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1. INTRODUCTION

The work of Renault ([20]) connecting a locally compact groupoid to its ample
inverse semigroup makes the study of inverse semigroups interesting. Some of the
results on inverse semigroups are Paterson’s ([16]) and Duncan and Paterson’s
work ([3], [4]) on the C*-algebras of inverse semigroups, Kumjian’s localization
C*-algebras ([12]) and Nica’s F-inverse semigroups ([14]). We have seen in [22]
that the theory of crossed products can be generalized to inverse semigroups.
The strong connection between the C*-algebras of locally compact groupoids and
inverse semigroups found by Paterson ([17]) promises a similar connection between
the groupoid crossed products of [21] and inverse semigroup crossed products.
Green ([9]) and Packer and Raeburn ([15]) showed how to use twisted crossed
products to decompose crossed product C*-algebras. In this paper we partially
generalize their results to discrete inverse semigroups. We prove decomposition
theorems for both Green and Busby-Smith style twisted actions. We show that
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unlike in the group case, Green twisted actions seem slightly more general than
Busby-Smith twisted actions.

We show that the close connection between partial actions ([5], [13]) and
inverse semigroup actions seen in [22] and [7] still holds for the twisted partial
actions of [6] and Busby-Smith twisted inverse semigroup actions. It is a natural
question to ask, whether there is a similar connection between Green twisted
inverse semigroup actions and some sort of Green twisted partial actions.

2. TWISTED INVERSE SEMIGROUP ACTIONS

Twisted actions of locally compact groups were introduced in [1]. The inverse
semigroup version closely follows Exel’s definition of twisted partial actions in [6].

Recall that a semigroup S is an inverse semigroup if for every s € S there
exists a unique element s* of S so that ss*s = s and s*ss* = s*. The map s +— s*
is an involution. An element f € S satisfying f2 = f is called an idempotent of S.
The set of idempotents of an inverse semigroup is a semilattice. There is a natural
partial order on S defined by s < t if and only if s = ts*s.

DEFINITION 2.1. Let A be a C*-algebra. A partial automorphism of A is an
isomorphism between two closed ideals of A.

DEFINITION 2.2. Let A be a C*-algebra, and let S be a unital inverse semi-
group with idempotent semilattice F, and unit e. A Busby-Smith twisted action
of S on A is a pair (8,w), where for all s € S, 3, : E¢+ — E; is a partial auto-
morphism of A, and for all s,¢ € S, ws+ is a unitary multiplier of E, such that
for all r,s,t € S we have

(i) E. = 4;
(ii) BsBr = Ad Ws,t © Bst;

(iii) ws,s = 1ar(m,,) if s or t is an idempotent;

(iv) Br(aws¢)wy st = Br(a)wy swys ¢ for all a € Eps Egy.

We also refer to the quadruple (A, S, 3, w) as a Busby-Smith twisted action.

Note that f,(aws ) makes sense since a = ajas for some ai,as € Eq«Egy
and so aws = a1a2Ws s € a1 gy C Eps.

Our definition is a generalization of inverse semigroup actions defined in
[22]. Every inverse semigroup action is a trivially twisted Busby-Smith inverse
semigroup action by taking w,s = lprg,,). Conversely, every trivially twisted
Busby-Smith inverse semigroup action is an inverse semigroup action. The defi-
nition is also a generalization of discrete twisted group actions in case our inverse

semigroup S is actually a group.
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The basic properties of Busby-Smith twisted inverse semigroup actions are
collected in the following.

LEmMA 2.3. If (A, S, B,w) is a Busby-Smith twisted action and r,s,t € S,
then

(i) E
(ii) ﬂgg* = 1dES ;
(111) Be =ida;
(iv) Bs+ = Adws« 50 B
(v) Br(Ep-Es) = Ers;
(vi) ﬁr(aws ¢) = Br(a)w, spwis qwy o for all a € B Eg;
(vii) Br(ws,ta) = Wy swrs ywy: o Br(a) for all a € EpxEg;
(viil) Br(wg,a) = wp stwys ywy Br(a) for all a € By Egy;
(ix) Werprr,s = Wer pps;
)
i)

(X W s]-M(E qx) = Ws* rrrsy

( ﬁs(we* 9) = Ws,s*-

Proof. (i) and (ii) follow from the calculations
Es = dom(ﬁsﬁs*) = dOHl(Ad Ws,s* © Bss*) = By

By = BeBB; ' = Adlag(e,) o BrsBy ' = BrB; ! = idg,,
where f = ss*. (iii) is a special case of (ii). Using (ii) we have (iv) since
B = Be- BBt = Adwye 5 0 Be- Bt = Adwg- 5 0 B
We have
ﬁr(Er* Es) =im (ﬁrﬁs) = ll'Il(Ad Wr,s © ﬁrs) = Ers,
which proves (v). Replacing a by aw} ; in Definition 2.2 (iv) gives (vi). Applying

(vi) we have (vii) because

Or(wspa) = Br(aws )" = (Br(a®)wr,siwys gy )" = W swrs 1wy o 0r ().

Replacing a by w ;a in (vii) we have (viii). To show (ix) let b € E-,-. Then by (i),
(ii) and (v) there is an a € EsFEp« = Bpxp(Epep Es) = Epps such that b = B« (a).
Hence
b= Bex(aWrrs) (by Definition 2.2 (iii))
= B (Q)Wer e W pep s Woe e g (by Definition 2.2 (iv))
= DWsr e, sWin por (by Lemma 2.3 (i) and Definition 2.2 (iii)),
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which means ws*r*r’sw;‘*’r*rs is the identity of Eg«,.~. This implies our statement

since by (i) both wgsy s and wg« y+ps are unitary multipliers of Eg«,«. To show

(x) let @ and b as in the proof of part (ix). Then we have

b= Bex(aWs sxr*rs) (by Definition 2.2 (iii))
= B (@)Wsr sWsr s grrrsWas gy ps (by Definition 2.2 (iv))
= bws*,slM(Es*T*)w:*,r*rs
and the statement follows as in part (ix). Finally, (xi) follows from Definition
2.2 (iii), (iv) if we extend (s to the multipliers of Eg«. 1

Recall from [19], [2], [11] that a congruence relation on an inverse semigroup
S is an equivalence relation ~ on S such that if s ~ ¢ then rs ~ rt and sr ~ tr for
all r € §. If E is the idempotent semilattice of S, then the kernel normal system
of the congruence ~ on S is the set {[f] : f € E} of congruence classes contain-
ing idempotents. The kernel normal system is exactly the set of idempotents in
the quotient inverse semigroup S/ ~. The kernel normal system determines the
congruence relation, since ~ = {(s,t) : ss*, tt*, st* € [f] for some f € E}.

If ~ is an idempotent-separating congruence, that is, no two idempotents are
congruent, then every equivalence class [f] in the kernel normal system is a group
with identity f. The union N = J{[f] : f € E} is an inverse subsemigroup of S
contained in the centralizer of E. It is also a normal subsemigroup, that is, E C N
and sNs*C N for all s € S. On the other hand, if N is normal subsemigroup of S
in the centralizer of E then N determines a kernel normal system {[f] : f € E} of
an idempotent-separating congruence ~, where [f] = {s € N : ss* = f}. We also
write S/N for S/~. Note that a normal subsemigroup N of S is contained in the
centralizer of F if and only if N is a Clifford semigroup, that is, N is an inverse
semigroup such that n*n = nn* for all n € N. We call such a subsemigroup N
a normal Clifford subsemigroup of S, that is, N is a normal subsemigroup which
is also a Clifford semigroup. We thus get a bijective correspondence between
idempotent-separating congruences on S and normal Clifford subsemigroups of
S. In the theory of twisted group actions, normal subgroups play an important
role. For inverse semigroups the situation is more complicated, but normal Clifford

subsemigroups give an appropriate substitute for normal subgroups.

DEFINITION 2.4. If N is a normal Clifford subsemigroup of the inverse semi-
group S with idempotent semilattice E, then a cross-section ¢ : S/N — S is called
order-preserving if ¢([f]) = f for all f € F and [s] < [t] implies ¢([s]) < ¢([¢]) for
all s,t € S.
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PROPOSITION 2.5. Let T be an inverse semigroup with idempotent semilat-
tice E, and let N be a normal Clifford subsemigroup of T. Let S = T/N, and

suppose there is an order-preserving cross-section ¢: S — T. For s € S define
Es = SpaﬂU{[f] (< C(S)C(S)*> [ € E},

where the closed linear span is taken in C*(N). Then each E is a closed ideal of
C*(N). Forr,s €S define

Bs : Esx — Eg by [s(a) = c(s)ac(s)”,

and
wy.s = c(r)c(s)e(rs)” € M(E,s).

Then (C*(N), S, B,w) is a Busby-Smith twisted action.

Proof. First notice that since ¢(rs)*c(rs) is the identity of the congruence
class containing (c¢(r)e(s))*e(r)e(s), we have c(r)c(s) = c(r)e(s)e(rs)*e(rs) =
wysc(rs) for all r,s € S. Also e(s)c(s)* = c(ss*) because ¢([f]) = f for all
f € E, and similarly ¢(s)*c(s) = ¢(s*s). Each FEy is a right ideal because if
a € NNE;, that is, a € [f] for some f < ¢(s)c(s)* and b € [g], then ab € [fg] C Ej
since fg < c(s)c(s)*. A similar argument shows that E is also a left ideal. It
is clear that each s is an isomorphism and each w, s is a unitary multiplier of
E,s. It remains to check the conditions of Definition 2.2. Condition (i) holds since
E. = C*(N).

To check (ii), let a € dom (8,3s) N dom (5,5). Then

BrBs(a) = c(r)c(s)ac(s) e(r)* = wmc(rs)ac(rs)*w:’s = Adw, s 0 frs(a).

We need to show that 5,5, and Adw, s o B,s have the same domain. First we

show that dom (3.8s C domf,s. If a € domfg,f3s, then a = lima; for some
a; € spanJ{[f] : f < c(s)*c(s)} and c(s)ac(s)* € E,-. Hence c(s)ac(s)* = limb;

j
for some b; € span J{[f] : f < c(r)*c(r)}. Since

c(s) e(s)ac(s) e(s) = lign c(s) e(s)aic(s)"e(s) = lign a; = a,

we have a = lim ¢(s)*b;c(s). It suffices to show that ¢(s)*b;c(s) € span|J{[f] : f <
J

c(rs)*c(rs)}. This follows from the fact that if b € [f] such that f < e(r)*c(r),

then c(s)*be(s) € [e(s)* fe(s)] and c(s)* fe(s) < e(s)*c(r)*c(r)c(s) = c(rs)*c(rs).
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Next we show dom (3,85 O dom 3,5. If a € dom 3,5, then a = lim a; for some
a; € span J{[f] : f < c(rs)*c(rs)}. Since
c(rs) e(rs) = c(s)*e(r) e(r)e(s) < c(s)*c(s),

a; € spanJ{[f] : f < ¢(s)*c(s)} and so a € E . We have c(s)a ()
f < ¢e(r)*e(r)}. This is true since if b € [f] such that f < c(rs)*c(rs), then
c(s)be(s)* € [e(s)fe(s)*] and
c(s)fe(s)” < e(s)e(rs)*e(rs)e(s)” = c(s)e(s)*c(r)*e(r)c(s)c(s)* < e(r)*e(r).
To check (iii), fix a € N N Eg, for some f € E. Then a € [g] for some
idempotent g € T such that

g9 < c[fls)efls)” = e([flss™[f]) = e([f]ss") = felss™).

Since ¢ is order-preserving and [f]s < s, we have

wipy,s = c([fDels)e([f]s)” = fe([fls)e([f]s)" = fe(ss™)
and so awyy],s = wyy),sa = a. The other part of (iii) follows similarly.

To check (iv), fix a € N N E.«E. Since the classes in the kernel normal
system are disjoint, a € [f] for some f € T such that f < ¢(r*)e(r*)* = c(r*r) =
c(r)*e(r) and f < c(st)c(st)*. Now we have

c(r)aws te(r) wy s = c(r)ac(s)c(t)c(st)*c(r) c(r)c(st)e(rst)*.
Since ac(s)c(t)e(st)* € [f]st(st)*, the domain projection of ac(s)c(t)c(st)* is
fe(st)e(st)* = f. Hence ac(s)c(t)e(st)*c(r)*e(r) = ac(s)c(t)c(st)*, so
c(r)aws ce(r) wy ¢ = c(r)ac(s)c(t)c(st) c(st)c(rst)* = c(r)ac(s)c(t)e(rst)*
(r)ac(r)”c(r)e(s)e(t)e(rst)*
(r)ac(r)*e(r)e(s)e(rs)c(rs)e(t)e(rst)”

( ( wr,swrs,t- |

lim a;c(s)* = lim ¢(s)a;c(s)*, so it remains to check that ¢(s)a;c(s)*

I
o

I
o

r)ac

In Proposition 9.2 we further investigate the action in the previous lemma.

EXAMPLE 2.6. If in Proposition 2.5 N is the idempotent semilattice of T,
then the (trivially) twisted Busby-Smith action becomes the canonical action of
the inverse semigroup on its semilattice ([22]).

Proposition 2.5 shows the significance of an order-preserving cross-section.
Unfortunately, these cross-sections do not always exist, as we can see in the fol-
lowing.
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EXAMPLE 2.7. Let s =(ay,...,a,) denote the partial bijection in the sym-
metric inverse semigroup Z({1,...,n}) whose domain is {i : a; # 0} and s(i) = a;
for all i € doms. Let n = 6 and consider the 19-element inverse subsemigroup

generated by the elements
r=1(1,4,5,0,0,0), s=1(0,5,4,0,0,6).

It is tedious but not hard to check that we can define a kernel normal system con-
sisting of {s*r, s*rs*r}, {rs*, rs*rs*} and the singleton sets containing idempotents
other than s*rs*r and rs*rs*, and the congruence determined by this kernel nor-
mal system separates idempotents. Then [ss*r] < [r] = {r} and [ss*r] < [s] = {s},

but we cannot choose a representative of [ss*r] which is less than both s and 7.

The situation is not as bad as it seems. In many cases we have an order-
preserving cross section. Recall [14] that an F-inverse semigroup is a unital inverse
semigroup in which every non-zero element is majorized by a unique maximal

element.

PROPOSITION 2.8. Let S be a unital inverse semigroup with identity e, and
let ~ be an idempotent-separating congruence on S such that T = S/ ~ is an
F-inverse semigroup. Denote the set of maximal elements in T by M. Choose a
cross-section ¢ : M — S with ¢([e]) = e. Extend ¢ to T by defining ¢(0) = 0 and
c(t) = e(my)f fort # 0, where my € M is the unique maximal element majorizing

t and f is the idempotent in [t]*[t]. Then c is an order-preserving cross-section.

Proof. Tt is clear that for all non-zero idempotents f € S we have my = [e]

and hence ¢([f]) = f. T 0 # s <t in S/~ then mgs = m; and so

c(t)e(s) e(s) = c(my)ce(t™t)e(s*s)e(ms)*c(ms)e(s*s)

= c(myg)c(t*t)c(s*s) = c(ms)e(s™s) = c(s). 1
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3. BUSBY-SMITH TWISTED CROSSED PRODUCTS

Given a Busby-Smith twisted inverse semigroup action (A, S, 3, w), define multi-

plication and involution on the closed subspace
L={xcl(S,A):a(s) € E, for all s € S}
of I*(S, A) b

x * y Z B (B Jy()wr: and  z*(s) = wg ¢+ Ps(x(s)").

rt=s

We will show that the multiplication is well-defined in the proof of Proposition 3.1
below. For a € E,; we are going to denote by ads the function in L taking the
value a at s and zero at every other element of S, so that L is the closed span of
the ad,. Then we have

as0s * a0y = ﬂe(ﬂ ( s)at)ws +0st
(ads)* = 55 (@) wgs (Osx.
Notice that a.d. * a;d; = aca;6; and as6s * acde = Bs(B: (as)ae)ds.
ProrosiTION 3.1. L is a Banach *-algebra.

Proof. First notice that (z * y)(s) € E, by Lemma 2.3 (v) and so to show
that the product is well-defined we only need to check that ||« x y|| is finite:

eyl =" > 188, (@(r)y(t)ywrsl

seSrt=s
<2 1B )y < DD 18 @)y @)l
seSrt=s restes
<8 @)Y Iy @I <l vl
res tesS
One can easily check that ||z*|| = ||z|| and so 2* € L. For a € E; we have

(a6)"* = Bt (wee 585 (a))w] 4O
= ws,s*ﬁs((ws*,sﬁs* (z(s)"))")
= wy o« Bs(wsr, B3 1 (a))ds (by Lemma 2.3 (iv))
= W o Ws * Wssx sWy gx 6B (B (a))ds (by Lemma 2.3 (vii))

= ad.
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Next we show that the multiplication is associative. Let a, b and ¢ be elements of
E,., E,; and E;, respectively, and let u) be an approximate identity for Fs«. Then

we have

(ady  b65) * 8y = Brs (831 (Br (871 (@)b)wys)e)wrs 16t
= lim 5,(6,” H(@)b)wy, s Brs (UaC)Wrs 16rst
= hm B (87 (a)) B, (Bs (UrC) Jwy, sWrs 1 6yst
= hin Br (B (@)bBs (ur€) Wy, s10rs, 1675t

= lim B, (8, () B (85 (B)uc) Jwr, s, drt

= ﬁT(ﬁr 1(a)ﬁs(ﬁs !
= ﬂT(ﬂr ( ) (65 !
= ad, * (b0 * cdy).

Finally we show that the involution is anti-multiplicative. Fix a € F,. and b € F.

(b)c))wr,swrs7t6rst
(b)C)ws )Wy 5t Orst (by Definition 2.2 (iii)),

Then we have
(ad, * bds)*

= (B (B (a)b)w,,s6r5)"

= ﬂ;sl (’LU: sﬂr(b*ﬂil(a*)))w**r* 63*7"*

o s Bsere (Wr Br (b7 B, L(@*))) 6 g (by Lemma 2.3 (iv))
1

(wy,
(wy, B (B (B ("B, (a7))))) G
(wy swy s Brs (B 1(b*ﬁ;1(a*)))w;k’5)6s*r* (by Definition 2.2 (ii))
= W5y rsﬁe re (Brs (B (0B H(a™)) ) )W s Wi o, W ey Fsere (Y 2.3 (VD))
= Brs (Brs (B (0" B H(a™)))JWee oy s We oy B
On the other hand, we have
(bds)" * (adr)*
= (B (0" whe (O ) * (B (@ )w)- 0 )
= Bo- (B (B, (07 w3 ) By (@ ) wis Y wer e be e
= B (W5 0+ Bs (B (0 w3 Jws o By (@*)w)s Jwie e G
= Bs-(wy Wy g* BBy (b*»ws s sWogn sws s+ Ws, s 5_1(a*)w:*,r)w5*,r*65*r* (by 2.3 (vi))

s

= [+ (w5 0" L (a®)wi ) Wen o O (by Definition 2.2 (iii))
= Wer gsn Whe g = Wi Bor (0" B (@)W} Jwes pn O e (by Lemma 2.3 (viii))
= whe (B (0B (A" ) ) Wer por Wi e Wk Wi v G e (by Lemma 2.3 (vi))

=B, (0" B, (@) wie (B e, Whepe 20sep« (Dy Lemma 2.3 (iv)),
and so the equahty (ad, x bds)* = (bds)* * (ad,)* follows from Lemma 2.3 (ix) and
(x). 1
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DEFINITION 3.2. A covariant representation of a Busby-Smith twisted ac-
tion (A, S, 8, w) is a triple (7, v, H), where 7 is a nondegenerate representation of
A on the Hilbert space H and vy is a partial isometry for all s € S, such that for
all , s € S we have

(i) 7(Bs(a)) = vsm(a)vy for a € Ey;
(ii) vrvs = T(Wy5)Urs;

(iil) vs has initial space m(FEs«)H and final space n(Es)H.

To evaluate 7(w, s) we extend 7 to the enveloping von Neumann algebra A** of A.

We sometimes use the shortened notation (7, v) if we do not need a symbol for
the Hilbert space. Note that the above definition is a generalization of a covariant
representation of an inverse semigroup action ([22]), which is a trivially twisted
Busby-Smith twisted action.

THEOREM 3.3. (Cohen-Hewitt) If A is a Banach algebra with bounded ap-
prozimate identity, V is a Banach space and w : A — B(V) is a bounded homo-
morphism then 1(A)V ={m(a)v:a € A, v € V} is a closed subspace of V.

LEMMA 3.4. If I is a closed ideal of the C*-algebra A, m is a unitary mul-
tiplier of I and w : A — B(H) is a representation of A then w(m) is a partial
isometry with initial and final space w(I)H.

Proof. w(m) is a partial isometry since w(m)w(m)*n(m) = n#(m). fa € T
and h € H then m(a)h = m7(mm~ta)h = 7(m)r(m~ta)h € 7(m)H. On the other
hand, 7(m) is in the strong operator closure of 7(I) and so there is a net {ay} C I
so that m(ax)h — w(m)h for all h € H. Thus w(m)H C w(I)H and so w(m) has
the required final space. The statement about the initial space follows from the
fact that 7(m)* = 7(m=1). 1

PROPOSITION 3.5. Let (m,v, H) be a covariant representation. If s € S and
f is an idempotent in S then
(i) vy s the orthogonal projection onto w(Ey)H;

Proof. We have vy = vyvpvy = m(wy p)vpvy = m(la(e,). Since E. = A,
(ii) is a special case of (i). (iii) follows from the calculation vg» = vg-v50F =
T (W= ) Vs V5 = T(we+ 5)vs. We can get (iv) from (iii) upon taking adjoints. Fi-
nally using (iii) we have 7(w3. )ve- = T(Wi swe= )vi = 7(1p,. Jvi = 7(lg,. vl =
ve. 1
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DEFINITION 3.6. Let (w,v, H) be a covariant representation. Define 7 X v :
L — B(H) by
(rxv)(z) =Y 7(x(s))vs,

seS

where the series converges in norm.
PROPOSITION 3.7. © X v is a nondegenerate representation of L.

Proof. 1t is clear that m X v is linear. It suffices to show multiplicativity for
ads and bd; where a € F and b € Ey:

(m x v)(ads * b3) = (m x v) (Bs(8; (a)b)ws 85) = m(Bs (B ()b)ws 1 )vse
= v, (B; (a)b)vim(we i )vsr = vsm(Wie (Ber (@)wer o) (b)vivsvy
= VT (Wi )V T(a)v5em(wex )T (b)v5vs0;

= vsvsw(a)vsw(w:*’S)w(ws*’s)w(b)v;‘vsvt = 7(a)vsm(b)vy.

To show that 7 x v preserves adjoints let a € E5. Then we have

(7T X v) (ads)* = (m(a)vs)* = vin(a®) = vivem(B;  (a*))vE
= m(8; (@) = w(B5 (@) m(whe )m(wse Vs
= (B, Ha ) wi Jvse = (7 x 0) (B (@ whe (Fs)

= (7 x v)((ads)*).

If {u)} is a bounded approximate identity for A then {uyd.} is a bounded approx-
imate identity for L, since for a € E,; we have liin UOe * A0y = liin uyads = ady,
and li/{n ads * Uyl = 1i§nﬁs(ﬂs_1(a)u,\)6s = Bs(871(a))ds = ads. Since 7 is a non-
degenerate representation, (7r X v) (uxde) = m(uy) converges strongly to 1p(x) and
so (m x v) is nondegenerate. 1

DEFINITION 3.8. Let (A, S, 8, w) be a Busby-Smith twisted action. Define
a C*-seminorm || - ||c on L by

lz]lc = sup{||(m x v)(x)]| : (7, v) is a covariant representation of (A, S, 5, w)}.

Let I = {x € L: ||z|lc = 0}. The Busby-Smith twisted crossed product A xg., S is
the completion of the quotient L/I with respect to || - ||c. We denote the quotient
map of L onto L/ by ®.

Note that for trivially twisted Busby-Smith actions this definition gives the
inverse semigroup crossed product of [22].

Let (m,v) be a covariant representation of (A, S, 3, w), and let © x v be the
associated representation of L. Since ker ® C ker m X v, we can factor m X v
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through the quotient L/I and extend to A xg., S by continuity. We denote this
extension also by 7 x v. Thus every covariant representation gives a nondegenerate
representation of the crossed product. Proposition 3.10 will show how to reverse
this process. The following lemma shows that the ideal I may be nontrivial.

LEMMA 3.9. If s < t in S, that is, s = ft for some idempotent f € S,
then ®(ads) = ®(ady) for all a € Es. In particular ®(ads) = P(ade) if s is an
idempotent.

Proof. 1t is clear that a € E;. If (m,v) is a covariant representation of
(A, S, B, w) then
(m x v)(adge) = w(a)vye = m(a)m(wh,)vsve
= m(a)v (by Proposition 3.5 (i))
™ X )(aét)

which shows that ®(ads — ad;) = 0. The second statement follows from the fact
that s =se. 1

In spite of the above lemma, we identify ads with its image in A Xg ., S.

PROPOSITION 3.10. Let (II, H) be a nondegenerate representation of A X g .
S. Define a representation m of A on H and a map v: S — B(H) by

m(a) =1I(ad.) and wvs= s—l}i\mH(uAés),
where {ux} is an approxzimate identity for Es and s-lim denotes strong operator
limit. Then (m,v, H) is a covariant representation of (A, S, B, w).

Proof. 7 is a nondegenerate representation, since {uyd.} is an approximate
identity for A x g, S whenever {uy} is an approximate identity for A. We show
that vs is well-defined. If h € 7(Fg)H then h = II(ad.)k for some a € Fq and
k € H. Hence

liinH(uA(;S)h = liinH(uA(;S)H(aée)k = liinH(uAJS * ade )k
= hinH(Bs(ﬂs_l(u)\)a)(ss)k = H(ﬂs(a‘)ds)kv

since B¢+ (uy ) is an approximate identity for Es«. Note that the limit is independent
of the choice of {uy} since the expression h = II(ad.)k was. On the other hand if
h 1 w(FEg)H then

lim TT(urds )b = Hm T8, (8, (Van) B (viu))ds )b
= lim I1(v/i0, + 557 (v/ix)de)
= im II(y/ind)m (5, (i) (h)-
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But w(Es<)h = 0, so vs(h) = 0. Hence v, is well-defined. Clearly v is a bounded
linear transformation, and if f is an idempotent then vy is the orthogonal projec-
tion onto w(E¢)H. Notice that

vr = s—l}i\mH(u)\és) =s- hmH(/B Huy)wi. w5050 ) = T(W5s ;s

For s, t € S let {u}} and {uu} be bounded approximate identities for Es and F;
respectively. Then

Vgl = S- hmH(u)\d * U 5t) = s-lim IT( 5, (Bs (u )u )ws +0st)

= Il(ws ¢0st) = s-lim IT(ws 1+ B (Bs (uA)qu)ést)

= s-lim I (ws 8¢ )TL(Bs (Bs (U )ul,)0st) = T(ws,¢)vst,
since the net {3,(0s-(u)ul,)} with the product direction is an approximate iden-
tity for B,(EsE;) = Eq (using boundedness of {u3} and {u},}). Thus v is mul-
tiplicative. We have vjvs = m(wj. ;)vs«vs = vgs, which is the projection onto
m(Es+s)H = w(Es«)H. Hence vy is a partial isometry with initial space w(Fq«)H,
hence final space m(Es)H (since v = m(wh ;)vs-).

The covariance condition is satisfied since if a € Eg« then

vem(a)vy = vsm(a)m(wis v = S—li{n (uxds * awgs Oc * By H(uy)ds+)

fshmﬂ(ﬁg(ﬂ Yuy)aw?. )05 * B (uu “)

)5
= selim (s B (0w e o 0ure) = (A (@)50)
since {B;(u,)} is an approximate identity for Eg«. &

PROPOSITION 3.11. The correspondence (mw,v, H) < (m x v,H) is a bijec-
tion between covariant representations of (A, S, 5, w) and nondegenerate represen-
tations of A Xg S.

Proof. Let (7,0,H) be a covariant representation of (A,S, [, w), and let
(m,v) be the covariant representation associated to @ x ¥ by Proposition 3.10.

Then
m(a) = (7 x 0)(ad,) = 7(a)ve = 7(a)

, = s-lim (7 =s-lim7 Us = U
Vs b/\lm(ﬂxv)( A0s) = 5;m7r(u>\)vs Vs,

since 7r(u)) converges strongly to the projection of H onto 7(Es)H. On the other
hand, if IT is a representation of A xg .S and (m,v) is the covariant representation
associated to II, then for a € E; we have

(7 x v)(ads) = m(a)vs = I(ad.) S—l)'{m II(uxés) = s—l}i\m II(ade * urds)
= s—l}i\m I(aupds) = (ads).

Thus the correspondence is a bijection. 1
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4. CONNECTION WITH TWISTED PARTIAL ACTIONS

We have seen in [22] and [7] that there is a close connection between partial actions
of [13] and untwisted inverse semigroup actions. There is a similar connection
between twisted partial actions of [6] and Busby-Smith twisted inverse semigroup
actions, which is the topic of this section. Recall the definition of a twisted partial

action from [6].

DEFINITION 4.1. A twisted partial action of a group G on a C*-algebra A
is a pair (a,u), where for all s € G, ag : D;-1 — Dy is a partial automorphism of
A, and for all r, s € G, u, 5 is a unitary multiplier of D, D,,, such that for all r,
s, t € G we have

(i) D, = A, and « is the identity automorphism of A;
(ii) ap(D,-1Ds) = D, D,s;
(iil) ar(as(a)) = ur sars(a)uy s for all @ € Dy-1 Dg-1,-1;
(iv) Ut = ute = Lpr(ay;
)

(V) ar(aus )ty e = o (a)y stpsy for all a € D,.-1DgDy,.

Recall from [22], that if « is a partial action of G on A then the par-
tial automorphism oy, - --a,, has domain D, 1D sitsnl ~-~DS;1”,S;1 and range
Ds Dy s, Dyg, .5, forall s1,...,s, € G. A smnlar proof shows that this is also
true for twisted partial actions, even if oy, is replaced by a;}l for some 1.

Recall from [7] that for a group G, the associated inverse semigroup S(G) has
elements written in canonical form [g1][g; "] - - [gm][g'][s], Where g1,...,9n,s €
G, and the order of the [g;][g; '] terms is irrelevant. Multiplication and inverses

are defined by

[9)lg1 '] - [gml g Nls] - [Pl [P ] - - [ ] [ T1E]

= gl ']+ [gmllgm Nlslls™ skl [(sha) 7] -+« [shm][(sham) ~ ] st]

and
(lollgr T+~ lgmllgm 1) = [ gmll(s  gm) "]+ [s7 gall(sg) " [s ™).

The idempotents of S(G) are the elements in the form [g1][g;"] - [gm][gm ]e],
where e is the identity of G. The next theorem shows that every twisted partial

action of G determines a Busby-Smith twisted action of S(G).
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THEOREM 4.2. Let (A,G,a,u) be a twisted partial action. For all p =
[91]lg1 ']+ [9mllgm'ls] and ¢ = [a][hy'] - [ha] (R IE] in S(G), define B, =
Dy, ---Dy, Dy and let

Bp = ag, a;ll e agma;}z Q.
Also let
Wp,q = 1M(qu)us,t-
Then (A, S(G), 8,w) is a Busby-Smith twisted action.
Proof. Throughout the proof, let p and ¢ be in the form

p=Ilgllgr '] [9mllgm1ls]
and
q = [][h7"]- - [hal[hy ']1E]-
First note that for all p € S(G), §p is an isomorphism between the closed ideals
E,. and E, of A. Also note that w,, , is a unitary multiplier of E, 4, since w4
is a unitary multiplier of D,Dy and Epy = Dy, -+ Dy, DsDgp, -+ Dgp, Dst is
contained in DsDg. If e is the identity of G' then E|; = D. = A, verifying
Definition 2.2 (i). For all p,q € S(G) we have
Bpﬂq = agl ag_11 e agm O‘g_yi O[SOéhl O(/:ll e ahn Oé’:joét )
which is the restriction of oz to
Dt_lDt_lhn cee Dt_ltht_ls_lDt_ls_lg"
On the other hand

e .Dt—ls—lg1 - E(pq)*.

Bpg = g, ag_ll Cee g, ag_nlL asas_lashla;hll e Qsh, as_hlnozst,
which is the restriction of agt to E(,q)-. Thus, Definition 2.2 (ii) follows from
Definition 4.1 (iii), since E(,q)+ C Dy-1D;-15-1 . To check Definition 2.2 (iii),
note that if f = [g1][g7 "] - - [gm][g;:}][e] is an idempotent in S(G), then wy, =
Lar(By,) et = Lai(m,,) for all ¢ € S(G). Similarly, wy 5 = a1z, ,) for all ¢ € S(G).
Finally to check Definition 2.2 (iv), let k& = [f1][f; ']+~ [A][f;  ][r], p and ¢ be
arbitrary elements of S(G), and fix
0 € By Epg = Dy1Dysp - Dyesp, Dy, -+ Dy, DyDap, -+ Doy Dy
Then a € D,-1D,D4, and so we have
Br(awp g )Wk pg = Br(alar(m,,) s t) L (Bypg) Ur.st = 0 (Qs £)Ur st
= Oér(a)ur,surs,t = ar(a)lM(Ekp)ur,slM(Ekpq)urs,t
= Or(@) Wk pWip g- 1
This process works the other way too. Starting with a Busby-Smith twisted

action § of S(G), the restriction of 5 to the canonical image of G in S(G) gives a
twisted partial action:
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THEOREM 4.3. Let (A, S(G), 8, w) be a Busby-Smith twisted action. If ag =
s] and ug ¢ = wig 1 for all s,;t € G, then (A, G, a,u) 18 a tuisted partial action.
ﬂ[ ] and ug, [s],[¢] f Il G, th A G ) sted jal )

Proof. Let Dg be the range of a; for all s € G. If e is the identity of G, then
D, = E|; = A. We have

a(Dyp-1Ds) = im By Bls) = im B(s) = im Byppr-1rs]
= imﬁ[r]ﬁ[rfl]ﬁ[rs] = E[T]E[rs] = DDy,

which verifies Definition 4.1 (ii). Similar calculations can be used to verify the

other conditions in Definition 4.1. 1§

It is clear that the processes above are the inverses of each other. Thus we
have a bijective correspondence between twisted partial actions of G and Busby-
Smith twisted actions of S(G). Although the theory of crossed products by twisted
partial actions has not been developed, we believe that the crossed products of
corresponding twisted partial actions mentioned in [6] and Busby-Smith twisted
actions are isomorphic. This is, in fact, the case for untwisted actions, since the
semigroup action constructed in Theorem 4.2 factors through the semigroup action
giving the isomorphic crossed product constructed in [22]. We plan to pursue this
in an upcoming paper.

It would be interesting to know if there is a similar correspondence for the
Green twisted actions defined in Section 6 below. It would first be necessary to

find a satisfactory definition of Green twisted partial actions of a group.

5. EXTERIOR EQUIVALENCE

Exterior equivalence is defined by Packer and Raeburn for twisted group actions in

[15]. We extend this definition to Busby-Smith twisted inverse semigroup actions.

DEFINITION 5.1. Two Busby-Smith twisted actions (a, ) and (8, w) of S
on A are exterior equivalent if for all s € S there is a unitary multiplier V; of Ej
such that for all s,t € S

(i) Bs = Ad Vs 0 a;
(i) wsr = Vsas(Iar(p,.) Vi) us,e Vi

We say that the exterior equivalence is implemented by V. Notice that for
all s € 5, asy and 5 have to have the same domain and range. Also note that
Ly(e,aVi € B3 since B3 = 1y(p,.)A™. Hence we can evaluate as(1a(g..) Vi)
if we extend o to the double dual of E,-.
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PROPOSITION 5.2. FExterior equivalence is an equivalence relation.

Proof. Let V implement an exterior equivalence between the Busby-Smith
twisted actions («,u) and (8, w). Then taking adjoints we have ay; = AdV} o s
and usy = as(Iape, o Vi)VViws Ve = VI Bs(Ia(p,) Vi )ws ¢ Ve, so V* imple-
ments an exterior equivalence between (3, w) and («,u), showing symmetry. Re-
flexivity is clear by letting Vi = 15/(g,) for all s € S. To show transitivity let V
implement an exterior equivalence between («,u) and (8, w), and X implement
an exterior equivalence between (3, w) and (v, z). Then

vs = Ad X Vs 0 a,
25t = XsBs(Inr(p, ) Xe)Ws, e X3y
= X Vias(Ia(p, ) Xe) Vi Vsas(Iapp, ) Vi) us i Vi X3
= Xs‘/sas(lM(ES*)Xtm)us,t(XstV;t)* )

which shows that XV implements an exterior equivalence between (a,u) and
(v:2). o

PROPOSITION 5.3. If (a,u) and (B,w) are exterior equivalent Busby-Smith
twisted inverse semigroup actions of S on A, then A Xo, S and A xg,, S are
isomorphic.

Proof. Suppose V' implements an exterior equivalence between («,u) and
(6, w). Let (m, z) be a covariant representation of (8, w), and define vy, = 7(V.*)zs.
We show that (m,v) is a covariant representation of (o, u). If s € S and a € F,-
then
ras(@) = T(V2 Bul@)Va) = m(V)zm(a)z2m(Vs) = vgn(a)or.

We also have

zsm (I, ) Vi) 2t
7T(/BG (1M(E§* )Vt*))zezt
1% 7T(VS)ﬂ'(O‘S(lM(ES* )V;:*))W(Vs*)ﬁ(ws’t)zst

u&t)ﬂ(vsff)zst = 7"'(us,t)vst-

The other conditions of Definition 3.2 are clearly satisfied. Note that the images
of 7 x v and 7 x z are the same, that is, (7 X v)(A Xq,, S) = (7 x 2)(A Xg,u 5).

Now suppose that = x z is a faithful representation of A xg, S. Then
O =(mrxz)to(mxv): AxauS — AxgyuS is a surjective homomorphism.
Similarly, starting with a faithful representation p x [ of A x4, S, we can find
a covariant representation (p,m) of (8,w) such that ¥ = (p x )"t o (p x m) :
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AXgwS — AXqyy S is a homomorphism. We are going to show that Vo @ is the
identity map, which implies that ® is an isomorphism. For a € E; we have

Vo d(ad,) = ¥o (rx2) Hr(a)vs) = Vo (mx 2)  (m(a)n(VF)z,)
= Wo (mx 2)" (m(aV")zs) = U(aV'6;)
= (p x )" H(p(aV)ms) = (p x 1)~ (p(aV)p(Vi)ls)
= (p x )" (p(aV;Vi)ls) = ads. 1
EXAMPLE 5.4. If we have two order-preserving cross-sections ¢,d : S — T in
Proposition 2.5, then the corresponding Busby-Smith twisted actions (3, w) and

(7, #) defined by c and d respectively, are exterior equivalent, and so C*(N) X 3,4, S
and C*(N) % , S are isomorphic.

To see this define Vy = d(s)c(s)* for all s € S. Then we have

vs = Add(s) = Add(s) o Adc(s)* o Ad c(s)
= Add(s)c(s)" o Adc(s) = Ad V5 0 3,

and

VaBs(Lar(e,- ) Vi)ws, i Vi
= d(s)c(s)"c(s)1n(m,. ) d(t)e(t) c(s) c(s)e(t)e(st)" (d(st)e(st)")*
=d(s)d(t)d(st)* = zs 4

showing that V' implements an exterior equivalence between (3,w) and (v,2). 1

6. GREEN TWISTED ACTIONS

Green studies another type of twisted group action in [9], and here we adapt this
to inverse semigroups:

DEFINITION 6.1. Let A be a C*-algebra, let S be a unital inverse semigroup
with idempotent semilattice FE, and let N be a normal Clifford subsemigroup
of S. 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 +—
(vs, Fsx, Es) : S — PAut (A) with E, = A, and for all n € N, 7, is a unitary
multiplier of E,,, such that for all n,l € N we have

(1) 70 = Ady;
(i) vs(Tn) = Tsns+ for all s € S with n*n < s*s;

(iii) TnTl = Tnl-
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We call 7 the twisting map, and we also refer to (4, S, N,v,7) as a Green twisted
action.

EXAMPLE 6.2. Let S, E, N be as in Definition 6.1. Define E; = span (J{[f] :
f < ss* for some idempotent f € E} C C*(N). For all s € S define v : Eg« — Ej
by 7s = Ad s, and for all n € N define 7,, = n. Then (C*(N), S, N,v,7) is a Green
twisted action.

DEFINITION 6.3. Let (A, S, N,~,7) be a Green twisted action. A covariant
representation of the Green twisted action (v,7) is a covariant representation
(m,u) of the action 7 that preserves the twist T, that is, 7 is a nondegenerate
representation of A on the Hilbert space H, and u : S — B(H) is a multiplicative
map such that

(i) usm(a)ul = m(ys(a)) for all @ € Fgx;

(ii) us is a partial isometry with initial space 7(Fq+)H and final space
m(Es)H;

(iil) up = w(1y,) for all n € N.

To evaluate 7(7,,) we again extend 7 to the enveloping von Neumann algebra A**
of A.

DEFINITION 6.4. Let (A, S, N,~,7) be a Green twisted action. The Green
twisted crossed product A x. . S is the quotient of A x., S by the ideal

I, = N{ker (7 x u) : (7,u) is a covariant representation of (v, 7)}.

Our definitions of Green twisted inverse semigroup action and Green twisted
crossed product are generalizations of inverse semigroup action and crossed prod-
uct defined in [22]. Every action 8 of S may be regarded (trivially) as a Green
twisted inverse semigroup action by taking 7, = 154(g,,) for all n in the idempotent
semilattice £ of S, and we have A xg S = A x5, 5.

THEOREM 6.5. There is a bijective correspondence between nondegenerate
representations of the Green twisted crossed product and covariant representations
of the Green twisted action.

Proof. Let ¥ : Ax,S — Ax, .S be the quotient map. If II is a represen-
tation of A x, S then Il o W is a representation of A x, .S and so [Io ¥ =7 x u
for some covariant representation (m,wu) of v by Proposition 3.11. We show that
(7, u) preserves the twist. If a € E,, then for every covariant representation (p, z)
of (v,7) we have (p x 2)(ar,d. — ad,) = p(a)(p(r,,) — z,) = 0 and so

7(a)(7(70) — un) = (7 X u)(atme — ad,) = o ¥(ar,d. — ad,) = I1(0) = 0.
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Thus (7(7,,)* —uj)7(E,)H = {0}. Since 7(r,,)* and u}, are partial isometries with
initial space 7(F,)H, we must have 7 (7,) — u, = 0 and so (m,u) is a covariant
representation of (v, 7).

On the other hand, if (7, u) is a covariant representation of the twisted action
(v,7), then I, C ker (7w x u), and so there is a unique representation 7 X, u of
A xy 7 S defined by m x, u(¥(z)) = (7 x u)(z).

For the uniqueness, note that Proposition 3.11, in the absence of the Busby-
Smith twist, gives a bijection between nondegenerate representations II of A x, .S
and covariant representations (m,u) of (A, S,7). By the above argument, IT kills

the ideal I, if and only if (7, u) preserves the twist 7, so we are done. 1

7. CONNECTION BETWEEN BUSBY-SMITH AND GREEN TWISTED ACTIONS

There is a close connection between Busby-Smith twisted and Green twisted ac-
tions just like in the group case [15]. In this section we show that starting with a
Busby-Smith twisted action we can construct a Green twisted action with the same
crossed product. Conversely, starting with a Green twisted action we construct
a Busby-Smith twisted action with the same crossed product. This latter con-
struction depends on the existence of an order-preserving cross-section, suggesting
that Green twisted actions are “more general” than Busby-Smith twisted actions.
This may seem surprising since in the discrete group case there is an essentially

bijective correspondence between Busby-Smith twisted and Green twisted actions.

THEOREM 7.1. Let (A,S,N,v,7) be a Green twisted action, and suppose

there is an order-preserving cross-section ¢ : SN — S. For q,r € S/N define

ﬁq = Ye(q) and Wq,r = Te(q)c(r)c(qr)*

Then (A, S/N,(B,w) is a Busby-Smith twisted action, and the crossed products
Axy .S and A xg, S/N are isomorphic.

Proof. First we show that (0,w) is a Busby-Smith twisted action. If g,
r € S/N then wg, is a unitary multiplier of E.(g)c(r) = Ee(g)e(r)e(r)c(q)+ Since

Te(g)e(r)e(qry* 1S a unitary multiplier of Ee(g)c(r)c(qr)s = Ee(q)e(r)e(ar)*e(ar)e(r)*e(q) =
Ec(q)c(r)c(r)*c(q)*- It is clear that E[e] =FE.=A. Forq,r e S/N we have

Babr = Ve(@)Ve(r) = Ve(g)e(r) = Ve(a)e(r)e(ar)*clar)
= Ad Te(g)e(r)e(ar)® © Ve(gr) = Adwg.r © Bgr,



TWISTED SEMIGROUP ACTIONS 381

which verifies Definition 2.2 (ii). To check Definition 2.2 (iii) let f € FE and
q € S/N. Then we have

Wifl,qg = Tfe(e([flg)* = 1M(E[f]qq*) = 1M(E[f1q) :

To see this notice that since ¢ is order-preserving and ¢ > [f]q, we have ¢(q) >

c([f]a). Hence fe(g)e([fla)* = fe([fla)e([f]a)™ is an idempotent in [f]gg”™. Simi-
larly wy 5] = lar(m, - It remains to check Definition 2.2 (iv). If p, ¢, r € S/N

and a € Eqp- )Ec(q,q)7 then

Bp(aw,r )wp.ar = Ye(p) (@Te(q)c(r)etqn) ) Tew)etar)ear)*
= Ye(n) (@) Te()e(a)er)elar) ep)* cp)e(ar)etpar)”
= Ye() (@) Te(p)e(@)e(r)e(par)*
= %) (@) Te)e(a)e(pa)* c(pa)e(r)e(par)”
= Bp(a)wp qWpq,r-
Next, we investigate the connection between (v, 7) and (8, w). Let (7, v) be a
covariant representation of (3, w). Define us = m(7yc([s)))v[s). We show that (7, u)

is a covariant representation of (v, 7). First notice that u is a homomorphism since
for s, t € .S we have

(Tse((s])= V1) T (Tee([t])* )V

= T (Tse((s))* )T (Bis) (Tee(ie))= ) Vi1

= W(Tsc([sn*Ta([sntc([t])*c([sn*)W(W[s],[t])v[sﬂ
(
(

To check the covariance condition let s € S and a € F,«, then

usm(a)ug = m(Tse([s])* )]s (@) V[ T(Toe((5])<)
(%c([s]) (Bis(a)))  (by Definition 6.1 (i))
T(Vse([s))e(ls]) (@) = m(vs(a))

where we used the fact that sc([s])* € N. It is clear that u, has the right initial
and final spaces. The following calculation shows that (7,u) preserves the twist

Up = 7T(Tnc([n])*)v[n] = 7r(7—71)1)[n]
= 7(7) Pr(5,m  (by Proposition 3.3 (i))

= TI'(Tn)Pﬂ.(E")H =7(1n).
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We show that im (7 X, u) = im (7 x v). For a € Es we have
m(a)us = m(a)T(Tse([s])* )V[s] = T(ATse((s])* )V[s) € iM (T X V)

and so im (7 X, u) C im (7 x v). On the other hand,

m(a)vpg = W(GT:C([S])*)W(TSC([S])*)U[s] = W(QT:C([S])*)US € im (7 X, u)

and so im (7 X, u) D im (7 X v).
Next let (7, u) be a covariant representation of (v, 7). Define v, = u.g). We
show that (7, v) is a covariant representation of (5, w). If a € Ey« then

7(Bq(a)) = m(Ve(q)(a)) = uc(q)w(a)uz(q) = vgm(a)vg- ,
which shows that the covariance condition holds. We also have

VgUr = Ue(q)Ue(r) = Ue(g)e(r)e(qr)* Ye(qr)
= T(Te(q)e(r)e(gr)* Ve(gr)y = T(Wq,r)Vgr-

It is clear that v, has the right initial and final spaces. It is also clear that
im (7 x; u) D im (7 x v) since for a € Ejy we have m(a)v = 7(a)ucs)) €
im (7w X, u).

Now let m x v be a faithful representation of A xg ., S/N. Then by the above
correspondence, m X, u is a representation of A x. , S such that im (7 x v) =

“lo(mx,u):

m (7 X, u), and so we have a surjective homomorphism ® = (7 X v)
Axy 8 — Axg., S/N. Similarly, starting with a faithful representation p x, z
of A xS, the representation p x (z o c) can be used to find a homomorphism
U= (px;2) o(px(20¢): AxgyS/N— Ax,,S. We show that ¥ o ® is

the identity map, hence ® is an isomorphism. For a € F; we have
U o ®(ads) = Vo (7 x v)fl(ﬂ'(a)us) =Vo(rxv)” ( ()7 (Tse ([s])* )v[s])
= \I](aTsc([s])*é[s]) = (p X Z)_ ( (Z © C))(GTSC([S )* ])
= (p X7 2) " H(p(@)p(Tac(is))= ) Zels]) = (p Xr 2) ™ (p(@) Zsc((s])* Zefs])

= (p %7 2) " (pla)z) = ab,.

ProPOSITION 7.2. If we use a different order-preserving cross-section b :
S/N — S in Theorem 7.1 then we get an exterior equivalent Busby-Smith twisted
action (o, u).

Proof. The exterior equivalence is implemented by V; = 7,(4)(q)- because
for ¢ € S/N we have

By = = Ye(@)b(a)*b(a) = Ve(a)b(a)* Vo(a) = Ad Te(q)b(q)* © Vo(q)s
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and for ¢,r € S/N we have

Va@q(Lna(B,0) Vi)t Var = Te(a)p(@)= T(a) (LM (B ) Te(r)bir)* ) To(a)b(r)bar)* Te(qrb(ar)
= Te(q) LM (B ) Te(r)b(r) To(r)b(ar)* Te(qr)blar)”
= Te(q) LM (B, ) Te(r) To(ar)* To(gr) = Te(qr) = Wa,r- B
Our next goal is to show that starting with a Busby-Smith twisted action we

can build a Green twisted action with the same crossed product. The construction
mimics that of Fell’s in [8], Theorem 1.9.1.

LEMMA 7.3. Let (A, T,3,w) be a Busby-Smith twisted action. The set
S = {u@t TS UM(Et), t e T}

with multiplication and adjoint defined by

UpOp % U Oy = ﬂr(ﬂ;l(ur)ut)wr,tart
(uedy)* = By ' (uf )wye ;Op

is an tnverse semigroup with idempotent semilattice

Eg = {1M(Ef)8f : f S ET},
where Ep is the idempotent semilattice of T. If for u.0; € S, a € Ey- and us0y in
N = {uaf u e UM(Ef), fe ET}
we define
Yuro, (@) = utfr(a@)uy  and Ty, = uy,
then (A, S, N,v,7) is a Green twisted action.

Proof. To verify that S is an inverse semigroup note that the operations are
well-defined and as in the proof of Proposition 3.1, associativity holds for the mul-
tiplication. Also if u;0; € S then by the calculation in the proof of Proposition 3.1

and Lemma 2.3 (xi) we have

Utat(utat)*utat = ﬂt(ﬁt_l
= (B!
= Utu:ﬁt

= w;t*ﬂt

(ut)ﬂt*(ﬁt_*l(ﬁt_l(u:)w:*,t)ut))wt,t*wtt*,tatt*t
(ue) Byt (up Jwi ;) Bee (uy) )wy 4= Oy

(wy. ,t)ﬁt(ﬁt* (ut))wt,t* Oy
(515* (Ut))wt,t*at = 0,
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and similarly (u:0r)*u0s(usdy)* = (u0p)*. Tt is easy to see that Eg is in fact the
idempotent semilattice of S. The definition

w0, ~ v0; if and only if r =t

gives an idempotent-separating congruence on S. The corresponding normal Clif-
ford subsemigroup is N.

If a € B4y~ then we have

Y0, (a0, (@) = wrye (e (@)ug Jus = B (87 (up Jue Be(a)uy B (uy))
= Br (B (uryug)wr e B (@)wr By (uf B (uy)

= VB, (5 (wryur w0, (@) = Vw0, (@),

showing that + is a homomorphism. To verify Definition 6.1 (ii) note that by

Lemma 2.3 (xi), for s = u;0; we have

ss* = BBy (u) By (ui)whe Jwe g Qe = Be(wi )we i Oue = 1ag(,,e) Ot
for all s € S. Thus if n = uy0¢ € N and s = u;0; € S with n*n < s*s then
(B ) Ot = Laa(m) O Ln (e ) Ort = n'ns™s = n'n = 1y, 0,
and so f < t*t. Hence 7,, = uy € Fy«y = E} and we have

Tsns* = 615(5;1(ut)ufﬂ;1(u:)w:*,t)wt’fwtfat
= u Bt (Uf)ufwt,t*tw:t*,tw;t*
= w B (ug)ui =vs(10).-
The conditions in Definition 6.1 (i) and (iii) are easy to verify. 1

DEFINITION 7.4. The Busby-Smith twisted actions (A4,S5,«,u) and
(B, T, ,w) are called conjugate, if there is a pair (p, ) such that p : A — B

and ¢ : S — T are isomorphisms such that for all s,t € S we have

poas =Py op and pusi) = wWe(s),e);

where p is extended to the double dual of A.

The proof of the following is straightforward.
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LEMMA 7.5. Conjugate Busby-Smith twisted actions have isomorphic crossed

products.

THEOREM 7.6. If (A, T,B,w) is a DBusby-Smith twisted action and
(A,S,N,~,7) is the corresponding Green twisted action constructed in Lemma 7.3,

then the crossed products A xg ., T and A %, . S are isomorphic.

Proof. Tt is easy to see that the cross-section ¢ : S/N — S defined by
c([ud]) = 1a1(E,)0: is order-preserving so if for all ¢,r € S/N

By = Ye(q) and Wqr = Te(gyre(r)xe(qr)*

then by Theorem 7.1, (A, S/N,(,@) is a Busby-Smith twisted action and the
crossed products A x, - S and A x5 ; S/N are isomorphic. We finish the proof
by showing that (id, ¢) is a conjugacy between the Busby-Smith twisted actions
(A, T,3,w) and (A, S/N, 3,w), where

o(t) = [Lar(s,)04)-

It is easy to see that ¢ is an isomorphism. For s,t € T we have

Bo(s) = Ve([Lar(r.)0s]) = Ps

and
We(s),p(t) = Tc([ll\l(Es)68])0([1NI(Et)at])c([lM(Est)ast])*
= Tl (pe) 0% 11 (5,) Or+(Las (B44)Ost)*

= IBQT’(ﬁE;rl (wq’r)wzqr)*,qr)wlﬁ"y(lﬂ”)* = Wq,r,

and so we are done by Lemma 7.5. 1

8. DECOMPOSITION OF GREEN TWISTED ACTIONS

Now we prove that in the presence of a normal Clifford subsemigroup, a Green
twisted crossed product can be decomposed as an iterated Green twisted crossed
product. The close analogy with Green’s decomposition theorem [9] gives further
evidence that in the inverse semigroup case, normal Clifford subsemigroups play

the same role as normal subgroups do in the group case.
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THEOREM 8.1. Let (A,S,N,v,7) be a Green twisted action and K be a
normal Clifford subsemigroup containing N. The restriction of v to K gives a
Green twisted action (A, K, N,~,7). Let u X, m be the universal representation of
Ax, - K, and identify A x - K with its image under p x, m. Let

E, =span {u(a)my : a € By, k € K, kk* < ss*}

and define
s : Bgr — Eg by s = Adm.

Let 7, = my, for all k € K. Then (A x, . K,S,K,%,7) is a Green twisted action
and
Axyr S=(Axyr K) x5z 5.

Proof. First we show that (3,7) is a Green twisted action. E, is an ideal
by the calculation in the proof of Proposition 3.7 and the fact that k,l € K
and kk* < ss* imply kl(kl)* < ss* and lk(lk)* < ss*. It is clear that 75 is
multiplicative and preserves adjoints. Since

s (pla)ymy) = msp(a)ymems = msp(a)mimspss = p(7s(@))msps

for all p(a)my € Ek, s is a bijection and therefore an isomorphism of ES* to ES,
hence a partial automorphism of A x., - K. For u(a)my € E(s)- we have

Yse((a@)yme) = Fs (p(ve(a))meke-) = p(vs(ve(a))msikes s« = Fse(p(a)mi),

so to show that ¥4 is a homomorphism from S to PAut A x, ; K we only need
to check that dom#,5; = dom#:. First note that if T € A; then T = lim T}
K3

for some T; € span{u(a)my : a € A,k € K, kk* < tt*}. Hence, p(1pa,))T =
11?1u(1M(At))Ti = T since for a € Ag, k € K and kk* < tt* we have Ap C A; and
SO

t(Larcan)mla)me = p(larca,a)my = p(a)m.
Now, if T € dom 4,%; then % (T') = lim T; for some T; € span{pu(a)my : a € Ay, k €
K, kk* < s*s}. Then '

T =mi p(Larcan))3e(T)me = limmg p(Lagca,)) Time,

S0 to see that T' € dom A, it suffices to show that if a € Ay, k € K and kk* < s*s,
then

m p(Larcanyp(@)mime = p(ve (Larca)@)me ke € Agny-.
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This is true since v (1p7(a,)a) € Apr = Apprrs and t*kE*t < t*s%st = (st)*st.

To see that dom~,y; D dom 7, first note that Et* ) Z(St)* since kk* <
(st)*st implies kk* < t*s*st < t*t. So it suffices to show that if a € Ay, k € K
and kk* < (st)*st then

Fe(pwla)ymp, = mep(a)ympmy = p(ve(a))mies € A,

But this follows since
ve(a) € A = Avgirer = Apptrtorer = Atkt*(tkt*)* = A

and thkt* (tkt*)* = thkk*t* < tt*s*stt* < s*s. We used the fact that tkk*t* =
tkt*tk*t*. This is true because tkk*t* is the unique idempotent in [¢][kk*]|[¢t*] and
tkt*tk*t* is the unique idempotent in [¢][k][t*t][k*][t*] = [t][kk*][t*t][kk*][t*] =
A0 N

Next we show that 7y is a unitary multiplier of Ey. If a € E) for some [ € K
with I[* < kk* then we have p(a)mymy = p(a)my, € Ej, since lk(lk)* = [I* and
so lk(lk)* < kk* and a € E; = Ey~ = Eyqry- = Ei.. We also have mypu(a)m; =
(u(mfa™)my-)* € E}, since Tfa* € Ep and so 17°a* € Ej = Eygr; = Vi (B 1) C
FEyi~ = Ej. Hence 7% is a multiplier of Ek. The multiplier my, is clearly unitary
with inverse mj.

To check Definition 6.1 (i) let k € K and u(a)m; € Ej-. Then a € E, for
some [ € K such that [*] < k*k, so

i (pla)my) = myp(a)mymy, = Trp(a)m .

Since for s € S and k € K with k*k < s*s we have

¥s(Tr) = Vs (mr) = mempmy = Mpsr = Tsks*,
Definition 6.1 (ii) is verified and so we are finished showing that (%, 7) is a Green
twisted action.

Next we find a correspondence between covariant representations of our ac-
tions. First let (IT,v) be a covariant representation of (%, 7). Then II = 7 X, u for
some covariant representation (m,u) of (v|K, 7). We show that (,v) is a covariant
representation of (v, 7) by checking the conditions of Definition 6.3. Condition (i)
follows from the calculation

vsm(a)vg = vsll(p(a)ms-s)vg = (s (u(a)ms=s))
= H('Ys(a')mss*ss*) = 77(’)/5(@))-
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Since v, has final space

I(E,)H = span {II(w(Ep)my) : k € K, kk* < ss*}
= I(pu(Ess- )mssr) = m(Es),

vs has the required initial and final spaces. The equality v, = II(%,) = II(m,,) =
(7)) = w(1y) for all n € N shows that (7, v) preserves the twist.

Next we show that if (7, v) is a covariant representation of (v, 7), then (m X,
v|K,v) is a covariant representation of (3,7). Condition (a) follows from the
calculation

vg (1 %7 v|K) (u(a)mp) v} = vem(a)vpvl = vem(a)vivsv,v}

T(7s(a))Vsksr = (7r X7 UlK) (1(vs(a))msks+)
(7 %7 vIE) (Fs (ula)mi))

where a € Ej, for some k € K satisfying kk* < ss*. Conditions (ii) and (iii) are

clearly satisfied.

Now we investigate the ranges of the corresponding representations. If (7 X,
u,v) is a covariant representation of (¥, 7) and (7, v) is a covariant representation
of (v,7) then for a € E, and s € S we have

(7 %2 v) (ula)ms) = 7(a)vs = m(a)ussevs = ((7 X7 u) X7 0) (@) Mg bs).

Hence the range of 7 X, v is contained in the range of (7 X, u) X v since p(a)mgs« €
E;. On the other hand, for p(a)my € Es«, that is, a € Ej, for some k € K with
kk* < ss*, we have

((7r X+ U) x;v) (u(a)mgds) = m(a) (7T xTu) (Ti)vs = m(a)vpvs = (7r XTU) (u(a)mgs).

Hence the range of (7 X, u) x v is contained in the range of 7 X, v.

Now starting with a faithful representation p x, z of A x, . S we know
that (p x; 2|K) x; z is a representation of (A x, . K) x57 S and ¥ = (p x,
2)71o (p x; 2|K) xz z is a surjective homomorphism. Similarly, starting with a
faithful representation (m X, u) xz v of (A X, K) x5, S we know that = x,
v is a representation of A x,, S and ® = ((7 x, u) xz v)" Lo (7 X, v) is a
surjective homomorphism. The relationship among these maps is expressed by
the commutative diagram:

Axy, S i im (p x; 2)
TrXTvl T(px,.z\K)x;.z
im ((7m X, u) X7 v) — (AxyrK)x578.
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We show that W o ® is the identity map, which implies that ® is an isomor-

phism. For a € E,; we have

Vo d(ad,) = Vo ((rx,u) xzv) Hr(a)vs) = U(p(a)mye-0s)
= (p %7 2)"H(p(a) 255~ zs) = pla)ms. 1
Recall [22] that if § is the canonical action of the inverse semigroup S on
its semilattice £ (Example 2.6), then C*(S) = C*(E) xg S. Also recall that if
[ is the trivial action of S on C, that is, O is the identity for all s € S, then
C*(Gg) = C xg S, where Gg is the maximal group homomorphic image of S.
These results can be extended to Green twisted inverse semigroup actions. Similar

results will be given for Busby-Smith twisted actions in Proposition 9.2.

PROPOSITION 8.2. Let S be an inverse semigroup with idempotent semilat-
tice E, and let K be a normal Clifford subsemigroup of S. For all s € S let E4 be
the closed span of {k € K : kk* < ss*} in C*(K), and define as : Es« — Eg by
as(a) = sas*. Fork € K let o, = k. Then (C*(K), S, K,«a,0) is a Green twisted
action and C*(S) = C*(K) Xa,0 S.

Proof. Let 8 be the canonical action of S on its semilattice E. The result

can be obtained by following through the isomorphism chain
C*(S) =2 C*(E) x5 8 = (C*(E) xp K) x5, S =2 C*(K) Xa,0 S,

using Theorem 8.1. 1

PROPOSITION 8.3. Let S be an inverse semigroup with idempotent semilat-
tice E, and let K be a normal Clifford subsemigroup of S. For all s € S let Es be
the closed span in C*(Gg) of {[k] : k € K, kk* < ss*}, where Gk is the maximal
group homomorphic image of K and [k] is the canonical image of k in C*(Gg),
and define as : Es« — Eg by as(a) = sas™. For k € K let o, = [k]. Then
(C*(Gk),S,K,a,0) is a Green twisted action and C*(Gg) = C*(Gk) Xa,.o S,

where Gg is the mazimal group homomorphic image of S.

Proof. Let (8 be the trivial action of S on C. The result can be obtained by

following through the isomorphism chain
C*(Gg)=C xg S = (C Xg K) X5 7 S C*(K) X, O,

using Theorem 8.1. &
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Recall from [20] that the Cuntz algebra is the C*-algebra C*(O,,) of the Cuntz
groupoid O,,. Paterson recently found a connection between groupoid C*-algebras
and inverse semigroup crossed products [18]. The details of this connection will be
included in his upcoming book. Using his results it is possible to identify C*(O,,)
with a crossed product of Cp(0O2) by the Cuntz inverse semigroup O,,.

Since the only normal Clifford subsemigroup of the Cuntz inverse semigroup
is its idempotent semilattice, there is no nontrivial decomposition of this crossed
product. This is further evidence of the rigidity of the Cuntz relations. The
question remains whether the Cuntz-Krieger inverse semigroups ([10]) have normal
Clifford subsemigroups supplying a possible decomposition of the Cuntz-Krieger

algebras.
9. DECOMPOSITION OF BUSBY-SMITH TWISTED ACTIONS
Since every Busby-Smith twisted action corresponds to a Green twisted action, we

can apply our Decomposition Theorem 8.1 to Busby-Smith twisted actions.

THEOREM 9.1. If (A, T, 3,w) is a Busby-Smith twisted action and L is a nor-
mal Clifford subsemigroup of T with an order-preserving cross-section ¢ : T/L —
T, then the crossed product can be decomposed as an iterated Busby-Smith twisted

crossed product

A X57wT§ (A X 3w L) XBE;T/L

Proof. Let (A,S,N,v,7) be the Green twisted action corresponding to
(A, T, 3, w), constructed in Lemma 7.3. Let ~, denote the idempotent-separating

congruence on 1" determined by L. Define a normal Clifford subsemigroup
K ={u0; :uy e UM(E;), t € L}
of S. The corresponding congruence relation on S is given by
u0p ~ v0; if and only if r ~p t.

By Theorem 8.1 there is a Green twisted action (A %, , K, S, K,7,7) such that

A x-S is isomorphic to (A x, r K) X5 7 S. Define a cross-section

d : S/K — S, d([utat]) = 1M(EC([t]))8C([t]).
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To see that d is order-preserving, let [us0s] < [utd¢] in S/K. Then [us0s] =
[utO * (us0s)* * usds] and so s ~p ts*s. This means [s] < [t] in T/L and so
d([us0s]) < d([ur0y]) because

d([urO¢])d([uedh])* d([urdr]) = Las(e ) Oe(it]) * L (B ) D))= (1))
= We([1)),e([s))*e([s) Oe( ) e([s]) e ([s])
= LM (Be ) Oe(ls))-
Hence by Theorem 7.1 there is a Busby-Smith twisted action (A x, . K, S/K, &, @)
such that (A x,  K) x5S and (A X, ; K) X4,4 S/K are isomorphic. By The-

orem 7.6 there is an isomorphism p : A Xg.,, L — A X, » K, and it is easy to see
that

¢:T/L—S/K,  o([t]) = [Lar(e,)0

is an isomorphism. So if for all s,t € T/L we define

Be=plodpeop and b= p  (lp(s) )

then (A xg.w L,T/L, 8, w) is clearly a Busby-Smith twisted action, which is con-
jugate to (A x4 - K, S/K,&,a). Thus we have the following chain of isomorphisms

A X Bw T=A X7 S = (A X1 K) X5.7 S = (A Xyt K) X &, S/K
~(Axgy L) XG50 T/L. 1
Using Theorem 7.1 we get analogs of Propositions 8.2 and 8.3 for Busby-

Smith twisted actions:

PROPOSITION 9.2. If (C*(N),T/N, 3,w) is the Busby-Smith twisted action
of Proposition 2.5, then

C*(T) 2 C*(N) x 3. T/N.

PROPOSITION 9.3. Let S be an inverse semigroup and let N be a normal
Clifford subsemigroup with an order-preserving cross-section from S/N to S. Then

C*(Gs> = C*(GN) XB,w S/N
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