 times we have

VIJVZI = Pg1 e PngsPshl-Pshg e PshnUsUt
=Py, -+ Py, PsPsp, - * Pyp,,, m(us,)Ust

= 7 (0p0)Viga) g lslls=lisha)-lsh 1]
= T (Up,q) Vpq -
Finally we check the covariance condition. If p = [g1] - [g;,}'][s] and
a € Ap«, then
m(Bp(a)) = (as(a))
= W(aglag_ll Qg, a;ﬂ,IOCS(a))
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-1 *

= Uglﬂ(uzfl Q-1 ap Oés(a)’ll,gl—l’gl)Ugl

91 91
-1
= Ugl7r(u;;1,1’gl)Ug;ﬂr(ozg2 C g, O ozs(a))U;‘l,l71'(ug;17gl)U;‘1

= Uy, U;W(agz T Qg O‘g_nlas (a))U;kflUgfl

= Pgl U Pgn US?T(G)U:P;'L e Pq*l
= Vyr(a)V:.

It is clear from the construction that the correspondence is bijective.
]

Proposition 4.10. If (A,G,«,u) is a twisted partial action then
(m,U) — 7 x U is a bijective correspondence between covariant repre-
sentations of (a,u) and nondegenerate representations of the crossed
product A X G.

Proof. We know that there is an isomorphism ¢ between A x5, S(G)
and A X, ., G where (4, S(G),5,v) is the corresponding semigroup
action. We also know that there is a bijective correspondence ¥ —
(7Y, V¥) between nondegenerate representations of A x5, S(G) and
covariant representations of (3,v) such that ¥ = 7% x V¥, We
define a bijective correspondence ® — (7%, U?) between nondegenerate
representations of A x,, G and covariant representations of («,u)
satisfying ® = 7% x U?® using the following diagram:

Rep (A Xqu G) < Rep (A4 xg, S(GQ)) o — U=Pog
! !
CovRep (a,u) «—  CovRep (3,v) (7, U*) —— (¥, V¥)

If ® is a nondegenerate representation of A x,, ,, G, then ¥ = ®o¢ is
a nondegenerate representation of A x5, S(G) and so ¥ = 7% x V¥,
Let (7®,U?) be the covariant representation of (a, u) corresponding to
(¥, V¥) as in Lemma 4.9. If a € A, then
7% x U (ads) = 7% (a)UL = W'Il(a)V[q’ = V(adpy)) = ®(ads)

s]

and so 7% x U® = ®. O
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5. Connection with crossed products by Hilbert bimodules.
Recall from [1] that the crossed product A x, Z of the partial action
(A,Z, «) is isomorphic to the crossed product A xx Z of A by the
Hilbert bimodule 42X 4, where X is the vector space A; with module
structure

a-j:=aj, j-a:=ai(a; (j)a)

and inner products
alg k) =gk, (G k)a =y (k)

for j,k € A; and a € A. In other words, we can get 4 X 4 by converting
the standard A; — A; imprimitivity bimodule A; into an A; — A_4
imprimitivity bimodule via the isomorphism «;, then extending it
canonically to a Hilbert A — A bimodule.

Definition 5.1. The Hilbert bimodules 4 X4 and gYg are called
Morita equivalent if there is an isomorphism (id, ¢,id) between the
Hilbert bimodules X ®4 M and M ®p Y for some imprimitivity
bimodule AMB-

Abadie, Eilers and Exel show that if 4 X4 and gYp are Morita
equivalent bimodules then the crossed products A X x Z and B Xy Z are
Morita equivalent. They note that Hilbert bimodules corresponding to
Morita equivalent actions of Z are Morita equivalent. We show that
the Morita equivalence of Hilbert bimodules corresponding to partial
actions of Z is equivalent to the Morita equivalence of the partial
actions, in the sense of Definition 4.2.

Suppose we have two partial actions (A,«,Z) and (B,3,Z) with
corresponding Hilbert bimodules 4 X4 and gYp. We show that the
two notions of Morita equivalence of the actions coincide.

Proposition 5.2. The partial actions (A,«,Z) and (B,[,Z) are
Morita equivalent if and only if the corresponding Hilbert bimodules
AXa and gYp are Morita equivalent.

Proof. If 4Mp is an imprimitivity bimodule, then

span (M @p Y, M ®pY)p =5pan (Y, (M, M) -Y)p
= span 3; {(B}(M,M)pB;) = B_,,
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hence the imprimitivity bimodule corresponding to M ®pg Y is of the
form p(M ®p Y)p_, for some closed ideal D of A. Similarly, the
imprimitivity bimodule corresponding to 4(X ®4 M)p is of the form
4, (X ®4 M) for some closed ideal C' of B. It is routine to check
that the map m ® l — m -l for m € M and [ € By extends to a map
v:M®pY — M - B; such that (id, v, 51) is an isomorphism between
p(M ®p Y)p_, and the imprimitivity subbimodule p(M - By)p, of
AMp. Similarly, the map j @ m — a_1(j)-m for j € Ay and m € M
extends to a map p: X ®4 M — A_; - M such that («_1, u,id) is an
isomorphism between 4, (X ® 4 M )¢ and the imprimitivity subbimodule
A,l(A—l . M)c of AMB-

Suppose now that the Hilbert bimodules X and Y are Morita equiv-
alent. Then by Lemma 2.3 and the above an imprimitivity bimod-
ule 4Mp and an isomorphism (id,,id) exist between the imprimi-
tivity bimodules 4,(X ®4 M)c and p(M ®p Y)p_,. Then Ay = D
and C = B_; and so (aj,v o0 opu~!, () is an isomorphism between
A, (A1 -M)p_, and 4, (M - By)p,. This implies that (4, X,Z) ~x 4
(B,Y,Z), where ¢,, := (voopu )" for n € Z\ {0}. The situation
can be visualized by the following diagram:

_1,,id
A(X @4 M) g AY(X @4 M)e &2 (A M)e
J(idevid) J(a17¢1751)
(id,v,B1)
A(M®pY)p p(M®@pY)g , ———>p(M-B1)p,

Going the other way, if (A, «, Z) ~p¢ (B, 3,Z), then ¢ is an isomor-
phism between 4_,(A_1-M)p_, and 4,(M-By)p,. SoC=B_;, D =
Ay and (id, v~ 0 ¢y o p,id) is an isomorphism between 4, (X ®4 M)c
and p(M ®pY)p_, and so the Hilbert bimodules X and Y are Morita
equivalent by Lemma 2.3. u]
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