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Abstract  For a given inverse semigroup action on a topological space, one can associate an étale
groupoid. We prove that there exists a correspondence between the certain subsemigroups and the open
wide subgroupoids in case that the action is strongly tight. Combining with the recent result of Brown
et al., we obtain a correspondence between the certain subsemigroups of an inverse semigroup and the
Cartan intermediate subalgebras of a groupoid C*-algebra.
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0. Introduction

Given an action of an inverse semigroup on a topological space, one can associate an
étale groupoid by taking a germ (see Subection 1.3). For a given étale groupoid, one can
construct groupoid C*-algebras, which are initiated by Renault [9]. It is a natural task
to investigate the relation among them and actually many researchers have been doing
this (for example, see [2, 3]). In this paper, we establish a correspondence between the
set of certain subsemigroups and the set of wide open wide subgroupoids of the asso-
ciated groupoids. We consider inverse semigroups acting on topological spaces in the
“strongly tight” way (see Definition 2.1.1). Our main theorem, Theorem 2.1.10, states
that wide open subgroupoids of associated groupoids with strongly tight actions corre-
sponds to certain subsemigroups of the inverse semigroups. Combining with the work
in [1], we obtain a correspondence between Cartan intermediate subalgebras in groupoid
C*-algebras and certain subsemigroups of inverse semigroups. As an application, we com-
pute all Cartan intermediate subalgebras of the Cuntz algebras, which contains the fixed
point algebras.

This paper is organized as follows. Section 1 is devoted for preliminaries. In § 2,
we investigate open subgroupoids of étale groupoids associated with strongly tight
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actions. Then we establish a correspondence between open wide subgroupoids and certain
subsemigroups (Theorem 2.1.10).

In § 3, we give applications of our correspondence. The first application is regarding
to inverse semigroups which consist of compact bisections of étale groupoids. We show
that a class of open wide subgroupoids of an ample groupoid is described by an inverse
semigroup of compact bisections (Corollary 3.1.3). As the second application, we study
certain subsemigroups of the polycyclic monoids. This study is applied to the computa-
tion of Cartan intermediate subalgebras between the Cuntz algebras and the fixed point
algebras.

In § 4, we summarize the relation between Cartan intermediate subalgebras of C*-
algebras and certain subsemigroups of inverse semigroups. Then we compute Cartan
intermediate subalgebras of the Cuntz algebras which contains the fixed point algebras.

In § 5, we mention the relation between strongly tight actions and tight groupoids.
We give a characterization of a tight groupoid with the compact unit space in
Corollary 5.2.5.

1. Preliminaries

1.1. Inverse semigroups

We recall the basic notions about inverse semigroups. See [4] or [8] for more details. An
inverse semigroup S is a semigroup where for every s € S there exists a unique s* € S
such that s = ss*s and s* = s*ss*. We denote the set of all idempotents in S by E(S): =
{e € S| e? = 2}. It is known that E(S) is a commutative subsemigroup of S. An inverse
semigroup which consists of idempotents is called a (meet) semilattice. A zero element
is a unique element 0 € S such that 0s = s0 = 0 holds for all s € S. A unit is a unique
element 1 € S such that 1s = s1 = s holds for all s € S. In this paper, we assume that
every inverse semigroup always has a zero element, although it does not necessarily have
a unit. An inverse semigroup with a unit is called an inverse monoid. By a subsemigroup
of S, we mean a subset of S which is closed under the product and inverse of S. For
s, t €S, we write s <t if ts*s = s holds. Then this defines a partial order on S. Note
that e < f holds if and only if ef = e holds for e, f € E(S). A pair s, t € S is said to be
compatible if s*t, st* € E(S) holds. Notice that s, ¢ are compatible if there exists u € S
such that s, t < wu. A subsemigroup of an inverse semigroup S is said to be wide if it
contains E(S). A subset I C E(95) is called an ideal if e € I and f < e implies f € I. A
subset C' C I of an ideal I C E(S) is called a cover if for every e € I\{0} there exists
¢ € C such that ec # 0.

For a topological space X, we denote by Ix the set of all homeomorphisms between
open sets in X. Then Iy is an inverse semigroup with respect to the product defined by the
composition of maps. For f, g € Iy, note that f < g holds if and only if dom f C dom g
and f(z) = g(z) hold for all z € dom f.

1.2. Etale groupoids

We recall the basic notions on étale groupoids. See [8, 11] for more details.
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A groupoid is a set G together with a distinguished subset G(?) C G, source and range

maps d, r: G — G© and a multiplication
G?: ={(o,8) € G x G | d(a) =r(B)} 3 (a, ) = af € G

such that

(1) for all z € G, d(z) = z and r(z) = x,
(2) for all o € G, ad() = r(a)a = a,
(3) for all (a, B) € G?), d(aB) = d(B) and r(af) = r(a),
(4) if (o, B), (B, 7) € G, we have (af)y = a(37),
(5)

every v € G, there exists 4/ € G which satisfies (7', 7), (7, 7') € G® and d(v) =
7'y and r(v) = 7.

5

Since the element 4" in (5) is uniquely determined by ~, 4 is called the inverse of v and
denoted by y~1. We call G(©) the unit space of G. A subgroupoid of G is a subset of
G which is closed under the inversion and multiplication. A subgroupoid of G is said to
be wide if it contains G(©).

A topological groupoid is a groupoid equipped with a topology where the multiplication
and the inverse are continuous. A topological groupoid is said to be étale if the source
map is a local homeomorphism. Note that the range map of an étale groupoid is also a
local homeomorphism. An étale groupoid is said to be ample if it has an open basis which
consists of compact sets. In this paper, we mainly treat ample groupoids.

A topological groupoid G is said to be topologically principal if the set

{r e GV | G(z) = {a}}
is dense in G(°), where G(z) is the isotropy group at z € G(©) :

G(z): ={a e G|d(a) =r(a) =1z}

1.3. Etale groupoids associated with inverse semigroup actions

An étale groupoid arises from an action of an inverse semigroup to a topological space.
We recall how to construct an étale groupoid from an inverse semigroup action. We begin
with the definition of an inverse semigroup action.

Let X be a topological space. Recall that Iy is an inverse semigroup of homeo-
morphisms between open sets in X. An action a: S ~ X is a semigroup homomor-
phism S 3 s +— ag € Ix. In this paper, we always assume that every action « satisfies
Ucen(s) dom(ae) = X and dom(ag) = . For e € E(S), we denote the domain of . by
D¢ Then oy is a homeomorphism from D% to D%.. We often omit o of D¢ if there is
no chance to confuse.

For an action a: S ~ X, we associate an étale groupoid S x, X as the following. First
we put the set S+ X: ={(s,2) € Sx X |z € D%, }. Then we define an equivalence
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relation ~ on S * X by declaring that (s, x) ~ (¢, y) holds if
x =y and there exists e € E(S) such that z € DY and se = te.

Set S Xo X: = 5 * X/~ and denote the equivalence class of (s, x) € S * X by [s, z|. The
unit space of S x, X is X, where X is identified with the subset of S x, X via the
injection
Xoz—lez]eSx, X,2e D
The source map and range maps are defined by
d([s,z]) = z,r([s, 2]) = as()

for [s, x] € S x4 X. The product of [s, ay(2)], [t, 2] € S x4 X is [st, x]. The inverse
should be [s, #]7! = [s*, as(x)]. Then S x, X is a groupoid in these operations. For
s € S and an open set U C D%, define

[$,U]: ={[s,z] € Sxq X |2 € U}.

These sets form an open basis of S X, X. In these structures, S X, X is an étale groupoid.

2. Correspondence between subsemigroups and subgroupoids

In this section, we consider strong tight actions of inverse semigroups (Definition 2.1.1).
Then we establish a correspondence between certain subsemigroups of an inverse semi-
group and open wide subgroupoids of an étale groupoid associated with a strongly tight
action (Theorem 2.1.10). Then we observe a condition for an open wide subgroupoid to
be closed in terms of an inverse semigroup.

2.1. Correspondence between subsemigroups and subgroupoids

We begin with the definition of a strongly tight action.

Definition 2.1.1. Let S be an inverse semigroup and X be a locally compact Hausdorff
space. An action a: S ~ X is said to be ample if DS C X is a compact set for all
e € E(S). We say that an ample action a: S ~ X is strongly tight if {Dg}ccp(g) is a
basis of X.

We remark that if there exists a strongly tight action a: S ~ X, then X is totally
disconnected and S x, X is an ample groupoid.

Strongly tight actions are related with the actions on tight spectrums of inverse semi-
groups, which are investigated in [3]. We will see a relation between strongly tight actions
and tight groupoids in § 5.

We construct subsemigroups from wide groupoids.

Definition 2.1.2. Let S be an inverse semigroup, X be a locally compact Hausdorff
space and a: S ~ X be an action. Put G: = S x,, X. For a wide subgroupoid H C G,
we define

Ty: ={s€ S |[s,Dss] C H}.
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Proposition 2.1.3. In the above notation, Ty is a wide subsemigroup of S.

Proof. For e € E(S), [e, D.] € G C H holds. Hence Ty contains E(S).
Next, we show that Ty is a subsemigroup of S. We show st € Ty for s, t € Ty. For
T € D)+ st, it follows that [s, oz ()], [t, ] € H from s, t € Ty. Thus, we obtain

[st,z] = [s, ou()][t, z] € H.

Therefore, we have [st, D)-s¢] C H and st € Tg.

It is clear that Ty is closed under the inverse. Hence Ty is a wide subsemigroup
of S. (]

We define a class of subsemigroups which corresponds to open wide subgroupoids
(c.f. Theorem 2.1.10).

Definition 2.1.4. Let S be an inverse semigroup, X be a locally compact Hausdorff
space and a: S ~ X be an action. A wide subsemigroup 7" C S is said to be a-join closed
if T" has the next property:

‘For every s € S, s belongs to T if and only if there exists a finite set F' C E(S) such
that sf € T holds for all f € F and Dy C UfeF Dy holds.’

Remark 2.1.5. The “only if” part in the previous definition always holds for all wide
subsemigroups 7T'. Indeed, if s € T, then F': = {s*s} satisfies sf € T for all f € F and
Ds*s - UfEF Ds*s~

Proposition 2.1.6. Let S be an inverse semigroup, X be a locally compact Haus-
dorff space and a: S ~ X be an action. For a wide subgroupoid H C S x, X, the wide
subsemigroup Ty C S is a-join closed.

Proof. Take s € S and assume that there exists a finite set F' C E(S) such that sf €
Ty for all f € F and Dy C UfeF Dy. It suffices to show s € Ty. For € D+, there
exists f € F with « € Dy. Since we have sf € Ty, it follows

[s,z] = [sf,x] € H.
Thus, we obtain [s, Ds+s] C H and therefore s € Tyy. O
The proof of the next proposition is left to the reader.

Proposition 2.1.7. Let S be an inverse semigroup, X be a locally compact Hausdorff
space and «: S ~ X be an action. For a wide subsemigroup T" C S, the map

TxoX3tal—[tz] €S xe X
is an open map and an isomorphism onto its image.

Via the map in the previous proposition, 7" x, X is identified with the wide open
subgroupoid of S x, X.
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Lemma 2.1.8. Let S be an inverse semigroup, X be a locally compact Hausdorff
space and a: S ~ X be an action. For a wide subsemigroup T' C S, Trw_ x DT holds.
Moreover, if T' is a-join closed and a.: S ~ X is ample, then Ty  x =T holds.

Proof. The inclusion Ty, x DT is clear. Assuming that T is a-join closed and
a: S ~ X is ample, we show Ty x CT. Take s € Ty, x and fix & € Dg«,. Since we
have [s, 2] € T x4 X, there exists e, € E(S) such that se, € T and z € D, . Since we
assume that Dy«  is compact, there exists a finite set P C Dy with Dysy C UZGP D.,.
Using the condition that T is a-join closed, we obtain ¢ € T. Now we have shown
TTMQX cT. O

Lemma 2.1.9. Let S be an inverse semigroup, X be a locally compact Hausdorff space
and a: S ~ X be an action. Put G: = S x, X. For a wide groupoid H C G, Ty Xo X C
H holds. Moreover, if H C G is open and «: S ~ X is strongly tight, Ty %, X = H also
holds.

Proof. Assume that [s, z] € Ty x, X. Then there exists ¢ € Ty such that [s, z] =
[t, ]. Now we have

[s,z] = [t,z] € [t, Dy=y] C H.

Next, we show the other inclusion Ty X, X D H under the assumption that « is strongly
tight and H is open. Take [s, 2] € H. Since H is open and « is strongly tight, there exists
e € E(S) such that z € D, C D5 and [s, D] C H. One can see [se, Dse)+se] C H, s0
we have se € Ty. Therefore, it follows [s, 2] = [se, x| € Ty Xo X. O

The next theorem follows from Lemmas 2.1.8 and 2.1.9.

Theorem 2.1.10. Let S be an inverse semigroup, X be a locally compact Hausdorff
space and «: S ~ X be an action. Assume that a: S ~ X is strongly tight and put
G: =S x4 X. Let T denote the set of all wide a-join closed subsemigroups of S. In
addition, let ‘H denote the set of all wide open subgroupoids of G. Then maps

To3T —-Tx,XEH
and
H>H —-TgeT
are inverse maps of each other.
2.2. Closedness of subgroupoid
We give conditions where T X, X is closed in S X, X.

Definition 2.2.1. Let S be an inverse semigroup and 7' C S be a wide subsemigroup.
For s € S, we define 71 C E(S) as

JI: ={ec E(S)|secT and e < s*s}.
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Proposition 2.2.2. In the above notation, J. is an ideal of E(S).

Proof. Assume e € J and f <e. Then we have sf =sef € T and f <e < s*s.
Hence we obtain f € JST. O

We remark that
TP ={ee B(S)|e< s}

holds. This ideal appears in [3, Definition 3.11].
Assume that an action a: S ~ X is given. For an ideal J C E(S), we define D(J): =
Uecs De- The next lemma is a slight generalization of [3, Proposition 3.14].

Lemma 2.2.3. Let S be an inverse semigroup, X be a locally compact Hausdorfl space
and «: S ~ X be an action. Assume that we are given a wide subsemigroup T' C S. Then
the formula

[s, D(TL)] = [5, Ds=s] N (T %o X)
holds for all s € S.

Proof. Take [s, z] € [s, D(JL)]. Then there exists e € JI with z € D,. By the
definition of jST, we have se € T and e < s*s. Hence we obtain

[s,2] = [se,x] € [s,Dgrs] N (T X X).

Now we have shown [s, D(JX)] C [s, Dg«s] N (T x4 X). To show the reverse inclusion,
take [s, ] € [s, Ds=s] N (T x4 X). Since [s, 2] belongs to T' x, X, there exists t € T and
f € E(S) such that sf =tf and € Dy hold. Since we have ss*sf =sf =tf € T, s*sf
belongs to J.I. Since we also have z € D5y C D(JT), we obtain [s, z] € [s, D(JT)]. O

Proposition 2.2.4. Let S be an inverse semigroup, X be a locally compact Hausdorff
space and «: S ~ X be an action. Assume that we are given a wide subsemigroup T C S.
The following conditions are equivalent:

(1) T x4 X is a closed subset of S x4 X,

(2) for every s € S, D(JL) is a closed subset of Ds«s with respect to the relative
topology of Dgxs.

Proof. First, we show that (1) implies (2). By Lemma 2.2.3 and (1), [s, D(J1)] is a
closed subset of [s, Dg«s]. Since the restriction of the domain map d: [s, Dgrs] — Dgss
is a homeomorphism, d([s, D(JIX)]) = D(JT) is closed in Dgs,. Next, we show that
(2) implies (1). It follows that [s, D(JZI)] is a closed subset of [s, Dy« ] from the same
argument in the above and (2). We have that [s, Dg«]\[s, D(JI)] is open in S x, X
since [s, Dg«4] is open in S x, X and [s, D(JT)] is closed in [s, D4=,]. One can see that
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the formula

Sxo X\T o X = J([s, Dss]\[s, D(T)])
ses

holds. Hence S x, X\T X, X is open in S X, X, which implies T x, X is closed in
S Xy X. O

The next Lemma is essentially same as the [3, Proposition 3.7]. We give a proof for the
reader’s convenience.

Lemma 2.2.5 (c.f. [3, Proposition 3.7]). Let S be an inverse semigroup, X be a
locally compact Hausdorff space and «: S ~ X be a strongly tight action. Assume that
D, # 0 holds for every e € E(S)\{0}. For a ideal J C E(S) and a finite subset C C J,
the followings are equivalent:

(1) C is a cover of J,
(2) UceC D, = D(j)

Proof. First, we show (1) implies (2). The inclusion |J .- D. C D(J) follows from
C C J. We show the reverse inclusion. Take 2 € D(J). Then there exists ¢ € J such that
x € Dgy. Assume that « € D, holds for all ¢ € C. For each ¢ € C, there exists e. € E(S)
such that = € D,, and D., N D, = () since each D, is closed in X and {D.}.cp(s) is a
basis of X. Since D... = D. N D,. =0 and we assume D, # () for all e € E(S5)\{0}, we
have ce. = 0. Putting p: = ¢[].cc ec, we have p € J\{0} since J is ideal and z € D,,.
However, we also have ¢p = 0 for each ¢ € C, which contradicts to the condition that C

is a cover.
Next, we show (2) implies (1). Take e € J\{0}. Then there exists ¢ € C' such that
D.N D, # 0, which implies ec # 0. Hence C is a cover of J. O

Now we obtain the characterization about the closedness of open wide subgroupoids.

Theorem 2.2.6. Let S be an inverse semigroup, X be a locally compact Hausdorff
space and a: S ~ X be a strongly tight action. Assume that D, # () holds for every
e € E(S)\{0}. For a wide subsemigroup T' C S, the following conditions are equivalent:

(1) T x4 X is closed in S X4 X,
(2) for every s € S, D(JYT) is relatively closed in Dy,
(3) for every s € S, JI' has a finite cover.

Proof. Now it suffices to show that (2) and (3) are equivalent, since Proposition 2.2.4
states that (1) and (2) are equivalent. First, we show that (2) implies (3). Since we assume
that the action a is ample, D, is compact. Then D(J7T) is also compact by (2). Hence
there exists a finite set C' C J! such that {J.co De = D(JJ). By Lemma 2.2.5, C'is a
finite cover of jST.
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Next, we show that (3) implies (2). Take s € S and a finite cover C of JI. By Lemma
2.2.5 again, we have D(J]) = .cc De. Hence we have D(J]') is compact and therefore
closed in Dy« since each D, is compact. O

Wide clopen subgroupoids arise from partial group homomorphisms. We observe this
fact in the remainder of this subsection.

Let S be an inverse semigroup and I' be a group. Put $*: = S\{0}. Amapo: S* =T
is called a partial homomorphism if o(st) = o(s)o(t) holds for any pair s, t € S* with
st # 0. A partial homomorphism gives us a suitable subsemigroup as follows.

Proposition 2.2.7. Let S be an inverse semigroup, I' be a group and o: S* — T'
be a partial homomorphism. Assume that we are given a locally compact space X and
an action a: S ~ X where D, # () holds for each e € E(S)\{0}. Then the following
statements hold:

(1) kero: = o~ 1(e) U{0} is a a-join closed wide subsemigroup of S,

(2) kero x4 X is closed in S X, X.

Proof. First, we show (1). One can see that ker o is a wide subsemigroup of S in a
straightforward way. We show ker o is a-join closed. Take s € S and assume that there
exists a finite set ' C E(S) such that sF" C ker o and Dy« C [y Dy It suffices to show
s € ker 0. We may assume that s # 0. Then there exists f € F such that Dg-s N Dy # 0,
which implies sf # 0. Since we have sf € ker o, it follows

o(s)=o(s)e=o(s)o(f) =oa(sf) =e.

Hence s € kero.
Next, we show (2). Although it is possible to apply Proposition 2.2.4, we show (2) using
a cocycle” on a groupoid. We define the map ¢, : S xo X — I' by

co([s,2]) = a(s), [s,z] €S x4 X.
Then ¢, is a continuous cocycle. One can see that
-1

kero xo X = ¢, " (e)

holds. Hence ker o x, X is closed in S x, X. O

3. Applications and examples

3.1. Inverse semigroups of compact bisections

Let G be an ample étale groupoid. Recall that an open set U C G is called a bisection
if the restrictions d|y and 7|y are homeomorphisms onto the images. Let I(G) denote the

A map from a groupoid to a group is called a cocycle if it preserves the products.
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set of all compact bisections of G. For U, V € I(G), their product UV is defined by
UV:={afeG|laclUpBeV.da) =rB}

Then UV belongs to I(G). It is known that I(G) becomes an inverse semigroup. Note
that the inverse of U € I(G) is given by

Ult={ateG|acU}.

The order of I(G) as an inverse semigroup coincides with the order defined by inclusion.
A pair U, V € I(G) is said to be compatible if U='V and UV~! belong to E(I(G)).
If U, V € I(G) are compatible, U UV is an element of I(G). Note that U UV is the
least upper bound of {U, V'}. Thus, I(G) admits joins of compatible pairs in I(G). A
subsemigroup T' C I(@G) is said to be join closed if all joins of compatible pair of T also
belongs to T'.

For U € I(G), we have a homeomorphism py: d(U) — r(U) defined by

pv(d(a)) =r(a),a e U.

Then the map U — py defines an action p: I(G) ~ G(9). One can see that p is strongly
tight. The following theorem is essentially same as [7, Theorem 2.8].

Theorem 3.1.1 (c.f. [7, Theorem 2.8]). Let G be an ample étale groupoid. Then
G is isomorphic to I(G) x, G.

Proof. For a € G, there exists U, € I(G) such that o € U, since G is ample. Then
[Ua, d(a)] € I(G) x, G is independent of the choice of U,. Thus, we obtain the map

D: G35 ar [Uyd)] € I(G) x, GO,

One can see that ® is an isomorphism as a morphism between étale groupoids. Indeed,
the map ¥: I(G) x, G°) — G defined by ([U, z]) = di;' () is the inverse map of &. [

Lemma 3.1.2. Let G be an ample étale groupoid. Then a wide subsemigroup T C
I1(QG) is p-join closed if and only if T' is join closed.

Proof. Assume that T' C I(G) is join closed. Take U € I(G) and there exists a finite
set F C E(I(G)) such that UF € T and Dy,..; C Uper D Observe that elements in
UF are pairwisely compatible and \/,. - UO = U holds. Since T is join closed, U belongs
to T

To show the converse, assume that T' C I(G) is p-join closed. Let U, V' € T be compati-
ble. Put F: = {U~'U, V-'V} C E(I(G)). Then one can see that (U UV)F={U, V}C T
hold. Since we have

dom(pyuv) = d(U) Ud(V) = dom py U dom py,
we obtain U UV € T by the p-closedness of T'. O

Theorem 2.1.10, Theorem 3.1.1 and Lemma 3.1.2 yield the next corollary.
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Corollary 3.1.3. Let G be an ample étale groupoid. Then there is a correspondence
between the set of all open wide subgroupoids of G and the set of all wide join closed
subsemigroups of I(G).

3.2. Polycyclic monoids

We apply Theorem 2.1.10 to the polycyclic monoids P,. See [5] or [8, Example 3 in
Chapter 4.2] for details on the polycyclic monoids. Remark that the polycyclic monoids
are called the Cuntz semigroups in [8].

Definition 3.2.1. Let n > 2 be a natural number. The polycyclic monoid P, is an
inverse monoid defined by

P, =1<s51,82,...,8, | 8785 =0; ;1 >.
Set ¥,: ={1,2,...,n} and
SN = ()52, | 2 € 8, for all i € N},
It follows that ¥ is a compact Hausdorff space from Tychonoff’s theorem. We write a
finite sequence on 3, like o = (u1, p2, ..., f7), where each 1 is an element of ¥,,. Here,
I € N is called the length of u, which we denote by |u|. The only element of length zero

is denoted by e, which is called the empty word. We denote the set of all finite sequence
on X, by ¥%. For u € %%, we define a cylinder set C(u) C XV as the set of all infinite

no

sequences which begin with u :
C(u): = {(@n) 2y € SN |2y = i for all i = 1,2, ..., |p]}.

We represent an element of C(p) as pz with € XN, Each C(u) is a compact open set
of ¥ and the family of all C(y) is a basis of XI. For u € X%, we define s, € P, as
St = SpaSps  Spyy -

For the empty word ¢ € ¥ we define s. = 1. It is known that an element of P,\{0} is

represented as the form s,s;, for unique p, v € ¥7.
Now we define an action 8: P, ~ . For s,s% € Py, define 3, - : C(u) — C(v) by

Bs,s: (va) = pa,x € TN

Then the map s,s; — fs,s: defines an action 3: P, ~ YN, Since the domain of SpuS),
coincides with C'(u), the action (3 is strongly tight.
For k, | € N, we define

PEL = (s, € Po | lul =k, Jv] = 1},
Observe that

My : = PY* U0} = {sus) € Pu | lul = v[} U {0}
keN

is a wide subsemigroup of P,.
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We investigate (-join closed subsemigroups T° C P,, such that M, C T. For m € N,
define

pro= |J Prufoh
k—lemZ

Then one can see that P* is a (-join closed subsemigroup which contains M,,. Notice
that P? = M,,. Conversely, we obtain the following proposition.

Proposition 3.2.2. Assume that T C P, is a (-join closed subsemigroup which
contains M,,. Then T = P} holds for some m &€ N.

In order to prove this proposition, we prepare a few lemmas. The next lemma follows
from straightforward calculations.

Lemma 3.2.3. For i, j, k, [ € N, we have

piapii )P U{0} (k2 ),
R P (VRN )

Lemma 3.2.4. Let T C P,, be a wide subsemigroup which contains M,,. Then the
following statements hold :

(1) If s,s% € T holds, then P! ¢ T holds.
(2) P! C T implies PLF C T.
(3) P! C T implies P*1LIFL C T
Moreover, if T is B-join closed, then the following holds:

(4) If P®! holds for k, | € Z~g, then PF~11=1 C T holds.

Proof. (1) Assume |u| = |¢/| and |v| = |/| hold for ', v’ € Y. Then we have

Sw s}, Sus, € M, C T. Since we assume s, s;, € T, it follows

* * *
Sp Sy = Sp S, 8uS,SuS, € 1.

Hence we have Pylfl"yl cT.

(2) is clear, so we show (3) next. Take s, s}, € P*! and z, y € ¥,, arbitrarily. Then we
have

* * *
SuzSye = SuSy,SvaS,, €T,

where we use the fact s,,s5, € M,, CT. Using (1) in the above, we obtain
PEtLI41 cT
> .
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Finally we show (4) under the assumption that 7 is 3-join closed. Take s, s}, € PF=1I=1,
For each x € ¥,,, we have

* * *
818, 8028y, = SuxSyy €T,

since we assume P! C T. Observe that

D(BSLLS::)*S;LS; = DSBVS: = U DSBI/IS* <:C<V))
€L,

v

Since T is B-join closed, we have s,s; € T. Hence we have shown P¥~1Li=1 c T g

Proof of Proposition 3.2.2. We may assume that M, C T. We define
m: = min{||p| — |v|| € N|s,s;, € T\M,}(>0).

We show T' = P)". By the definition of m, there exists s,s;, € T such that ||u| — |v|| = m.
Since T is closed under the inverse, we may assume || — [v| = m. Using (1) of Lemma
3.2.4, we have piEvl -, Applying (4) of Lemma 3.2.4 repeatedly, we obtain P70 C T
and it follows PO™ C T from (2) of Lemma 3.2.4. Now one can see that P*! C T holds
for k, | with £k — [ € mZ. Hence we obtain P/* C T

Next, we show 17" C P*. Assume that there exists s,s;, € T such that s,s}, & P". We
may assume that |u| > |v|. Take a, b € N such that |u| — [v|=am +band 1 <b<m — 1.
We have PYI"l ¢ T by (1) of Lemma 3.2.4. Using (4) of Lemma 3.2.4 repeatedly, we
have P¢m+50  T. Since we have P9 C T, it follows

P7(la—1)m+b,0 c Pgm-{-b,OP;Ln,O c T7

where we used Lemma 3.2.3. Repeating this argument inductively, we obtain P>? c T.
This contradicts to the minimality of m. Now we have shown T' = P)". (]

By Theorem 2.1.10 and Proposition 3.2.2, an open proper intermediate subgroupoid
between P, x, XN and M, x5 XY is given by the form P™ xz XY for some m € N.
Now we see P x5 YN is closed. Observe that P, xg XY has a continuous cocy-
cle ¢: P, xg XN — 7Z defined by c([s,sk, x]) = |u| — |v|. Since we have P x5 3l =
c~1(mZ), it follows that P™ x5 X is a closed subset of P, x5 ¥5. Hence we obtain
the next proposition.

Proposition 3.2.5. Every open wide normal subgroupoid of P,, Xz YN which contains
M, x5 XN is closed.

It follows from Corollary 5.2.5 that P, xg X is isomorphic to the tight groupoid of
P,,. See § 5 for more details.

4. Applications to the theory of C*-algebras

4.1. Analysis of cartan intermediate subalgebras by using inverse semigroups

In this section, we explain a correspondence between Cartan intermediate subalgebras
and certain subsemigroups of an inverse semigroup.
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Definition 4.1.1. Let A be a C*-algebra. A commutative subalgebra D C A is called
a Cartan subalgebra if the following conditions hold :

(1) The inclusion D C A is non-degenerate (i.e. D contains an approximate unit
for A).

(2) The set of normalizers generates A, where n € A is called a normalizer if nDn* U
n*Dn C D holds.

(3) There is a faithful conditional expectation E: A — D.
(4) The commutant D’ coincides with D, where D': = (,.p{a € A | da = ad}.

In this case, we call (A, D) a Cartan pair.

We investigate a certain class of intermediate C*-subalgebras between Cartan pairs
defined as follows.

Definition 4.1.2. Let (A, D) be a Cartan pair. Then an intermediate C*-subalgebra
D C B C A is called a Cartan intermediate subalgebra if (B.D) is a Cartan pair.

Renault’s cerebrated theorem states that a Cartan pair arises from a twisted groupoid.
We refer to [1, 10, 11] for twists of étale groupoids. A twisted groupoid over G is a
topological groupoid ¥ with the central extension

cOxToydq,

where T is the circle group. In this paper, this twist is abbreviated to ¢: ¥ — G. We denote
the reduced C*-algebra of the twist ¢: ¥ — G by C5(X). Recall that C}(X) contains
Co(G®) as a subalgebra. We denote the reduced C*-algebra of G' by C5(G), which is
isomorphic to the reduced C*-algebra of the trivial twist G x T — G.

Theorem 4.1.3 (Renault [10, Theorem 5.9]). Let (4, D) be a Cartan pair where
A is separable. Then there exists a twist ¢: ¥ — G such that A is isomorphic to C5(X)
via an isomorphism which maps D to Co(G(?)), where G is second countable topologically
principal locally compact Hausdorff étale groupoid. This twist q: ¥ — G is unique up to
isomorphism.

Remark 4.1.4. We shall remark that étale groupoids arising from Cartan pairs are
Hausdorff, while étale groupoids arising from inverse semigroup actions are not necessarily
Hausdorff. In [3, Theorem 3.15], the authors obtained a necessary and sufficient condition
where étale groupoids arising from inverse semigroup actions are Hausdorff.

From now on, we identify C5 (%) and Cy(G(?)) with A and D respectively for a Cartan

pair (A, D).
Let ¢: ¥ — G be a twist and H C G be a wide open subgroupoid. [1, Lemma 3.2]
states that Yz : = ¢~ !(H) naturally becomes a twist over H and there exists a natural

inclusion C5(Xg) C C5(X). The authors in [1] showed this map H — C5(Xy) gives a
certain correspondence as follows.
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Theorem 4.1.5 (Brown et al. [1, Theorem 3.3, Lemma 3.4]). Let (A, D) be a
Cartan pair with a separable A and q: > — G be an associated twist. Then the above
map H — C§(Xpy) gives a one-to-one correspondence between the set of open wide sub-
groupoids of G and the set of Cartan intermediate subalgebras D C B C A in the sence
of Definition 4.1.2. In addition, there exists a conditional expectation from C}(X) to
C5(Xg) if and only if H C G is closed.

Combining Theorem 4.1.5 with Theorem 2.1.10, we obtain the next Corollary.

Corollary 4.1.6. Let (A, D) be a Cartan pair with separable A and q: ¥ — G be an
associated twist. Assume that G=.S x, X holds for some strongly tight action a: S ~ X.
Then there exists a one-to-one correspondence between the set of a-join closed wide
subsemigroups of S and the set of Cartan intermediate subalgebras D C B C A. More
precisely, the map T +— C%(YXrx,x) gives the above correspondence.

Example 4.1.7. We investigate certain subalgebras of the Cuntz algebras by using
the polycyclic monoids here. For n € N with n > 2, the Cuntz algebra O,, is the universal
unital C*-algebra generated by isometries Si, ..., S, which satisfy Cuntz relation as
follows:

S;S; =61, 8iS; = 1.
i=1

For a finite sequence u = (u1, ..., 47) on {1, ..., n}, we define
SH: - SIMSIM "'S,ul'

Then O, is the closure of the linear span of {S,S;},., where 1 and v are taken over
the all finite sequences on {1, ..., n}. Let D, be the subalgebra of O, generated by
{85} } s where pu is taken over the all finite sequences on {1, ..., n}. We denote the
gauge action by 7: T ~ O,. Note that the gauge action satisfies 7,(S5;) = 2.5; for all
ze€Tandi=1, 2, ..., n. We denote the fixed point algebra of T by

o]: = ﬂ{ern | 7. (x) = z}.

z€T

Then O], is the closure of the linear span of
{555 € On | [l = [v[},

where |p| denotes the length of p.

The polycyclic monoids have strongly tight actions 3: P,, ~ XN described in § 3.2.
Put G,: = P, x5 X). Then G,, is a topologically principal locally compact Hausdorff
second countable ample groupoid. For s; € Py, let x(s,, Do, ] denote the characteristic

function on [s;, Dg:s,] C Gp. Then {x(s, p_.. 1}i; are elements of C5(Gy) and generate

s

Cx(Gp). Since {x[s,,D... ] }i=1 satisfies the Cuntz relation, O,, and C}(G,,) are isomorphic
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via the unique isomorphism ®: O,, — C5(G,,) such that ®(S;) = x(s,,p.... | holds for all
1=1, ..., n. One can see that l

®(Dy) = C(%}) and ®(07) = CX(My x5 X))
hold. Define O] C O,, to be the subalgebra generated by
{SuSy € On | [ul = [v] € mZ}.
One can see that
B(O) = C3(Py ws )

holds. Therefore, it follows from Proposition 3.2.2 that a Cartan intermediate subalgebra
O] C B C O, coincides with O] for some m € N. Moreover, every Cartan intermediate
subalgebra between O] and O,, admits a conditional expectation from O,, by Proposition
3.2.5 and Theorem 4.1.5.

We note that O} is isomorphic to O,m. Indeed, {5, }|,j=m generates O] and satisfies
the Cuntz relation.

5. Relation between strongly tight actions and tight groupoids

In this section, we observe that tight groupoids, which are investigated in [3], are related
with strongly tight actions.

5.1. Tight groupoids

First, we recall the definition of tight groupoids. Refer to [2] or [3] for more details. Let
S be an inverse semigroup. A character on E(S) is a non-zero semigroup homomorphism
from E(S) to {0, 1}, where {0, 1} is equipped with the usual multiplication. We denote
the set of all characters on E(S) by E(S’) Letting E(S) be equipped with the point-
wise convergence topology, E (S) is a locally compact Hausdorff space. For a & € E (9),
E71({1}) c E(S) is a proper filter in the following sense :

(1) €71({1}) does not contain 0,

(2) if e and f belongs to £71({1}), then ef also belongs to ¢~1({1}),

(3) ife € £71({1}) and f > e hold, then f belongs to £~1({1}).

A character £ € E(S) is called an ultracharacter if €1({1}) is a maximal proper filter.
A character £ € E(S) is an ultracharacter if and only if there is no character n € E(S)
such that & < n holds. The set of all ultracharacters on E(S) is denoted by Fo(S). The

closure of Eoo(S) in E(S) is denoted by E‘tight(S). An element in FEijgny(S) is called a
tight character.
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We define the spectral action 3: S ~ E(S). For e € E(S), put
Dl: ={§ € E(8) | &(e) =1}

Note that D? is a compact open set of E(S). For s € S and ¢ € DY, _, define 3,(¢) € DZ..
by

Bs(&)(e): =&(ses),e € E(S).

Then Ss: D Di* is a homeomorphism. The map s — [ defines an action 5: .S ~

s*s

E(S). Tt is known that E.(S) and Etight(S) are [-invariant (see [2, Proposition 12.11]).
The restrictions of 5 to Ex(S) and Eiign (S) are denoted by

Oso: S~ Eso(S) and 0: S ~ Eyign (S)
respectively. The tight groupoid of S is defined as Giight(S): = 5 Xy Etight (S).

5.2. Characterization of tight groupoids

In this subsection, we characterize strongly tight actions with non-empty domains. The
proof of the next proposition is left to the reader.

Proposition 5.2.1. Let S be an inverse semigroup, X be a locally compact Hausdorff
space and a: S ~ X be an action. For x € X, we define &,: E(S) — {0, 1} by

. 1 @eDy),
Gl {0(m¢D9-

Then &, € E(S).

Strongly tight actions with non-empty domains are characterized as the following
theorem.

Theorem 5.2.2. Let S be an inverse semigroup, X be a locally compact Haus-
dorff space and a: S~ X be a strongly tight action such that D. # () holds for
each e € E(S)\{0}. Then the map X >z — &, € E(S) in Proposition 5.2.1 gives a
homeomorphism

X oa & € Ex(S)
which induces an isomorphism
Sxe X D[s,x]—[5,&] €S KXo EOO(S).

Proof. This is a simple modification of [12, Proposition 5.5]. We give a proof for the
reader’s convenience. R R

For z € X, we show &, € Fs(S). Assume that there exists n € E(S) such that &, < n.
Then there exists f € E(S) such that &,(f) =0 and n(f) = 1. Since we assume that
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{Dg}eer(s) is a basis of X, there exists e € F(S) such that x € D¢ and Dg N D¢ = ().
By the assumption &, <7, we have n(e) =1. By D¢y = DgnD§ = (), we have ef =
0 and therefore, n(ef) = 0. This contradicts to n(ef) =n(e)n(f) =1. Hence &, is an
ultracharacter. R

We define the map ®: X 5z — &, € E(S5). We show that ® is a homeomorphism.
It is easy to show that ® is continuous. To show that ® is injective, take z, y € X with
x # y. Since a family {D¢ }ccp(s) is a basis of X, there exists e € E(S) such that z € D2
and y ¢ D2. Then £, (e) = 1 and &,(e) = 0. Therefore, we have &, # &, and ® is injective.

Next, take £ € Ex(S) to show that ® is surjective. Because a family {D2 | (e) = 1}
has the finite intersection property, ng(e):1 D¢ is not empty. Take z € mg(e):l D¢. Then
we have £ < £,. By the maximality of £, we obtain £ = £,. Therefore, the map x — &, is

surjective.

Now one can check that ®(D%) = D? holds. Using this, it follows that ® is a
homeomorphism.

It is straightforward to check that there exists a (unique) isomorphism which maps
[s, 7] € S Xo X to[s, &) € S xg_ Eoo(S). O

Remark 5.2.3. It seems difficult to drop the assumption that D, # 0 for e €
E(S)\{0}. Define matrices
(10 (0 0
P=\o 0)'7 o 1)

Then E: = {0, p, ¢, 1} is a semilattice with respect to the usual multiplication. Let
X = {z} be a singleton. Define an action a: E ~ X by declaring D; = X and D, =
D, = Dy ={). Then « is strongly tight, although E is not homeomorphic to X. Note
that &, which is defined in the proof of Theorem 5.2.2, is not an ultracharacter. Therefore,
it seems difficult to find a natural map between X and E.,

The author in [6] showed the following theorem.

Theorem 5.2.4 (Lawson [6, Theorem 2.5]). Let E be a semilattice with zero and
unit elements. Then EOO = Etlght holds if and only if EOO is compact.

Theorem 5.2.2 and Theorem 5.2.4 yield the following characterization of tight
groupoids.

Corollary 5.2.5. Let S be an inverse semigroup. Consider the following conditions.
(1) S has a strongly tight action on a compact Hausdorfl space X .

(2) ]ET?(S)(><J is compact,

(3) E(S)tight = E(S)oo-

Then (1) < (2) and (2) = (3) hold. If S has a unit element, (3) = (2) also holds.
Moreover, if (1) holds, then S x X is isomorphic to Gyign(.S).
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Remark 5.2.6. The implication (3) = (2) in Corollary 5.2.5 dose not necessarily hold
in general. Let F be a semilattice generated by 0 and {p;};cn with the relation

i (i=1),
o {o (i #3).

Then EOO = Etight holds, although Eoc is not compact. Indeed E\Oo is homeomorphic
to N.

Remark 5.2.7. There exists a semilattice £ such that Eoo is a locally compact
although E. C Eyeny holds. Let E be the semilattice in Remark 5.2.6. Put E': =

EU{1}. Then E', is locally compact. In addition, we have E\loo - E\ltight. Indeed,
El'y and Elgne are isomorphic to N and NU {oo} respectively. Therefore, we can not
relax the condition (2) in Corollary 5.2.5.
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