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ETALE INVERSE SEMIGROUPOIDS - THE FUNDAMENTALS

LUIZ GUSTAVO CORDEIRO

ABSTRACT. In this article we will study semigroupoids, and more specifically inverse semigroupoids.
These are a common generalization to both inverse semigroups and groupoids, and provide a natural
language on which several types of dynamical structures may be described. Moreover, this theory allows
us to precisely compare and simultaneously generalize aspects of both the theories of inverse semigroups
and groupoids.

We begin by comparing and settling the differences between two notions of semigroupoids which
appear in the literature (one by Tilson and another by Exel). We specialize this study to inverse
semigroupoids, and in particular an analogue of the Vagner-Preston Theorem is obtained. This rep-
resentation theorem leads to natural notions of actions, and more generally A-preactions and partial
actions, of étale inverse semigroupoids, which generalize topological actions of inverse semigroups and
continuous actions of étale groupoids. Many constructions which are commonplace in the theories of
inverse semigroups and groupoids are also generalized, and their categorical properties made explicit.
We finish this paper with a version of non-commutative Stone duality for ample inverse semigroupoids,
which utilizes several of the aforementioned constructions.

1. INTRODUCTION

Groups, semigroups and categories are ubiquitous in Mathematics. The dynamical systems associated
with such structures are usually assumed to satisfy some form of associativity, roughly stating that
“performing certain related operations in any order will always yield the same result”. This is clearly the
case, for example, when considering group actions. Moreover, different components of a given system
play different roles: Given a left action of a group G on a set X, the elements of G can be composed
both with elements of G (on either side) and with elements of X on their right (via the action), however
elements of X can only be composed with elements of G on their left. This leads us to consider partially
defined operations.

Semigroupoids are an algebraic abstraction of these concepts: they are sets with partially defined
binary operations with are associative in a precise way. In particular, the two most prominent examples
of semigroupoids are categories and semigroups.

Whereas the most common categories one first encounters consist of unrelated objects of a given sig-
nature, such as the categories of rings, topological spaces, posets, etc. ..and certain structure-preserving
maps between them, we consider a more algebraic-geometric approach: categories (and semigroupoids)
ought to be regarded as collections of transformations between subobjects of a single object. The classical
version of this approach is well-established, where one seeks to understand a given object by looking at
its automorphism group. This is the first motivation for this work.

This approach — to study an object by analyzing its “partial automorphisms” — has been popularized
in the contexts of Topological Dynamics and Operator Algebras mainly after the introduction of partial
actions of groups by Exel on his study of the structure of C*-algebras endowed with circle actions, [14].
This turned out to be a rich an fruitful research direction, since it allows one to consider algebras and
topological dynamical systems which are not induced (in any natural fashion) by a group action, but
rather from transformations among its subsets (see |3, 28, 31], for example).

A variation on the “partial transformation” approach was taken by Sieben in [39, 43|, who instead
considered actions of inverse semigroups on topological spaces and algebras. Inverse semigroups have
been thoroughly studied in the last century, which provides solid foundation for this approach.

Another approach to Topological Dynamics and Operator Algebras, and which in fact predates the
works above, is the usage of groupoids, which have played a central role in the theory of C*-algebras
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since Renault’s seminal work [40], since they provide a geometric counterpart to a large class of (non-
commutative) C*-algebras. In simple terms, and as an interpretation of |41, Theorem 5.9], groupoids
are the “non-commutative spectra” of “non-commutative, dynamical C*-algebras”.

Groupoids, partial actions of groups, and actions of inverse semigroups — or more generally partial
actions of inverse semigroups — are related via the constructions of “groupoids of germs” and “crossed
products”. We refer to |1, 13, 4, 19, 12,137, 39, 44]. In fact, groupoids and inverse semigroups may be seen
as dual to each other, via the non-commutative Stone duality of Lawson-Lenz, [27]. We also refer to
|8, 116, 42] for related studies.

Actions of groupoids have also appeared throughout the literature, in the context of Lie theory (|36]),
algebraic topology (]3]), operator algebras and topological dynamics (|8, 19, 2]). A generalization of
groupoids and inverse monoids, called inverse categories, were initially introduced in |23] and have been
considered in recent work, e.g. in the study of tilings (|24]), logic and recursion theory (|10, 122]) and
crossed product algebras (J46]).

The main goal of this article is to study the structure of inverse semigroupoids, which are a common
generalization of both inverse semigroups and groupoids. First we begin by comparing the notions of
semigroupoid used in |29, 45] to that of |L7], which is more general. After that, we introduce inverse
semigroupoids and prove some basic facts about their structure (some which had already been proven
in [29]). We follow with a representation theorem, which is an analogue of Cayley’s Theorem for groups
and the Vagner-Preston theorem for inverse semigroups. It motivates a notion of action, and more
generally A-preactions and partial actions of inverse semigroupoids on semigroupoids, in a manner which
covers previously used notions for inverse semigroups and for groupoids. These are used to construct
“semidirect products” which generalize transformation groupoids of partial group actions, semidirect
products of inverse semigroups, semidirect products of groupoids, among others.

In the third section we look at topological semigroupoids, specializing to the étale inverse semigroupoid
case, and generalize some results known for topological groupoids to this setting. The fourth section
generalizes some constructions from the theory of inverse semigroups, and we describe their categorical
properties explicitly. The fifth and last section contains a generalization of non-commutative Stone
duality to the context of inverse semigroupoids.

Notation and running conventions. The domain and codomain of a map f are denoted by dom(f)
and cod(f), respectively. The image of a subset A C dom(f) is denoted as f(A), and the range of f is
ran(f) := f(dom(f)). Note that cod(f) = ran(f) if and only if f is surjective.

Given maps fz Xz — }/z (’L = 1,2), we define fl X f2: Xl X X2 — }/2 X }/2 as (fl X f2)(1'1,1'2> =
(fl(xl),fg(xg)). If X1 = X2 = X, we define (fl; fg): X — Y1 X }/2 as (fl,fg)(x) = (fl(l'>, fQ(SC)) The
identity map of a set X is denoted as idx, and more generally ide stands for the identity functor of a
category C.

We denote as N = {0,1,2,...,} the set of non-negative integers, and as N>; = N\ {0} the set of
positive integers.

We assume familiarity with inverse semigroups and étale groupoids. The main references are |26, 137]
(see also the author’s PhD thesis [11]). A semilattice is a poset (P, <) admiting binary meets (infima),
and is always regarded as an inverse semigroup under meets: ab = a A b = inf {a, b} for all a,b € P.

1.1. Setoids, bundles and partitions.

Setoids. A setoid is a pair (X, R), where X is a set and R is an equivalence relation on X. Equivalently,
a setoid is a principal groupoid. A morphism of setoids (X, Rx) and (Y, Ry) is simply a relational
morphism, that is, a map f: X — Y such that (f x f)(Rx) C Ry. Equivalently, a morphism of setoids,
seen as principal groupoids, is simply a groupoid homomorphism.

Bundles/Fibrations. A bundle or fibration is a function 7: X — X(©) X () ig called the base space,
and we say that X1 is fibred over X9, or that 7 is a bundle over X(©). Although of most insterest are
the surjective bundles, we do not make such an assumption.

A morphism between bundles (X, XM 74} and (Y, Y 7y) is a pair f = (£, f) of maps
f@: Xx® 5 y® (5 =0,1) such that f(O oy = my o f(1). In other words, bundles and their morphisms
are simply the category of arrows of SET, the category of sets and functions (see [30, p. 40]).

Partitions. A partition is a pair (X, &), where X is a set and £ is a partition of X (i.e., a collection
of nonempty, pairwise disjoint subsets of X such that |J & = X). A morphism between partitions
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(X, Zx) and (Y, Py) is amap f: X — Y such that for every A € Px, there exists B € Z(Y) such
that f(A) C B.

Setoids, surjective bundles and partitions are equivalent concepts. More precisely, the categories STD,
BDL,, and PART which they respectively define are equivalent:

(1) Given a setoid (X, R), we construct the bundle (X/R, X, 7x), where X/R is the quotient space
and mx: X — X/R is the quotient map. Given a morphism of setoids f: (X, Rx) — (Y, Ry),
there exists a unique map f(©): X/Rx — Y/Ry such that f(°) o rx = my o f. Then (f(, f) is
a morphism of bundles.

(2) Given a bundle (X, X 7), we consider the partition Zx = {n~!(2) : z € 7(XW)} of X,
Given a bundle morphism f = (f©@, fM): (X©, XD 7x) = (YO, v® 7y), the map fO) is
a morphism of partitions f(: (XM, 2x) — (Y1) 2y).

(3) Any partition (X, Z) induces an equivalence relation Rg on X as

Ro ={(z,y) € X x X : there exists A € & such that z,y € A}

Given a morphism of partitions f: (X, Zx) — (Y, Py), the same map f: X — Y is also a
morphism of setoids.

All of these constructions are functorial. If we denote F': STD — BDLgy, G: BDLg,, — PART
and H: PART — STD the functors described above, then H o G o F = idgyp, G o F o H is equivalent
to idBpr,,,, and F o H o G = idparr- In particular, these three categories are equivalent (STD and
PART being in fact isomorphic). We will, therefore, not make any meaningful distinction between these
concepts.

Bundles are generally easier to describe in the topological setting: A continuous or topological bundle
is a continuous map 7: XM — X () between topological spaces. In this setting, we also consider only
bundle morphisms f = ( fD, O such that f© and f) are continuous. Equivalently, continuous
bundles and their morphisms form the category of arrows of TOP, the category of topological spaces
and continuous maps.

Given bundles (fibrations) 7;: X; — X(© (i = 1,2,) over the same base space X (), the fibred product
of m; and 7y is

Xl 7‘_1*7‘_2 X2 = {(1‘1,1’2) S X1 X X2 : 7T1(£L'1) = 7T2(£L'2)} .

1.2. Graphs. Graphs will be used in the description of semigroupoids, and provide a geometric picture
which will be useful throughout this paper. The graphs we consider are sometimes called directed
multigraphs, since all edges come with a direction and we allow multiple edges between points.

Definition 1.1. A graph is a tuple G = (G(O), G s, t), where GO and G are classes of vertices and
arrows, respectively, and s,t: G — G are functions, called the source and range maps.

Alternative terminology is sometimes employed. Elements of G(©) are also called objects or units;
elements of G(Y) are called edges; The source map is also called the domain map, and the range map the
target or codomain map. We may alternate between these terminologies depending on the context. If
necessary, we will use subscripts to specify the graph G, as in writing sg and tg.

We usually write simply G in place of G(), so that an inclusion of the form ¢ € G means that ¢ is an
arrow of G.

Note that the source and range maps give fibred structures on G over G(®). Moreover, we will
generally assume that G = s(G) U t(G), in the same manner that surjective bundles are the ones of
interest.

A graph morphism ¢: G — H between graphs G and H is a pair ¢ = (69, ¢(1)) of maps ¢(®: G —
HO and ¢W: GW — H® guch that s7 00 = ¢ 055 and vy 0™ = ¢ o rg. In other words,
it is a simultaneous fibred morphism from G to H over their respective source and range maps. A
graph isomorphism is a graph morphism ¢ such that both ¢(® and ¢() are bijective, and in this case
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¢t = ((¢)~1, (¢(1V)~1) is also a graph morphism.
1 1

G — g G — gO o | e (@
EGJ JsH tGJ JtH PION o) i ' (0
0) — 77(0) 0) —— £7(0) . i . H

A sink in a graph is a vertex v € G(©) such that s~'(v) = @. A source in a graph is a vertex v € G(©)

such that t=1(v) = @.
\ /’

—_— @ o ——>

e o~

A sink A source

We will interpret the arrows of a graph as functions, and thus they will be composed from right to left,
as functions are. Given k € N>, we consider the set of k-paths of a graph G as

G®) = {(91, cs k) € (GU)F 1 5(g5) = ¥(givn) for all Z}

Naturally, edges of G are identified with 1-paths, so the notation G) is unambiguous in this manner.
We regard G*) as a graph itself, with vertex set G(?) and the source and range maps given by

s(g1,--,98) = 5(gx) and (g1, ..., 98) =t(g1).

We also regard G(©) as a trivial graph with vertex set G(?), and the source and range maps the identity
function: s,t = idg .

If G and H are graphs over the same vertex set G(*) = H(©) we make the fibred product G . H into
a graph over that same vertex set, with source and range maps t(g,h) = t(g) and s(g,h) = s(h). The
construction of graphs of paths obey the “rules of exponentiation”, where the fibred product . takes
the role of the product: given k,p € N>(, we have natural isomorphisms

(G(k))(p) o ;(Pk) and G o G®) =~ qk+p)

2. INVERSE SEMIGROUPOIDS

2.1. Exel and graphed semigroupoids. We will now define semigroupoids, which are generalizations
of both semigroups and categories. Every category € comes with an underlying graph structure, where
vertices and arrows correspond respectively to objects and morphisms of €. However, the vertex set of
C can always be recovered from the arrow set, by identifying each object to its corresponding identity
morphism, and so categories may be defined purely in terms of their arrow space. This becomes an issue
in the case of semigroupoids, where we do not have identity elements (or something similar) anymore.
We have two working definitions of semigroupoids: One purely algebraic, introduced by Exel in [17], and
one where we assume an underlying graph structure, introduced by Tilson in [45]. It should be noted
that every semigroupoid in the sense of Tilson is a semigroupoid in the sense of Exel (Proposition [Z1T]).

To avoid any confusion, we will use capital greek letters A, T, ... to denote semigroupoids in the sense
of Exel, without a priori underlying graph structures. These are called simply semigroupoids, or FExel
semigroupoids whenever such precision is warranted. Capital caligraphic latin letters §,7,... will be
used to denote semigroupoids in the sense of Tilson, with an underlying graph structure, and these will
always be called graphed semigroupoids.

Definition 2.1 (|17, Definition 2.1]). An Ezel semigroupoid or simply semigroupoid is a set A equipped
with a subset A2l C A x A and a product map p: Al — A, denoted by concatenation, u(f,g) = fg,
which is associative in the following sense: For all f, g, h € A, the statements
(i) (f,9) € A and (g,h) € A
(ii) (f,9) € A and (fg,h) € A2
(iii) (g,h) € A and (f,gh) € AIZ;
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are equivalent and in case any (all) of them holds, we have (fg)h = f(gh). If necessary for precision, we
will say instead that the triple (A, A%l 1) is a semigroupoid.

We use square brackets when denoting the subset A2l of A x A to stress the fact that A has no graph
structure. Moreover, instead of saying that a pair (f,g) belongs to AR we may simply state that “the
product fg is (well-)defined”.

The product of subsets of a semigroupoid A is regarded in the standard manner: If A, B C A, the set
AB consists of all products ab which are defined, where a € A and b € B - that is, AB = u((Ax B)NAR).
If a € A, the products aA and Aa are defined similarly.

The associativity condition on the product may be regarded as follows: if any of the products (fg)h
or f(gh) are defined, then the other product is also defined and they are equal, so we simply denote it
fgh. Also, if fg and gh are both defined, fgh is also defined. This allows us to move parentheses at will
during computations.

Example 2.2. Let 0 be a left action of a group G on a set X. Consider the disjoint union A := G U X.
We make A into a semigroupoid by extending the product of G to a partial product on A with the action,
viz. gz = 0,(z) for all g € G and = € X.

This is an alternative to the more useful construction of a transformation groupoid, which is a particular
case of a semidirect product of semigroupoids (see Subection [Z.4)).

Let us look at some counter-examples for the associativity condition, where some of items |(i)(iii)| are
valid but the others are not.

Example 2.3. Let A = {f,g,h}, and define fg = f and gh = h. Then fg and gh are defined, but
neither (fg)h nor f(gh) are defined.

Example 2.4. Let A = {f, g,h}, and define fg = g, gh = h. Then fg, gh and (fg)h are defined, but
f(gh) is not. A similar example may be constructed, where f(gh) is defined but (fg)h is not.

Example 2.5. Let A = {f, g,h} with product fg = hh = h. Then (fg)h is defined, but gh is not. A
similar example may be constructed where f(gh) is defined but fg is not.

Example 2.6. If A is any set endowed with a non-associative binary operation, then|(i)H(iii)| of Definition
2.1l are always valid, and in particular equivalent, but A is not a semigroupoid. For example, take
A ={a,b}, aa = ab = b, bb = ba = a. Then (aa)a = a but a(aa) = b.

Sub-semigroupoids and semigroupoid homomorphisms are defined in the natural manner.
Definition 2.7. A sub-semigroupoid of a semigroupoid A is a subset A C A such that AA C A.

Definition 2.8. A homomorphism between semigroupoids A and I' is a map ¢: A — I' such that
(¢ x ¢)(AP)) C TPl and ¢(ab) = ¢(a)p(b) for all (a,b) € A2,

It is immediate to verify that if ¢: A — I' is a homomorphism of semigroupoids and A is a sub-
semigroupoid of T, then ¢~1(A) is a sub-semigroupoid of A. However, contrary to the cases of semigroups
and groupoids, the image of a homomorphism ¢: A — I" between semigroupoids is not necessarily a sub-
semigroupoid of T'.

Example 2.9. Let A = {e, f}, with operations ee = e and ff = f and I" = {e, f, g} the semigroup with
product ee = e, ff = f, and all other products zy = ¢g. Then the inclusion ¢: A < T" is a semigroupoid
homomorphism, but the image ¢(A) = {e, f} is not sub-semigroupoid of T'.

We will now consider semigroupoids in the sense of Tilson.
Definition 2.10 (|45, p. 194]). A graphed semigroupoid is a tuple (8(*), 8, s, v, 1), where (8(9,8,5,¢) is
a graph and p: 82 — 8 is a product map, denoted by concatenation, u(a,b) = ab, satistying:
(i) for all (a,b) € 82, 5(ab) = s(b) and t(ab) = t(a) - i.e., (idg(), ) is a graph morphism;
(i) for all (a,b,c) € 83, (ab)c = a(be).
We will always assume that a graphed semigroupoid 8 satisfies $(9) = 5(8) Ut(8). Otherwise, restricting

the vertex set to §(8) U t(8) yields another graphed semigroupoid with the same underlying arrow set
and product.

The next proposition shows that graphed semigroupoids are, in particular, Exel semigroupoids.
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Proposition 2.11. Let (S(O),S,s,t) be a graph and p: 8 — 8, w(a,b) = ab, a fized function. Consider
the following assertions:
(1) (8,8, s,¢, 1) is a graphed semigroupoid;
(2) (8,83, ) is an Exel semigroupoid.
(8) for all (a,b) € 82), s(ab) = s(b) and t(ab) = v(b).
Then is equivalent to @ (that is, their logical conjunction).
If 8 has no sources nor sinks, then implies . (Thus s equivalent to in this case.)

Proof. The implication |[(2){H(3)=1{(1)|is trivial.
The only nontrivial part of the implication |(1)={(2)H{(3)| is the verification that items |(i)H(iii)| of

Definition 2] are equivalent: In other words, to compare when products ab, bc, a(bec) and (ab)c are
defined.

For example, assume that is valid, i.e., (a,b) € 8 and (b,c) € 82). Then s(ab) = s(b) = t(c),
so (ab,c) € 8®, which means that 2I[(i1)]is valid. The other implications are proven similarly. Therefore
implies (23]

For the last part, assume that (8, 8(2), ) is an Exel semigroupoid and that the graph 8 has no sources
nor sinks, and let us verify[(3)] Let (a,b) € (). As the vertex s(b) is not a source of 8, choose z € § such
that (b,z) € 8). Then (ab, z) € 8, because (8,8, 1) is an Exel semigroupoid, which means that
s(ab) = t(z) = s(b). Similarly, 8 not having sinks implies that t(ab) = t(a). This is precisely property

(3) O

Example 2.12. Every semigroup S may be regarded as a graphed semigroupoid with a singleton vertex
set, SO = {x}. Conversely, every graphed semigroupoid (or rather its arrow set) with singleton vertex
set is a semigroup.

We will now characterize Exel semigroupoids which admit a compatible graph structure (Proposition
215). These were already considered in [15]. We will moreover classify all compatible graph structures
to such an Exel semigroupoid (Proposition 2.T7]).

Definition 2.13 ([15, Definition 19.1]). Let A be an Exel semigroupoid. For every a € A, we define
AG = {be A:(a,b) € APJ}, Ay = {b cA:(ba)e APJ}.
We say that A is categorical if for all a,b € A, the sets A and A’ are either disjoint or equal.
Note that @ € A if and only if b € A,. Moreover, A? = A’ and A, = A, for all (a,b) € A2,

Proposition 2.14. The following are equivalent for an Exel semigroupoid A:

(1) A is categorical.
(2) For all a,be A, A, and Ay are either disjoint or equal.

Proof. Assume that A is categorical and let a,b € A. We need to prove that if A, and A, are not disjoint,
then they are equal. Suppose p € A, N Ap. By symmetry, it is sufficient to prove that A, C Ay.
Given r € A,, we have a € AP N A". Therefore, AP = A", as A is categorical. As b € AP = A", then

r € Ap. Therefore|(2)|is valid.
The implication |(2)F{(1)|is completely analogous. O

We will now prove that categorical semigroupoids are precisely those with a compatible graph struc-
ture. All that is needed is to define an appropriate vertex set and source and range maps. The main
idea is that if 8 is a graphed semigroupoid and (a, z) € 8(2) | then for any other arrow ¢ € 8, we have
5(c) = s(a) if and only if ¢ € §,. This suggests us to identify s(a) with 8., and this is where the cate-
gorical property comes into play. If 8 = @ (i.e., there is no z such that (a,z) € 8?)), then we add a
“dummy” vertex as the source of a.

Theorem 2.15. FEvery graphed semigroupoid is categorical. Conversely, every categorical Ezel semi-
groupoid (A, A1 1) can be graphed, i.e., we may construct a graphed semigroupoid (A, A, s, ¢, ), in
such a way that A2 = A2,

Proof. Suppose that (S(O), 8,s5,t, 1) is a graphed semigroupoid and a,b € 8. If 8% and 8® are not disjoint,
take any p € 8¢ N 8. For all ¢ € 8%, we have

t(q) = s(a) = t(p) = 5(b)
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thus ¢ € 8. This proves 8¢ C 8°, and the reverse inclusion is proven similarly. Hence 8 is categorical.
Conversely, assume that (A, A[Q],u) is a categorical semigroupoid. We will first construct the vertex
set of the underlying graph of A.
Consider two collections of symbols

Vo ={wo(a):a € A,A* = o} and Vi={vi(a):a €A A, =T}.
Let Ry and R; be any two equivalence relations on Vj and Vi, respectively, satisfying, for all (a,b) € AR
(2.16) if A> = @ then (vo(b),vo(ab)) € Ry and if A, = @ then (vi(a),v1(ab)) € R;.

We denote the R;-equivalence class of a symbol v;(a) € V; as [v;(a)] (where a € A).
Define the vertex set Aggo)le as the disjoint union {A, : a € A, A, # @}U (Vo/Ro) U (Vi/R1), and the
0)

source and range maps Sg,, R, 'Ry, Ry A — AS%

o.R, A5
A, if z is any element of A¢ Aq, if Ay # 9,
= d =
570, (4) {[vo(a)], if A = 2, and ey, (0) {[vl(a)], if A, = 2.
A° A, Aq
N~ . S
et

We need to check that the source map is well-defined: if A® is nonempty and z1,20 € A%, then a €

A., N A,,, which is therefore nonempty and thus A,, = A., because A is categorical. Moreover, note
that if z € A% thena € A, # J,s0 A, € Aggo)le.
This defines a graph structure on A. Since it depends on Ry and R;, we denote the set of 2-paths as
Ago)le. We need to prove that A2 = A%,Rl'
If (a,b) € A2 then b € A%, so s(a) = Ap. Also, a € Ay, which is nonempty and thus v(b) = Ay = 5(a).

This proves A2l C Ag),Rl'

0

Conversely, suppose that (a,b) € Ago)le, that is, that s(a) = v(b). By the definitions of Agg,m (as a

disjoint union) and of the source and range maps, we necessarily have s(a) = t(b) € {A, : z € A}, that
is, that s(a) = A, for some z € A%, and that v(b) = Ap. Then

a€ A, =s(a) =1t(b) = Ay,
which means that (a,b) € AP
Finally, since A% = A and Ay, = A, for all (a,b) € A we obtain t(ab) = t(a) and s(ab) =
5(b) (this is where Equation (2I6) is necessary). By Proposition 21T} (AgZ’Rl,A,s,t, 1) is a graphed

semigroupoid. O

The construction above, in fact, yields all the compatible graph structures on A, as we now prove.
Let Vo and V; be the two sets considered in the proof above.

Proposition 2.17. Let A be a categorical Ezel semigroupoid, endowed with a graph structure which
makes it a graphed semigroupoid (A9, A, s, ¢, 1). Suppose, moreover, that A®) = s(A) Ut(A).

Then there exist unique equivalence relations Ry and Ry on Vi and Vi, respectively, and a bijection
I: Agngl — A such that (1,idp) is a graph isomorphism.

Proof. Consider the sets
Wo={s(a): A=2}, Wi={t(a):Aq=0} and W =AO\ W, uWw).

Note that Wy and W; are disjoint, since otherwise there would be a,b € A such that s(a) = v(b) and
Ay = @. However, this would imply that (a,b) € A®), so a € Ay, a contradiction.
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First we need to construct the equivalence relations Ry and Ry as in Proposition .15 Consider the
functions Fy: Vo — Wy and Fy: Vi — Wi given by

Fy(vo(a)) = s(a) and Fi(v1(b)) = t(b)

for all a,b € A such that A = A, = &. Note that these maps are surjective. Consider the equivalence
relations R; = ker F; (i = 1,2), that is,

Ri = {(vi(a), vi(b)) : Fi(vi(a)) = Fi(vi(D))}.

Then Equation (2.16)) is clearly satisfied, by the definition of Fy and F; and because s and v are compatible
with the semigroupoid structure of A (see Definition mﬂ)
Therefore the maps F; factor through the quotient to bijections V;/R; — W;. This gives us a bijection

I: (Vo/Ro) L (Vl/Rl) — Wo U Wy, I([vl(a)]) = Fl(vl(a))

We need to extend I to a bijection from Aggﬂl to A®) that is, we need to define I(A,) when A, # &
in order to obtain a bijection from {A, : A, # &} to W.

If A, # @, we let I(A,) = t(a). In order to prove that I is well-defined, suppose Ay, = Ag, # 9.
Choose any z € Ay, = Ag,, 50 (2,a;) € A that is, v(a1) = 5(2) = t(as), so [(A,) is uniquely defined.

Now let us prove that I(A,) € W whenever A, # &, or equivalently that T(A,) &€ Wo U Wh.

e If t(a) = 5(b) then a € A® and in particular A’ # &. This proves that I(A,) & Wo;
o If t(a) =t(b), then A, = Ap. As A, # &, this proves that I(A,) € Wr.
Therefore I(A,) € A\ (Wo UW,) = W.

Let us now prove that every v € W is of the form I(A,) for some a € A with A, # &. As we assume
that A(®) = s(A) Ut(A), we have two possibilities:

e If v = 5(b) for some b, then A® # &, as v & W), so we may take any a € A®. We have b € A, # @,
and I(A,) =t(a) =s(b) = v.
o If v = t(a) for some a, then A, # @ as v ¢ Wy, and so v = I(A,).

We have thus obtained a surjection I: {A, : Ay # @} — W. We still need to prove that I is injective
on this set. Suppose I(A,) = I(Ap), that is, v(a) = v(b), where A,, Ay # &. Choose any z € A,. Then
5(z) =t(a) = v(b), so z € Ag N Ap, and therefore A, = Ay as A is categorical.

We have, therefore, a well-defined bijection I: A( ) r — A ), We are done if we verify that s(a) =
I(sp,.r,(a)) and t(a) = I(tR, R, (a)) for all a € A. Let a €A If A =@, then

1(sRo,r, (@) = I([vo(a)]) = Fo(vo(a)) = s(a).

If A* # @, then we choose z € A, so that a € A, # @, and
I(sro,r(a)) = I(Az) = v(z) = s(a).

This proves that Tosg, r, = s, and similarly Totg, g, = t. Therefore (I,id,) is a graph isomorphism.
Suppose now that R} and R} are any other equivalence relations on V and V4 and J: A(O) R A©

is any other bijection for which (J,ida) is a graph isomorphism. We denote the equivalence classes of
V;/R. as [vi(a)]’. For each vg(a),vo(b) € Vo, where A* = A’ = &, we have

vo(a)Rovo(b) [vo(a)]” = [vo ()] = J([vo(a)]') = J([vo(D)]")
< J(sgpy.r,(a)) =J(sryr,(b) < s(a) = s(b)
<~ F()(’Uo(a)) = F()(’Uo(b)) < ’Uo(a)Ro’Uo(b),

where we use the facts that J is injective, the definition of the source map sg; g, the fact that (J,idn)
is a graph isomorphism, and the definitions of Fyy and of Ry = ker Fy. Therefore R, = Ry. Similarly,
R| = R;. O

Example 2.18. Let A = {a,b,2,y, 2z}, with product defined by
aa=a, xa=y, ya=vy, bb=b, xb=2z zb=2z

Then A is a non-categorical semigroupoid, since A, = {x,y} and A, = {x,z} are different but not
disjoint. Thus A cannot be fully realized as a graphed semigroupoid.
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Note that every Exel semigroupoid A may be identified, in an injective and homomorphic manner, as
a subset of some semigroup S: Namely, the power set S = 2% of A is a semigroup under the product of
sets, and the map ¢: A — S, ¢(a) = {a}, is an injective semigroupoid homomorphisms. However, ¢(A)
is not a sub-semigroup(oid) of S if A is not a semigroup itself.

We finish this introduction by providing a condition that allows us to “extend” semigroupoid homo-
morphisms between graphed semigroupoids to graph homomorphisms.

Proposition 2.19. Suppose that G and H are graphs, that G has no sources nor sinks, and that ¢: G —
H is a map such that (¢ x $)(G?) C HP). Then there exists a unique “vertex map” ¢ : G0 — H©)
such that (¢(©), ¢) is a graph morphism.

Proof. Uniqueness of such ¢(©) is immediate, since we require that sz o¢p = ¢(9) 055, and s¢ is surjective
as G has no sinks. This same equation yields us the only possible formula for ¢(9), viz. $(9) (v) = s (¢(a))
where a € G is any arrow with sg(a) = v. Thus we need to verify that sg(a) = sg(b), where a,b € G,
implies s (¢(a)) = s (H(b)). As sg(a) is not a source, there exists z € G with tq(z) = sg(a) = sq(b),
that is (a,2) and (b, z) € G®). Then (¢(a), ¢(2)) and ((b), ¢(z)) € H? | which means that

su(f(a)) = vr((2)) = su(H(b)).
Therefore, we obtain a unique function ¢(©: G0 — H©O) satisfying sz o = ¢(¥) 0 s5. The proof that
tr o = ¢(9) ot follows a similar argument as in the paragraph above, but using instead the fact that
G has no sinks. 0

Corollary 2.20. Suppose that & and T are graphed semigroupoids, ¢: 8§ — T is a semigroupoid homo-
morphism, and that 8 has no sources nor sinks. Then there exists a unique “vertex map” ¢(@: §(0) — T
such that (¢(°), ¢) is a graph homomorphism.

Example 2.21. The proposition above is not valid if we just assume that 8 has no sinks (or no sources).
Let us associate a semigroupoid A to the strict order of N in the same manner as we associate categories
to (non-strict) orders — namely A = {(n,m) € Nx N:m < n}, with product (n,m)(m,k) = (n,k),
vertex set A©®) = N and source and range maps s(n, m) = m, t(n,m) = n.

Now let 81 = ALIA consist of two distinct copies of A, so 81 is a graphed semigroupoid over 850) = NUN
(the product of 8; is defined only for elements in the same copy of A). We let Sgo) be the set obtained
from 850) = NUN by identifying both copies of 0, and let 85 be the graphed semigroupoid obtained from
81 by composing the source and range maps with the canonical quotient map s§°> — Sgo).

0—1—02— - 1— 92— -

812 82: 0<

0—1—02— --- 1— 92— -

Then neither 8 nor 8 have sinks, but the identity map 85 — 87 is an Exel semigroupoid isomorphism
which cannot be extended to a graph homomorphism.

2.2. Inverse semigroupoids. The main goal of this subsection if to define inverse semigroupoids and
to extend the basic elements of the theory of inverse semigroups to this more general setting.

Definition 2.22. An Exel semigroupoid A is regular if for every a € A there exists b € A such that
(a,b), (b,a) € A? and
aba = a and bab = b.
Such an element b is called an inverse of a.
If every element a € A admits a unique inverse, then A is called an inverse semigroupoid. In this case,
the unique inverse of a is denoted a*.

All groupoids and all inverse semigroups are inverse semigroupoids.

Just as in the case of semigroups, the condition for regular semigroupoids can be weakened to the
following: For every a € A, there exists b € A such that aba = a. Such an element b is called a
pseudoinverse of a. It follows that bab is an inverse of a, and therefore A is regular.

Example 2.23. Suppose that A is an inverse graphed semigroupoid, endowed with some compatible
graph structure. Then for every = € A, the isotropy semigroup A = v~'(x) Ns~(z) is in fact an
inverse semigroup, with the product induced by A.
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Given an Exel semigroupoid A, denote by E(A) = {e € A : (e,e) € Al and ee = e} the set of idem-
potents of A. Note that if ¢ is an inverse of s, then st and ts are idempotents.
We will now proceed to prove that every inverse semigroupoid admits a unique compatible graph

structure (Corollary 2.27]).

Lemma 2.24. Let A be an inverse semigroupoid. The following are equivalent:

(1) A is categorical;
(2) For alle, f € E(A), if ef is defined, then fe is also defined and ef = fe.

Proof. [(1)=1(2)f Suppose that A is categorical, and that ef is defined, where e, f € E(A). We consider
any compatible graph structure on A. Then s(f) = t(f) = s(e) = t(e), so fe is defined. Let x = s(e).
Then e and f belong to the isotropy semigroup AZ and are idempotents, therefore ef = fe (|21, Theorem
5.1.1]).

(2)E1(1)F Assume holds. We will construct an explicit compatible graph structure on A, although
similar arguments may be used to prove directly that A is categorical. We define the following equivalence
relation ~ on E(A):

e~ f <= ef is defined.

The only nontrivial part about ~ being an equivalence relation is transitivity. If ef and fg are defined
(e, f,9 € E(N)), then efg = (ef)(fg) = (fe)(gf), and in particular eg is defined. Thus ~ is transitive.
Denote the ~-class of e € E(A) by [e]. Let A = E(A)/~, and define a graph structure on A by
setting
s(a) = [a*al, t(a) = [aa™].
Since a product ab is defined if and only if a*abb* is defined, i.e., if and only if s(a) = v(b), we have
AP = A®) | as necessary. We may also compute, for all (a,b) € A?),

(ab)(ab)* = (aa*a)b(ab)* = (aa™*)(ab)(ab)*,

so t(ab) = t(a). Similarly, s(ab) = s(b). By Proposition 2111, (A9, A, s, ¢, 1) is a graphed semigroupoid.
O

The set A constructed above is the space of germs of E(A) with its canonical order. This construc-
tion will be further developed in Subsection

Theorem 2.25. Fvery inverse semigroupoid A is categorical. Equivalently, if e, f € E(A) and ef is
defined, then fe is also defined and ef = fe.

Proof. We will prove that A satisfies condition of Lemma [2.24] which follows the same arguments as
in the case of inverse semigroups (see |21, Proposition 5.1.1]), as long as we make sure that all products
involved are defined. We include the details for completeness. Suppose that e, f € E(A), and that
(e, f) € AP Let z = (ef)*. Then

(ef)x(ef) =ef and zleflx ==x

In particular, the products fx and xe are defined, so fxe is defined. Let us prove that fxe = x, by
proving that fze is an inverse of ef: Since ff = f and ee = e are defined, then we may compute

(2.26) (fze)(ef)(fze) = fa(e?)(f2)ve = fzefue = fze
and similarly (ef)(fze)(ef) = ef. Thus fxe is the inverse of ef, i.e., fxe = x. Moreover, it follows from
the last equality of (226) that
= fre = frefre =z
so z € E(A), and in particular x = z* = ef is idempotent.
Since fz = f(ef) is defined, then fe is defined, and the same argument as above (changing the roles
of e and f) proves that fe € E(A). To finish, we use the equalities x = fze = ef to obtain

fe= fefe= fre=x =ef. O

Therefore, every inverse semigroupoid admits a compatible graph structure. Suppose § is a graphed
inverse semigroupoid. Recall that we assume that 8(°) = s(8) Ut(8). Given a € 8, a*a and aa* are
defined, so s(a) = t(a*) and t(a) = s(a*). It follows that 8 has no sources nor sinks. From Corollary
2.20l we may conclude that the compatible graph structure is unique.
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Corollary 2.27. If A is an inverse semigroupoid, then there exists a unique compatible graph structure
on A.

We will thus always regard inverse semigroupoids as graphed semigroupoids, with their unique com-
patible graph structure, and for every inverse semigroupoid homomorphism ¢: § — 7, we denote
#: 8O0 — T the unique map for which (¢(°), ¢) is a graph homomorphism, as in Corollary 2200

Let 8 be an inverse semigroupoid. We will now list the remaining algebraic properties of 8§ which will
be used in the remainder of this article.

Definition 2.28. The canonical order of an inverse semigroup 8 is the relation < defined as
a<b < a=ba"a.
(In particular, we require that s(a) = s(b) and t(a) = v(b).)

Note that inverse semigroupoid homomorphisms preserve the order.

If a product ab is defined in the inverse semigroupoid 8, then t(a*) = s(a) = v(b) = s(b*), so b*a* is
also defined. Using this and the commutativity of E(8), the properties below can be proven by the same
computations as in the case of inverse semigroups. See |21, Chapter 5] for details.

Proposition 2.29. Let § be an inverse semigroupoid. Then

(a) (ab)* =b*a*, for all (a,b) € 8.
(b) If e € E(8) and (b,e) € 83). then beb* € E(8).
(c) the following are equivalent:

(c.i) a <b;

(c.ii) there exists e € E(8) such that a = be;

(c.iii) there exists f € E(8) such that a = fb;

(c.iv) a* < b*.
(d) < is a partial order on §;
(e) Ifa <b, c <d and (a,c) € 82, then ac < bd.

We may determine subclasses of the class of semigroupoids algebraically as follows: An inverse semi-
groupoid 8§ is a
e semigroup if and only if any two idempotents may be multiplied (and in this case it is an inverse
semigroup).
e groupoid if the product of two idempotents is defined if and only if they are equal; Alternatively,
8 is a groupoid if and only if the canonical order is equality.
e group if it is both a semigroup and a groupoid, or equivalently if it has a unique idempotent.

2.3. A representation theorem. Cayley’s theorem states that every group can be represented as a
permutation group on some set. More generally, the Vagner-Preston theorem states that every inverse
semigroup can be represented as a semigroup of partial bijections on some set. In this subsection, we
will further generalize this to represent semigroupoids as certain semigroupoids of partial bijections.

Representation results have been obtained in the context of inverse categories, i.e., (possibly large)
categories which behave as inverse semigroupoids. Namely, it is proven that every (locally small) inverse
category may be faithfully embedded into the category PINJ of sets and partial bijections. For more
details, see |23, p. 87|, |10, Theorem 3.8], |20, Proposition 3.11]. However we adopt a fundamentally
different perspective from those works, by considering inverse semigroupoids as innate to bundles. This
approach has the advantage of making the dynamical nature of inverse semigroupoids more explicit, and
in particular to naturally motivating a natural notion of action for inverse semigroupoids.

Let m: X — X© be a bundle. A partial bijection between fibers of 7 is a triple (y, f,z), where
z,y € X and f: dom(f) — ran(f) is a bijection with dom(f) € 7~ '(z) and ran(f) € 7~ *(y) (in other
words, f is a partial bijection from 7=!(z) to 7~1(y)). We denote by J(7) the set of all partial bijections
between fibers of 7.

We make J(7) into a graph over X () by setting

5(yafa$):$ and t(yafax):y
and then induce a product structure on J(7) as

(2,9, )y, f,x) = (2,90 f, )
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where g o f is the usual partial composition of functions

go f: f~'(ran(f) Ndom(g)) — g(dom(g) Nran(f)), (9o f)(z) = g(f(z)).

The verification that this products makes J(7) into an inverse semigroupoid is straightforward. The
inverse of an element (y, f,x) is (x, f~1,y), where f~!: ran(f) — dom(f) is the inverse function of f.
The idempotent set of I(7) is

E(I(n)) = {(x,idA,z) e X0 AC fl(x)} .
In particular cases, this construction leads to well-known examples of semigroups and groupoids.

Example 2.30. Suppose that X is a set, seen as a bundle over a singleton set X(©) = {x}, i.e., we
consider the bundle 7: X — {x}, nx(z) = * for all x € X. Then J(X) := J(n) is simply the inverse
semigroup of partial bijections of X.

Example 2.31. Consider the identity function idx of a set X. Let Ly = {0,1} be the lattice with two
elements 0 < 1, which is an inverse semigroup under meets. Let X x X be the transitive equivalence
relation on X, seen as a groupoid. Then J(idx) is isomorphic to the product inverse semigroupoid
(X x X) x Ly (where the product semigroupoid structure is defined in the obvious manner). Namely,
to an element (y, f,z) of J(idx) we associate the element (y,z,0) of (X x X) x Ly if f = &, the empty
function, and (y, x, 1) otherwise.

Note that the equivalence relation X x X is isomorphic to the subsemigroupoid of maximal elements
(with respect to the canonical order) of (X x X) x Lg, or to the initial groupoid of J(idx) (see Subsection

We now state our representation theorem for inverse semigroupoids.

Theorem 2.32. Let 8§ be an inverse semigroupoid. Then 8 is isomorphic to a sub-inverse semigroupoid
of I(m) for some bundle 7.

Proof. Considering the range map t: 8 — 89, we will define an embedding «: 8 — J(t). Namely, given
a € 8, aa) is a triple of the form (y, o, ), where z,y € 8(9 and a, is a partial bijection from v~ (z)
to v=1(y). We first describe the map ay.

For every a € 8, let D, = {t € 8§ : tt* < aa*}. If t € Dy, then

(at)(at)* = att*a™ < aa®,
so at € D,. Therefore we may define og: Dy — D, as a,(t) = at. It is a bijection, since if ¢ € D~
then «,(t) € D,, so we may apply a,+ and obtain
g (g (t)) = agr(at) = a*at =1,
because tt* < a*a. This proves that aq- 0 oy =idp,.. Changing the roles of a* and a we conclude that
g is invertible, with a; ! = .
Moreover, we have D, C t~!(x(a)) and thus we may define a: § — J(x) by

afa) = (¢(a), g, 5(a)).
Notice that, for a,b € 8,
(2.33) ab is defined <= s(a) =t(b) <= s(a(a)) =t(a(b)) < a(a)a(b) is defined.

Using the equivalence above and the same arguments as in the proof of the Vagner-Preston theorem (see
|37, Proposition 2.1.3|, for example), it follows that « is an injective semigroupoid homomorphism. In
fact, the right-to-left implications of imply that the image of « is a sub-semigroupoid of J(t), onto
which « is an isomorphism. O

Still considering the map « of the proof above, note that the vertex set of J(t) is 89 the vertex set
of 8. We have s oa = s, so the “vertex map” (as in Corollary 2220 associated to o is the identity of §(%).
This motivates the definition of an action of an inverse semigroupoid 8 on a set X.

Definition 2.34. A global action of an inverse semigroupoid 8 on a set X consists of a map 7: X — 89,
called the anchor map and a semigroupoid homomorphism 6: 8§ — J(7) such that the vertex map
0©): 80 — J(7)© = 80 is the identity idg(o).

More explicitly, it consists of a map 7: X — 8() and a family {6, : a € 8} of bijections 6, : dom(f,) —
ran(f,) such that
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(i) dom(#,) € 7 1(s(a)) and ran(d,) C 7= 1(x(a)) for all a € §;
(ii) 04 0 Oy = B4y for all (a,b) € 8.

However, as stated in the introduction, we will be interested in more general notions than actions,
which is the content of the next subsection.

2.4. A-prehomomorphisms, partial homomorphisms, and actions. Generalizations of homomor-
phisms, initially called V and A-prehomomorphisms, were respectively introduced in [33, Definition 1.1]
and |34, Definition 4.1] by McAlister and Reilly on their study of F-unitary inverse semigroups. We will
focus on A-prehomomorphisms, which are appropriate for the constructions of semidirect products.

Remark. The terminology “prehomomorphism” has been used to describe V-prehomomorphisms in |26,
p. 80], but used to describe A-prehomomorphisms in [38, VI.7.2] and [25]. In order to avoid confusion,
we will use the original terminology of “A-prehomomorphism”.

A more specific case of A-prehomomorphisms are partial homomorphisms, whose study was initiated
by Exel in [14], in order to describe the structure of C*-algebras endowed with an action of the circle. This
turned out to be a rich area of research, with several applications in the theory of topological dynamical
systems and C*-algebras (see |12, [18]). Let us mention that partial homomorphisms of general inverse
semigroups were first defined in [7], while partial actions of groupoids (on rings) were defined in [2].

We will now define A-prehomomorphisms and partial homomorphisms in the context of semigroupoids,
connecting in a precise manner all the notions described above. From them, we will construct semidirect
products in a manner which generalizes semidirect products of groupoids (|3, Exercise 11.5.1]), trans-
formation groupoids of partial group actions ([1]), semidirect products of inverse semigroups acting on
semilattices (see |32, Lemma 1.1] and [38, VI.7.6-7]). Similarly, groupoids of germs of (partial) inverse
semigroup actions are simply the underlying groupoids of the associated semidirect product (see Section

4.

Definition 2.35. Let 8 and 7 be inverse semigroupoids and 6: 8§ — T a function. Consider the following
statements:

(i) For all a € § we have 0(a*) = 0(a)*;
(ii) For all a,b € 8®, we have (A(a),0(b)) € T and 0(a)d(b) < 0(ab);
(iii) If a < b in 8, then O(a) < O(b) in T.
If 0 satisfies|(i)| then 0 is called a A-prehomomorphism. If 0 satisfies all of |(1)H(iii)} then @ is called a
partial homomorphism.

Example 2.36. Let § be any inverse semigroupoid, X any set, and consider 2%, the power set of X, as
a semigroup under intersection.

If X has sufficiently large cardinality (e.g. |X| > |8|), then there is a map 0: § — 2% \ {@} such that
6(a) NO(b) = @ if a # b. Then 0 is a A-prehomomorphism, but not a partial homomorphism as long as
8 is not a groupoid.

If §: 8 — T is a A-prehomomorphism, then 6 takes idempotents to idempotents. Indeed, if e € E(S),
then 6(e)*d(e) = 6(e*)0(e) < B(e*e) = O(e). Applying the definition of the order of T implies 0(e) =
6(e)*0(e), which is idempotent.

Following |26, p. 12], two elements a,b € 8§ are compatible if a*b and ab* are idempotent. Any A-
prehomomorphism 0: 8§ — T takes compatible elements to compatible elements, if a, b € § are compatible,
then 6(a)*0(b) < 6(a*b), which is idempotent. Similarly, 6(a)8(b)* is idempotent.

The statements [Z35)|(i)H{(iii)| are independent, that is, there exist maps 6: 8§ — T between inverse
semigroupoids which satisfy any two of them but not the third one. In fact, we can obtain such examples
for inverse semigroups, which we present for the sake of reference.

Example 2.37. Let G = {1, g} be the cyclic group of order 2 and X = {a,b}. Define §: G — J(X) as
91 = idx and

Og: {a} — {b}, 04(a) ="b.
Then 0 satisfies and but not
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Example 2.38. Let G = {1} be the trivial group, and H = {1, g} the cyclic group of order 2. The map
0:G—>H,1—g satisﬁeslﬂﬂiﬂand but not

Example 2.39. Let Ly = {0, 1} be the lattice with two elements, 0 < 1, and define §: Ly — Ls as (a) =
b and 6(b) = 6(a). Then and are satisfied, but is not (i.e., 6 is a A-prehomomorphisms
but not a partial homomorphism).

We should remark that A-prehomomorphisms are not stable under composition.

Example 2.40. Let S = {a,b} and 6 be as in Example Let G = {1, ¢} be the group with two
elements and n: G — S be given by n(1) = b, n(g) = a. Then 6 is a A-prehomomorphism and 7 is a
partial homomorphism, however 6 o 7 is not a A-prehomomorphism since

0(n(9))0(n(g)) = 0(a)0(a) =bb=0b  and  6(n(gg)) = 0(n(1)) = 0(b) = a.

On the other hand, it is easy to verify that if 7 is a A-prehomomorphism and @ is a partial homomor-
phism, then o7 is a A-prehomomorphism, and also that the composition of two partial homomorphisms
is a partial homomorphism.

We may now define A-preactions and partial actions. In particular from property 235(ii)] we may
apply Proposition ZI9 to obtain a unique map ¢ : §(0) — T©) such that (¢(?), ¢) is a graph homomor-
phism.

Definition 2.41. A A-preaction of an inverse semigroupoid 8 on a set X consists of an anchor map
7: X — 8O and a A-prehomomorphism 6: 8 — J(7) such that the vertex map #(?) is the identity of
8(0) If 0 is a partial homomorphism, we call (m,0) a partial action. We say that (m,0) is non-degenerate
if X = J,cg dom(f,).

We use the notation (m,6): 8§ ~ X to denote a A-preaction of 8§ on X.

As A-prehomomorphisms take idempotents to idempotents, then whenever (m,0): § ~ X is a A-
preaction and e € E(8), the map 6, is the identity of its domain. Moreover, if a € §, then

9@ = 9a9;19a < eaea*a

which implies that dom(6,) C dom(f,+4).
If a < b and = € dom(a*a) N dom(b), then we may compute
(2.42) Op(x) = 0p(04+a () = Opara(z) = 04(x).
Note, however, that we do not necessarily have dom(6,) C dom(6) (unless (m, 6) is a partial action), so
we need some care with these computations.

These notions extend, simultaneously, those of (global) actions and partial actions which have com-
monly appeared throughout the literature.

Example 2.43. Let S be an inverse semigroup, so S0 = {*} is a singleton. Given any set X, there is a
unique map 7: X — S, Therefore, partial and global actions of S on X, as an inverse semigroupoid,
are the same as partial and global actions of S on X in the usual sense of inverse semigroups (see e.g.
[44, Definition 5.1] and |7, Definition 3.3]).

Example 2.44. If G is a groupoid, then a non-degenerate global action (m,0): § ~ X is the same as a
groupoid action as in |8, Definition 3.6] or |5, Exercise 11.2.1], i.e., it satisfies dom(6,) = 7~ (a) for all
acs.

Indeed, as 6 is a global action then dom(f,) = dom(0g+q) = dom(fs(,)) for all a € 8. That is, dom(6,)
depends only on s(a), so if s(a) = s(b) then dom(6,) = dom(;). Non-degeneracy of (7, #) means precisely
that for all a € A, 77'(s(a)) = Upes-1(s(a)) dom(6h) = dom(b,), as we wanted.

In order to construct semidirect products, we will need to consider A-preactions which preserve the
structure of semigroupoids. This notion will be used to connect the topological and algebraic settings
(i.e., when considering appropriate actions of semigroupoids on topological spaces and on algebras).

Definition 2.45. A left ideal of a semigroupoid A is a subset I C A such that AI C I. Right ideals are
defined similarly. An ideal is a subset of A which is simultaneously a left and a right ideal.

Example 2.46. Let G be a groupoid. The map I — s(I) is an order isomorphism from the set of ideals
of G to the set of invariant subsets of G(9) (a subset A C () is invariant if A = t(s~1(A))).
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Every set X is regarded as a groupoid in the trivial manner: X(® = X and for all z € X, s(z) =
t(xz) = z, and the product is defined as xx = x. The groupoids constructed in this manner are called
unit groupoids. Ideals of X are precisely its subsets.

If A is an Exel semigroupoid, a homomorphism ¢: A — X is a function such that, if (a,b) € A%, then
¢(a) = ¢(b). In particular, functions between sets are the same as their (semi)groupoid homomorphisms.

In the definition below, we regard the vertex set 8(?) as a unit groupoid. This is an adaptation of 12,
p. 3660]

Definition 2.47. A A-preaction (resp. partial, global action) (m, ) of an inverse semigroupoid § on a
semigroupoid A is a A-preaction (resp. partial, global action) of 8§ on A, as a set, which further satisfies:
(i) The anchor map 7: A — 8(9) is a homomorphism.
(ii) For every z € 80, 7= 1(z) is an ideal of A;
(iii) For every a € A, dom(6,) is an ideal of 7=*(s(a));
(iv) For every a € 8, 0, is a semigroupoid isomorphism from dom(6,) to ran(f,,).

Remark. (1) Alternatively to and we could adopt the simpler (and slightly stronger)
assumption that dom(6,) is an ideal of A for all a € 8. This is the case, for example, when all
such ideals dom(6,) are idempotent (see Definition [Z.60).
(2) If A is a set /unit groupoid, then this definition coincides with 2.4T] since the additional properties
of Definition 2.47] become trivial. Accordingly, by a A-preaction we will always mean one in the
sense of Definition 2.47]

As we will be more interested in continuous A-preactions of topological semigroupoids, we refer to
Subsection B] for examples. In fact, every A-preaction (m,60): 8 ~ A may be “extended” to a partial
action, in the sense that partial action (m,0): 8§ ~ A (with same anchor map) such that 6, < 6, for all
a € 8. See Proposition

Let us finish this subsection by proving that any A-preaction may be “extended” to a partial action.

Proposition 2.48. Let (m,60): 8 ~ A be a A-preaction. Then there exists a partial action (7,0): 8 ~ A
such that 0, < 0, for all a € 8.

Proof. As the only (possible) problem with is that 8 does not necessarily satisfy 6, < 6, when b < a, we
simply “glue” 6, to 6, in this case.

More precisely: Let a € S. If by, by < a. Then b; and by are compatible, so 8, and 6, are compatible
(see the paragraphs after Definition [Z35]), which means that ), and 6, coincide on the intersection of
their domains, as do 9,)_11 and 917_21.

Thus we set 0, = \/,-, 0b, the join taken in I(A) i.e., 0,(x) is defined if and only if 6,(z) is defined for
some b < a, in which case 0,(z) = 0y (z). This defines an isomorphism between the ideals | J,., dom(6})
of 7 1(s(a)) and Uy, ran(6h) of 7= 1(v(a)). It is clear that O, = ?;1, and that @ is order preserving,
and the verification that it is a A-preaction, and thus a partial action, is straightforward. [l

Note that the partial action (7, 6) constructed above is minimal, in the sense that any other partial
action (7,7) extending (m, 0) satisfies 6, < v, for all a € 8.

2.5. Semidirect products. Throughout this subsection, we fix a A-preaction (,8): 8 ~ A. Consider
the set

SxA={(a,z) €S xX:xe&dom(f,)}.

We will endow 8 x A with a product, and call the resulting semigroupoid the semidirect product of (w, ).
If (a,2) and (b,y) € 8 X A, ab and z6,(y) are defined (in 8 and A, respectively), we set

(2.49) (a,2)(b, y) = (ab, O+ (x0s(y)))-

(Compare this formula with the product on partial crossed product algebras; see |3, 143, 135].)
To check that the right-hand side of [2.49) is a well-defined element of 8 x A, first note that 6,(y)
belongs to the ideal dom(6p~) of A, so Oy (26,(y)) is an element of dom(fy). We have

Op(Op~ (205 (y))) = 20p(y).

Since z belongs to the ideal dom(6,), then - (z6y(y)) belongs to dom(f, o 6,), which is contained in
dom(f,p) because 6 is a A-prehomomorphism. Therefore (ab, O+ (26,(y))) € 8 x A.



16 LUIZ GUSTAVO CORDEIRO

However, the product (Z49) is not associative in general, even when considering global actions of
inverse semigroups on semigroups. The example below is a slight modification of [13, Example 3.5].

Example 2.50. Let G = {1, g} be the cyclic group of order 2, and S the inverse semigroup obtained by
adjoining a new unit = to G.
Let T = {0,¢,u,v} be the semigroup with product defined by

tv=vt=u and ab=0 if (a,b) &€ {(t,v),(v,t)}.
Consider the ideal I = {0,u,v} of T, and define an action : S ~ T as 0, = idp, 6; = id; and
Og: I — I as
04(0) =0, Oy(u) =v and 04(v) = u.
Then (1,2)((g,u)(1,t)) = (g,0), but ((1,£)(g,u))(1,t) = (g, u).

Definition 2.51. We call § x A with the product [249) the semidirect product semigroupoid (induced
by the A-preaction (7,6)), whenever the product (Z49) is associative.

We will therefore need to consider conditions on the A-preaction : 8§ ~ A which make the product
in (249) associative, so that we obtain a semigroupoid structure on 8§ x A. The same ideas as in |13,
Section 3|, which lie in the context of partial actions of groups on algebras, may be easily adapted to the
context of semigroupoid actions and show that the product (2:49)) is in fact associative for a large class
of inverse semigroupoid actions. See the paragraph after Proposition 2.61]

Definition 2.52. A multiplier of a semigroupoid A is a pair (L, R), of partially defined maps L and R
on A satisfying

(i) dom( ) is a right ideal of A and dom(R) is a left ideal of A;

(i) L(ab) = L(a)b;

(i) R(a ) = aR(b);

(iv) R(a)b = aL(b),
in the sense that each side of these equations is defined if and only if the other side is defined, in which
case they coincide. L and R are called, respectively, a left and a right multipliers.

Example 2.53. Given = € A, we let L,: A* — 2A® and R,: A, — A,z be given by L,(a) = za and
R.(a) = ax. Then (L., R;) is a multiplier. If I is an ideal of A, then the restrictions of L, and R, to T
form a multiplier of I.

Definition 2.54. A is non-degenerate if the map a — (L4, R,) is injective.
Moreover, the associative property of A may be rewritten in terms of multipliers as follows: For all
a,b € A,
dom(L,) Ndom(Rp) € dom(L, o Rp) and Logo Ry = RpoL,.
Definition 2.55. A semigroupoid A is (L, R)-associative if for any two multipliers (L, R) and (L', R’)

of A, we have
dom(L) Ndom(R") C dom(L o R') and LoR =R oL

Theorem 2.56. The product of 8§ x A is associative if dom(6,) is (L, R)-associative for all a € §.

Proof. Let (a,r), (b, s),(c,t) € S x A. As long as it makes sense, we compute

((a,7)(b,5)) (c,t) = (ab, 8, *(r6h(5))) (e, t) = (abe, 01 (6, (16s(s))0c(1)))
and
(a,7) ((b,5), (¢,)) = (a,7) (be, 0 (s0c(1))) = (abe, Oy, (1O (0, (50c(1)))))

Thus, we need to prove that for all (a,b,c) € 83,

0.1 (05 (r0(5))0c(t)) = 03, (rbbe (07 (s0c(1))))
in the sense that either side is defined if and only if the other one is, and in which case the equation holds.
As 0.(t) runs through all of ran(d.), let us rewrite it as 6.(t) = w. Let us first rewrite the right-hand
side. We have
Ope (071 (sw) = Opee- (sW)
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and the element sw belongs to the domains of both fpc.« and of 8. As bec* < b then Gpeer (sw) = Op(sw)
(see Equation ([2Z.42))), thus we need instead to prove

(2.57) 0.1 (0, (r0p(s))w) = 0, (10 (sw)).

To further simplify the expression above we would need to rewrite the term “9;51”, at the beggining of
the right-hand side above, as “0. 1 o 0, 1» however this is not so immediate. If this is the case, Equation

[2E1) implies
(2.58) 0,1 (r0p(s))w = 0, (10 (sw)).
Let us postpone the proof of the equivalence (Z517) <= (258) and instead finish the proof of the
theorem. Then (2.58)) may be rewritten as
(2.59) Ryoby'oL,00,=0,"0L,00,0R,

on dom(fy). Here we regard L, as a left multiplier of ran(6y), as in Example [Z53] thus 9;1 oL,o06isa
left multiplier of dom(fy). Similarly, we regard R,, as a right multiplier of dom(f). As we assume that
dom(6y) is (L, R)-associative, then Equation (259) holds.

In particular, this also proves that ((a, r)(b, s))(c, t) is defined if and only if (a,)((b, s)(c,t)) is defined,
which is equivalence <= |(ii1)| of Definition [ZI1 We still need to prove that these terms are defined
when both (a,r)(b, s) and (b, s)(c,t) are defined..

Indeed, in this case, 0, ' (rf(s)) and s6.(t) are defined, which means that

s € dom(f, ' o L, 06)N dom(Ry,(+)) € dom(Ryg, ) o (0, " o L, 00-1))
because 0, Lo L, o080, and Ry, () are left and a right multipliers on dom(6;), respectively. Then

0 ' (r0u(3))0c(t)
is defined, thus ((a,r)(b, s))(c, t) is also defined. O

Proof of the equivalence of Equations Z57) and (Z5]). First assume that [Z57) holds. We may apply
0. on the left-hand side, and hence on the right-hand side as well, to obtain
91)_1(7"9;,(5))11) = 96(9(;,6)* (rOy(sw))) = Oeerp (rOp(sw)) = Hgl(rﬁb(sw)),

where the last equality follows from the fact that cc*b* < b* and 70, (sw) belongs to dom(6.cxp+ ) Ndom(6 ).

This is precisely (2.58).
In the other direction, note that the left-hand side of [2358) is 6, ' (rfy(s))w, and w € ran(f,) =
dom(f,). Thus we may apply 0, on both sides and use 6, 0 6, < 6! to obtain Z57). O

Proposition 2.61] below yields a large class of (L, R)-associative semigroupoids.

Definition 2.60. A is idempotent if A = AA, that is, if every a € A may be rewritten as a product
a = aias, where ay,as € A.
Proposition 2.61. A semigroupoid A is (L, R)-associative if any of the following two conditions below
holds.
(i) A is idempotent;
(i) A is non-degenerate, and for every a € A we have A, # &.
(iii) A is non-degenerate, and for every a € A we have A® # &.

Proof. Let (L, R) and (L', R’) be multipliers of A.
First assume that ¢ = ajas in A. Then

L(R'(a)) = L(R/(a1a2)) = L(a1 R'(a2)) = L(a1)R'(a2) = R'(L(a1)az2) = R'(L(a1a2)) = R'(L(a)).
Thus if A is idempotent, then L o R’ = R’ o L as well.
Alternatively, for all a,b we have
L(R'(a))b = L(R'(a)b) = L(aL'(b)) = L(a)L'(b) = R'(L(a))b,
and
bL(R'(a)) = R(b)R'(a) = R'(R(b)a) = R'(bL(a)) = bR'(L(a)),
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in the sense that, in each of these chains of equalities, one of the terms is defined if and only if the other
ones are, in which case they coincide. If A is non-degenerate, this implies that L(R'(a)) = R/'(L(a)) for
allae A,ie., LoR =R olL.

It remains only to prove that, under either of the hypotheses or above, we have dom(L) N
dom(R') C dom(L o R'). Fix a € dom(L) Ndom(R’).

First assume that A is idempotent, and write a« = ayas. Then we may compute

L(a) = L(ajaz) = L(ay)az and R'(a) = R'(a1a2) = a1 R/ (as).
In particular, a; € dom(L), which is a right ideal and thus aj R'(a2) € dom(L), so we may compute
L(a1R'(a2)) = L(R'(a1a2)) = L(R'(a)),

and so a € dom(L o R’).
Now assume that condition holds, and take x € Az, so vL(a) = R(z)a is defined. Since a
belongs to the left ideal dom(R’), we may compute

R'(R(z)a) = R(z)R'(a) = zL(R'(a)),

and in particular a € dom(LoR'). The proof that condition|(iii)|implies (L, R)-associativity is similar. [J

We could also adapt the terminology “s-unital” from ring theory (see [47]) to the setting of semi-
groupoids: A semigroupoid A is left s-unital if for every ¢t € A there exists u € A; such that ut = t¢.
Of course every left s-unital semigroupoid is idempotent (and also non-degenerate). Examples of left s-
unital semigroupoids include regular semigroupoids and categories — in particular sets, groupoids, regular
semigroups, multiplicative semigroups of s-unital rings, monoids, lattices etc. ..

Note that if A is a regular semigroupoid, I is an ideal of A, x € I and y is an inverse of x in A, then
y = yxy € 1. Tt follows that [ itself is a regular semigroupoid. In particular, a A-preaction (7, 6): 8§ ~ A
of an inverse semigroupoid 8 on a regular semigroupoid A will always have the product (Z49]) associative.
In this case, 8 X A is also a regular semigroupoid, and in fact the converse implication is also true.

Proposition 2.62. Suppose that the A-preaction (m,0) is non-degenerate and 8 X A is a semigroupoid.
Then 8 X A is reqular (resp. inverse) if and only if A is regular (resp. inverse).

Proof. We may simply prove that the inverses of (a,x) € 8§ X X are precisely the elements of the form
(a*,04(x)), where y is an inverse of x in A.

First assume that (a,z) € 8 x A, and that x has an inverse y. Then as y = yay is defined, so
y € p~Y(s(a)), and as dom(f,) is an ideal of p~!(s(a)) then y € dom(f,). It is easy to verify that
(a*,6,(y)) is an inverse of (a,x).

Conversely, suppose that (a,z) has an inverse (b, z) in 8 X A. This means that

(a,x) = (aba, Oy (Op« (205 (2))0a(2))) and (z,9) = (zaz, Op 0o+ (204())0p(2))),

so b = a*. In particular 6, = 6, !, so using the fact that 6, is a semigroupoid homomorphism, the
equations above mean that

(2.63) (a,x) = (a, 204+ (2)x) and (a*,z) = (a*, 204 (2)z2).
The second equation above implies that
O (2) = 04+ (204 (2)2) = Opx (2) 20, (2).

Together with the first equation of (Z63), this means that the element y = 6,+(2) is an inverse of z in
A, and z = 0,(y). O

The graphed case. If T is a graphed semigroupoid and (m,0): 8 ~ T is a A-preaction, the semidirect
product 8 x T has a natural graphed structure over T(®) (or more precisely, its subset Uges dom(6y).
Namely, the source and range maps of 8 x T are defined as

s(a,x) = s5(x) and t(a,z) = t(0,(x)).
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3. TOPOLOGICAL AND ETALE INVERSE SEMIGROUPOIDS

We will now consider semigroupoid endowed with topologies which are compatible with their algebraic
structures. In general, a (partial) algebraic structure 7 consists of families o of sets and 27 of partial
functions between sets in 2%, and &7 is said to be topological if all sets in o7 are endowed with topologies,
and all functions in &% are continuous. The homomorphisms between such structure are also assumed
to be continuous. This applies, in particular, to graphs and (Exel/graphed/inverse) semigroupoids. We
write the following definitions in full for the sake of completeness.

Definition 3.1. A topological graph is a graph (G(O),G,s,t), such that G(® and G are endowed with
topologies making s and t continuous.

A topological (Exel) semigroupoid is a semigroupoid A endowed with some topology which makes the
product continuous (where A?! is endowed with the product topology of A x A).

A topological graphed semigroupoid is a graphed semigroupoid which is both a topological graph and
a topological semigroupoid.

Definition 3.2. A topological inverse semigroupoid is an inverse semigroupoid 8§ which is a topological
graphed semigroupoid, and such that the inverse map ( )*: 8 — 8, s — s*, is continuous.

Note that since ( )* o ( )* =idg, then ( )* being continuous implies that it is a homeomorphism.

Definition 3.3. A topological inverse semigroupoid 8 is étale if the source map s: 8 — 8(9) is a local
homeomorphism. (Equivalently, the range map v = so( )* is a local homeomorphism.)

Remark. As in 42|, recall that a topological groupoid G is étale if the source map s: a — a~'a is a
local homeomorphism from § to G0 = 5(9), where G 45 endowed with the subspace topology of G. Tt is
not immediately clear that this coincides with the notion in Definition since for étale semigroupoids
we do not assume 8(?) to even be a subset of 8.

Corollary B.6] below deals with this: Suppose G is a topological groupoid, étale in the sense of B3 Let
7 be the topology of G, 7|gw) ist restriction to G and 7 the topology of §(». By E(S) = g©
is open in G. The source map on G is simply the identity map (G, 7[gw) — (5, n), and it is a
bijective (local) homeomorphism, hence 7|gw) = 7.

Homomorphisms of topological semigroupoids are always assumed to be continuous. A homomorphism
¢ = (qb(o), ¢(1)) : G — H of topological graphs is continuous in the sense that ¢(®) and ¢! are continuous.
When dealing with topological graphed semigroupoids this is a condition which we need to require, but
when dealing with étale inverse semigroupoids, continuity of the “arrow map” actually implies continuity
of the “vertex map”. For this we recall a fact from the general theory of étale spaces.

Suppose that 7 : Xi(l) — XZ-(O) (i = 1,2) are continuous bundles, and that f = (f©, fM): 71 — my is
a bundle homomorphism (possibly discontinuous a priori). Suppose further that f () is continuous and
that 71 is open (and surjective). Then f (0) is continuous. Indeed, since m; is open and surjective then

X fo) is endowed with the the quotient (final) topology that m; induces. We have the commutative square

Xl(l) AN X2(1)

T 0) )
x©0 L, Xz(o)

which implies that f(% is the quotient map induced from the continuous map m o f(), and is therefore
continuous.

We thus apply the fact above with the bundle induced by the source maps of graphed semigroupoids,
and in conjunction with Corollary [2.20] to obtain the result below:

Corollary 3.4. Suppose that ¢: 8 — T is a continuous homomorphism between topological inverse
semigroupoids and that 8 is étale. Then there exists a unique continuous map ¢0: 80 — TO) for which
(¢, ¢) is a graphed semigroupoid homomorphism.

A bisection of a graphed semigroupoid 8 is a subset U C 8 such that the source and range maps are
injective on U. We denote by B(8) the set of all open bisections of an étale inverse semigroupoid 8. If
U € B(8), then the source and range maps restrict to homeomorphisms from U onto open subsets of
8(0). Moreover, B(8) is a basis for the topology of 8.
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Proposition 3.5. If $ is an étale inverse semigroupoid then the product map p: 8 — 8 is open.

Proof. We follow the proof of |11, 1.3.11]: Let 7: 82) — 8 be the projection 7(a,b) = a. We prove that
7 is open. If A, B € B(8), then 7((A x B)N8?)) = Ans~!(x(B)). Since t(B) is open in 8§ and s is
continuous, then 7((A x B) N 8(?)) is open in 8. This proves that 7 is open, as B(8) is a basis for 8.
Moreover, 7 is injective on (A4 x B) N 8(2) | because the range map is injective on B. Therefore, 7 is a
locally injective open continuous map, that is, a local homeomorphism.

Since tor = top on 82 and both t and 7 are local homeomorphisms, then j is a local homeomorphism
as well. O

We thus make B(8) into a semigroup with the usual product of sets: for all A, B € B(8),
AB = {ab : (a,b) € (A x B) ms<2>} .

Then B(8) is, in fact, an inverse semigroup. However, we are not able to recover the semigroupoid 8
from B(8) alone, since the canonical order of B(8) does not correspond to set inclusion. We have

A< B < A=BA"A < for all a € A there exists b € B such that a < b.

In Section Bl we will prove that an inverse semigroupoid 8 may be recovered from B(8) and set
inclusion C.

We finish this section by mentioning a few simple, but nevertheless important, consequences of Propo-
sition

Corollary 3.6. Let S be an étale inverse semigroupoid. Then
(a) E(8) is open in §;
(b) For all open A C 8, the upper and lower closures

ANS ={be8:b>a for someac Ay and AVS={bec8:b<a for someac A}
are open in S.

Proof. [(@)] Simply note that E(8) = J{A*A: A € B(8)}.
@ The lower set AV = AFE(8) is the product of open sets, hence open.
Suppose b > a for some a € A, i.e., ba*a = a. Since the semigroupoid operations are
continuous, there exist neighbourhoods U of b and V of a such that UV*V C A. Let B =
Uns !(s(ANV)). Then B is an open neighbourhood of b.
Given ¢ € B, we have s(c) = s(a) for some a € ANV, so ca*a is defined, belongs to UV*V C A
and ca*a < ¢, so ¢ € ATS. Therefore B is an open neighbourhood of b contained in AT<. [l

Example 3.7. For non-étale semigroupoids, upper (and lower) closures of open sets are not necessarily
open.

Let X = [0, 1] with its usual topology and Ly = {0, 1} the lattice with 0 < 1. The inverse semigroupoid
Ly x X is étale. Consider the subsemigroupoid A = (La x X)\{(0,1/n) : n € N>1}. Then A is a non-étale
topological inverse semigroupoid. ~

Let U be any neighbourhood of 0 in X. Then U := ({0} x U) N A is a neighbourhood of (0,0) in A,

but the upper closure U< = (L, x U) N A contains the non-interior point (1,0).

It follows from Corollary that if 8 is an étale inverse semigroupoid, then FE(8) is also an étale
inverse semigroupoid with the subspace topology. In fact a weaker version of the converse holds: If §
is a topological inverse semigroupoid and E(8) is open and étale, then 8§ has a basis of open bisections.
However this only implies that the source map is locally injective, but not necessarily open, and so 8
may be non-étale. In any case, the following generalization of |42, Theorem 5.18] holds, with simple
adaptations on the proof.

Theorem 3.8. Let 8 be a topological inverse semigroupoid. Then the following are equivalent:
(1) 8 is étale;
(2) E(8) is open and étale, and the product of open sets is open.
(8) E(8) is open and étale, and SA is open for each open A C 8.
(4) E(8) is open and étale, and A*A is open for each open A C 8.
(5) E(8) is open and étale, and the source map is open;
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3.1. Continuous A-preactions and semidirect products. Tipically, in the topological setting we
consider actions which preserve the topological structure. Let us consider the “action map” associated
to a A-preaction (m,0): 8 ~ A, which we also denote by 6:

0: 8 x A— A, O(a,z) = 0,(x).

In the case that 8§ and A are topological semigroupoids, we endow 8 x A with the product topology. If
ACSand U C A, we denote AxU = (A x U) N (8 x A), so that the basic open sets of 8 x A have the
form A U where A and U are (basic) open subsets of 8 and A, respectively.

Definition 3.9. A A-preaction (m,6): 8 ~ A of a topological inverse semigroupoid 8 on a topological
semigroupoid A is continuous if m and the “action map” #: 8§ x A — A are continuous. If the action map
6 is open then we call (7,0) an open A-preaction.

Evidently, the semidirect product 8 x A associated to a continuous A-preaction (m,0): 8 ~ Ais a
topological semigroupoid (as long as the product (249) is associative).

Remark. Suppose that (7,0): 8 ~ A is a continuous open A-preaction. Given a € 8, let A be any open
bisection containing a. Then

ran(f,) = 7 (v(a)) NO(A % A)
is open in 7 !(x(a)).

If A is a topological graphed or inverse semigroupoid then 8 x A will also be a topological graphed or
inverse semigroupoid, where the vertex set (8 x A)(O) = A is endowed with its original topology.
The following proposition simplifies the verification of when an action is open.

Proposition 3.10. Let (m,60): 8 ~ A be a continuous N-preaction of topological semigroupoids. Then
(m,0) is open if and only if the map

p:8x A— A, (a,2) = x

1S open.

Proof. Let A C 8 and U C A be open. Assuming that (7, 0) is open, we have
p(AxU)=0(A" x0(A=U)),

which is open as the action map 6 is open.
Conversely, assume that p is open. The map

I:8xA—8KxA, (a,2) — (a*,0,(x))

is a self-homeomorphism of 8§ x A of order 2, and in particular it is an open map. The action map is the
composition # = p o I, hence an open map. O

For example, if (7,0): 8 ~ A is a continuous A-preaction and 8§ x A is open in § x A, then (7,0) is
also open. This is an assumption made, for example, in |1].)

Finally, if 8§ and 7 are étale inverse semigroupoids and (7, 0): 8§ ~ T is an open continuous A-preaction,
then 8§ x T is also an étale inverse semigroupoid. Indeed, if A C § is an open bisection and U C T is
open, then the map p is injective on A x U. Indeed, if p(a,z) = p(b,y), where (a,z), (b,y) € A* U, then
x = y (by definition of p) and s(a) = 7(z) = w(y) = s(b), thus @ = b as A is a bisection. Therefore p
is locally injective, continuous and open, i.e., a local homeomorphism. The range map tgxs of 8 X T is
the composition of the range map vy of T and the action map €, which are both local homeomorphisms.
Therefore 8 x T is étale.

Example 3.11. We will now describe an analogue, in the setting of semigroupoids, of the canonical
actions of a semigroup on its idempotent semilattice (the Munn representation), and of

Let 8 be an inverse semigroupoid. We denote by F(8) the set of elements b € 8§ such that

(i) s(b) = x(b);
(ii) For all e < b*b, we have beb* = ¢;

The verification that F(8) is an inverse sub-semigroupoid of § is straightforwards, using properties of
the canonical order of §. Note that E(8) C F(8). If b € F(8), then b*b = bb*, and for all e € E(8) N 8,
beb* = eb*b

If a € 8, b€ F(8) and ab is defined, then aba* € F(8) as well.
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Then 8 carries a natural action by conjugation) on F(8) as follows. Consider the bundle 7 := s |p(s) =
tlps): F(8) — 8. Given a € 8, let dom(ua) = {b € F(8) : bb* < a*a}, which is an ideal of F(8), and
contained in 7~%(s(a)). The map uq: dom(ug) — ran(a~), pa(b) = aba*, is an isomorphism, and the
pair (m,7) is a global action of § on F(8).

If 8 is an étale inverse semigroupoid, then int(F(8) is invariant, in the sense that u(8 * int(F(8))) C
int(F(8)). Indeed, if A and U are open bisections of § and U C F(8), then u(A*U) = AUA* is the set
of products aua* (whenever defined), where a € A and w € U. Since the product of open sets is open
and 8 x int(F(8)) is the union of all such sets A * U, then int(F(8)) is invariant.

Thus we may restrict the action (m, ) to int(F(8)). In fact, the argument in the paragraph above
proves that the restriction of (7, u|y) to any invariant open subset U of F(8) is an open action. Since
E(8) is also open and invariant, then the semigroupoids 8§ x int(F(8) and 8 x E(8) are étale as well.

In classical cases, the action p is well-known.

e If 8 is an étale groupoid, then F(8) is the isotropy subgroupoid of 8. The restriction of (m, 1) to
E(8) = 8 is the canonical action of § on its unit space: j, is defined only as p,(s(g)) = t(g),
for each g € S.

e if § is a discrete inverse semigroup then the restriction of (, u) to E(8) is the Munn representation
of §.

We finish this section by proving that continuous A-preactions of discrete inverse semigroups, and
continuous non-degenerate global actions of étale groupoids, are always open. Of course, it is enough to
consider only actions on topological spaces (unit groupoids).

Example 3.12. Just as in Example[Z43] a topological partial (or global) action 6 of an inverse semigroup
S on a topological space X is precisely a continuous partial action of S on X, as topological semigroupoids
(as in |3, Definition 2.3]), where we regard S as a discrete space.

In fact, more generally, if § is a continuous A-preaction of S on X, then dom(f,) is open in X for all
a € S (by a previous remark). Thus S x X = (J,cg{a} x dom(f,) is open in S x X (since we regard S
as a discrete space). From the comment after Proposition 310 it follows that 6 is an open A-preaction,
and in particular S x X is an étale inverse semigroupoid.

Example 3.13. As in Example 244 a continuous, non-degenerate global action (7,0): § ~ X of a
topological groupoid G on a topological space X is the same notion as used in [, Definition 3.6]. Suppose
moreover that G is étale, and let us prove that (m,8) is open. The map p of Proposition is precisely
the source map s: § x X — X, s(g,z) = x, so we need only to prove that it is open. Let A C G and
U C X be open. From Example Z.44] we know that 7=*(s(a)) = dom(6,) for all a € G, so it follows that

s(AxU)=n"1(s(A)NU
which is open because § is étale. Therefore (7,6) is an open global action.

We now refine Proposition [Z48 to the topological setting. Recall that any A-preaction (r, ) may be
extended, in a minimal manner, to a partial action (7, 8).

Proposition 3.14. IfS§ is an étale semigroupoid, A is a topological semigroupoid and (m,0) is a continu-
ous (resp. open) A-preaction, then the minimal partial action (m,0) of Proposition[2.48 is also continuous
(resp. open).

To avoid confusion, we denote 8 x A and SxA the (underlying sets of the) semidirect products
associated to ¢ and 0, respectively, and if A C 8, U C A, by AxU = (AxU)n (8 x A) and
AxU = (A x U) N (8XA). The action maps are still denoted 6 and 6.

Proof. If U C A is open, then 5_1(U) is the union of the sets of the form (A"<)¥V, where A C § and

V C A are open, and A+ V C 0~ (U). Thus, if (7,6) is continuous then (7, 6) is also continuous.
Similarly, if A C 8 and V C A are open, then §(A¥V) = §(AV< % V), so (m,0) being open implies that

(m,0) is also open. O

4. CONSTRUCTIONS WITH INVERSE SEMIGROUPOIDS

Throughout this section the letters §, T,...will always denote inverse semigroupoids. We define
ToPIS as the category of topological inverse semigroupoids and their continuous homomorphisms, and
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ToPGR as the full subcategory of TOPIS of topological groupoids. By ETIS and ETGR we denote
the full subcategories of TOPIS of étale inverse semigroupoids and groupoids, respectively.

4.1. Underlying groupoids.

Definition 4.1. The underlying or restricted product groupoid of a semigroupoid 8 is the groupoid % (8)
obtained from 8 by restricting its product to the set % (8)?) = {(a,b) € 8 x 8 : a*a = bb*}.

It is straightforward to check that % (8) is indeed a groupoid. The unit space (identified with the
object space) of % (8) is E(8), and the inverse of a € % (8) is a=! = a*. The source and range maps on
% (8) are given, respectively, by

502[(3)(0,) = a*a, t%(g)(a) =aa”.

If 8 is a topological semigroupoid, then the same topology of 8§ makes % (8) a topological groupoid:
The product and inverse maps are immediately continuous.

If § is étale, then % (8) is étale as well. Indeed, suppose that A is a bisection of the semigroupoid
S. If a,b € A and a*a = b*D, then s(a) = v(a*a) = t(b*b) = s(b), thus @ = b. Then the source map
So(s): @ — a*a is injective on A. Moreover, 54 (s)(A) = A*A is open for every A € B(8). Thus 54 (s)
is a continuous, open, locally injective map, i.e., a local homeomorphism. Therefore % (8) is an étale
groupoid.

Note that if G is a groupoid and ¢: § — 8 is a homomorphism, then for all (g, ) € G we have

$(9)*¢(g) = (g™ g9) = d(hh™") = p(h)p(h)*
so the same map ¢ may be seen as a groupoid homomorphism from G to % (8).

In particular, if ¢: § — T is a continuous semigroupoid homomorphism, then the same map induces a
continuous groupoid homomorphism % (¢) = ¢: % (8) — % (T). This gives us a functor % : TorPIS —
ToPGR. In fact, 7 is a retraction from TOPIS to TOPGR, i.e., the restriction of Z to TOPGR is
the identity functor.

The functor % can be easily seen to be terminal universal with respect to the inclusion of categories
t: TOPGR — ToOPIS. The same facts are also true when restricted to ETIS and ETGR.

Proposition 4.2. Let 8 be a topological (resp. étale) inverse semigroupoid. Then for every topological
(resp. étale) groupoid G and for every continuous semigroupoid homomorphism ¢: G — 8, the associated
map ¢: G — U (8) is a groupoid morphism. In other words, there exists a unique groupoid morphism
Y: G = U(S) (namely, the same function as ¢) such that the following diagram commutes:

g ()

) y

!
ORCACIEE

1

4.2. Quotients. A somewhat general notion of quotient for discrete semigroupoids is considered in [29)].
We will consider only quotients of inverse semigroupoids which preserve their vertex sets.

Definition 4.3. If G is a graph, an equivalence relation R on G is said to be graphed the source and
range maps are R-invariant (i.e., constant on all R-equivalence classes).

A graph congruence on an inverse semigroupoid 8 is a graphed equivalence relation R on 8 such that
for all a,a,b,b € 8, if (a,d), (b,b) € R and (a,b) € $?), then (ab,ab) € R.

Note that, in the definition above, the product ab is defined since s(@) = s(a) = t(b) = t(b), as the
source and range maps are constant on R-equivalence classes.

Given a graph congruence R on an inverse semigroupoid 8, we let 8/ R be the quotient semigroupoid,
which is a graphed semigroupoid constructed in the same manner as quotients of categories (see |30,
Section 2.8]): The vertex space is (§/R)(®) := 8(0). The arrow space is the usual quotient set /R,
and we denote the R-equivalence class of a € 8§ as [a]. Since s and v are constant on R-equivalence
classes, then they factor (uniquely) to maps s,t: §/R — 8, 5([a]) = s(a) and t([a]) = t(a) for all
a € 8. The product is defined in the only manner which makes the natural quotient map 8 — S/R a
semigroupoid homomorphism. Namely, given (x,y) € (8§/R)®), choose representatives a € 2 and b € y.



24 LUIZ GUSTAVO CORDEIRO

Then s(a) = s(z) = t(y) = v(b), so we may define xy = [ab]. Since R is a congruence, this product does
not depend on the choice of representatives of z and y. Associativity of the product is immediate.

Let us prove that quotients of inverse semigroupoids are also inverse semigroupodis. The following is
an analogue of a well-known fact for semigroups, and its proof follows the same steps. See |21, Theorem
5.1.1], for example.

Lemma 4.4 (|29, Lemma 3.3.1|). A regular graphed semigroupoid 8 is an inverse semigroupoid if and
only if elements of E(8) commute, i.e., for all (e, f) € (E(8) x E(8))N8?), ef = fe.

The following is a particular case of [29, Lemma 3.3.3] and the Lemma above. It may also be proven
directly as in the case of inverse semigroups — see |37, Proposition 2.1.1(iii)].

Proposition 4.5. If R is a graph congruence on an inverse semigroupoid 8, then 8/R is an inverse
semigroupoid.

4.2.1. The étale case. Suppose now that 8 is a topological (or étale) inverse semigroupoid, and that R
is a graphed congruence on 8. We wish to endow 8§/R with a natural topology making it a topological
(or étale) inverse semigroupoid as well, and for this we use the quotient topology. However, in general we
do not have control over the topology of (8/ R)(2), and thus we cannot guarantee that the multiplication
map of 8/R is continuous with respect to the quotient topology. We will therefore to make further
topological assumptions on the congruence R in order to obtain the desired result. Let us briefly recall
some facts about quotient topologies.

e If X is a topological space, Y is a set, and 7: X — Y is a function, the quotient topology of
Y (induced by 7) has as open subsets the subsets A of Y such that 7=1(A) is open in X. In
this case, a function p: Y — Z, where Z is a topological space, is continuous if and only if po 7
is continuous. In other words, continuous maps from Y are precisely the factors of continuous
maps from X through .

e If f: X — Y is a continuous, open, surjective function between topological spaces, then the
topology of Y concides the quotient topology of f.

Suppose that R is an equivalence relation on a topological space X. Given a subset A C 8, we let
R[A] denote the saturation of A, i.e., R[A] = {x € X : xRa for some a € A}. We say that R is open if
the saturation of every open subset of X is open, or equivalently if the quotient map X — X/R is an
open map.

Proposition 4.6. Let 8 be a topological (resp. étale) inverse semigroupoid and R a graphed open congru-
ence on 8. Then the quotient topology of 8/ R makes it a topological (resp. étale) inverse semigroupoid,
where we endow T = 8O with its original topology.

Proof. We first assume only that § is a topological inverse semigroupoid. Let us denote T := §/R and
m: 8 — T the quotient map.
We have the commutative diagram

where the horizontal arrows denote the inversion maps. Therefore the inversion map of T is simply the
factor map of m o ( )* through =, and is therefore continuous. Continuity of the source and range maps
may be proven similarly with diagrams.
We will prove that T has the quotient topology induced by the restriction of © x 7 to T(). After
that, continuity or the product on T follows easily, since we have the commutative diagram
g 1 g
T X Wl Jw

g2 g

where the horizontal arrows denote the product maps. This means that the product of T is the factor of
a continuous map through = X 7, and is therefore continuous.
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Since 7 is surjective, continuous and open, because R is open, then 7 X 7 is also surjective, continuous
and open, and therefore T x T has the quotient topology induced by 7w x .

Moreover, we have §©) = (7 x 7)~! (T®) and so for every A C 8 x 8 we have (7 x 7)(AN8?) =
(m x 7)(A) N T, In particular the restriction (7 x 7)|ge : 82 — T) is also continuous, surjective,
and open, and therefore T(?) has its quotient topology, and continuity of the product map follows.

Now assume that § is étale. If A is an open bisection of 8, then m(A) is an open bisection of T, because
sgom = 63 and tg om = tg are injective on A. Moreover, the source map of T is open: if C' C T is open,
then sq(C) = s5(7~1(C)) is open in T©) = §(0), Therefore sy is continuous, open, and locally injective,
hence a local homeomorphism. (I

Therefore, under the hypotheses of Proposition [£6 7: 8§ — 8/R is a continuous homomorphism of
topological inverse semigroupoid satisfying the usual universal property: If ¢: 8§ — A is any continuous
(resp. open) homomorphism from 8 to a topological semigroupoid A such that R C ker ¢, then there
exists a unique continuous (resp. open) semigroupoid homomorphism : §/R — A such that ¢ =) o 7.

Remark. A similar construction as in [6] shows, by set-theoretic considerations, that the category of
topological inverse semigroupoids admits arbitrary quotients in the following sense: If 8 is any topological
inverse semigroupoid and R is any congruence on 8, then there exists a topological inverse semigroupoid
8/R and a continuous homomorphism 7g: 8 — §/R such that mr(a) = 7x(b) whenever (a,b) € R, and
for any other inverse semigroupoid 7 and any continuous homomorphism ¢: 8§ — T such that ¢(a) = ¢(b)
whenever (a,b) € R, then there exists a unique continuous groupoid homomorphism #: 8§/ R — T such
that Y org = ¢.

The main idea in the construction of 8/R as above is to show that there is a set 2 of all possible
topological semigroupoid quotients of 8 which identify R-equivalent elements of 8. More precisely, 2
is a set of topological inverse semigroupoids () endowed with continuou maps mg: & — @ such that
mg(a) = mo(b) whenever (a,b) € R, and which satisfies the following property: If ¢: § — T is any
topological semigroupoid homomorphism such that ¢(a) = ¢(b) whenever (a,b) € R and ¢(8) generates
T (as an inverse semigroupoid), then (7, ¢) may be represented (faithfully) as (Q,mg) for some Q € 2.
We then take (8/R)" = [[pc0@: ™ = [Igeco ™. and §/R the sub-inverse semigroupoid of (8/R)’
generated by 7(S).

However, the topology of 8/R is not manageable in abstract terms, and a priori the inverse semi-
groupoid 8§/ R might be trivial even if R # 8 x 8.

4.3. Semigroupoids of germs and the initial groupoid.

Definition 4.7. A poset (P, =) is conditionally downwards directed for all p < P, the downset p+= =
{x € P: 2z < p} is downwards directed. Explicitly, this means that whenever z,y < p in P, there exists
z € P with z < z,y.

As an example, every inverse semigroupoid with its canonical order is conditionally downwards di-
rected.
The germ relation ~< on a poset (P, <) is defined as

a ~< b <= there exists z € P such that z < a and z <b.

Lemma 4.8. ~< is always reflexive and symmetric, and it is transitive (and thus an equivalence relation)
if and only if (P, =) is conditionally downwards directed.

Proof. Ounly the last statement warrants a proof. If (P, =) is conditionally downwards directed, then
suppose a ~< b and b ~< c. Let z and y with < a,b and y < b,c. As both  and y are bounded above
by b, we may take 2 < x,y. Then 2z X2 < a and z Xy < ¢, so a ~< c. Hence ~< is transitive.
Conversely, if ~< is transitive, suppose z,y < p in P. Then = ~< p and p ~< y, so  ~< y, which
means that there exists z < z,y, as desired. [l

The following example will be used in our duality result, and yields a large class

Definition 4.9. A preorder < on a semigroupoid 8 is compatible (with 8) if
(i) a = b implies a < b;
(ii) @ < b implies ax < bz and ya < yb whenever (a,z), (y,a) € 82,
(note that bz and yb in are defined because, by a <b,sos(a) =s5(b) and t(a) = v(d)).
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Any compatible preorder < on a semigroupoid § is preserved by inverses: If a < b, then a < b, so
a® =b*ab* X b*bhb* = b*

Example 4.10. . Let 8 be an étale inverse semigroupoid and let B(8) be its semigroup of open bisections.
Then set inclusion C is a compatible preorder compatible with B(8). Set inclusion coincides with the
canonical order of B(8) if and only if 8 is a groupoid.

Indeed, suppose that § is not a groupoid. Then the canonical order of § is not equality, i.e., there are
a # bin 8§ with a < b. Take any two open bisections Ag, By € B(8) containing a and b, respectively.
Then A := Ap N Bg,g and B := By N A%< are also open bisections of § containing a and b, respectively
(see Corollary B:6). However, B < A in the canonical order of B(8), but B is not contained in A.

The verification of the other direction — that if G is an étale groupoid then the canonical order of B(G)
is set inclusion — is straightforward.

Lemma 4.11. If < is a compatible preorder on an inverse semigroupoid 8 then it is conditionally
downwards directed, and ~< 1is a graphed congruence.

Proof. To prove that < is conditionally downwards directed, suppose z,y =< a. Then z,y < a as well.
The product z := zy*y is thus defined, and

z=xy*y 2 ay*y =y, and z=xy*y X za*a = x.

(In fact, note that any <-lower bound w of {z,y} satisfies w = ww*w < zy*y = z, so z = inf< {z,y}.)
Property m implies that the source and range maps are ~<-invariant, so ~< is graphed. If

a; ~< b; (i =1,2) and (aj,az2) € 82, we choose ¢; < a;,b;, so applications of imply cico <X ajas

and cica = bibg, thus ajas ~< b1b, which proves that ~< is a congruence. O

Remark. The germ relation associated to a compatible order does not determine the order completely.
For example, let L3 = {0, 1,2} be the lattice with 0 < 1 < 2. Set x < y if and only if z = y or x = a.
Then < is a compatible order on Lg, different from the canonical order < but with the same germ relation
(namely, all elements of L3 are equivalent).

Therefore, given an inverse semigroupoid 8§ and a compatible order <, we may construct the quotient
inverse semigroupoid §/~<. If 8 is étale, we wish to apply Proposition 6] to make 8§/~ étale as well.

Definition 4.12. A topologically compatible order < on a topological inverse semigroupoid 8 is a com-
patible order < such that upper and lower closures of open sets are also open, i.e., if A C 8 is open,
then

AP ={zc8:a=<zforsomeac A} and AYS ={z€8:z <a for someac A}

are open in A.

Example 4.13. Let X = [0,1] as a unit topological groupoid and its usual topology. Consider the
discrete lattice Lo = {0,1} with 0 < 1 and the topological semigroupoid 8 := Ly x X. Then 8 is an étale
inverse semigroupoid. The order

x =3y < z=yorz=(0,1)and y = (1,1)

is compatible but not topologically compatible with 8. Moreover, it is not hard to verify that the quotient
8/~< is a topological, non-étale, inverse semigroupoid when endowed with the quotient topology.

At this moment, we do not have an example of a compatible order < on a topological inverse semi-
groupoid 8 such that the product map on 8/~< is not continuous with respect to the quotient topology.
Given a topologically compatible order < on a topological inverse semigroupoid 8, the ~<-saturation
of an open subset A C 8 is
~< [A] = (Ab=)T=.
which is open. Therefore ~< is open, and as a particular case of Proposition .6 we obtain the following
result.

Proposition 4.14. Suppose that = is a topologically compatible order on a topological (resp. étale)
inverse semigroupoid 8. Then the quotient topology on T = 8/~< makes it a topological (resp. étale)
inverse semigroupoid. (We endow 80 = T with its original topology.)

Given an étale inverse semigroupoid 8, the canonical order < of § is topologically compatible, by
Corollary B.6(b)| and thus we may apply the result above.
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Definition 4.15. The initial groupoid of an étale inverse semigroupoid is the topological (semi)groupoid
JE(8) =8/~<.

To check that F&(8) is indeed a groupoid, we may simply verify that its canonical order is trivial.
Denote by ws: 8§ — F&(8) the (usual) quotient map. If wg(a) < ws(b), then wg(a) = ws(ba*a). Since
ba*a < b then ba*a and b are ~< related, hence 7g(b) = ws(ba*a) = ws(a).

Moreover, F€(8) satisfies a universal property for semigroupoid homomorphisms from 8 to topological
groupoids (and hence its name): Let mg: 8§ — F&(8 be the canonical quotient map. Suppose that
¢: 8 — G is a continuous semigroupoid homomorphism, where G is a topological groupoid. As ¢ preserves
the orders and the order of G is trivial, then ¢ is ~<-invariant, and thus ¢ factors through ms to a
continuous groupoid homomorphism ¢: F€(8) — G, i.e., =Y om7s.

In particular, if T is another étale inverse semigroupoid and ¢: 8§ — T is a continuous semigroupoid
homomorphism, then the composition 7 o ¢: § — FE(T) factors uniquely through FE(8), so we
obtain a continuous groupoid homomorphism % (¢): JFE(S8) — FE(T). Therefore we have a functor
JEG: ETIS — ETGR, and the previous paragraph proves that it is initial with respect to the inclusion
of categories .: ETGR — ETIS.

Proposition 4.16. Let 8 be an étale inverse semigroupoid. Then for every étale groupoid G, every
continuous semigroupoid morphism ¢: 8 — G factors through a continuous groupoid homomorphism
FJE(8) — G. In other words, there exists a unique continuous groupoid homomorphism v: FE(8) — §
such that the following diagram commutes:

s "5 (5%(S)) I(S)
S~ | v
+(9) S

If G is a groupoid, then its order is trivial and the associated germ relation is the identity, hence the
restriction of #€ to ETGR is naturally isomorphic to the identity functor. In this manner, & may
also be regarded as a retraction from ETIS onto its full subcategory ETGR.

Example 4.17. If S is a discrete inverse semigroup, then #&(5S) is called the maximal group homomor-
phic image of S. See |37, Proposition 2.1.2].

Example 4.18. If §: S ~ X is a continuous A-preaction of an inverse semigroup S on a topological space
X, then we have seen in Example B.12 the semidirect product S x X is an étale inverse semigroupoid.
The groupoid FE(S x X) is the groupoid of germs of 8, as considered in [3].

Quotients of semidirect products. Let (m,0): 8 ~ T be an open, continuous A-preaction, where 8§ and T
are topological inverse semigroupoids. We will now analyse how the operations of “taking quotients” and
“taking semidirect products” behave with respect to each other. Abusing language, we might simply say
that “quotients and semidirect products commute”.

Suppose that Ry and Ry are graphed congruences on 8§ and T, respectively. We denote equivalence
classes, either in 8 or 7, simply by brackets, if a € 8§ then [a] denotes its Rj-equivalence class, and
similarly in 7.

On one direction, consider the equivalence relation Ry x Rz on 8 x T — namely (s1,¢1) is (R1 X Ra)-
equivalent to (so,t9) if and only if s1 is Ri-equivalent to so and ¢; is Ro-equivalent to to. We wish that
Ry X Rs is a congruence on 8 X T, and for this we need to impose conditions on the congruences R; and
Rs.

The (Ry X Rg)-class of (a,z) € 8§ x T is denoted [a, z].

Definition 4.19. A graphed congruence R on an inverse semigroupoid R is idempotent pure if (a,e) € R
and e € E(8) implies a € &(8) (i.e., the saturation of E(8) is E(8)).

The following equivalences are well-known in the case of inverse semigroups, and the proofs are easy
enough, so we omit them.

Proposition 4.20. The following are equivalent:
(i) R is idempotent pure;
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(ii) The canonical quotient map 7: 8 — 8/ R is idempotent pure, in the sense that n=1(E(S/R)) =
(i1t) If (a,b) € R, then a*b € E(8) (and also ab* € E(S));

We therefore make two standing hypotheses on the congruence R; and Rz, and the action (7, 6).

(H1) R; is idempotent pure;
(H2) 6 is an Ry-morphism: For all @ € § and z,y € dom(0,), if (x,y) € Ry then (0,(x),0,(y)) € Ra.

Lemma 4.21. Under hypotheses and|[(H2), (R1 x Rg) is a graphed congruence on 8 x T. Moreover,
if la,z] = [b,y] then [0 (z)] = [0(y)]-

Proof. We start with the last statement. Suppose [a,z] = [b,y]. Then [z] = [y] = [zy*y], and xy*y
belongs to both dom(f,) and dom(fp). As R; is idempotent pure, 6, and 6, are compatible, and thus
coincide on the intersection of their domains. Since 8 is an Ro-morphism then

[0 (2)] = [0 (zy™y)] = [O(xy"y)] = [0b(y)],
as desired.

We can now prove that the source and range maps of 8 X T are Ry X Rg-invariant. Assuming [a, x] =
[b,y], we have [0,(x)] = [0,(y)] by the previous paragraph. As R, is graphed,

t(a, ) = t(0a(z)) = t(0s(y)) = ©(b,y)-

and s(a,) = 5(z) = s(y) = 5(b,y).
It remains only to prove that if [a,z] = [b,y], [¢, 2] = [d,w], and the product (a,x)(c, z) is defined,
then [(a,x)(c, 2)] = [(b,y)(d, w)]. More specifically, we need to prove that

[ac, 02 (20 (2))] = [bd, 07 (y0a(w))]

Again using the last part of the lemma, we have [0.(2)] = [0a(w)], so [28.(z)] = [yfa(w)] because Rz is
a congruence. Applying the last part one more time yields

[0 (@0 (2))] = 107 (yba(w))]

and also [ac, bd] because R; is a congruence. O

The lemma above allows us to construct the quotient of the semidirect product, (8 x T)/Ry x Ry. We
now do the opposite, namely we construct a semidirect product of the quotients, (§/R1) x (J/Rg). First
we need to describe the A-preaction of 8/Ry on T/Rs.

The anchor map 7: T — 89 is a homomorphism, so if t(z) = t(y), then z*y is defined, so m(x) =
7(x*) = 7(y). Since Ry is graphed then 7 factors unique to a homomorphism, T/Ry — 8(9), which we
also denote 7.

We now define the action of 8/R; on T/Ry, which we denote by ©. Given an R;-class o € 8/ Ry,
consider the subsets of T/ Ry

D,, :={[z] : x € dom(6) for some b € § with (b,a) € Ry }.
and
R, == {[z] : x € ran(fy) for some b € § with (b,«) € Ry }.
Note that R, = Dg+, and that D, is a subset of 771(s(c)).
By Lemma [£21] we may define a map O,: D, — R, by
O.([z]) = [0a ()], whenever a € o and = € dom(0,,).

We have already seen that if a,b € « then 6, and 6, coincide on their common domain, and from this
it follows that ©, is a bijection from D, to R,. We will prove that it is a A-preaction, in the sense of
Definition 2471 For this, let us make a small detour to the theory of V-prehomomorphisms, which are
dual to A-prehomomorphisms.

Definition 4.22. A V-prehomomorphism between inverse semigroupoids is a map 6: 8§ — T which
satisfies (0 x 0)(8)) C T and A(ab) < 0(a)0(b) whenever (a,b) € 8.

Proposition 4.23. If 0: 8§ — T is a A-prehomomorphism, then 0 preserves idempotents, the canonical
order, and inverses.
If 0 is invertible and 0~ is also a \V-prehomomorphism, then 6 is an isomorphism.
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Proof. The statements in the first paragraph may be proven just as in the case of inverse semigroups;
see |26, Proposition 3.1.5]. Let us prove the last statement. Suppose 6 is invertible and §~! is also a
V-prehomomorphism.
Given (a,b) € 82, we have
0(adb) < 0(a)d(b).

Since #~! is a V-prehomomorphism, and in particular it preserves the order,

ab < 071(0(a)0(b)) <07 (0(a))0~1(0(D)) = ab
so ab = 071(0(a)f(b)), or equivalently, 8(ab) = 0(a)f(b). O
Proposition 4.24. If (7,0) is a A-preaction then (w,©) is a A-preaction.

Proof. We simply need to verify that if (m,6) satisfies any of properties or then (7, ©)
satisfies the same property.

The work for is straightforward, i.e., if ;1 = 0.~ for all a € §, then O, = ©,-.

Assume then that (7, 0) satisfies For all (a,b) € 82, 0, 06 < O

Suppose (a, 8) € (8/R1)? and v € dom(©, 0 Og). Then we can find b € 3 and = € v N dom(6;)
such that ©g(y) = [0p(z)], and this belongs to dom(O,). Then, find a € o and y € dom(f,) such that
6,(2)] = [y] and ©(O5(7)) = 0 ()]

We have [y] = [0y(z)] = [6p(x)y*y], and the element ,(x)y*y belongs to both ran(f,) and dom(f,).
Then we can consider z € dom(6p) (namely, z = 6y« (0 (z)y*y)) such that 6(x)y*y = 0p(2). Moreover,
as [0y(z)] = [0p(z)] then [z] = [z], because 6 is an Rp-morphism. Then z € dom(f, o 6p), so v = [z] €
dom(0©, 0 ©g), and

0a(05(7)) = Oa([s(2)]) = [0a(0s(2))] = [far(2)] = Oas(7)-
This proves that O, 0 ©g < B44, as we wanted.

It remain only to prove that each map O, is an isomorphism between ideals of T/Rs. It should be
clear that D,, is an ideal for each o € 8§/ R;. Moreover, recall that as Ry is graphed, then a product [z][y]
is defined in T/Ry if and only if zy is defined in T, in which case [z][y] = [zy].

Let o € 8/R;. First we prove that ©, preserves idempotents. Indeed, if v € dom(0,,) is idempotent,
take a € « and x € yNdom(f,). As [¢] = v = v*y = [z*z], we may assume that = € E(8), so
0q(x) € E(T), because 0, is an isomorphism, and thus O,(y) = [0,(x)] € E(T/R2).

We may now prove that ©, is a V-prehomomorphism. Suppose that 7,0 € dom(®,). Then are
a,b € a and x € yNdom(d,) and y € 6 Ndom(hy). If v is defined and it also belongs to dom(©,), so
there is ¢ € « and z € (yd) Ndom(f.). We then apply Lemma H2T] several times, which allows us to
compute

Oa(70) = [0c(2)] = [0a(2y)] = [0a(2)][0a(2"2y)] = Oa(y)[h (27 2y)] = Oaly)[0s(z"2yy™)][0s(y)]
= 0a(7)Oa([z"zyy"])Ou (9).

Since O, preserves idempotents, then ©,(yd) < O,(7)O4(0), so O, is a V-prehomomorphism. The
same holds for ©,+ = O, so by Proposition £.23] ©,, is an isomorphism. 0.

Remark. The analogous result to the proposition above for partial actions is not true. The following
example was considered in [25, Example 4.5]. Let E = {0, a, b} be the semilattice with < y if and only
if 2 =0 or =y, acting on the lattice Ly = {0,1}, where 0 < 1, as follows: 6y and 6, are the identity
of {0} and 6, =idr,. Then, in fact, 0 is a global action.

We let Ry be the congruence which identifies 0 and b in F, and Ry the identity of Ls. Again denoting
by © the A-preaction of E/R; on La/Ry =T, we have [0] < [a], but ©g) = 0y, @[a =0,, and 0, < 6.

We will now consider the topological setting. The two standing hypotheses [(H1)| and |(H2)| are still
maintained.

Lemma 4.25. Suppose that § is étale, T is topological, (m,0) is a continuous open A-preaction, and R,
and Ry are open. Let w1: 8 — 8/Ry, ma: T — T/Ra be the canonical quotient maps. Then
(a) m1 X m2: S X 8§ — (8§/Ry1) X (T/R2) is surjective, continuous and open. In particular, (8/R1)
(T/R2) carries the quotient topology of m1 X Ta.
(b) Ry X Ry 1is open.
(c) (w,0) is open and continuous.
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Proof. Consider the map p: 8§ x T — T, p(a,x) = x, which we know to be a from Proposition 310

@ Surjectivity and continuity of m; X w2 should be clear, so we prove that it is open. A basic open
set of § X T has the form A x U, where A is an open bisection of § and U is open in T. Let us
prove that

(4.26) (m1 X m2)(A*U) =m(A) xme(p(AxT)).

Indeed, the inclusion “C” is immediate. Conversely, an element of the right-hand side may be
writtens in the form ([a], [x]), where x € dom(6;) for some b € A, and also in the form ([¢], [2])
where z € dom(6.). As Ry is graphed then t(z) = t(2), so w(z) = 7(z). As R; is also graphed,
then
s(a) =s(c) =7(z) = w(x) = s(b)
and therefore a = b as A is a bisection. Therefore (a,z) € 8§ x T and ([a], [z]) = (m1 X 72)(a, z).
Since 71, m2 and p are open maps then (w1 X m2) is also open.

@ R1 X Ry is the kernel of m; X w3, so the R; x Rs-saturation of an open subset U C 8 x T is
(m1 x 7))~ 1(m x ma(U)), which is open by the previous item.

We have the commutative diagram

Sx T T
T X’]TQl o l’]‘rg
(8/R1) x (T/Ry) —— T)/ Ry

where the horizontal arrows are the action maps and the vertical ones are topological quotient
maps. Since 6 is continuous and open then © is continuous and open. (I

Theorem 4.27. Assuming hypotheses |(H1) and |(H2), that 8 is étale, T is topological, (7,0) is a con-
tinuous open A-preaction, and that Ry and Ry are open, the map

®: (% T)/(Ry x Rg) = (8/R1) x (T/R),  ®([a,x]) = ([a], [])
is a topological semigroupoid isomorphism.

Proof. The fact that ® is a semigroupoid isomorphism is immediate. To check that it is also a homeo-
morphism, consider the commutative diagram
id
Sx T : SxT
Wl o lﬂ'l X o
(8 x T)/(R1 X Ra) —— (8/R1) x (T/R2)

where 71, ™y and 7 are canonical quotient maps. The vertical arrows are topological quotient maps, so
and id is continuous and open, therefore ® is continuous and open as well, hence a homeomorphism. [

4.4. Global actions. In this subsection, let us consider global open actions of étale inverse semi-
groupoids on sets.

Example 4.28. Every étale inverse semigroupoid 8 admits a canonical continuous, open action on its
vertex space.

Let idg) : 8(% — 8() be the trivial bundle. Define 7: 8§ — I(idg)) as 74(s(a)) = t(a) for all a € 8§
(that is, dom(r,) = {s(a)} and ran(7,) = {t(a)}).

As § is étale, it is easy to verify that T(8) := (idg,7) is a continuous open action.

Denote by AcCT the category of continuous open actions of étale inverse semigroupoids on topological
spaces. A morphism between actions (7%,0%): 8; ~ X; (i = 1,2) is a pair (f, ¢), where f: X; — X5 is a
continuous function and ¢: §; — 89 is a continuous homomorphism, which are equivariant in the sense
that for alla € 8, fo 0l < 9(225(@) of (ie., 9(225(@) o f is an extension of f o 6%).

The composition of two morphisms is simply (f1, ¢1)(f2, d2) = (f1 0 f2, d1 0 ¢2).

We will construct a pair of adjunct functors between AcT and ETIS. Let us denote by T(8) =
(idgy, 7) the action constructed in Example .28 for an étale inverse semigroupoid 8. We already know
that any continuous étale semigroupoid homomorphism ¢: 8§ — 85 induces a continuous map on the
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vertex sets (@ : 8 — 8 by () (s(a)) = s(d(a)). It is easy to see that T(¢) := (¢(©), ¢) is equivariant,
and thus a morphism between the actions T(81) and T(82). We thus have a functor T: ETIS — AcCT.
In the other direction, given a morphism (f,¢): (m1,61) — (mw2,602) of continuous open actions
(m3,0;): 8; ~ T;, we define a continuous semigroupoid homomorphism x*(f,¢): 81 x T3 — 82 X T
by
*(fv ¢)(a7 .Z‘) = (¢(a)a f(x))

Therefore we have a functor *: AcTt — ETIS, taking any action to the associated semidirect product.

Proposition 4.29. (T, *) is a pair of adjoint functors. Moreover, *T is (naturally isomorphic to) the
identity of ETIS.

Proof. We first define a natural transformation e: Tx — idacr. Given an action (7,6): 8 ~ T, consider
the homomorphism ¢V : 8 x T — 8, ¢V (a, z) = a. Since the vertex set (8 x X)© is (a subset of) X, let
e® :=idx. Then €(; ) = (¢, ) is a morphism of actions, and this defines a natural transformation
€: T — idacr-
In the other direction, given an inverse semigroupoid 8, consider ns: 8 — 88 as ns(a) = (a,s(a)).
Then 7g is actually an isomorphism, and this defines a natural isomorphism 7: idgris — *T.
Elementary, although long, computations prove that (e,n) is an adjunction between T and . O

5. DUALITY

By making an analogy with the Non-Commutative Stone Duality of Lawson-Lenz, between certain
classes of groupoids and inverse semigroups, we look at the following question: How can one recover an
inverse semigroupoid from its set of bisections?

Let 8 be a discrete inverse semigroupoid. Then the set B(8) of bisections of 8 is an inverse semigroup
under product of sets. However, the natural order in this semigroup does not coincide with set inclusion:
Given A, B € B(8), we have A < B if and only if for all a € A, there exists b € B with (¢(b),s(b)) =
(v(a),s(a)) and a < b.

As a more concrete example, if S is an inverse semigroup, then the non-empty bisections of S are
simply singleton sets, and thus set inclusion coincides with identity: {a} C {b} if and only if a = .
However, as long as S is not a group, there will be distinct elements a # b with a < b.

Therefore, in order to recover 8 from B(8) we will need to consider information about set containment
as well.

Following the approach in classical Stone duality, as well as in the initial versions of non-commutative
Stone duality for groupoids, we will consider only locally compact étale semigroupoids with Hausdorff
and zero-dimensional idempotent spaces.

Lemma 5.1. Suppose that 8 is a topological inverse semigroupoid.

(a) If E(8) is Hausdorff and , then 8 is Hausdorff as well.
(b) If 89 is Hausdorff. then the product of compact subsets of 8 is compact.

Proof. @ Suppose E(8) is Hausdorff. Given x1 # x5 in 8(9), choose e1, e € E(8) with s(e;) =
S0 €1 # eg. Take any two open bisections Uy, Uy with e; € Us.
We have 82) = {(a,b) € 8: 5(a) = t(b)}, which is closed in § x 8 as s and t are continuous and
8(9) is Hausdorff.
If pu: 8) — 8 denotes the (continuous) product, then for any two compact subsets K, L C 8,
(K x L) N 8® is closed in the compact K x L, hence compact itself. Therefore KL = pu((K x
L) N 8?)) is compact. O

Example 5.2. Let X be any Hausdorflf topological space with a non-isolated point xg., and let Lo =
{0,1} be the lattice with 0 < 1. Let 8 be the inverse semigroupoid obtained from Lo x X by identifying
(0, ) with (1, ) whenever & # zo. Then 8§ = E(8) is a non-Hausdorff, étale inverse semigroupoid, and
89 = X is Hausdorff.

Now consider Y = 8 simply as a topological space. Let E = {0,a,b} be the semilattice with z <
y < x=0orz=y,and T=F x X\ {(0,20)}, which we make an inverse semigroupoid over Y as
follows: If s(a,xo) is the class of (0,x¢) in Y, s(b, ) is the class of (1,z¢) in Y, and if x # xo, then
s(e, z) is the class of (0,2) in Y. Then the product of E x X restricted to T makes it a Hausdorff, étale
inverse semigroupoid, with non-Hausdorff vertex space.
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Definition 5.3. An étale inverse semigroupoid 8 is ample if 89 is locally compact, Hausdorff and
zero-dimensional. We denote by KB(S) the inverse semigroup of compact-open bisections of 8.

We now axiomatize set inclusion for KB(8). For a preorder C on an inverse semigroup S, we denote
respective joins and meets by a Ub = supc {a,b} and a Nb = infc {a, b}, whenever either exists.

Definition 5.4. A Y-ordered inverse semigroup is an inverse semigroup with zero S equipped with a
compatible order C satisfying
(2-1) 0Caforalacs.
(X-ii) (S, C) admits conditional joins: If aq,as C ¢, then the join a; U as = supe {a1, a2} exists.
($-iii) (S, C) is (finitely) distributive: If a join ¢; U ¢y exists and a € S, then a(c; U ca) = (acy) U (acz)
(the latter term exists by the previous item).
(2-iv) (E(S), C) admits relative complements: If e C f in E(S), then there exists a ¢ € E(S) such that
eUc= fand eNc=0. Such c¢ is necessarily unique (see next paragraph), and denoted by f\ e.
(3-v) If a*b = ab* = 0, then the join a U b exists.
(X-vi) If t < a in S, then there exists z C a such that ¢t < z C a and

tr =0 < zx=0 for all z € S.

The proof that relative complements of (E(S), C) are unique follows as in the classical setting by
distributivity: If e C f in E(S) and ¢y, co are relative complements of e in f, then cie = ¢; Ne =0 (see
Lemma , SO

aa=caf=c(eUc)=creUcica =0Ucic2 = cic9
i.e., c1 < co, and symmetrically we conclude that ¢; = co.

Since compatible orders are preserved by taking inverses, then property implies (¢; Uca)a =
(c1a) U (coa) as well.

In the next few technical lemmas, we compile the technical properties of 3-ordered inverse semigroups
which will be necessary, and follow the discussion with two canonical examples. Let us fix, throughout
this subsection, a Y-ordered inverse semigroup (S, C).

Lemma 5.5. Suppose that (S, C) is a X-ordered inverse semigroup.
(o) If e <y <zandxCz, then x Cy.
(b) If anb exists and ¢ C b, then aNc exists, and aNec = (aNb)ce.
(c) If x,y C a, then x Ny exists, and x Ny = xy*y = yy*x.
(d) If x,y Ca and b € S, then b(x Ny) = bx N by.
(e) If aUb exists, then (a Ub)*(aUb) =a*aUb*b
(f) If bU ¢ exists, then
anNn®Uc)=(anb)U(anc)

in the sense that one side is defined if and only if the other one is, in which case they coincide.

(g) S admits relative complements. More precisely, if a C b, then b\ a = b(b*b\ a*a). (Note that the

relative complement b*b\ a*a is defined by )
(h) If aUb, aUc and bN ¢ are defined, then

aU®ne) =(@Ub)N(aUc)
in the sense that both sides are defined and coincide.
(i) If a Cb and c € S, then c¢(b\ a) = (cb) \ (ca).
(5) (De Morgan’s Laws) If ai,a2 C b then (b\ a1) N (b\ az) =b\ (a1 Uaz) and (b\ a1)U (b\ a2) =
(b\a1 ﬂag).

Proof. @ As z C z, we multiply both sides by y*y to obtain z = xy*y C zy*y = y, because
z<y<z.
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[(b)] On one hand, (a Nb)c*c C (aNb)b*db =anbC a, and (aNb)c*c C be*c = ¢, so (aNb)c*c is a
C-lower bound of {a,c}. Simple computations prove that it is the greatest lower bound.

((c)| This was already proven in Lemma [L.T11

As bz, by C ba, item@yields bxr Nby = bx(by)*(by). As x,y < a, then zy* € E(S), so we may
commute xy* and b*b to obtain

b Nby = b(zy™)(b"b)y = b(b™b)(zy")y = bz Ny)

where we used item @ in the last equality, as x Ny = xy™y.

@ By distributivity, Property
(@Ub)*(aUb) = (a"Ub")(aUb) = (a*a) U (a™b) U (b*a) U (bD).
But since a*b C a*(a U b) = a*a, and similarly for b*a, then
(aUb)*(aUb) =a*aUb"b.

If an (bUc) exists, then item [(e)| implies that both a N'b and a N ¢ exist, Since both are C a,
their C-join exists by Property
Assume now that (a Nd) U (a N c) exists, and let us prove that it is the C-meet of {a,bU c}.
It is a lower bound, since

(anb)U(anc)CaUa=a and (anNb)U(anc)ChbUec.

To prove that it is the largest lower bound, suppose p C a and p C (bN¢). In particular, pNb = b.
As anb exists, item@implies (anb)p*p = pNb = p. Similarly, (aNc)p*p = p. By distributivity,

Property we have
((anb)u(anc))p™p = ((anb)p*p) N ((aNe)p’p) =pNp=p,

that is, p < (aNb)U(anec) < bUc. Since p C bUc, item [(a)] gives us p C (aNb) U (aNc), as we
wanted.

Suppose a C b. Let e = b*b\ a*a, i.e., a*aUe = b*b and a*aNe = 0. Multiplying both equalities
by b on the left on both sides and using distributivity (item and Property yields
aU (be) =b and an (be) = 0, so be is the complement of a relative to b.

Since both a and b N ¢ are C-bounded above by a U b, then a U (b N ¢) is defined by Property
and is a C-lower bound of a Ub. Symmetrically, changing the roles of b and ¢, we see that
it is a C-lower bound of {a Ub,a U c}. Again, let us prove that it is the largest one. Suppose
p CaUb,aUc. Let us verify some cases:

(1) If p C a, then of course p C a U (bNc).

(2) Suppose pNa = 0. Since both p and a are C a U b, then this means that 0 = ap*p, so
p=(aUb)p*p = ap*p Ubp*p = bp*p, and thus p < bp*p. Both p and b are CaUb, sop C b.
Similarly, p C e, sop CbNecCaU(bNc).

(3) For a general lower bound p of {aUb,aU c}, we apply the first case to p N a (which exists
by item since a,p C a Ub) and the second one to p\ (pNa), to conclude that

p=(@nNa)U(p\(pna)) CaU(dNc). i

The last case proves that a U (b ¢) is the meet of (a Ub) N (a U c¢), as we wanted.

If a C band ¢ € S, then it is easy enough, with the previous items, to verify that ¢(b\ a) satisfies
the properties of the complement of ca in ¢b, so ¢(b\ a) = (¢b) \ (ca).

(j)| Similarly to the previous item, it is only a matter of verifying that (b\ a1) N (b \ a2) satisfies
the defining properties of the complement b\ (a1 U az), so these elements coincide, and similarly
b\ (a1 ﬂag) = (b\al) U(b\ag).

The interpolation property [(X-vi)|is very important and will be used heavily during the proof of the

duality result we aim to produce.

Lemma 5.6. Suppose t < a in S. Then there exists a unique p € S such that t < p C a and for all
zesS

tr=0 <= pr=0 and 2t =0 <= zp=0.
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Proof. We have t < a and t* < a*. By consider z,w € S such that t < z,w C a and
tr=0 <<= zx=0 and 2t =0 <= zw=0.

Let p=znuw (Lemma. Then t <p Ca, p=zw*w and for all z € S,
pr =0 <= zw'wzx =0 < tw'wr =0 <= tx =0,

where the second equivalence follows from the choice of z and the third one from ¢ < w. Similarly, as
p=wNz=z2z"w,zp =0 < xt =0.

As for the uniqueness of p, suppose that ¢ is another element with the same property. Then p*p, ¢*q C
a*a, and we have 0 = p(a*a\ p*p) = 0, hence z(a*a\p*p) = 0 and g(a*a\ p*p) = 0 by the given properties
of p and q. Therefore

q"q=q"q(a"a) = ¢"q((a"a\ p"p) Up*p) = ¢"qp"p,
so ¢*q < p*p. By symmetry, we conclude that ¢*q = p*p, and as both p,q < a then p = gq. (I

Definition 5.7. The unique element p of the Lemma above is called the interpolator of t and a, and is
denoted by alt.

Interpolators may be described precisely in well-known cases.

Example 5.8. Suppose § is an ample inverse semigroupoid. Then (KB(S),C) is a X-ordered inverse
semigroupoid. If A < B in KB(S§), then the interpolator B|A is s~ 1(s(B)) N A.

Example 5.9. Let S be a weakly Boolean distributive inverse semigroup as in |27]. Then the canonical
order of S makes it a Y-ordered inverse semigroup. Interpolators are trivial, in the sense that if ¢ < b in
S then bla = a.

5.1. The general procedure. Let us describe the general procedure to reconstruct an ample inverse
semigroupoid 8 from the pair (KB(8), C). First, we “extend” the canonical action 8 on 8(°) to an action
of KB(8) on 89 in the intuitive way: a bisection of 8 is actually a collection of arrows between points
of 89 and thus describes a partial function of 8(°). Then set inclusion on KB(8) induces a compatible
order on the semidirect product KB(S) x 8%, and the quotient (semigroupoid of germs) is isomorphic
to 8.

So the problem at hand now is to describe 8(9 in terms of KB(8), which we follow by constructing
the relevant categories and the dual equivalence between them.

5.2. Reconstruction of 89 from KB(S). Let F be a semilattice. Recall that a filter on E is a
nonempty subset § C F which is downwards directed and upwards closed - i.e., it satisfies

(i) Ife, f € §, then ef € F;

(ii) feed, f€ F,and e < f, then f € §.

A filter is proper if § # E. If E has a zero (minimum), this is equivalent to say that 0 ¢ §. An ultrafilter
is a maximal proper filter. Every nonzero element e € E belongs to the filter e’ = {f € E: e < f}, and
Zorn’s Lemma implies that every filter is contained in some ultrafilter. Therefore every element of E
belongs to some ultrafilter.

The following alternative description of ultrafilters is well-known and useful.

Lemma 5.10. Let § be a proper filter in a semilattice with zero E. The following are equivalent:

(1) § is an ultrafilter;
(2) For everye € E, if 0 & eF then e € §.

Proof. If 0 ¢ eF, then the set (eF)" = {u € E:ef <u for some f € §} is a proper filter containing

FU{e}. If § is maximal, then § = (eF)T, which contains e. This proves [(1)={(2)]
Conversely, if is valid, consider a proper filter § containing §. As 0 € &, then every e € G satisfies
the condition of |(2)} so & C §. Hence § is valid, i.e., d

Definition 5.11. The spectrum of E is the topological space Q(F) of all ultrafilters in E, with the
topology generated by the sets

X[e] ={F € QE):e€F}, (e € E).
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Note that X[e]N X [f] = X[ef] for alle, f € E, so {X]e] : e € E} is indeed a basis for the topology of
Suppose now that (S, C) is a X-ordered inverse semigroup, and F = E(S) is its idempotent semilattice
(we use the canonical order < as the lattice structure of E(S), and not C).

Lemma 5.12. Every element § of Q(E(S)) is a prime C-filter, in the sense that if e1 U es € § then
e1 €EF ores €5F.
In other words, X[e1 Uea] = X[e1] U X[ea] whenever e; U ey is defined in E(S).

Proof. If e; € § we are done. If e; € §, then by Lemma [5.10 there exists f € § such that e; f = 0. For
any other f' € §, as e; Ueg € §, we have

0# (f'f)(exUez) = (f'fer) U(f' fe2) =0U (f'fes) = f'fe,
and in particular f'e; # 0 (as E(S) is commutative). By Lemma B.1I0, es € §. O

Proposition 5.13. Q(E(S)) is a zero-dimensional, locally compact Hausdorff space.

Proof. First we prove that Q(E(S)) is Hausdorff. Suppose that F' # G in Q(E(S)). As F and G are
ultrafilters, Lemma [F.10 allows us to take f € F and g € G such that fg = 0, so X[f] and X|[g] are
disjoint neighbourhoods of § and &, respectively.

To prove that Q(FE(S)) is locally compact and zero-dimensional, it suffices to prove that each basic
open set X[e] is compact. Suppose that X[e] = (J,c; X[ri]. Since X[er;] = X[e] N X[r;], we may assume
that ; < e. Using interpolation, let s; = e|r;, i.e.,

r, <s;Ce and six =0 < r;z =0 for all x € E(95).

By Lemma 5.0, we have X[r;] = X[s;] for all 4, so it suffices to prove that e = | J,. 5 s; for some finite
subset F' C I and apply Lemma

Suppose otherwise, and let us arrive at a contradiction. For every finite subset F' C I, let s(F) =
Uicr 5i- Then e\ s(F) # 0 for all F. Using Lemma [5.5]

(e\s(F))(e\s(G)) = (e\s(F))N(e\s(G)) = e\ (s(F)Us(G)) =e\s(FUG),
so the family B = {z € E(S) : x > s(F) for some finite F' C I'} is a <-filter containing e. Let § be any
<-ultrafilter containing B (which exists by Zorn’s Lemma). Then for all i, e\ s; € B C §,s0 s; € F,
ie., § € X(e)\ Uies X[si], a contradiction. O

Suppose now that 8 is an ample inverse semigroupoid. For every z € 89, the set
Y(x):={U € E(KB(8)) : z € s(U)}
is clearly a proper filter in E(KB(S)).

Lemma 5.14. For every x € 89, the set 1(x) is an ultrafilter in E(KB(8)). In fact, the map ¢: 80 —
Q(E(KB(8))) is a homeomorphism. The inverse ¢~1: Q(E(KB(8))) is the unique function satisfying
{v71F} = Nueg s(U) for all § € UE(KB(S))).

Proof. First note that, as 8(°) is Hausdorff, then ¢ (z) C 1(y) if and only if 2 = .

We thus only need to prove that every proper filter § of E(KB(S)) is contained in 1 (z) for some z.
As § is downwards directed, then the family {s(U) : U € §} of compact subsets of the Hausdorff space
8(9) has the finite intersection property, so Cantor’s Intersection Theorem implies that its intersection is
nonempty. Any element x € (¢ 5(U) satisfies § C ¢(z).

This in fact implies that ¢(z) is an ultrafilter for any = € 8(9): By Zorn’s lemma and the previous
paragraph, there are an ultrafilter § and y € 8(9 such that +(z) C § C 1(y). By the first paragraph
of the proof and maximality of F, ¢)(x) = ¥(y) = § is an ultrafilter. The argument in the previous
paragraph implies the statement about 1. ([l

5.3. The category X-ORD. A morphism of ¥-ordered inverse semigroups is a semigroup homomor-
phism 6: S — T which further satisifies:
(i) 6(0) =
(i) 0 is C- monotone if a Cbin S then ¢(a) C ¢(b) in T}
(iii) € is a U-morphism: if a U b exists in .S, then 0(a) U 0(b) exists in T', and (a Ub) = 6(a) U H(b);
(iv) For alla,be Sand t € T, if t C 6(a), 9( ), then there exists ¢ C a, b such that t C 0(c);



36 LUIZ GUSTAVO CORDEIRO
(v) 0 is proper: For all t € T, there exist t1,...,t, € T and s1,...,, € S such that
n
t=Jti and £ CO(s;)foralli=1,...,n

(vi) 0 preserves interpolators: If a < b, then 6(bla) = 6(b)|0(a).

It is easy to check that morphisms of ¥-ordered inverse semigroups are stable under composition. We
thus define the category ¥-ORD of Y-ordered inverse semigroups and their morphisms.

Property above was considered in |27, p. 134], as part of the definition of callitic morphisms for
distributive inverse semigroups. It is a strengthening of the condition that 6 preserves A, and is necessary
since we consider non-Hausdorff inverse semigroupoids.

To see that 6 preserves A, suppose that aNb exists in S. Then 6(aNb) C (a), H(b), as 6 is C-monotone.
If w C 6(a),d(b), then bymthere exists ¢ C a N b such that O(u) C O(c) C B(and), so §(aNb) is the
largest C-lower bound of {a, b}, i.e., 8(aNb) = 6(a) NO(D).

It is important to note that there are semigroup homomorphisms, between Y-ordered inverse semi-

groups, which satisfy Properties |(i)i(v)| but not
(iv)

The next example shows that |(iv)| and are necessary.

Example 5.15. Let L3 = {0,1,2} be the lattice with 0 < 1 < 2, and the compatible order z C y <=
x=0orx =y, and let Ly = {0,1}, as an ideal of L3, and the restriction of C. Both Ls and Lo
are Y-ordered inverse semigroups. (Lg is isomorphic to KB(Ls), where Lo is seen simply as an inverse
semigroup, and Ls is isomorphic to KB({0}).)

The map 6: Ly — Lo, 6(0) =0, 6(1) = 6(2) = 1, satisfies all of |(i) except

Similarly, the map n: Ly — Lo, n(0) = n(1) = 0, n(2) = 1, satisfies all of |(i)i(v)| but not

5.4. The category AMP,. A homomorphism ¢: § — T of inverse semigroupoids is star-injective if for
all a,b € 8, s(a) = s(b) and ¢(a) = ¢(b) implies a = b (i.e., 0 is injective on all fibers), and star-surjective
if forallt € T and all a € 8, if 5(t) = s(¢(a)), then there exists b € § with s(b) = s(a) and ¢(b) =

If ¢ is both star-injective and star-surjective, we say that ¢ is a covering homomorphism. We define
AMP, as the category of ample inverse semigroupoids and continuous, proper covering homomorphisms.

5.5. The functor K: AMP® — 3-ORD. On objects, to each ample inverse semigroup 8, we set
K(8) = (KB(8), C). To define K on morphisms, let us first state the necessary lemma.

Lemma 5.16. Let ¢: § — T is a proper continuous covering homomorphism of ample semigroupoids.
If A € KB(T) then ¢~ 1(A) € KB(S). The map A + ¢~1(A) is a morphism of X-ordered inverse

Semigroups.
We thus define the functor K on a morphism ¢: A — B of AMP, as K(¢)(A) = ¢~1(A).

Proof of Lemma[5.16. Suppose A € KB(T). As ¢ is continuous and proper, then ¢~1(A) is open and
compact. Let us prove that it is a bisection of 8.

Suppose a,b € ¢~ 1(A) and s(a) = s(b). Then s(¢(a)) = 5(¢(b)), andas ¢(a) and ¢(b) belong to the
bisection A then ¢(a) = ¢(b). As ¢ is star-injective then a = b. Thus the source map is injective on
¢~ 1(A), and similarly the range map is injective on ¢~1(A).

We now need to prove that K(¢): A — ¢~ 1(A) is a semigroup homomorphism, i.e., that ¢~1(AB) =
¢ 1(A)p~1(B) for all A,B € KB(T). The inclusion ¢~ 1(A)p~1(B) C ¢ 1(AB) is immediate as ¢
is a semigroupoid homomorphism. Conversely, suppose that z € ¢~!(AB). Then there exist (a,b) €
(A x B)NnT® such that ¢(z) = ab, and in particular s(¢(z)) = s(b). As ¢ is star-surjective, there exists
pp € 8 with s(ps) = §(z) and ¢(py) = b. Then s(¢(pp;)) = s(b*) = s(a), so again since ¢ is star-surjective
then there exists p, € 8§ with s(p,) = s(p;) and ¢(p.) = a.

Then s(paps) = s(pp) = 5(z), and @(papy) = ab = ¢(x). As ¢ is star-injective then © = pgpp €
61 (4) 67 (B).

The first non-trivial property that we need to prove for K(¢), to conclude that it is a morphism of
Y-ordered inverse semigroups, is properness. Suppose K € KB(8). Then ¢(K) is compact in T, so
we may cover it by finitely many bisections A1, ..., 4, € KB(T). Setting K; = ¢~ 1(4;) N K, we have
K =J_, K; and K; C K(¢)(A;). This proves that K(¢) is proper.

The fact that K(¢) preserves interpolators it equivalent to the equality

¢~ (s (s(B) NA) =5 (s(67(B) No (A)



ETALE INVERSE SEMIGROUPOIDS - THE FUNDAMENTALS 37
for arbitrary A, B € KB(T), and this is easily proven using star-surjectivity. (I

5.6. The functor P: X-ORD°® — AMP. As a motivation, suppose that the functor P is defined in a
manner that P(KB(S)) & 8 for every ample semigroupoid 8. Given another ample semigroupoid T, a
morphism 0: KB(8) — KB(7)) thus induces a morphism P(f): T — 8, and in particular a map between
the underlying vertex spaces T and 8, or alternatively by the content of Subsection [i.1, between
QE(KB(7))) and Q(E(KB(8))). This is the map we deal with first.

Let us temporarily fix a morphism of ¥-inverse semigroups 0: (S,C) — (T, C). Then 6 restricts to
a semigroup homomorphism 6|g(g): E(S) — E(T'). The construction of the maps Q(E(T")) — Q(E(S))
cannot be done just by taking pre-images, contrary to as in more classical cases (e.g. [27]).

Lemma 5.17. If § € Q(E(T)), then 071(F) is nonempty, and the set
P(0)0(3) = {c € B($): 0 ¢ eblpls) )}
is an ultrafilter containing 9|Eé5) (3). Moreover, the map P(0)() thus defined is continuous and proper.

Proof. Choose any t € §, so as 0 is proper, there exist ¢1,...,t, € E(T) and s1,...,s, € E(S) such
that t = U?:l t; and t; C ¢(s;) for each i. As § is C-prime (Lemma [5T2]), for some i we have t; € §, so
5i € 0|55 (3):

Of course, P(0)(©)(F) is upwards closed, does not contain 0, and contains 6~ (F), so to prove that it
is a filter we need to prove that it is closed under products. For this, fix an arbitrary p € 9|Eé5) (®).

Suppose that f, g € P(6)(?(F). Then fp < p, so we may consider the interpolator q; = p|(fp).

Since 0(p) = 0(qs) UO(p \ qf), one of g5 or (p\ gf) belongs to 0~(F) (by Lemma (I2). We have
fp\ ar) < a5\ ar) = gs N (p\ qr) = 0, and because f € P(0)V(3) then p(p \ q5) & 07'(5), so
(p\qf) & 071(3) as well.

We therefore have ¢; € 671 (F). Suppose now, in order to obtain a contradiction, that fg ¢ P(6)(? (),
so that we may find e € 67(§F) such that fge = 0. Then fp(eg) = 0, implying gs(eg) = 0, contradicting
the facts that e, q; € 071(F) and g € P(0)((F).

From all of this, we conclude that P(8)() () is a proper filter of E(S). In fact, its definition makes it
clear, by Lemma [5.10, that it is an ultrafilter in E(S), i.e., an element of Q(E(S)).

To prove that P(0)(®) is continuous and proper, it is sufficient to prove that (IED(Q)(O))71 (Xle]) =
X|[6(e)], as it shows that preimages of basic compact open subsets of Q(E(KB(8))) are compact and open
in Q(E(KB(7))). The inclusion X[f(e)] C (]P’(@)(O))_1 (X]e]) is simple enough, however the converse is
harder. Namely, we need to prove that if e € P(6)(9)(F), then 6(e) € F.

Suppose that this was not the case, so there exists a € § with 6(e)a = 0. By Property B.4(3-v)| the
join f(e) U a exists. As 6 is proper, the same considerations as in the proof that 6=1(F) is nonempty
allow us to assume that 0(e) Ua C 6(g), and in particular 6(e) = 6(eg). Letting p = g|(eg), we
have 0(p) = 6(g)|0(e). In particular, §(e)a = 0 implies 0(p)a = 0, so O(p) ¢ F. On the other hand,
e(g\p) = ge(g\p) <p(g\p) =0, and since e € P()V)(F) then g \p & 07'(3), i.e., 0(g \p) € F.

This is a contradiction, as neither §(p) nor §(g \ p) belong to the ultrafilter 2 but 6(g) = 0(p) Ub(g\ p)
does.

We therefore conclude that (]P’(@)(O))71 (Xle]) = X[0(e)], as we wanted. O

To finish the construction of the functor PP, let us work in a more general setting. Suppose that
0: S ~ E is an action of an inverse semigroup S acts on a semilattice ' by order isomorphisms of
ideals of E (equivalently, this is action between semigroupoids). Then we may construct a “dual” action
0 of S on Q(E). Namely, for a € S, we set dom(f,) = {F € Q(E) : N dom(b,) # @}, and a bijection

o~

0.: dom(0,) — dom(f,+),

~

0a(8) = 0a(F N dom(0,))" = {u € E : u > 6,(e) for some e € FNdom(h,)}

Note that dom(f,) = Ucedom(o,) X €] is open in Q(E), and that 0, % (X|e]) = X[0(e)], whenever X[e] C
In particular, the Munn representation u: S ~ E(S) induces a continuous action fi: S ~ Q(E(S5)).
Note that dom(fi,) = X[a*a] for all @ € S. We then construct the semidirect product S x5 Q(E(S)).
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As we are considering a 3-ordered inverse semigroup (S, C), the order C induces a compatible order,
also denoted C, on S x5 Q(E(S)), namely

(8,5) C(t,6) <= e= fand s Ct.
Note that a basic open set of S x5 Q(E(S)) is of the form {s} x X[e] for some e € E(S), and

({s} x X[e])"S = J{{t} x X[e] :t € S,s C t},

so upper closures (relative to C) of open sets are open, and similarly for lower closures. This means that
C is topologically compatible in S x5 Q(E(S)), hence the semigroupoid of germs

P(S,C) = (5 xz Q(E(S))) /~c

is an étale inverse semigroupoid. The vertex space Q(E(S)) is Hausdorff, locally compact and zero-
dimensional, and therefore P(S, C) is ample. This defined the functor P on objects.

To define P on morphisms, we need a lemma. Fix a morphism of Y-ordered inverse semigroups
0:(S,C) — (T, Q).

Lemma 5.18. For every [t,§] € P(T,C), there exists s € S such that [0(s),5] = [t,§]. If [0(s1),F] =
[0(s2), 3], then [s1, B (0)(F))] = [s2, PO (0)(F).

Proof. Since 6 is proper, choose t1,...,t, € T and s1,...,s, € S such that ¢t = |J;_, ¢; and t; C 6(s;)
for each i. As t*t = |JI_, tit; belongs to §, we have tit; € § for some i, and of course

[t, 8] = [t:, ] = [6(si), 5]

For the second part, first note that if [0(s),§] is a well-defined element of P(T,C), ie., if § €
X[0(s)*6(s)] then the definition of P(8)(©) readily yields P(6)(*)(F) € [s*s], so [s,P()?(F)] is a well-
defined element of P(S, C).

Now assume that [0(s1), ] = [0(s2),F], i.e., there exists t C 0(s1),0(s2) such that t*t € F. Property
of morphisms of X-ordered inverse semigroups yields u C s, 2 such that ¢ C 6(u). In particular
F € X[0(u)*0(u)], so the previous paragraph gives us P(0)(°)(§) € X[u*u]. As u C 51,52, we conclude
that [s1, B(0)®)(3)] = [s2 P(6)® (3)]. 0

We then define P(0): P(T,C) — P(S,C) as P(0)[t, ] = [s,P(0) D (F)], where s € S is chosen so that
[t,§] = [0(s),T]. The verification that P(f) is indeed a star-injective, star-surjective, homomorphism of
inverse semigroupoids, is somewhat long and uneventful, so we omit it. The vertex map of IP(6) is indeed
P(©) which we have already proven to be proper and continuous, so P(#) is also proper and continuous.

5.7. The natural equivalence. First consider an ample inverse semigroupoid 8. Let 1: 80 —
QUEKB(S8))), ¥(r) ={U € E(KB(S)) : z € s(U)} be the homeomorphism constructed in Lemma [5.T4
Thus we define (s: 8§ — P(K(8) as (s(a) = [A,9¥(s(a))], where A € KB(8) is chosen so that a € A.

Then (g is an isomorphism of étale inverse semigroupoids, and the associated vertex map Qéo) =1 is a
homeomorphism, so (s is an isomorphism as well. This defines a natural isomorphism ¢: idame, — PK.
(The proof of the naturality of ¢ is straightforward, although uninspiring, by carefully following all the
definitions, and thus is ommited.)

In the other direction, given (S,C) a X-ordered inverse semigroup, we wish to construct an iso-
morphism g cy: S — K(P(S, C)). For this, let us introduce some notation: Given s € S and a subset
U CQ(E(S)), let [s,U] = {[s,z] : € U Ndom(us)}. Then the sets [s, U], where s € S and U C Q(FE(S))
is open, form a basis for the topology of P(S, C). Moreover, if U is compact and open in Q(FE(S)) then
[s,U] is a compact-open bisection of P(S, C).

We may therefore define the semigroup homomorphism

K(Sag): S%K(P(Svg)% H(S) = [S,X[S*S]].
Let us prove that it is an isomorphism.

Lemma 5.19. Let s € S and U be a compact-open subset of X [s*s]. Then there exists z C s such that
X[z*2) = U. In particular [s,U] = [z,U].
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Proof. First we prove that U = X|e] for some e € E(S). As U is compact-open, we may write it as a
finite union of basic open subsets of Q(E(S)), U = |J;_; Xe;], where e; € E(S). Proceeding inductively,
it is enough to assume n = 2.

Fori=1,2,let f; = ei[(exe2), so X[fi] = X[erea] = X[e1] N X[ea]. We have Xe;] = X[fi] U X[e; \ fil,
and the latter sets are disjoint, so X[e; \ fi] = X[e;] \ X[fi]. We thus have a partition

U = X[61 \ fl] UX[€1€2] U X[€2 \ fg]

The sets in the right-hand side being disjoint means that pairwise products among e; \ f1, ejes and
ez \ f2, always yields 0. As we consider X-orders, the join e := (e1 \ f1) U (e1e2) U (e2 \ f2) exists, and
U = X|e] by Lemma [5.12

Therefore, as we can assume U = XJe]. Since U C X[s*s] then U = X[e] N X[s*s] = X[es*s], i.e., we
may assume U = Xe] with e < s*s. Let z = s]|(se), so

X[z"z] = X|[(se)*(se)] = X[es*se] = X[e] = U. O

Proposition 5.20. rg,c) is surjective, i.e., every compact-open bisection U of P(S,C) is of the form
[s,U] for some s € S and some U C X[s*s].

Proof. First we write U in terms of the basic open sets: U = |J'_,[s;, U/], each U/ being compact-open
and hence clopen in Q(E(S)).

Let U; = Uy and for i > 2, U; = U] \ U;;ll U,. Then we have disjoint compact-open bisection [s;, U;]
(as their sources are disjoint), and also | J;-_, [si, U;] € U. However, the source map is injective on U, and
s(Uiy s, Ui]) = Ui, Ui = Ui, U] = s(U), and thus we must have U = |J"_,[s;, U;]. By Lemma [5.19
we may assume U; = dom(ks;, ).

As the sets [a;, U;] are disjoint, and contained in a bisection, then their sources and ranges are also
disjoint. It follows that aja; = a;a} = 0 whenever ¢ # j, and thus the supremum a = Ui, a; exists. It
readily follows that X[a*a] = |J]_, U;, and thus that [a, X [a*a]] = U}, [a;,U;] = U. O
Proposition 5.21. k(g,c) is a C-isomorphism: s C t in (S, C) if and only if k(s,c)(s) C ks,c)(t) (as
sets).

Proof. Of course s C t implies r(g,c)(s) C k(s,c)(t), so we deal with the converse implication.

Assume that k(g,c)(s) € rs,c)(t), ie., [s,X[s*s]] C [t,X[t"t]]. For every § € X[s*s], we have
[s,8] = [t, 5], so we may find a C s,t with § € X[a*a]. This means that {X[a*a] : a C s,t} is an open
cover of X[s*s], so we may find a finite subcover, i.e., a1,...,a, C s,t such that X[s*s] = U, X[a}a,].
Letting a = |J!'_; a;, we have a C s,t, and X[a*a] = X[s*s]. Thus we just need to prove that a = s.

Indeed, if a # s then s\ a # 0, so X[(s\ a)*(s \ a)] is a nonempty subset of X[s*s] which does not
intersect X[a*a] = X[s*s], a contradiction. O

Therefore r(g.cy: (S,S) — (K(P(S)), ) is an isomorphism of Y-ordered inverse semigroups. Just
as for (, the proof of the naturality of x: ids_orp — KP is straightforward by carefully applying the
definitions of the functors P and K, so we also omit it.

We thus conclude:

Theorem 5.22 (Stone duality for ample inverse semigroupoids). The category AMP, of ample inverse
semigroupoids and their proper continuous covering homomorphisms is dually equivalent to the category
Y-ORD of Y-ordered inverse semigroups and their morphisms.

REFERENCES

1. Fernando Abadie, On partial actions and groupoids, Proc. Amer. Math. Soc. 132 (2004), no. 4,
1037-1047 (electronic).

2. Dirceu Bagio and Antonio Paques, Partial groupoid actions: globalization, Morita theory, and Galois
theory, Comm. Algebra 40 (2012), no. 10, 3658-3678.

3. Viviane Maria Beuter and Luiz Gustavo Cordeiro, The dynamics of partial inverse semigroup actions,
Preprint
https://arxiv.org/abs/1804.00396, 2018, p. 31.

4. Viviane Maria Beuter and Daniel Gongalves, The interplay between Steinberg algebras and skew rings,
J. Algebra 497 (2018), 337-362.

5. Ronald Brown, Topology and groupoids, BookSurge, LLC, Charleston, 2006.



40

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

LUIZ GUSTAVO CORDEIRO

Ronald Brown and John Phillip Lewis Hardy, Topological groupoids: I. Universal constructions,
Math. Nachrichten 71 (1976), 273-286.

Alcides Buss and Ruy Exel, Inverse semigroup expansions and their actions on C*-algebras, Illinois
J. Math. 56 (2012), no. 4, 1185-1212.

Alcides Buss, Ruy Exel, and Ralf Meyer, Inverse semigroup actions as groupoid actions, Semigroup
Forum 85 (2012), no. 2, 227-243.

Alcides Buss, Rohit Dilip Holkar, and Ralf Meyer, A universal property for groupoid C*-algebras. I,
Proc. London Math. Soc. Third Ser. 117 (2018), no. 2, 345-375.

James Robin Bernard Cockett and Stephen Geoffrey Lack, Restriction categories I: categories of
partial maps, Theor. Comput. Sci. 270 (2002), no. 1-2, 223-259.

Luiz Gustavo Cordeiro, Soficity and other dynamical aspects of groupoids and inverse semigroups,
Ph.D. thesis, University of Ottawa, 2018, pp. 261+-xii.

Michael Dokuchaev, Partial actions: a survey, Groups, Algebr. Appl., Contemporary Mathematics,
vol. 537, American Mathematical Society, 2011, pp. 173-184.

Michael Dokuchaev and Ruy Exel, Associativity of crossed products by partial actions, enveloping
actions and partial representations, Trans. Amer. Math. Soc. 357 (2005), no. 5, 1931-1952.

Ruy Exel, Clircle actions on C*-algebras, partial automorphisms, and a generalized Pimsner-
Voiculescu exact sequence, J. Funct. Anal. 122 (1994), no. 2, 361-401.

, Inverse semigroups and combinatorial C*-algebras, Bull. Braz. Math. Soc. (N.S.) 39 (2008),
no. 2, 191-313.

, Reconstructing a totally disconnected groupoid from its ample semigroup, Proc. Amer. Math.
Soc. 138 (2010), no. 8, 2991-3001.

, Semigroupoid C*-algebras, J. Math. Anal. Appl. 377 (2011), no. 1, 303-318.

, Partial dynamical systems, Fell bundles and applications, Mathematical Surveys and Mono-
graphs, vol. 224, American Mathematical Society, Providence, 2017.

Geoff Goehle, Groupoid crossed products, Ph.d. thesis, Darthmouth College, 2009, p. 504.

Chris Heunen, On the Functor ¢?, Comput. logic, games, quantum Found., Springer, Heidelberg,
2013, pp. 107-121.

John Mackintosh Howie, Fundamentals of semigroup theory, London Mathematical Society Mono-
graphs. New Series, vol. 12, The Clarendon Press, Oxford University Press, New York, 1995.

Robin Kaarsgaard, Holger Bock Axelsen, and Robert Gliick, Join inverse categories and reversible
recursion, J. Log. Algebr. Methods Program. 87 (2017), 33-50.

Jan Kastl, One method of representations of inverse semigroups, Surikaisekikenkytisho Kokytiroku
292 (1977), 73-89.

Johannes Kellendonk and Mark Verus Lawson, Tiling Semigroups, J. Algebra 224 (2000), no. 1,
140-150.

Mikola Khrypchenko, Partial actions and an embedding theorem for inverse semigroups, to appear
in Periodica Mathematica Hungarica., 2017.

Mark Verus Lawson, Inverse semigroups, the theory of partial symmetries, World Scientific Publishing
Co. Pte. Ltd., 1998.

Mark Verus Lawson and Daniel Lenz, Pseudogroups and their étale groupoids, Adv. Math. 244
(2013), 117-170.

Xin Li, Continuous orbit equivalence rigidity, Ergodic Theory Dynam. Systems 38 (2018), no. 4,
1543-1563.

Veny Liu, Free inverse semigroupoids and their inverse subsemigroupoids, Ph.d. thesis, The Univer-
sity of Alabama, 2016, p. 85.

Saunders Mac Lane, Categories for the working mathematician, second ed., Graduate Texts in Math-
ematics, vol. 5, Springer, New York, 1978.

Kengo Matsumoto, Orbit equivalence of topological Markov shifts and Cuntz—Krieger algebras, Pacific
J. Math. 246 (2010), no. 1, 199-225.

Donald B. McAlister, Groups, semilattices and inverse semigroups, Trans. Amer. Math. Soc. 192
(1974), 227-244.

, v-prehomomorphisms on inverse semigroups, Pacific J. Math. 67 (1976), no. 1, 215-231.
Donald B. McAlister and Norman R. Reilly, E-unitary covers for inverse semigroups, Pacific J.
Math. 68 (1977), no. 1, 161-174.




ETALE INVERSE SEMIGROUPOIDS - THE FUNDAMENTALS 41

35. Kevin Paul McClanahan, K -theory for partial crossed products by discrete groups, J. Funct. Anal.
130 (1995), no. 1, 77-117.

36. Ieke Moerdijk and Janez Mr¢un, Introduction to foliations and Lie groupoids, Cambridge Studies in
Advanced Mathematics, vol. 91, Cambridge University Press, Cambridge, 2003.

37. Alan Leonard Tuke Paterson, Groupoids, inverse semigroups, and their operator algebras, Progress
in Mathematics, vol. 170, Birkh&user, Boston, 1999.

38. Mario Petrich, Inverse semigroups, John Wiley & Sons, Inc., New York, 1984.

39. John Currie Quigg and Nandor Sieben, C*-actions of r-discrete groupoids and inverse semigroups,
J. Aust. Math. Soc. 66 (1999), no. 2, 143.

40. Jean Nicolas Renault, A groupoid approach to C*-algebras, Lecture Notes in Mathematics, vol. 793,
Springer, Berlin-Heidelberg, 1980.

41. , Cartan subalgebras in C*-algebras, Irish Math. Soc. Bull. (2008), no. 61, 29-63.

42. Pedro Resende, Etale groupoids and their quantales, Adv. Math. 208 (2007), no. 1, 147-2009.

43. Néandor Sieben, C*-crossed products by partial actions and actions of inverse semigroups, J. Aust.
Math. Soc. 63 (1997), no. 1, 32-46.

44. Benjamin Steinberg, A groupoid approach to discrete inverse semigroup algebras, Adv. Math. 223
(2010), no. 2, 689-727.

45. Bret Ransom Tilson, Categories as algebra: an essential ingredient in the theory of monoids, J. Pure
Appl. Algebra 48 (1987), no. 1-2, 83-198.

46. Constantin-Cosmin Todea, Symmetric algebras, skew category algebras and inverse semigroups, J.
Algebra 369 (2012), 226-234.

47. Hisao Tominaga, On s-unital rings, Math. J. Okayama Univ. 18 (1975), no. 2, 117-134.

UMPA, UMR 5669 CNRS — EcoLE NoRMALE SUPERIEURE DE LyoN, 46 ALLEE D’ITALIE, 69364 Lyon CEDEX 07,
FRANCE
E-mail address: luizgc6@gmail.com, luis-gustavo.cordeiro@ens-lyon.fr



	1. Introduction
	Notation and running conventions
	1.1. Setoids, bundles and partitions
	1.2. Graphs

	2. Inverse semigroupoids
	2.1. Exel and graphed semigroupoids
	2.2. Inverse semigroupoids
	2.3. A representation theorem
	2.4. -prehomomorphisms, partial homomorphisms, and actions
	2.5. Semidirect products

	3. Topological and étale inverse semigroupoids
	3.1. Continuous -preactions and semidirect products

	4. Constructions with inverse semigroupoids
	4.1. Underlying groupoids
	4.2. Quotients
	4.3. Semigroupoids of germs and the initial groupoid
	4.4. Global actions

	5. Duality
	5.1. The general procedure
	5.2. Reconstruction of S0 from KB(S)
	5.3. The category -Ord
	5.4. The category Amp*
	5.5. The functor K:Amp*op-Ord
	5.6. The functor P:-OrdopAmp*
	5.7. The natural equivalence

	References

