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Abstract

The Ehresmann-Schein-Nambooripad theorem, which states that the cate-
gory of inverse semigroups is isomorphic to the category of inductive groupoids,
suggests a route for the generalisation of ideas from inverse semigroup theory
to the more general setting of ordered groupoids. We use ordered groupoid
analogues of the maximum group image and the E-unitary property — namely
the level groupoid and incompressibility — to address structural questions
about ordered groupoids. We extend the definition of the Margolis-Meakin
graph expansion to an expansion of an ordered groupoid, and show that an
ordered groupoid and its expansion have the same level groupoid and that
the incompressibility of one determines the incompressibility of the other.
We give a new proof of a P-theorem for incompressible ordered groupoids
based on the Cayley graph of an ordered groupoid, and also use Ehresmann’s
Maximum Enlargement Theorem to prove a generalisation of the P-theorem
for more general immersions of ordered groupoids. We then carry out an ex-
plicit comparison between the Gomes-Szendrei approach to idempotent pure
maps of inverse semigroups and our construction derived from the Maximum

Enlargement Theorem.
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Chapter 1
Introduction

The first developments in the theory of inverse semigroups and their connec-
tion with partial symmetry are due to Wagner [28] and Preston [22], inde-
pendently in the early 1950s. Ehresmann’s work on pseudogroups of trans-
formations was phrased in terms of ordered groupoids, and according to [10],
Ehresmann knew of the connection between ordered groupoids and inverse
semigroups that was later codified as the Ehresmann-Schein-Nambooripad
theorem (see[10]), stating that the category of inverse semigroups is isomor-
phic to the category of inductive groupoids. This theorem is an instance of
the idea of regarding groupoids (or more generally, categories) as algebraic
structures in their own right, a point of view advanced, with applications to
combinatorial group theory, in [8]. It also suggests a route for the general-
isation of ideas from inverse semigroup theory: convert them to the corre-
sponding notion for inductive groupoids, and then try to generalise them to
ordered groupoids. This route gives rise to most of the structure theorems

in this thesis.

After dealing with some preliminaries in chapter 1, we turn in chapter 2 to

a well-known structure theorem from inverse semigroup theory, the classifi-



cation of all bisimple inverse w-semigroups using Bruck-Reilly extensions of
a group. The classification is based on ideas by Bruck [3], Reilly [23], and
Munn [19]. As an introduction to the use of ordered groupoids, we prove this
theorem by classifying the inductive groupoids that correspond to bisimple
w-semigroups. A groupoid corresponding to a bisimple inverse w-semigroup
under the Ehresmann-Schein-Nambooripad theorem has a transparent basic
structure: to recover the semigroup from the groupoid we need to know the
inductive structure. We proceed by constructing all possible inductive struc-
tures on the corresponding groupoid, and show that (up to isomorphism) each
resulting inductive groupoid then corresponds to a Bruck-Reilly extension of

a group.

An important concept for the remainder of this thesis is that of an E-unitary
inverse semigroup. An inverse semigroup is F-unitary if any element lying
above an idempotent, in the natural partial order, is also an idempotent.
Equivalently, an inverse semigroup is F-unitary if the natural map to its
maximum group image is idempotent pure. Saito, [24], was the first to intro-
duce these semigroups in 1965 as proper inverse semigroups, and E-unitary
inverse semigroups were then classified by McAlister in his celebrated P-
theorem [16] in terms of a group action of the maximum group image on a
certain partially ordered set. For ordered groupoids, we use the analogues
developed in [5] of the maximum group image and the E-unitary property,
namely the level groupoid of an ordered groupoid and the notion of an in-
compressible ordered groupoid. An ordered groupoid G is incompressible if
the map from G to its level groupoid is star-injective (the analogue of being

idempotent pure).

In chapters 3 and 4 we look at ideas based on Cayley graphs and their gen-
eralisations. A Cayley graph is a graphical representation of a presentation

of a group, and we look at analogous constructions for inverse semigroups



and ordered groupoids. For example, Frucht’s theorem states that every fi-
nite group is isomorphic to the automorphism group of a Cayley graph. We
prove similar results for inverse semigroups and ordered groupoids, realis-
ing them as partial symmetries of the appropriate analogue of the Cayley
graph. Our main results in this direction concern the Margolis-Meakin graph
expansion of a group presentation. The Margolis-Meakin graph expansion
constructs, from the Cayley graph of a group with a given generating set
A, an inverse semigroup (G, A)MM. Margolis and Meakin show that their
expansion (G, A)MM is A-generated as an inverse semigroup, has maximal
group image GG and is E-unitary. We use our definition of the Cayley graph
of an ordered groupoid to extend the Margolis-Meakin graph expansion to an
expansion of an ordered groupoid. We then show, for an ordered groupoid G
generated by A, that (G, A)M is also an ordered groupoid generated by A,
that the level groupoid of G is isomorphic to the level groupoid of (G, A)MM
and further, (G, A)MM is incompressible if and only if G is incompressible.
Thus the analogues of the key properties of the Margolis-Meakin expansion

of a group hold for the Margolis-Meakin expansion of an ordered groupoid.

In chapter 5 we turn to McAlister’'s P-theorem, and its generalisation to
the class of incompressible ordered groupoids proved by Gilbert [5]. Since
McAlister published his P-theorem in 1974 there have been many alternative
proofs given for the theorem. One of the versions is Steinberg’s succinct proof
based upon Schiitzenberger graphs, [26]. We give a new proof of Gilbert’s
P-theorem for ordered groupoids based on Steinberg’s approach, using the
Cayley graph of on ordered groupoid introduced in chapter 3. The P-theorem
may also be viewed, as explained by Lawson in [10], as a consequence of
Ehresmann’s Maximum Enlargement Theorem, a very general structure the-
orem for star-injective maps between ordered groupoids. We give an account
of this theorem in chapter 5, following Lawson’s approach, and use it to

prove a generalisation of the P-theorem that corresponds to O’Carroll’s the-



orem [21] on idempotent pure extensions by inverse semigroups. O’Carroll’s
structure theorem is in turn a generalisation of McAlister’s P-theorem for F-
unitary inverse semigroups. Given a star-injective map v : G — T" between
ordered groupoids, we show how to reconstruct GG from a so-called L—system,

involving the action of T" on a certain poset.

In chapter 6 we look at some results of Gomes and Szendrei [7], who describe
by means of category-like structures that they call quivers, the structure of
regular semigroups that are idempotent pure regular extensions by inverse
semigroups. There are close connections with the work of O’Carroll, and
indeed the results of Gomes and Szendrei generalise those of O’Carroll. We
carry out an explicit comparison of the Gomes-Szendrei quiver construction
for an idempotent pure map of inverse semigroups, with the LL—system con-

struction derived in chapter 5 via the Maximum Enlargement Theorem.

1.1 Inverse Semigroups

Symmetry groups are well known and it is the developement of the symmetry
group of a geometry that led to ‘inverse semigroups’. Inverse semigroups can
be used to explain the ‘partial’ symmetry of a geometry. Wagner in 1952,
(28], and Preston in 1954, [22], idependently constructed inverse semigroups.
After introducing some semigroups definitions and properties we state the
Wagner-Preston theorem which is a generalisation of Cayley’s theorem for
groups. As Cayley’s theorem shows us that a group can always be described
as a group of bijections, so the Wagner -Preston theorem shows us that an

inverse semigroup can be described in terms of partial bijections.

One of the most studied types of inverse semigroup is the E-unitary inverse
semigroup. In 1974 McAlister’s P-theorem classified all E-unitary inverse

semigroups, [16], and over the decades many have given alternative proofs to



this theorem. We define the E-unitary property in this chapter and go on to

discuss McAlister’s P-theorem in more detail in chapter five.

1.1.1 Semigroup Definitions

A semigroup is a set with an associative binary operation. If a semigroup
has an identity element it is called a monoid. A semigroup S is commutative
if for all elements s,t € S, st = ts. Given a semigroup S and element a € S
then a is regular if there is another element b € S such that a = aba and
b = bab, in which case b is called an inverse of a. If every element of S is
regular then S is called a reqular semigroup. We denote the set of all inverses
of an element a by V(a). In order to show that a semigroup is regular we
need only show that for an element a € S there is an element b € S such
that @ = aba. For then

a = aba = (aba)ba = a(bab)a

and
bab = b(aba)b = bab(aba)b = (bab)a(bab)

so bab is an inverse of a and S is regular.

An element e of a semigroup S is an idempotent if e* = e. Denote by E(S)

the set of all idempotents of S. Note that e = eee so e is its own inverse.

An inverse semigroup, [10], is a semigroup S such that

1. S is regular, and

2. the idempotents of S commute.

Equivalently (see [10]), an inverse semigroup is a semigroup S such that



1. S is regular, and
2. every element of S has a unique inverse.

In an inverse semigroup the inverse of element s is usually denoted s~!.

If S is a semigroup with no identity element then we can adjoin one. Denote

by S' the set S U {1} with binary operation extended as follows:
sl=s=1sforall s e S.

If S is an inverse monoid then a unit is an element u € S with an inverse v,
say, such that uv = 1 = vu. Let U(S) denote the set of all units of S . Then
U(S) forms a group.

We will look at a very important example of an inverse semigroup, the sym-
metric inverse monoid. For this we need first to consider partial functions.
Let X and Y be sets. Then a partial bijection f is a bijection from a subset
of X to a subset of Y, [10]. Denote the domain of f by domf and the image
of f by imf. Let X, Y and Z be sets. Let f be a partial bijection from
X to Y and let g be a partial bijection from Y to Z. Denote by f~! the
partial bijection from Y to X that is the inverse of f. Then the composite
of f followed by ¢ is a partial function fg from X to Z, where

dom(fg) = (imf N domg) "
and

im(fg) = (imf N domg)g.

The partial identity on the subset A C X is the identity function on A,
denoted 14. Also if 1p is also a partial identity on X then

14l = 1anp = 114



for if x € dom(141p) then x(141p) = (z14)lp = 2lp = z. Thus 1415 is an
partial identity on X. Also dom(141p) = AN B so 141 = 1snp. Similarly
1514 = 14np. Thus partial identities commute.

If f: X — Y is a partial bijection then ff~' = 1gpms and f~1f = 1;,,4. The
inverse of fg is denoted (fg)~! and equals g7' f~1.

A permutation of a set X is a bijection from X to itself. The permutation
group or symmetric group Sx consists of all permuations of the set X. In

much the same way we have the symmetric inverse monoid Z(X) which

consists of the set of all partial bijections defined on subsets of X.
Theorem 1.1.1. Z(X) is an inverse monoid.

Example 1.1.2. We give the particular examples Sx and Z(X) where X =
{1,2,3}.

Sx consists of the following six elements:

{123 12 3 123 12 3 12 3
123/ \132/)\321)\213/)'\312)’
12 3
(231>}

The symmetric inverse monoid Z(X) as a set is considerably larger than Sy;

it has thirty four elements:

{123 1 2 3 12 3 1 2 3 1 2 3
123/ \132/)\321)'\213/)'\'s12)’
1 1

2 3 12 3 1 2 3 12 3 2 3
231/)'\12x«/)'\1x3/)'\x23)'\13=x]
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
1*2’<*32)’<32*)’<3*1’*21’
1 2 3 123 1 2 3 1 2 3 2 3
21*’(2*3>’<*13>’<31*’3*2’



1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
* 1 2 ’<23* ’(2*1)7 *31>’<1**>’
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
2 % % ’(3** 7<*1*>’ >s<2>|<)’<>|<3>1<>7
1 2 3 1 2 3 1 2 3 1 2 3
* % 1 ’<>|< * ’<>x< * 3)7 X % >x<>}
The element 1 i i € Z(X), for example, tells us 1 — 1, 2 — 3 and

the map is undefined for 3 € X. Hence this is a ‘partial’ bijection.

Sx corresponds to the symmetries of an equilateral triangle, where 1,2 and
3 label the corners of the triangle and elements of Sx are bijections that

preserve the structure of the geometric figure. For example see Fig. 1.1.1.

2 3
The partial bijection ( L 3 could be considered then as a symmetry
*
1 1
— =
(12
13
2 3 2 3

Figure 1.1.1: bijection.

of only part of the triangle. See Fig. 1.1.2. Here we know nothing of the

corner 3, we have only part of the symmerty.

We note that the symmetric (or permutation) group Sx embeds into Z(X).



1 1
—_—
12
13%
2 3 3

Figure 1.1.2: partial bijection.
1.1.2 Inverse Semigroup Properties

In this section we introduce some properties of inverse semigroups which
we will use thoughout this thesis, often without reference. Most of this
subsection, including the proofs, comes from Mark Lawson’s book Inverse

Semigroups, [10].

Idempotents

Proposition 1.1.3. [10]. Let S be an inverse semigroup. Then the idempo-

1

tents of S have the form ss=! or s7's for some s € S.

Further, the idempotents of S, denoted E(S), forms an inverse semigroup.

Proposition 1.1.4. [10]. Let S be an inverse semigroup. Then
1. (sH™t =5 for every s € S, and
2. (5189...80) P =871 .55 s ! foralls; €S, n>2.

n

For every element s in an inverse semigroup S we define the domain of s,

d(s), and the range of s, r(s), as

d(s) = ss7! and r(s) = s7's.
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The following result gives the property an inverse semigroup must have for

it to be a group.

Proposition 1.1.5. [10]. Groups are precisely the inverse semigroups with

exactly one idempotent.

Natural Partial Order

A relation < is a partial order on a set X if the following axioms hold.

1. Reflexivity: = < z for all x € X.
2. Antisymmetry: = < y and y < z imply that x = y.
3. Transitivity: * <y and y < z imply that z < z.

In this case the set X with < is called a partially ordered set or poset.

A relation < on a set is a preorder or quasiorder if the relation is reflexive

and transitive.

The natural partial order on an inverse semigroup S is given as follows.
s <t < s = te for some idempotent e € E(5).

If s <t we say that s lies beneath t.

Lemma 1.1.6. [10]. Let S be an inverse semigroup. Then the following are

equivalent:

1. s<t

2. s = ft for some idempotent f
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Proposition 1.1.7. [10]. Let S be an inverse semigroup. Let s,t,u,v € S.

1. If s <t and u < v then su < tv.
2. If s <t then s7's <t ' and ss™t <t~ L.

3. The relation < is a partial order on S.
On the idempotents of inverse semigroup S the natural partial order becomes

e fee=ef = fe

Proposition 1.1.8. [10]. Let S be an inverse semigroup. Then < is a partial
order on E(S5).

Ideals and Meet Semilattices

Let S be a semigroup. A subset I of S is a left ideal if, for each a € I and
s € 5, then sa € I. Similarly [ is a right ideal if as € I. If subset I of S is
both a left and right ideal it is called an ideal.

Let S be an inverse semigroup. The smallest ideal containing the element
s € S is called the principal left ideal containing s and is Ss = {zs: xz € S}.
In this case s is called a generator for the ideal. It is clear that s € Ss
as s = (ss7!)s and ss™! € S. Similarly the principal right ideal containing
sis sS = {sx : © € S}. The principal (two-sided) ideal containing s is
SsS ={xsz:x,2z¢€ S}
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We note here that the only ideal of a group is the group itself because gG =
G = Gg for all g € G.

Lemma 1.1.9. [10]. Let S be an inverse semigroup.

1. aS = aa™'S for all a € S. Further aa™' is the unique idempotent

generator of aS.

2. Sa = Sa~'a for all a € S. Further a 'a is the unique idempotent

generator of Sa.
3. eSNfS =efS wheree, f € E(S).

4. SenSf = Sef wheree, f € E(S).

Let (P,<) be a poset. A subset ) of P is an order ideal if, for x € P and
y € Q, v < y implies x € ). The smallest or principal order ideal of P

containing an element x is the set [z] ={y € P:y < x}.

If z,y,2 € P and z < z,y then 2z is a lower bound of x and y. If z lies
above all other lower bounds of  and y it is the greatest lower bound and z
is denoted by x Ay. If every pair of elements in P has a greatest lower bound

then P is a meet semilattice.

Proposition 1.1.10. [10]. Let S be an inverse semigroup. Then E(S) is an
order ideal of S. Further E(S) is a meet semilattice.

Proof. Let x,y € S and y € E(S) such that + < y. Then x = ye where
e € E(S). Then ye € E(S) so x € E(S). Therefore E(S) is an order ideal.
Let e, f € E(S). Then (ef)e = (fele = fe* = fe = ef so ef < e. Also
(ef)f=ef?=ecf soef < f. Thus ef is a lower bound for e and f.

Now let z € E(S) be another lower bound for e and f. So z < e implying
z=ze=ezand z < fimplying z = zf = fz. Then z(ef) = (ze)f = 2f =z
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and (ef)z =e(fz) = ez = z,50 z = z(ef) = (ef)z. Thus z < ef and so ef
is the greatest lower bound of e and f. Hence e A f = ef.

It follows that E(S) is a meet semilattice. [

Proposition 1.1.11. [10]. Meet semilattices are the inverse semigroups in

which every element is an idempotent.

Compatibility Relation

Let S be an inverse semigroup. The left compatibility relation on S is defined,
for all s,t € S,
s~ te st e B(S).

Similarly the right compatibility relation is
s~ te st e B(S).
The compatibility relation is then given by
s~te st st e B(S).

Lemma 1.1.12. [10] Let S be an inverse semigroup.

1. s~ t if and only if s Nt exists. Further
sAt=stt=ts 't =tsts=stls.
2. s ~,tif and only if s Nt exists. Further

sAt=ss 't=stls=tt"1s =ts's.

3. s~ tif and only if s Nt exists. Further

sAt=st t=tst=tsls=st"ls=ss't =tt's.
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Inverse Semigroup Homomorphisms

Let S and T be semigroups. A semigroup homomorphism 6 : S — T is a

function such that, for all s,t € S,
(st)d = (s0)(t0).

An injective semigroup homomorphism is also called an embedding. An in-
verse semigroup homomorphism is just a semigroup homomorphism between
inverse semigroups. If P and @) are posets then function 6 : P — (@) is order
preserving if x <y in P then x6 < yf in Q). An order isomorphism is then a

bijective order preserving homomorphism whose inverse is order preserving.

Proposition 1.1.13. [10]. Let S, T be inverse semigroups and let 0 : S — T

be a homomorphism.

~

. s7'9=(s0)"! forallseS.

2. If e € E(S) then e € E(T).

3. If s6 € E(T) then there ezists e € E(S) such that ef = s6.
4. 0 is order preserving.

5. Let x,y € S be such that 0 < y0. Then there exists z € S such that
z <y and z0 = x0.

6. im@ is an inverse subsemigroup of T'.

7. If A is an inverse subsemigroup of T then A0~ is an inverse subsemi-

group of S.

The kernel of semigroup homomorphism 6 : S — T is defined as

kerf = {(z,y) € S x S : a6 = yb}.
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Let # : S — T be a homomorphism of inverse semigroups. Then 6 induces a
homomorphism 0|g(s) : £(S) — E(T), the restriction of 0 to E(S). If 0|pg(s)

is injective 0 is called an idempotent separating homomorphism.

An inverse semigroup homomorphism 6 : S — T is idempotent pure if when

s € E(T) then s € E(S5).

Congruences
An equivalence relation p on a set X is a subset of X x X such that

1. pis reflexive: (z,z) € p for all z € X;
2. p is symmetric: if (z,y) € p then (y,z) € p;

3. pis transitive: if (z,y), (y,2) € p then (z,2) € p.

We often denote (z,y) € p by xpy.

A quasiorder on a set induces a partial order via an equivalence relation.
Given a quasiorder < on a set S we can construct an equivalence relation ~
by defining

s~te s<tandt < s.

We check this is indeed an equivalence relation. First s < s so s ~ s.
Secondly, s ~ t implies s < t and ¢ < s which implies ¢t ~ 5. Finally let s ~ ¢
and t ~u. Then s<tandt < usos<u. Alsou<tandt<ssou<s.

Then s ~ u and ~ is an equivalence.
The quasiorder induces a partial order on the set of equivalence classes S/ ~,
[zl <lv oz <y

We show that < is well-defined. If [z|. < [y]~ and @ ~ x and b ~ y then
r < yand [a]. = [z]. and [b]. = [yl soa gz Ky X b
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Now we show < is a partial order. As ~ is an equivalence relation x ~ x
and so x < x which implies [z]. < [z]. and the relation is reflexive. If
[z]. < [y]~ and [y]. < [z]~ then z X

The relation is then antisymmetric. Now let us check transitivity so let

yand y < x. Sox ~ y and [z]. = [y]~.

[z]. < [y]~ and [y]. < [z]~. Then z < y and y < z. As < is a quasiorder it

is transitive so x < z and [z]. < [7]~.

A congruence on a semigroup S is an equivalence relation such that if

(u,v), (x,y) € p then (ux,vy) € p. A left congruence on a semigroup S is an
equivalence relation such that if (x,y) € p then (ux,uy) € p. Similarly we
can define a right congruence. If p is both a left and right congruence then,
if (u,v), (z,y) € p we have that (uz,uy) € p and (uy,vy) € p. As pis an
equivalence relation it is transitive, thus (uz,vy) € p. So p is a congruence

if it is both a left and a right congruence.

Let p be a congruence on a semigroup S. Denote by ap the congruence class
(or p-equivalence class) of s € S. Denote the set of congruence classes by
S/p. We say that S/p is the quotient of S by p. Define a binary operation
on S/p by

(ap)(bp) = (ab)p.
The binary operation on S/p is clearly associative. Thus S/p is a semigroup.

The associated natural homomorphism p° : S — S/p is defined by s — sp. A
congruence is idempotent separating if its associated natural homomorphism

is idempotent separating.

Let p be any relation on an inverse semigroup S, then the congruence gener-
ated by p is the intersection of all the congruences contatining p. We denote

this congruence by pf.

Proposition 1.1.14. [10]. Let p be a congruence on an inverse semigroup

S.
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1. If (s,t) € p then (s7',t71) € p, (s7!s,t7 ) € p and (ss™,tt71) € p.
2. If (s,e) € p with e € E(S) then (s,s7') € p, (s,s7's) € p and

(s,8571) € p.

Let p be a congruence on an inverse semigroup S. The Kernel of p is the union
of the p-classes containing idempotents and is denoted Kerp. We distinguish

this Kernel from the one previously defined by the use of the capital K.

Lemma 1.1.15. Kerp is an inverse subsemigroup of S

Let S be an inverse semigroup. A congruence p on S is idempotent pure if,

for s € S and e € E(S), spe implies s € E(S).

Proposition 1.1.16. [10]. Let S be an inverse semigroup. Then a congru-

ence p 1s idempotent pure if and only if the compatibility relation contains

pP-

Any ideal I of an inverse semigroup S determines a congruence p;y on S as

follows, [10], for s,t € S,
sprt if and only if s,t € I or s =t.

The Rees quotient is defined as S/p;.

Proposition 1.1.17. [10]. Let I be an ideal of inverse semigroup S. Then
the Rees quotient S/pr is isomorphic as a semigroup to the set S\ I U {0}

with composition

, st ifs,te S\ I
S =
0 otherwise
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We now introduce an important congruence on an inverse semigroup that will
be used frequently thoughout this thesis. The minimum group congruence,

o, on an inverse semigroup S is defined by
sot if and only if there exists u € S such that u < s,t

for all s,t € S.

Theorem 1.1.18. [10]. Let S be an inverse semigroup.

1. o is the smallest congruence on S containing the compatibility relation.
2. S/o is a group.

3. If p is any congruence on S such that S/p is a group then o C p.

Proof, [10]. (1) We show that ¢ is an equivalence relation. As s < s then
sos and o is reflexive. Let sot then there exists u € S such that v < s,t
so tos and o is symmetric. If acb and boc then there exists u,v € S such
that u < a,b and v < b,e. Then v < b~ ! so uv™ < b~ € E(S) and so
wo! € FE(S). Thus u ~; v. By lemma 1.1.12, uAv exists. Now uAv < u < a

and u Av < v < ¢ so aoc.

We show that o is a congruence. Let acb and cod. Then there exists u,v € S
such that v < ab and v < ¢,d. Then uwv < ac and uv < bd so acobd and o is

a congruemnce.

Now we show that ~C 0. Let s ~ t. Then s At exists by lemma 1.1.12. So
sAt<s,tand sot.

Let p be any congruence containing ~. Let acb. Then there exists u < a, b.
So u = ae = fa for some e, f € E(S). Then

au™! = alafa)™t = aa”'f € E(9)
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and
a'u=a""(ae) = a lae € E(9)
so a ~ u. Similarly u ~ b. By assumption apu and upb. As pis an equivalence

apb. Thus o C p.

(2) We show that all idempotents are contained in a single o-class. Let
e,f € E(S). Then ef < e, f so eof. Thus ec = fo. Consequently, S/o
is an inverse semigroup with exactly one idempotent. By proposition 1.1.5,

S/p is then a group.

(3) Let p be a congruence on S such that S/p is a group. Let acb then there
exists u < a,b. Then u = ae so up = (ae)p = (ap)(ep) and by ep € E(S/p) so
up < ap. Similarly up < bp. S/p is a group so there is only one idempotent,
1, so up = apl = ap and up = bplbp. So ap = bp hence apb. Therefore
ocCp. U

The group S/o is called the mazimal group image of S.

1.1.3 Cayley’s Theorem and the Wagner-Preston The-

orem

We start this section with Cayley’s theorem followed by the Wagner-Preston
theorem. This gives an introduction to the notion of generalising a theorem
for groups to one for inverse semigroups. This notion of generalising ideas to

a wider class of structures is the main theme running through this thesis.

Theorem 1.1.19. Cayley’s Theorem. Let G be a group and Sg be the per-

mutation group of the underlying set G. Then G is isomorphic to a subgroup
Of S(;.

If G is of order n, then G is isomorphic to a subgroup of the permutation

group Sy,.
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Now we give the Wagner-Preston theorem.

Theorem 1.1.20. [10]. Let S be an inverse semigroup. Then there is an
injective homomorphism 0 : S — Z(S) such that

a<bs al <bo.

Proof. For each element a € S define 0, : Saa=* — Sa'a by 2 — za. This

is well-defined because Sa = Saa~'a C Sa~'a C Sa so Sa = Sa"'a.

Now 6,-1 : Sa~'a — Saa~"' and 0,-10, is the identity on Sa~'a and 0,0, is

the identity on Saa™!. Thus 0,' = 6,1 and 6, is a bijection.
Define 6 : S — Z(S) by a — 0,. As 0, is well-defined, 6 is well-defined.

We show next that # is a homomorphism, i.e. that 6,0, = 0,,. Now
0,:Saa"! — Sa"ta, 6,:Sbb"! — Sb'b

and

Oap = S(ab)(ab)™ — S(ab)~*(ab).
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By lemma 1.1.9, and because Sa = Sa~!a for any a € S,

dom(0,0,) = (imb, N domb,)0; "
= (Sa"'an Sk~ )6, "
= (Sa " tabb )0,

If z € S(ab)(ab)™', then 20,0, = (za)b, = xab = x6,,. Therefore 6 is a

homomorphism.

Assume now that a < b, so a = fb for some f € E(S). Then aa™' = fob".
Let y € Saa™! then y = saa™! for some s € S. Then y = sfbb~! thus
y € Sbb~1. Therefore Saa™t C Sbb~!. Let x € Saa™!, then
z0, = xb

= saa"'b

= saa”" ' fb

=uxfb

= 1a

= x0,.
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So 0, < 6.

Conversely, assume 6, < 6, then domf, = Saa=' C Sbb~! = dom#,. Now,

a~!t € Ssa~! since Saa™! = Sa~! and a7! € Sa™!, and so

a0, = a'6,.

1 1

This implies a 'a = a~'b which in turn implies @ = aa"'a = aa"'b so a < b.

Let g,h € S and assume gf = h#. Then 0, = 0,,. So 0, < ), and 6, < 0,.
Then, by the result above, g < h and h < ¢g. Then g = h and 0 is injective.
OJ

The restriction of the Wagner-Preston theorem to a group S gives us Cayley’s
theorem, so the Wagner-Preston theorem is a generalisation of Cayley’s the-
orem. The only ideal in a group is the group itself, thus 6, : Saa™! — Sa™'a
restricted from an inverse semigroup to a group S gives 4, : S — S and we
find ourselves in the realm of Cayley’s theorem. The main difference between
the two theorems is that in Cayley’s theorem 6, has the group itself as the
domain and codomain, whereas ideals must be used in the Wagner-Preston

theorem to ensure that the maps 6, are injective.

1.1.4 FE-unitary Inverse Semigroups

The E-unitary property of an inverse semigroup is one that has been studied
in some depth. McAlister’s P-theorem classifies all E-unitary inverse semi-
groups. We discuss this theorem later in this thesis as well as a generalisation

of this theorem and the E-unitary idea.

Let S be an inverse semigroup. A subset A of S is left unitary if, for a € A
and s € S, as € A implies s € A. Similarly A is right unitary if sa € A
implies s € A. If a subset is both left and right unitary it is simply called

unitary.
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Proposition 1.1.21. [10] Let S be an inverse semigroup. Then the following

are equivalent:

1. E(S) is left unitary.
2. E(S) is right unitary.

3. Ifee E(S), s€ S and e < s then s € E(S).

An inverse semigroup S is E-unitary if, for e € F(S) and s € S, e < s then
s € E(S).

We now introduce some properties of E-unitary inverse semigroups.

Theorem 1.1.22. [10] and [14, lemma 1.1]. Let S be an inverse semigroup.

Then the following are equivalent:

1. S is E-unitary.

2. ~=0

3. o is idempotent pure.

4. eac = E(S) for any idempotent e.

5. If st = s thent € E(S) for all s,t € S.

Proof. (1)=(2) Let S be E-unitary. By theorem 1.1.18, ~C ¢. Now let sot.
Then there exists v < s,t. Then v !'u < s7't and uu=! < s ~ t. Therefore

~=0.
(2)=-(3) By proposition 1.1.16, 0 C~ if and only if ¢ is idempotent pure.

(3)=(4) Follows directly from the definition of idempotent pure.
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(4)=(5) Suppose s,t € S with st = s. Then s7'st = s7!s. So s7!s < ¢
and s7's < s7's. Then tos™'s. It follows that to = (s7's)o € E(S), so
te E(S).

(5)=-(1) Assume for all s,t € S, st = s implies t € E(S). Suppose now that
e € E(S), s€ S and e < 5. Then e = ee"'s = ees = es so, by assumption,
se E(S). O

Proposition 1.1.23. Let S be an inverse semigroup. If S is E-unitary then

any subgroup of S embeds in the mazximal group image S/o.

Proof. Let G be a subgroup of an E-unitary inverse semigroup S. Then o?

restricted to G is 0%|q : G — S/o defined as g — go.

o is well-defined for if acc and bod then abocd so acbo = (ab)o = (cd)o =
codo. Thus for g, h € G,

go*ha® = goho = (gh)o = (gh)o?

and o? is a homomorphism.

Let g,h € G C S and suppose go! = ho®. So go = ho and goh. As S is
E-unitary then, by theorem 1.1.22, 0 =~ so g ~ h. Then gh™!, g7'h € E(S).
Thus gh~tgh™ = gh~' in S, and so also in G. So, if e is the identity of G,
gh~tgh™' = gh~! implies gh™' = e, and so g = h.

Therefore 0| is an embedding. [

Let S be a semigroup. A zero element, 0 € S, is an element such that
s0 = 0 = 0s for all s € S. A semigroup with no zero element can be
converted into a semigroup with zero by adjoining a zero element and letting
s0 = 0 = 0s for all elements s € SU{0}. We denote the semigroup with zero
adjoined by S°.
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An inverse semigroup S with zero is E*-unitary, [27], if, for e € E(S) and
s€S5,0#e< s then s € E(S).

An inverse semigroup S with zero is strongly E*-unitary, [2], if, for some

group G, there is a function 0 : S — G° such that

1. 20 =0 2 =0;
2. 20 =1< x € E(S);
3. if zy # 0 then (zy)0 = (x0)(y0).

Proposition 1.1.24. If the inverse semigroup S with zero is strongly E*-

unitary then S is also E*-unitary.

Proof. Let s € S and e € E(S) be such that 0 # e < s. Then e = sf for
some f € E(S). By axiom (3) above, ef = (sf)0 = (s0)(f0). By axiom (2)
above, as e, f € E(S) then e = f0 = 1, so 1 = (s0)1 which implies 1 = s6.
Again by axiom (2), s € E(S). Therefore S is E*-unitary. [J

1.1.5 Green’s Relations
Green’s Relations on Semigroups

If S is a semigroup then we define the Green’s relations R and £ by
aRb < aSt = bS*

alb < S'a = S'b

Equivalently aRb if and only if there exists x,y € S* such that a = bx and
b = ay. Similarly a£b if and only if there exists u,v € S* such that a = ub

and b = va. Both R and L are equivalence relations.
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Green’s equivalence relation H is defined as
H=RNL.
Thus aHb if a and b are both R and L related.

Proposition 1.1.25. [10]. Let S be a semigroup. If a,b € S then aLsRb
for some s € S if and only if aRLLL for somet € S.

Green’s equivalence relation D is defined as
D=LoR=RoL.

Equivalently aDb if and only if aLsRb for some s € S and if and only if
aRtLb for some t € S.

The Green’s equivalence relation J is defined as
aJb < StaSt = S'bS'.
Equivalently a7b if and only if a = xby and b = uav for some x,y,u,v € S*.

Proposition 1.1.26. [10]. D C J

If IC is one of the Green’s relations then we denote the KC-class of element
a€ S by K,.

Green’s Relations on Inverse Semigroups

For an inverse semigroup S the Green’s equivalence relations R and £ sim-
plify to:
aRb < aa™t = bb~!

alb< ata=b""1
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Proposition 1.1.27. Fvery R and L class in S contains a unique idempo-

tent.

Proof. Let a € S and consider R,. Then aa™! € E(S) and aa™! =

(aa™H(aa™) = (aa™')(aa™t)7!, so aRaa™t. Thus aa™! € R,.

If e € F(S) and e € R, then ee™* = aa™' so € = aa™! and so e = aa™'. So

aa~! is the unique idempotent of R,.

We can prove the result for £ similarly. [J

Lemma 1.1.28. Let S be an inverse semigroup and a,s € S. Then sRsa if

and only if s~'s < aa™t.

Proof.
sRsa < ss~ ' = sa(sa)™!
& s tss = s"tsaa st
o slssTis = s saa s s
& sls=stss T saat
& s s = (s"s)(aa™t)
< sl < aa”?
U]

Let # : S — T be an inverse semigroup homomorphism. We can restrict
0 to the R-class of E(S), 0|gr, : Re — Rep. If this restricted function is
injective we say 6 is R-injective. Similarly we can define R-surjective and
R-bijective functions. Also the notions of L-injective, L-surjective and L-

bijective functions can similarly be defined.
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Proposition 1.1.29. [10]. Let § : S — T be a homomorphism between

inverse semigroups. Then the following are equivalent:

1. 0 is idempotent pure.
2. 0 is R-injective.
3. 0 is L-injective.
Proof. (1)=(2) Let sRt and s = tf. Then s™'0s0 = s710t0 = (s7't)0 €

E(T) and so, by assumption, s™'t € F(S). Now s 'ts7't = s7't. Then

sTits It = g7t~ but sRt so s 'ts7lss™! = s7lss™!. Hence s lts™! =

s71. By symmetry t 'st7! = t~!. As inverses are unique in inverse semi-

groups s~1 = t~!. Therefore s = t.

(2)=-(3) Suppose sLt and s = tf. Then s'Rt~! and s710 = (s0)7! =
t0)~! = ¢7'6. Then, by assumption, s! = ¢! and so s = t.

(
(3)=(1) Suppose s € E(T). Then (s7's)§ = (s710)(s8) = (s0)"(s0) =
(s0)% = s but s7'sRs and so, by assumption, s = s7's € F(S). O

Proposition 1.1.30. [10]. Let S be an inverse semigroup and let e € E(S).
1. eSe is an inverse monoid.
2. H.=U(eSe). In particular, H, is a group.
3. FEvery subgroup of S is contained in an H-class.

Proposition 1.1.31. [10]. Let S be an inverse semigroup and let s,t € S.

1. If sRt and s <t then s =t.

2. If sCt and s <t then s =t.
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3. If sHt and s <t then s =t.

Proposition 1.1.32. Let S be an inverse semigroup.

1. aDb < a taDb7 b

2. aDb < aa Db~ !

An inverse semigroup S is bisimple if S has a single D-class. An inverse
semigroup with zero is 0-bisimple if it has two D-classes. For if aRO then
aa”! = 0 and so a = aa"'a = aa'0 = 0. Similarly if a£0 then a = 0. So

the zero element forms its own D-class.

1.1.6 Extensions

For groups F' and K a group G is an extension of K by F' if there is an
embedding ¢+ : K — G and a surjection w : G — F such that (K). =
kerw. In [10, page 137], Lawson gives an analogous definition for inverse
semigroups F' and K and surjective homomorphism 7 : K — FE(F). An
inverse semigroup S is a normal extension of K by F' along 7 if there is an
embedding ¢ : K — S and a surjection w : S — F such that (K). = Kerw
and (w = 7. Refer to Fig. 1.1.3. We often just call S an extension by F. If 7

Figure 1.1.3: extension by F.

is an idempotent-separating homomorphism then the extension is called an
idempotent-seperating extension. If K is a semilattice then the extension is

an tdempotent pure extension.
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Proposition 1.1.33. Let S be an inverse semigroup with mazimal group im-
age S/o. Inverse semigroup S is E-unitary if and only if S is an idempotent

pure extension of its semilattice E(S) by its maximal group image S/o.

Given a regular semigroup S and an inverse semigroup 7" with epimorphism
6:S— T, take K = FE(T)0~" and 7 : K — E(T) to be the restriction of ¢
to K. Now K is a regular subsemigroup of S. Then S is a reqular extension

of K by T along m. Again we often call S merely a reqular extension by T,
[7]-

1.2 Graphs

We introduce the algebraic structures “categories” and “groupoids” over the
next few sections of chapter one. In order to visually depict these algebraic
structures we require “graphs”. The focus of chapter three is two specific
types of graphs, Cayley graphs and Schiitzenberger graphs. This section
gives the graph concepts we will use throughout this thesis. Most of the

definitions from this section can be found in [1].

A graph T' consists of a non-empty set V of vertices and a collection F
(permitting repetitions) of two-element subsets of V' callled edges. The edge
{u,v} € E connects vertices u € V and v € V. There may be many edges

connecting vertices u and v, such edges are called multiple edges.

Example 1.2.1. The graph shown in Fig. 1.2.1 has vertex set V = {a,b, ¢, d}
and edge set F = {{a,b},{a,c},{a,d},{b,c},{b,d},{c,d}}. This graph has

no multiple edges.

The graph A with vertex set W and edge set F'is a subgraph of I'if W C V
and the edge set F' joining the vertices of W is a subset of F.
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a

Figure 1.2.1: graph example.

u \"

Figure 1.2.2: isomorphic graph.

Let I' be a graph with vertex set V' and edge set E and let IV be another
graph with vertex set V'’ and edge set E'. A graph map from I" to I is a
map « : V — V' such that if {u,v} € E then {ua,va} € E'. Graph I is
isomorphic to I if there is a bijection a : V' — V' such that {ua,va} € E’
if and only if {u,v} € E.

Example 1.2.2. The graph shown in Fig. 1.2.2 is isomorphic to the graph
given in example 1.2.1. The isomorphism is given by a : a — u,b +— w,c —

v,d— .

A directed graph is a graph with a direction on each edge. So an edge is now
an ordered pair (u,v) with initial vertex u and terminal vertex v.
Example 1.2.3. The graph shown in Fig. 1.2.3 is a directed graph.

For a graph I', the anti-isomorphic graph has the same set of vertices and

edes as I' but the edges have the opposite direction.
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Figure 1.2.3: directed graph.

Figure 1.2.4: anti-isomorphic graph.

Example 1.2.4. The graph shown in Fig. 1.2.4 is anti-isomorphic to the
graph in example 1.2.3.

A walk in a graph T is a sequence of vertices (vy,vs, ..., v,) such that there
exists edges (v;,v;41) for all 1 < ¢ < n — 1. If the vertices are distinct we
call the walk a path. A component of a graph is a subgraph that consists
of all the vertices one can walk to from a given vertex. The graph in Fig.
1.2.5 consists of three components. A graph is connected if it has only one

component.
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Figure 1.2.5: components.

1.3 Categories

Categories are a way of studying the relationship between different structures
but we may also think of categories as algebraic structures with a partially
defined binary operation. The focus of Higgins’ book [8] is to consider cat-
egories as algebraic structures in their own right. We present some of the

features of categories in this section.

1.3.1 Introducing Categories

A category, [8], consisits of a set of objects {A, B,C, ...} and morphisms
between the objects such that:

e For any morphism a: A — B and 3 : B — C, the morphism a8 : A —
C exists, otherwise a8 is not defined.

e Composition is associative: if « : A — B, §: B— C,~v:C — D are

morphisms, (af3)y = a(57y).

e There is an identity morphism e 4 associated to each object A such that

for morphism o : A — B, eqa = o = aep.
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Higgins, [8], discusses two types of categories, “Categories” and “categories”.
The first is considered as a way of studying the connection between struc-
tures. The objects are algebraic structures and the morphisms are functors
between said structures. Examples include objects consisting of groups with
morphisms being group homomorphisms, objects consisting metric spaces
with morphisms being isometries and objects consisting of topological spaces
with morphisms being continuous maps. The latter type of category is con-
sidered as an abstract algebraic structure in its own right. We can visualise
this category by means of a directed graph. The objects are represented by
vertices and the morphisms by arrows. Throughout this thesis we represent

categories by graphs, often referring to a morphism of a category as an arrow.

If C and D are categories then a functor F': C — D is a structure preserving
map such that if @ : A — B is a morphism in C then («)F : (A)F — (B)F
is a morphism of D. The functor preserves identities: if e4 is an identity of
C then (ea)F is an identity of D. Composition is also preserved: if « and 3
compose in C then (a)F and (8)F compose in D and () F(8)F = (af)F.

A category-with-involution is a category in which for every morphism « :

A — B there exists another morphism 3 : B — A.

We give an example of a category.

Example 1.3.1. Take I' to be a directed graph with vertex set V' =
{v1,vq,...}. Take p to be the directed path shown in Fig. 1.3.1. Denote

Vi Vit Vi1 A
Figure 1.3.1: directed path.

this path by (v;,vit1,...,v;). Let ¢ be the path (vj,vj41,...,v;). Then pq
is the path (v;, vit1,...,0j,...,v;). Denote by P;; all directed paths from v;
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to vj. Denote by P(I") the category whose objects are the vertices of I" and
whose morphisms are the sets of directed paths of the form F;;. Composition
is given by P;; x Pj, = Py, and is associative. The identities are the paths of

zero length.

Consider a category C thought of as a graph. Then the opposite category of
C, CO%, is the category represented by the anti-isomorphic graph of C. So
COP consists of the same object set as C but & : B — A is a morphism of

COF is given by

CO% only if o : A — B is a morphism of C. Composition in
dﬁ = B?x. If A and B are categories then a functor from A°" to B is called a
contravariant functor from A to B. These functors are thought of as functors

from A to B that reverse the direction of the arrows.

1.3.2 Equivalent Categories

Let A, B be categories and let Fy, F5 be functors from A to B. A natural
transformation T (8], is a family of morphisms in B such that for each object
a; in A, there exists a morphism 7,, : (a;)F} — (aq1)Fy in B and for every

morphism « : a; — ay in A, the diagram in Fig.1.3.2 commutes. If 7 is a

(a)f ()R (a)F,
Tal Ta2
(a)FR (a)R (a)F,

Figure 1.3.2: natural transformation.

family of isomorphisms in B then 7 is called a natural equivalence. Further

we denote this natural equivalence between F; and F; by Fy ~ F5.
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Suppose we are given two categories A and B and functors Fy : A — B and
Fp : B — A. Then categories A and B are isomorphic if F4Fp = 14, the
identity functor on A, and FgFy = 1, the identity functor on B.

Categories A and B are equivalent if FyFg ~ 1,4 and FsFg ~ 1. In detail
then, categories A and B are equivalent if there is a natural equivalence 7 such
that for every morphism « : a; — a9 in A the diagram shown in Fig. 1.3.3
commutes, and another natural equivalence 7 such that for every morphism

B : by — by in B, the diagram shown in Fig. 1.3.4 commutes.

(@Q)FFs (a)FFg (@)RFs
'l'al Ta2
(CIN (a)l, (COIN

Figure 1.3.3: equivalent categories.

(bR, (BIRF, (b,)RF,
T, T,
GO (B) (b,)%,

Figure 1.3.4: equivalent categories.
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1.3.3 Cones and Presheaves
Pullbacks

Let « : A — C and § : B — C be morphims. A cone over a and (3 is a

commutative square shown in Fig. 1.3.5. We call the object X the vertezr of

X B

A C

a

Figure 1.3.5: cone.

the cone. The limiting cone over a and (3 or pullback is the unique cone over

« and [ through which every other cone factors uniquely.

Cones and Limits

Define a diagram to be a set of objects with arrows between these objects.
Given a diagram I' a cone is a family of morphisms p from an object X to
the vertices of I'. Denote by p; the cone map from X to the vertex d; of I'.
If § is an arrow of I' from d; to d; then p;6 = p; for all arrows of I'. See Fig,
1.3.6. We denote the cone p from X by (X, p).

A cone limit of T is a cone (Z, ¢) of I such that for any other cone (X, p) of
' there is a unique morphism v : X — Z such that for all cone maps p; and
¢; we have that ¢¢; = p;. See Fig. 1.3.7.

Dually we can define a co-cone (p,Y') of a diagram I as a family of morphisms

p from I' to Y such that, for arrow ¢ in I' from d; to d; and cone maps p;



Figure 1.3.6: cone.

Figure 1.3.7: cone limit.

38
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Figure 1.3.8: co-cone.

Figure 1.3.9: co-cone limit.

and p;, p; = 0p;. See Fig. 1.3.8.

Also a co-cone limit, or co-limit, is a unique co-cone (¢, Z) such that there
exists a unique morphism ¢ : Z — Y such that ¢;1) = p; for any co-cone
(p,Y). See Fig. 1.3.9.

If our diagram I'" is indexed by directed sets the colimit can be called a direct

limit.
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Presheaves

Let E be a partially ordered set and take Grph to be the category of graphs.
The objects of this category are graphs and the morphisms are graph maps.
We consider E as a category with object set £ and a unique morphism from
e to f whenever e < f in E. A presheaf of graphs over E is a contravariant

functor from E to Grph.

1.4 Ordered Groupoids

Groupoids are categories in which every morphism is invertible and a groupoid
with a partial ordering on the morphisms that conforms to certain axioms
is an ordered groupoid. We describe these axioms and give properties of
both groupoids and ordered groupoids. We also describe maps of ordered

groupoids, namely immersions and coverings.

1.4.1 Groupoids

In this section we introduce an important type of category, the “groupoid”.
We will give a simple example of such a category and some basic defintions.
Next we state the relationship between groupoids and groups. Following
this we discuss “connected” groupoids before ending this subsection with a

description of groupoid quotients.

Introducing Groupoids

A groupoid is a category in which for every morphism « : A — B there exists

an inverse morphism o' : B — A with aa™! = e4 and o 'a = ep. Consider
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a morphism « : A — B represented by an arrow of the associated graph from

vertex A to B, then o~ ! : B — A is thought of as travelling backwards along

the arrow o from vertex B to vertex A.

Example 1.4.1. The simplicial groupoid of the set X, has object set X.

Denote by I" the simplicial groupoid of the set with n + 1 identities.

0

Figure 1.4.1: 1°.

Figure 1.4.2: T,

Figure 1.4.3: T2,
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(O8]

0° *1
Figure 1.4.4: T3.

We denote the set of identities of the groupoid G by E(G). If g is a morphism
of the groupoid G from object e to object f then we write g € G(e, f). The
source map maps a morphism g € G(e, f) to the object e and the target map
maps g to the object f. We shall usually identify an object with the identity
morphism at that object, and so identify the source and target maps with
the domain and range maps given by d(g) = gg~! and r(g) = g 'g. This

corresponds with the usage for inverse semigroups, as in [10].

A subgroupoid of G consists of a subset I of the objects of G and a subset of
the morphisms of G between the objects of I such that these subsets form a

groupoid.

Proposition 1.4.2. G is a group if and only if G is a groupoid with only

one object.

Connected Groupoids

A connected groupoid is one in which any two objects are connected by at

least one morphism. Then the graph associated to this groupoid is connected.

Proposition 1.4.3. Let A be a set and G be a group. The set A x G x A

is a groupoid with source map (a,g,b) — a and target map (a,g,b) — b.
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Composition is
(a,g,b)(c, h,d) = (a, gh,d) provided b = c.

The inverse of (a, g,b) is (b, g™, a) and so the domain is d(a, g,b) = (a,1,a)
and the range is d(a, g,b) = (b, 1,0).

The groupoid A x G x A is connected.

Proof. The element (b,1,c) exists in A x G x A for every two elements

(a,g,b),(c,h,d) € Ax G x A so the groupoid is connected. [

Consider a connected groupoid G with vertex set A. Let u € A and let G,

be the local group at w:

Gu={9€G:d(g) =u=r(g)}

Here d(z) = 2! and r(z) = 7'z are the source and target maps respec-

tively.

Proposition 1.4.4. With the above notation, G is isomorphic to Ax G, x A.

Proof. For each a € A choose a morphism «, from u to a. Such a morphism
will exist as G is connected. The required isomorphism is then 0 : G —
A x G, x A with g0 = (d(g), ) 9o ' r(g)). O

It makes no difference which © we choose to fix in A.

Proposition 1.4.5. The local groups at any two vertices of a connected group

are isomorphic.

Proof. Let u,v € A and g € G,. Then the map ¥ : g — a,ga, ! is an

isomorphism between G, and G,. [J
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Groupoid Quotients and the Universal Groupoid

In a groupoid G' we denote the set of all arrows from ¢ to j by G;;. A

subgroupoid N of G is normal if

(i) N contains all the identities of G and

(ii) x € N;; and g € G, implies g~ 'zg € N;.

We describe now groupoid quotients, [8]. Let N be a normal subgroupoid of
groupoid GG. The components of N define a partition on the objects of G. We
denote the class containing object i as [i] and the set of all classes by I. On
the arrows of G, N defines an equivalence relation as follows: a =,, b if and
only if a = xby for some z,y € N. Equivalent arrows of G must have their
domains in the same component of N, similarly with their ranges. Hence
each class [a] of arrows can be assigned a unique domain and range in I and
this assignment produces a graph G/N. The map A : G — G/N is given by

g — [g] on the arrows of G and i — [i] on the objects of G and is surjective.

Composition on the edges of G/N is as follows: [a][b] is defined provided
there exists a; € [a], by € [b] such that a;b; is defined in G, in which case
[a][b] = [a1b1]. To show this composition is well-defined suppose as € [al, by €
[b] and asbs is defined in G. Then ay = zayy, by = pbg with z,y,p,q € N and
asby = wajypbiq € G. We know a1 b; is defined in G so d(yp) = r(yp) = d(by)
and so w = bl_lypbl is defined and lies in N. Hence asby, = xa1bywq =, a,1b;.
We note now that if [a] has domain [i] and range [j] and [b] has domain
[k] and range [I] then [a][b] is defined if and only if axb is defined for some
x € N, ie. if and only if [j] = [k]. So [a][b] = [azb] has domain [i] and range
[7]. Moreover, if ([a][b])[c] is defined then axbyc is defined for some z,y € N.
So [a]([b][¢]) is defined and equals ([a][b])[c]. Thus composition is associative
when defined.
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We now have a category G/N and as A : a™! — [a7!] = [a] ' we see G/N
is a groupoid. G/N is called the quotient groupoid and A : G — G/N the

quotient map of groupoids.

Note that if n € N then r(n) € N and n = nr(n)r(n) so n =, r(n) and so
[n] is an identity of G/N.

Given a groupoid G and a function o : F(G) — V Higgins [8] constructs the
“universal groupoid” U,(G) as follows. We define a graph G with vertex
set V and edge set the non-identity arrows of G. Domain and range of
arrows ¢ are (d(g))o and (r(g))o respectively. In G7 let p = ¢192...9n
be a path of length n > 0. In our path p we can replace g;g;4+1 by a if
a = gjg;+1 in G. We can also delete g; if it is an identity of G. These
two modifications of p are elementary reductions. The elementary reductions
generate an equivalence relation ~. Modulo this equivalence relation the
path category P(G?) becomes a groupoid U,(G) = P(G?)/ ~. We call this

groupoid the universal groupoid.

1.4.2 Ordered and Inductive Groupoids

Definitions and Properties

Let G be a groupoid and let < be a partial order on G. Then (G, <) is an
ordered groupoid, [10], if the following axioms hold:

(OG1) For all g,h € G, g < h implies g~' < h™L.

(OG2) For g,h,u,v € G such that gu and hv exist, if g < h and u < v then
gu < ho.

(OG3) Let g € G and e be an identity of G such that e < d(g). Then there

exists a unique element (e|g), called the restriction of g to e, such that
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(elg) < g and d(elg) =e.

Proposition 1.4.6. If (G,<) is an ordered groupoid then for g € G and
e € E(G) such that e < r(g). Then there exists a unique element (gle),
called the co-restriction of g to e , such that (gle) < g and r(gle) = e.

Proof [10]. Suppose (G, <) is an ordered groupoid so axioms (OG1) and
(OG3) hold. Let e < r(g), then e < d(g™!) so, by axiom (OG3), the restric-
tion (e|g~!) exists. Define (g|e) = (e|g™*)~*. Then (e|lg™) < g1 so (gle) < g
by axiom (OG1). Also, r(gle) = d(elg™!)

y < gand r(y) = e Then y ! < g7 by axiom (OG1). Also d(y™!) = e.

—

= e. We check unigeness. Suppose

Thus by uniqueness of restriction y=! = (e|g™!) and so y = (gle) by (OG1).
0J

We introduce some properties of ordered groupoids, especially the restriction

operation, the proofs of which can be found in [10].

Proposition 1.4.7. [10]. Let (G, <) be an ordered groupoid. Suppose x,y, z €
G.

1. If x <y then d(x) < d(y) and r(z) < r(y).
2. If x <y, d(x) =d(y) and r(z) = r(y) then z =y.

Proposition 1.4.8. [10]. Let (G, <) be an ordered groupoid. If the product
xy exists in G and e € E(G) is such that e < d(xy) then the restriction of
xy to e equals (e|z)(r(e|z)|ly). A similar result holds for the corestriction of
a product: (zyle) = (z|d(yle))(yle).

Further, if z < xy then there exists elements x' and y' such that the product

'y exists and ' < x, y <y and z = 2'y.

Proposition 1.4.9. [10]. Let (G, <) be an ordered groupoid. Suppose x,y €
G and e, f € E(G).
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1. If f < e < d(x) then (flx) < (e|lx) < x. A similar result holds for

corestriction.
2. Ifx <y and f < e with f < d(z) and e < d(y) then (f|x) < (ely).

Proposition 1.4.10. [10]. Let (G, <) be an ordered groupid. Then E(QG) is

an order ideal of G.

An ordered groupoid is inductive if the partially ordered set of identities
forms a meet-semilattice. A functor between ordered groupoids that is order-
preserving is called an ordered functor. An ordered functor between inductive
groupoids that preserves the meet operation on the set of identities is called

inductive.

Proposition 1.4.11. [10]. Let G and H be ordered groupoids and let 0 :
G — H be an ordered functor. If (e|x) is defined in G then (ef|x0) is defined

in H and (e|z)0 = (ef|x0). A similar result holds for corestriction.

Example 1.4.12. Denote by I the ordered groupoid that consists of two

copies of the interval groupoid I' as shown in Fig. 1.4.5. Ordering is given

Figure 1.4.5: groupoid [.
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by fo < e, fi <e1, 3 < aand 371 < a ! In the graph we represent the
ordering by a dotted line. Ordered groupoid I is not inductive for identities

eg and e; have no greatest lower bound.

Let (G, <) be an ordered groupoid and let x,y € G. Suppose that r(x) and
d(y) have a greatest lower bound e = r(z) A d(y). Then the pseudoproduct

of x and y is defined as follows:

zxy = (zle)(ely)-

The pseudoproduct in an inductive groupoid is everywhere defined because

the identites of an inductive groupoid form a meet semilattice.

Inductors

Given a groupoid G we can define an ordered groupoid structure on G as

follows:

e Define a partial order on the identities of G.

e Define a restriction operation: for g € G and e € F(G) with e < d(g)

define a unique arrow g with d(g) = e.

e Define a relation on the arrows of G by

g< h<d(g) <d(h) and g = h.
e Check that < is a partial order and that (OG1) and (OG?2) hold.

If, in addition, the set of identites of G' forms a meet semilattice we have
defined an inductive groupoid. We then call the restriction operation an

nductor.
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Stars and Coverings

Let G be a groupoid and let e € E(G). Define the star of e in G to be the

set
starg(e) = {g € G : d(g) = e}.

Similarly we can define the costar of e in G to be the set

costarg(e) = {g € G : r(g) = e}.

Take G and H to be groupoids and let ' : G — H be a functor. If, for
each e € E(G), the restriction F : starg(e) — starg(eF') is injective then the
functor F' is called star injective or an immersion. Similarly we can define

star surjective and star bijective. A star bijection is called a covering.

An ordered coveringis an order preserving covering between ordered groupoids.
Given ordered groupoids A, B, C' and D, two ordered coverings o : A — B

and § : C' — D are isomorphic if there are two isomorphisms ¢, : A — C

and ¢y : B — D such that a¢s = ¢10.

Green’s Relation on Groupoids

The Green’s relations on ordered groupoid G are as follows:
aRb < d(a) =d(b)
alb < r(a) =r(b)
H=RNCL
aDb < a is connected to b
aJb < aDV < band bDd’ < a for some o', b € G

So the D-classes of a groupoid are the connected components of G. An

ordered groupoid is then bisimple if G is connected.
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Proposition 1.4.13. [10]. Let G be an ordered groupoid.

1. Let e, f € E(G). Then eDf if and only if there is an element a € G

1

such that aa™' = e and a ta = f.

2. Lets,t € G. Then sDt if and only if there exists elements a,b € G such
that d(a) = r(s), r(a) = r(t), d(b) = d(s), r(b) = d(t) and s = bta™*.

3. If s=aqas...a, then sDa; for each i =1,2,...,n.

Lemma 1.4.14. [10]. Let G be an ordered groupoid. If x < yDuv then there
exists u € G such that u < v and uDz.

1.5 Semigroups and Groupoids

In this final section of chapter one we explain the relation between inverse
semigroups and inductive groupoids. By means of the ‘restricted product’
we can convert an inverse semigroup into an inductive groupoid. Further
any inductive groupoid can be converted into an inverse semigroup via the
pseudoproduct. It transpires that the category of inverse semigroups and
homomorphisms is isomorphic to the category of inductive groupoids and
inductive functors. This result is attributed in [10] to Ehresmann, Schein
and Nambooripad. We use the Ehresmann-Schein-Nambooripad theorem
to convert inverse semigroup concepts into inductive groupoid terminology.
Once ideas have been transferred into inductive groupoid terms we may try
to generalise these ideas for ordered groupoids. This is the way most of the

structure theorems in this thesis have arisen.

Let S be an inverse semigroup. If s,¢ € S then the restricted product s -t
exists if s7's = ¢! in which case s -t = st. In other words, the restricted

product exists if r(s) = d(t).
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Proposition 1.5.1. [10] Every inverse semigroup S is an inductive groupoid

with respect to the restricted product - and the natural partial order <.

This groupoid is denoted G(S) and is called the associated groupoid of S.
The inductive groupoid G(S) is constructed as follows. The object set of
G(9) is E(G). Each element s € S is a morphism of G(S) from ss™! to
s7's. If s,t € S then s - ¢ is defined in G(S) only if s™'s = ¢t~ i.e. only if
the arrows match up, in which case s -t = st. The ordering comes from the

natural partial order on S.

Proposition 1.5.2. [10]. Every inductive groupoid G is an inverse semi-

group S(G) with respect to the pseudoproduct.

Theorem 1.5.3. [10]. Let G be an inductive groupoid and let S be an inverse

SEMIGroup.
1. G(S(@)) = G.
2. S(G(S)) = S.

We now give the Ehresmann-Schein-Nambooripad theorem, referring to [10]

for the details of the proof.

Theorem 1.5.4. The category of inverse semigroups and homomorphisms

15 1somorphic to the category of inductive groupoids and inductive functors.

This result means that any property of an inverse semigroup may be inter-
preted in terms of inductive groupoids and vice-versa. So any property that
holds in an inverse semigroup can be transferred into inductive groupoid
terms for G(S) and this then gives us the possibility of generalising this
property to ordered groupoids. We focus on this idea throught the thesis
and in doing so construct some interesting structure theorems for ordered

groupoids.
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Chapter 2

A Classification of Bisimple

Inductive w-Groupoids

In this chapter we consider Reilly’s classification of bisimple inverse

w-semigroups using Bruck-Reilly extensions of a group. Beginning with a
bisimple inverse w-semigroup S, we construct its associated inductive groupoid
G(S). By classifying the inductive groupoid structures that can arise, we
show that each one corresponds (up to isomorphism) with an inductive

groupoid obtained from a Bruck-Reilly extension.

2.1 A Structure Theorem for Bisimple In-

verse w-Semigroups

In this section we describe a Bruck-Reilly extension for a group. We then
state the theorem that classifies bisimple inverse w-semigroups as given in
9, section 5.6]. This classification is based on ideas by Bruck [3], Reilly [23]
and Munn [19].
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Proposition 2.1.1. Let G be a group and let 0 : G — G be a homomorphism.
Then the set N x G x N, with compostion

(m,a,n)(p,b,q) = (m —n+t,(ad ") (b0""),q —p+1)

where t = max{n,p} and 0%is the identity map of G, is a semigroup.

The semigroup N x G x N described above is called the Bruck-Reilly extension
of G determined by 6 and is denoted by BR(G, 0).

The w-ordering on N is the ordering that reverses the natural order, i.e.
0>21222>23>....

An inverse w-semigroup is a semigroup whose semilattice of idempotents is

isomorphic to N with the w-ordering.

The following theorem is due to Reilly [23], see also [9]. Recall that an inverse

semigroup is bisimple if it has a single D-class.
Theorem 2.1.2. Let G be a group and 0 : G — G an endomorphism. Then

BR(G,0) is a bisimple inverse w-semigroup.

Proof. By the previous proposition N x G x N is a semigroup. The following

calculation shows that BR(G, 6) is a regular semigroup:
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(m,a,n)(n,a"',m)(m,a,n)
=(m—n+t (a0 (a0""), m —n+t)(m,a,n)
=(m—n+n,, (@ ") (a 0", m —n+n)(m,a,n)
= (m,aa"",m)(m,a,n)

= ((m —m +1, (aa”'07™)(a0"™),n — m + 1)

= (m—m+m,(aa )0 " (ad™ ™), n —m +m)

= (m,aa "a,n)

= (

m,a,n).

If (m,a,n)(m,a,n) = (m,a,n), then for t = max{m,n},
(m—n+t (a0 (ad"™),n —m+1t) = (m,a,n).

So m = m — n+t implies that n =t and n = n — m + ¢ implies that m = ¢,
and so n = m. Then (af'"")(af*"™) = a becomes af®al’ = a*> = a. As G
is a group we deduce that a = 1, the identity element of G. Therefore the
idempotents of BR(G, 6) have the form (m, 1, m).

We show that idempotents commute: let t = max{m,n},

(ma lg, m)(nv lg, n) = (m —m+t, (lGet_m)(lGet_n)a n—n-+ t)

- (t7 ]-G7t)

— (n—n+t, (16 (160 ™), m — m + 1)
(

= (n,1lg,n)(m,1lg,m).

Therefore BR(G, ) is an inverse semigroup.
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The natural partial order on the idempotents is now given by
(m,1g,m) < (n,1g,n) < (m,1lg,m) = (m,1lg,m)(n, lg,n).

So (m,1g,m) = (t,1g,t) where t = max{m,n} thus m = max{m,n} and so
m > n in N. Therefore (m, 15, m) < (n, 1g,n) in the natural partial order if

and only if m > n, i.e.
(O, 1(;,0) > (1, 1q, 1) > (2, 1(;,2) > (3, 1g,3) > ...

This is the w ordering so BR(G, #) is an inverse w-semigroup.
To show that BR(G, 0) is bisimple, let (m,a,n), (p,b,q) € BR(G,0). Since
D = LoR we want an (s, ¢,1) € NxGxN such that (m,a,n)R(s,c,1)L(p,b,q).

Now, for t = max{n,n} = n,

(m,a,n)(m,a,n)"" = (m,a,n)(n,a”*,m)

m—n+t (a0 (a0"),m —n+t)

(
(
=(m—n+n, (@ ") (a 0", m —n+n)
(m,aat,m)

(
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So we require an (s,c,l) € BR(G,0) such that (m,1g,m) = (s,1q,s) and
(I,16,1) = (¢,1¢,q). Now (m, 1¢,q) is such an element. An element such as
this exists for every (m, a,n), (p, b, q) € BR(G,8). Therefore (m, a,n)D(p,b, q)
for every two elements in BR(G, #), and so there exists only one D-class. Thus
BR(G, 0) is bisimple. J

Lemma 2.1.3. The natural partial order on BR(G,0) is given by
(m,a,n) < (p,b,q) if and only if m —n =p—q and a = bO" 1.

Proof. In BR(G, 0), (m,a,n) < (p,b,q) if and only if (m,a,n) =
(p,b,q)(r,1g,r) for some (r,1g,r) € E(BR(G,§)) and
(p7 ba Q)(Ta 1G7 T) = (p —q + ta (bet_q)(lGet_r)7 r—r+ t)

where ¢t = max{q,7}. Thus m =p—qg+tandr—r+t=nsot=n and
m = p — q +n which implies m —n = p — ¢. Also, as 6 is a homomorphism
a= (0" (1c0"") = (b6" 1)1 = bo" 9. O

We can now classify bisimple inverse w-semigroups as follows.

Theorem 2.1.4. Every bisimple inverse w-semigroup is isomorphic to some

Bruck-Reilly extension of a group G determined by an endomorphism of G.

This classification of bisimple inverse w-semigroups using Bruck-Reilly ex-

tensions is due to Reilly and is given in [9, pg 174].
2.2 Classifying Inductors for Groupoid Cor-
responding to BR(G, 0)

The aim of this subsection is to determine the structure of the inductive

groupoids that correspond to bisimple inverse w-semigroups. We construct
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all possible inductors on an w—ordered, bisimple groupoid and so classify all

possible bisimple inductive w-groupoids.

Let S be a bisimple inverse w-semigroup. The groupoid G associated to S is
given by theorem 1.4.3 and proposition 1.4.4 where the set A is taken to be
N.

Theorem 2.2.1. Given a group G then G = N x G x N, with composition
(a,g,b)(c, h,d) = (a, gh,d) if and only if b = ¢, is a groupoid.

The identities of G are of the form (a,1,a) and we have the w ordering on

the identities of G, so
(0,1,0) > (1,1,1) > (2,1,2) > (3,1,3) > ...

Note that the w-ordering on G gives us a semilattice structure on the identities
of G. As an element (m, g,n) € G has domain (m, 1, m) which is completely

determined by m € N, we say d(m, g,n) = m. Similarly r(m, g,n) = n.

Recall that the element (b, 1, c) exists in G for every two elements

(a,g,b),(c,h,d) € G so the groupoid is connected.

We now have a connected groupoid G = N x G x N with the w-ordering on
the identities of G and we wish to classify all possible inductors on G. We
denote the restriction of (m,g,n) to (r,1,r) for some (r,1,r) < (m,g,m) in
the ordering of G (i.e. for some r > m) by (r|(m, g,n)). We consider initially

the N components of G with respect to inductors.

Lemma 2.2.2. Forr > m, the restriction of (m,g,n) in G to r has the form
(T‘|(m,g,n)) = (T‘, g/a r+n-— m)

for some ¢’ € G.
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Proof. First we show that (m + 1|(m,g,m+1)) = (m+ 1, h,m + 2) where h

is some element of G which is yet to be determined.

Let v = (m,g,m+1), « = (m+ 1]7y) and r(a) = p. Suppose p # m + 2 and
assume p > m+2. Let § = (y|m+2) and d(5) = ¢. Then 5 = (q|7y). (So we
have that ¢ > m.) See Fig. 2.2.1. If ¢ = m then by uniqueness of restriction

oe

m+1 e

m+2

Figure 2.2.1: restriction.

B = (m]y) = 7 but by assumption r(3) = m+2 and r(y) = m+ 1, so § can
not equal 7, and so g # m. If instead ¢ = m+1 then 8 = (m+1|y) = «a but
r(f) =m+2and r(a) = p # m+2, so [ can not equal «, and so ¢ # m+ 1.
Hence g > m+2. See Fig. 2.2.2. Thend(f) = gand ¢ > m+2,d(a) = m+1
and d(y) = m. Also 8 = (¢|y) and a = (m + 1|7) so d(f) < d(a) < d(7v),
hence f < a < 7. This implies r(f) < r(a). So p < m + 2. We reach a
contradiction, therefore p = m + 2. See Fig. 2.2.3. So for some h € G yet to

be determined

(m+1|(m,g,m+1)) = (m+1,h,m+ 2) (2.2.1)



m+l e

m+2

Figure 2.2.2: restriction.

oe

m+l

p=m+2

Figure 2.2.3: restriction

99
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We now find (r|(m, g, m+1)) for any given r by induction. Equation (2.2.1)

gives us our basis step. We then assume for some r € N,
(r|(m,g,m+1) = (r,g’,r +1).
Then by the assumption we have

(r+1|(m,g,m+ 1)) = (r + 1|(r|(m, g,m + 1)))
=(r+1|(r,¢',r +1))

By equation (2.2.1) we get

(r+1{(m,g,m+1)) = (r +1|(r,¢",r+ 1))
= (T+1,;L,’I“+2).

Hence for any r € N we have

(rl(m,g,m+1)) = (r,g',r +1) (2.2.2)

We now determine (r|(m,g,n)) by induction on n. By equation (2.2.2),

when n =m+1

(r[(m, g,n)) = (r.g',r + 1)
=(r,¢,r+(m+1)—m)

and the basis step is complete. Assume then that for some n > m + 1

(r|(m,g,n)) = (r,¢g’,r +n —m). Then by assumption and equation (2.2.2)
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we have

(r[(m, g,n +1)) = (r|(m, g,n)(n, 1,n +1))

r,g,r+n—m)(r+n—m|(n,ln+1))

= (
= (
=(r,gd,r+n—m)(r+n—m,l,r+n—m+1)
=(rdlir+n—m+1)

= (

rk,r+(n+1) —m)

Therefore for all r > m
(T|<m7g7n)) - (T’, g/a r+n— m)

for some ¢’ € G. O

This complete, we now require the G components of G = N x G x N. We

begin with restricting (m, g, m) and (m,1,m + 1) to m + 1. Let
(m+1|(m,g,m)) = (m+ 1, g6, m + 1) (2.2.3)

and

(m4+1|(m,1,m+1)) = (m+1,ans1,m+ 2). (2.2.4)
Since
(m + 1|(m, g, m)(m, h,m))

=(m+1,90,,m+ 1)(m+1,h0,,,m+ 1)
= (m+1,90,h0y,, m+1)
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and

(m + 1{(m, g, m)(m, h,m)) = (m + 1|(m, gh,m))
=(m+1,(gh)0p, m+1)

then

Therefore 0,, : G — G is a homomorphism of groups.
Now (m,g,m +1) = (m,g,m)(m,1,m+1) = (m,1,m+1)(m+1,9,m + 1)
and so we can restrict (m,g,m + 1) to m + 1 in two possible ways;
(m+1|(m, g,m)(m,1,m+1)) = (m+ 1,90, m + 1)(m + 1, aymi1,m + 2)
=(m+1,90n0m11,m + 2)

and

(m+1|(m,1,m +1)(m+1,9,m + 1))
=(m+1,ame1,m+2)(m+ 2,901, m + 2)
= (m+ 1, am190m+1,m + 2).

Thus for all m,
90mami1 = ams1(90m+1)-
Rewriting gives us
GO = 01 (900 (2.2.5)

Hence, writing 6 = 6,, we have

9O =a,t ... a7 (gh)ay ... apn. (2.2.6)
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Set u,, = aj...a, with ug =1 and
Wy o = Upn 0 U 10770 U 10 U (2.2.7)

Then

k—

k—1 2 1
(Wi k1) 0k = (Um0 Um10°77 o U260 Unk—1) Oy

= (Um0 )0 (U 105720 . . . (Umie—20) 0 (U o—1 ) Ot s
= U0 U 10" k20U 10 U

= Wm,k

S0 we have
Wk = (wm7k_1)0um+k. (228)

Note that w,, o = u,, and equation (2.2.6) then becomes

G0 = 11 (g0) Uy (2.2.9)

Lemma 2.2.3. Forr > m,

(T’ (m7 9, m)) - <T7 w;:rfmfl (ger_m)wm,r—m—la T)-

Proof. We prove the lemma by induction on r — m. If r —m = 1 (ie.

r=m+ 1) then

(m + 1|(m, g, m))
=(m+1,90,,,m+1) by equation (2.2.3)
= (m+1,u, (90U, m + 1) by equation (2.2.9)

= (m+ 1w, (90)wmo, m + 1) as Wy,0 = U,



64
which confirms the basis case.
Assume for all » — m = k that

(m -+ kl(m, g,m)) = (m + k, w2k (9001, + ).

Now if r —m = k 4+ 1 we have

(m+k+1|(m, g,m))

= (m+ k+ 1{(m+ k|(m, g,m)))

=(m+k+1|(m+ k, w;%lkfl(gﬁk)wmyk_l, m+k)) by assumption
=(m+k+1, (w;}k_l(gﬁk)wm,k—l)ﬁmk, m+k+1) using (2.2.3)
=(m+k+1, u;ik(w;l}k_l(g@k)wm,k,l)Gum%, m+k+1) using (2.2.9)
=(m+k+1, w%}k(gekﬂ)wm’k, m+k+1) using (2.2.8)

and so the lemma is true for all r —m > 1. O

Lemma 2.2.4. Forr —m > 2,

(r|(m,1,m +1)) = (r, w;nﬁrl,r—m—Z(am+107«7m71)wm+2,7‘7m*27 r+1).
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Proof. We again use proof by induction on r —m. If r — m = 2 then

(m+2|(m,1,m+1))

= (m+2[(m+ 1|(m,1,m + 1)))
m + 2|(m + 1|(m, 1,m)(m,1,m + 1)))
m+2|(m+1,10,,m+1)(m+1,a,11,m+2)) by (2.2.3)and (2.2.4)
m+2|(m+1L,1,m+1)(m+1,am1,m+2)) as16,, =1
m+2|(m+ 1, apmi1, m + 2))

m+ 2, Gyi1Oms1, m+ 2) (M + 2, aypg2, m + 3) by (2.2.3)and (2.2.4)
m+ 2 am+10m+1am+2a m + 3)
m A+ 2, U (A 10) U1 Gy 2, M+ 3) by (2.2.9)

= (

= (

= (

= (

= (m+2[(m+ 1, apgr,m+1)(m+1,1,m + 2))

= (

= (

= (

=(m+2, um+1(am+19)um+2, m + 3) by definition of 1, 1o
= (m

+ 2’ wr_rz+1,0(am+19)wm+2,07 m + 3) aAS Wi 0 = Um

and so the basis step holds true.

If r —m =k > 2 assume that

(m 4 k|(m, Lm 1)) = (m+ kw0 wszpes,m o+ k4 1),



66

Nowifr —m=k+1 > 2 then

(m+k+1|(m,1,m+ 1))
=(m+k+1(m+Ek|(m,1,m+1)))
= (m+k+1(m+kw by (@m0 wnga s, m + k + 1))
by assumption
= (m+k+1|(m+k, wr_ni-l,k—2(am+19k_1)wm+2,k727 m + k)
(m+k1,m+k+1))
=(m+k+1, (w;zi1,k—2(am+16k71)wm+2,k—2)9m+kam+k+17
m+k+2)
by equations (2.2.3) and (2.2.4)
= (m+k+1u (w0 (@m0 ) Wi ko) Ot sk pr1,
m+k+2)
by equation (2.2.9)
=(m+k+1w b1 (@m0 ) wng 1, m+ k +2)
by equation (2.2.8)

Therefore the lemma is true for all » —m > 2. O

Theorem 2.2.5. An inductor on G = N x G x N arises from any choice of
homomorphism 0 : G — G and sequence a = (a,)n>1 of elements of G. It is

given by the restriction operation (for r >m)

(rl(m,g,n)) = (r Wy 1 (90" ™) Wpp 1,7 + 1 — m)

where Uy, = a1 ... Gy, and Wy, ), = U O U 10571 . Uppyr, and every inductor

on G arises in this way.
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Proof. Any inductor on G must satisfy lemmas 2.2.3 and 2.2.4. Then

(rl(m, g,n))
= (rl(m, g,m)(m,1,n))
= (r|(m,g,m))(r|(m,1,m+1))(r+1j{(m+1,1,m+2))...
(r+n—=—m—-1|(n—-1,1,n))

=(r,g,r+n—m)

g/ = w;z,lrfmfl (geTim)wmﬂ"—m—l [w;;kl,rfm72 (am—i-lerimil )wm+2,r—m—2

[w;ﬁi—Q,r—m—Q(am+29r_m_1)wm+3,1“*m72] .

c [w;ﬂl"—m—Q (angr_m_l)wn—‘rl,’r—m—Q]

-1 .
Now the terms w44 r—m—2w,, kr—me2 cancel out, whilst

-1 _ r—m—1
Wm,r—m—1Wyy 1 p—m—2 = qu .

Hence

9 = W1 (907 VU0 (107 (g2

o (aner_m_l)wn—l—l,r—m—Q
= wm,r—m—l(gerim)(umam+lam+2 x -an)erimilwn+1,r—m—2

—1 - —m—1
= wm,r—m—l(ger m)uner " Wn41,r—m—2

= w;z,lr—m—l(ggr_m)wnar—m—l
as claimed. Hence every restriction has the form given.
We now define (r, h,s) < (m,g,n) if and only if r > m, s = r +n —m and

h = ¢’ as given in the theorem. We show that < is an inductor on G.

We begin by showing we have defined a partial order and then show that
(OG1) and (OG2) hold. First note that if » = m then (r|(m, g,n)) = (m, g,n)

so g =g.
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Clearly (r,h,s) < (r,h,s) so < is reflexive. Now if (r,h,s) < (m,g,n)
and (m,g,n) < (r,h,s) then » > m and m > r imply r = m and so
s=r+n—-m=r+n—r=mn. Alsoh =g¢ = gso (r,h,s) = (m,g,n)
and < is antisymmetric. Our last partial order check is for transitivity so let
(r,h,s) < (m,g,n)and (m,g,n) < (p,k,q). Thenr > mandm > psor > p.
Nown =m+q—psos=r+n—m becomes s =r+m+q—p—m =r+q—0p.
Now,

-1

h = Wi r—m—1 (ger_m)wnﬁ‘—m—l

and

9= 0y (K )0y

We have that

_ m—p—1 m—p—2
Wp,m—p—-1 = up9 Up410 e Upm—p—20Upimp1

-1 _ m—p—2 71 m—p—1
= wp,mfpfl - Ym— 1um 2‘9 p+19 9
-1 r—m r—my, rm+1 rp271rp1
= w0 TN 6 0
and
—1 —1 -1 r—m—2 71 r—m—1
wm,rfmfl - um+r m— 1um+r m— 20 m+16 8
o r—m-—2 71 r—m—1
= Uy 1ur 29 m+19 9
SO
—1 -1 r—m __ —1
wm r—m-— 1wp,m —p— 19 - wp,?“—p—l'
Also,

r—m r—p—1 r—p—2 r—m—1 r—m
Wqm—p—10 = Ul P U107 U p—20 Ugtm—p—10

and asn=q+m —p,

erfmfl

Wp,r—m—1 = Ugrm—p - Ugr—p—1
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S0,
wq,m,p,le"*mwnw,m,l = Wq,r—p—1-
Giving us
b=yt (RO g,

Therefore (r, h,s) < (p, k, q).

We show we have an ordered groupoid structure by checking that (OG1) and
(OG2) hold.

(OG1). Let (r,h,s) < (m,g,n). We require (r,h,s)"' = (s,h71,r) <
(n.g~"

r > m which implies s > n. Also s =7 +n — m implies s —n =1r —m. As

—1
m,r—m—1

,m) = (m,g,n)"t. By definition s =r+n—msor =s+m—n, and

h=¢ =w (90" ™) Wn r—m—1, We have

h—l _ <g/>—1
= wrzi—m—l(gerim)ilwm,%mfl
-1

= wn,s—n—l (g_lgs_n)wm,s—n—l

=(g7").

Hence (s,h™1,7) < (n,g',m). Therefore (OG1) holds.

(0OG2). Now let (r,h,s) < (m,g,n) and (s, f,t) < (n,7,p). We require
p)-

(r,h,s)(s, f,t) = (r,hf, 1) < (m,gj,p) = (m,g,n)(n,j
r>2mandt=s+p—n=r+n—m)+p—n=r+p—m. Also,

By definition,



70

s =7r+mn—m implies s —n =r —m. Now,

hf =47
= (W1 (90" VW 1) (W sy (GO ) Wps—1)
(W5 (9™ 1) (105 GO )
= Wy —m—1 (907 (GO Wp 1)
= Wy m-1((99)0" " )Wpr—m—1)
= (97)
Hence (r,hf,t) < (m, gj,p). Therefore (OG2) holds.

As N forms a meet semilattice under w then the set of identities of G form a

meet semilattice under <. Therefore G is an inductive groupid. [

As seen, an inductor arises from any choice of homomorphism 6 : G — G
and sequence a = (a,)n>1 of elements of G. We denote the corresponding
inductive groupoid by G(6,a). If a is the constant sequence at 1 € G then
we write G(0, a) simply as G(#). Note that in G() the restriction operation
is given by

(T|(m7g7n)> = (Ty gQT*m,r +n— m)

It is then easy to see that the inverse semigroup associated to G(f) is the

Bruck-Reilly extension BR(G, #) described in proposition 2.1.1.

Theorem 2.2.6. For any choice of sequence a the inductive groupoids G(0,a)

and G(0) are isomorphic.

Proof. We shall construct an isomorphism of groupoids « : G(6,a) — G(0)
such that

(m,g,m) +— (m, gau,, m)
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and

(m,1,m+1) — (m, hy,m+1)

where «,, : G — G is an isomorphism and h,, € G. We shall eventually
determine a choice of these h,, € G that will make o an isomorphism of

inductive groupoids.
We begin by applying « to (m,g,m + 1) in the two possible ways. Apply
first to (m,g,m)(m,1,m+ 1),

(m,g,m+ 1)a = [(m,g,m)(m,1,m+1)]a
= (m, gagm, m)(m, hy,,m + 1)

= (m, (gam)hm, m + 1).

Apply now to (m,1,m+ 1)(m+1,9,m + 1),

(m,g,m+ Da=[(m,1,m+1)(m+1,g,m+1)a
= (m, hp,m+1)(m+ 1, gopmi1,m+ 1)

= (m, hp(gams1), m + 1).

Comparing GG components gives, for all m,

g1 = h;zl (gtm) .

Assume «q is the identity function and hy = 1, the identity element of G,
then we see that

gy = hy''(gag)ho = 1gl = g

S0 o is also the identity function and

G = U, gUm (2.2.10)
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where v, = hihahs ... h,,_1 and we take vg = 1.
Since

(m, g,n)a
(m,g,m)(m,I,m+1)...(n—1,1,n)]a

=

= (m, gamhmhmst - hp_1,m)

= (m, v,  gumhmbmit - - B, 1) by equation (2.2.10)
= (m,v,, gun, n)

we define « to be

a:(m,g,n)— (m,v, gu,,n).
Now let m < n <!l and k,g € G. Then using (2.2.10),

(m, g,n)a(n, k,l)a
= (m, v, gun,n)(n, v, k1)
= (m, v, guv;, ko, 1)
= (m, vy, gkui, 1)
= (m, gk,

= [(m, g,n)(n, k, 1))

Therefore (m, g,n)a(n, k,l)a = [(m, g,n)(n, k,1)]a so « is a homomorphism.
All the «,, are isomorphisms so they are all bijective hence « is bijective and

« is an isomorphism of groupoids.

We now need to check that « is an isomorphism of ordered groupoids. As
the ordering on the elements of an ordered groupoids is equivalent to the

restriction operation we need to check that applying o to an element in
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G(0,a) then restricting it results in the same element of G(#) if we first

restrict in G(A,a) and then apply a.

Let us look initially at the restriction of (m,g,m) to m + 1. We start with

applying «,
(m,g,m)a = (m,vr_nlgvm,m)

now we restrict to m + 1 in G(6),

(m + 1|(m, v, gum, m)) = (m + 1, (v, gupm )0, m + 1)
= (m+1,(v,;"0(g0)(vm)d, m +1).

On the other hand first restricting (m, g,m) to m + 1 in G(6,a) gives

(m +1|(m, g,m))
= (m+ 1,w,,}o(90)wmo, m + 1) by theorem 2.2.5

= (m + 17 u;n1<g6)um7 m + 1) as Wm,0 = Um

and then applying « results in
(m + 1,045 (g0) s m + D = (m + 1,05 11 (90) v, m + 1),

So we require
(07 0)(90) (V) = v 1207, (90) Vi1
We define the v; (and hence the h;) inductively by setting vg = 1 = v; and
then
Um41 = u;7,1 (Ume)
Moreover, for k > 2,
Uk = Wiy (2.2.11)
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and h,, = v U1, SO

_ -1
B = W1,m—2W1 mp—1-

We can now refine our definition of a for m,n > 2. We deal with the cases
where m or/and n is less than 2 separately in the appendix.

(m,g,n)a

= (m, v, gvn, )

= (1N, Wi m—2gW] _y, 1) by equation (2.2.11)

SO

(m,g,n)a = (m, wl,m—29w1_,71n_27 n) (2.2.12)
Restricting to r > m in G(6) gives
(11, w1290, 1)) = (1, (a2 ™) (98~ (L™, + 1 — ).

On the other hand, restricting in G(6,a),

(rl(m,g,n)) = (r,wop 1 (90 ™YWy, 7+ 10— m).

Applying « using (2.2.12) gives

(r, wgz}r—m—l(gerim)wn,rfmfla r+n—m)a

= (r’ w17r—2w;171,,_m_1(ger_m)wn,r—m—lwl_,i—i-n—m—?’ r+n— m)

Whence for a to be an isomorphism of ordered groupoid we require

(Wim—20""") (90" ™) (Wi, 00"™)

_ -1 r—m -1
- wl:T—me,r—m—1<ge )wn,r—m—lwl,’r—i-n—m—?
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Now,

-1

wlﬂ”*me,r—m— 1

= [ 0" 2usl" % [0 U107 w7 using (2.2.7)
= w10 Pl eyt g 07T R T
= w0 2unl" 3wy, 07T

= [ulﬁm_QuQﬁm_?’ e Up]0TTT

= Wy 20" using (2.2.7)

also,

wn,rfmflwlji-&-n—m—Q

T TR e VY |V L
el T U] using (2.2.7)

= [u 0T R0, 07

= [u 0" 2unb™ TR

=wi, 0" using (2.2.7).

As required we have

(W1m—20""")(g0" ") (wy 20"

_ -1 r—m —1
- wlﬂ"—2wm,r—m—1(ge )wn,r—m—1w17r+n_m_2-

Therefore, for m,n > 2

(r][(m, g, n)a]) = [(r|(m, g,n))].

Together with the extra calculations collected in the appendix, this completes
the proof. [
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Theorems 2.2.5 and 2.2.6 give us the inductive groupoids that correspond to
bisimple inverse w-semigroups. As a consequence, every inductive groupoid
associated to a bisimple inverse w-semigroup is isomorphic to one associated

to a Bruck-Reilly extension.
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Chapter 3

Cayley Graphs and Frucht’s

Theorem

We can visually represent a group by a graph known as a Cayley graph. In
this chapter we give the Cayley graph of a group and also introduce Cayley
graphs for inverse semigroups, groupoids and ordered groupoids. Frucht’s
theorem states that every finite group is isomorphic to the automorphism
group of a graph. Following Sieben [25], we give generalisations of Frucht’s
theorem for inverse semigroups and groupoids. The Cayley graph of a group
and the Cayley graph of an ordered groupoid we discuss in this chapter will be
used throughout this thesis. As well as being of vital importance to chapter
four’s discussion of the Margolis-Meakin graph expansion [14], the Cayley
graph of an ordered groupoid also becomes important in chapter five when

we discuss a significant structure theorem, McAlister’s P-theorem [16].
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3.1 Group Presentations and Cayley Graphs

Given a set X and a group G, suppose we have a map f : X — G such that
every element of G can be expressed as a product of elements of the image of
f and their inverses. We then say that (X, f) generates G. Usually we will

suppress mention of f. If f is injective we can identify X as a subset of G.

Let F(X) denote the free group on the set X. If (X, f) generates G then
f induces an epimorphism ¢ : F(X) — G. Given a subset R of F(X), the
set of all products of conjugates of elements of R and their inverses forms a
normal subgroup of F'(X), which we denote by < R >, that is the smallest
normal subgroup of F(X) that contains R. A subset R of F(X) is called a
set of defining relations for G if < R >= ker(¢). Further, F(X)/ < R >
is isomorphic to G and (X : R) is called a presentation of G, [6].

A Cayley graph or Cayley colour graph, [6] is a way of visually representing
the information given about a group by a group presentation. The Cayley
colour graph for a group G with presentation (X : R) is a directed graph.
The vertex set V = G and the edge set is

E={(g,z,97) :z € X, g,97 € G}.

Each generator assigns a unique colour to the edge it labels.

Example 3.1.1. The dihedral group D3 has six elements and is the sym-
metry group of an equilateral triangle. We give two presentations for this

group, [6, pgl32], and then the Cayley graphs for each presentation;

(i) Dy = (z,y: 2% =y*= (ay)* = 1);

(i) D3 = (a,b:a®>=b*= (ab)? = 1).
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y Xy

1¢ X
X

Figure 3.1.1: Cayley graph for presentation (i).

The Cayley graph for each presentation will have six vertices, one vertex for
each element in the group. Other than this, the Cayley graphs of each are
quite different in appearance. The Cayley graph for presentation (i) is given
in Fig. 3.1.1. From Fig. 3.1.1 we see generator x is labelled by a black
directed edge and y by a red directed edge. The relation (zy)* = 1 can be
traced in the graph: starting at vertex 1 we follow edge x to vertex x, then
edge y to vertex xy, followed by edge = to vertex y, then edge y bringing us

back to vertex 1 again. So zyzry = 1.

The Cayley graph of D3 given by presentation (ii) is given in Fig. 3.1.2.

3.2 Cayley Graphs for Inverse Semigroups

Let X be a non-empty set. An inverse semigroup F' equipped with a function
t: X — Fis a free inverse semigroup on X if for every inverse semigroup
S and function 6 : X — S there exists a unique homomorphism &k : F — S

such that (0 = k. Let FI1S(X) denote the free inverse semigroup on X. If p
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Figure 3.1.2: Cayley graph for presentation (ii).

is a relation on FIS(X) then denote by p* the intersection of all congruences
containing p. Then if S is isomorphic to the inverse semigroup FIS(X)/p*

we say that (X : p) is an inverse semigroup presentation for S, [10].

Néandor Sieben considers a generalisation of the Cayley graph for a group to
a Cayley graph for an inverse semigroup [25]. Let A be a subset of S that
generates S, so that every element of S' can be written as a finite product of
elements of A. As with the Cayley graph of a group, the Cayley graph of
the inverse semigroup S with generating set A is a directed graph, which we
denote by I'(S,; A). The vertex set V' = S and edge set F = {(s,2,52) : z €
A,s € S}. Each generator in A will assign a unique colour to the edge it
labels.

Example 3.2.1. The bicyclic monoid can be given by the inverse semigroup
presentation (s,t : ts = 1). Now sts = sl = s and tst = 1t =t so ¢ is the

inverse of s. The Cayley graph of the bicyclic monoid is given in Fig. 3.2.1.
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Figure 3.2.1: Cayley graph of the bicyclic monoid.

Note that ts = 1 but st # 1. All the elements of the bicyclic monoid can
be written in the form s™t™ where m,n > 0. Thus the underlying set of the

bicyclic monoid is bijective with the set N x N.

Example 3.2.2. Meakin [18] gives the following presentation for the sym-

metric inverse monoid of degree 3.

{a,b,e:a® =b* = (ab)® = 1,e* = e, ea = ae, ebe = bebe)

1 2 3 1 2 3
Here a corresponds to , b corresponds to and e to
21 3 3 21

2 3
the idempotent ) . We use the above presentation to create the

2 %
Cayley colour graph shown in Fig. 3.2.2.



Figure 3.2.2: Cayley graph of the symmetric inverse monoid.
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3.3 Generalisation of Frucht’s Theorem

We introduce Frucht’s theorem, a proof of which can be found in [29]. The

rest of this chapter concerns the generalisation of this theorem.

Theorem 3.3.1. Every finite group G is isomorphic to the group of colour
preserving automorphisms of a Cayley graph of G

Sieben’s paper [25] extends the result of Frucht’s theorem for groups to in-
verse semigroups and groupoids. Before giving the result for an inverse semi-
group we need some definitions, and note that for this section it makes sense

to write maps on the left.

Sieben defines the tail of a vertex s € I'(S, A) to be the set consisting of all

vertices that can be reached by a finite directed walk from s. So
tail(s) = {sr:r € S}

since r = ¢1gs . .. g, for some g1, s, ...,9, € A. Vertex s is called the head
of its tail. The head is not unique but there does exist a unique idempotent

head for every tail.

Lemma 3.3.2. /25, Lemma 3.8]. For the tail of s € S the idempotent head
5571 is unique.

tail(s) = tail(ss ™)

Proof. If t € tail(s) then t = sr = ss~lsr = ss™!(sr) so t € tail(ss™!). If
t € tail(ss™!) then t = ss™/ = s(s71') so t € tail(s).

If e and f are both idempotent heads of tail(s) then e € tail(s) = tail(f) so
e = fr for some r € S. Then fe = ffr = fr = e implies e < f. Similarly
f <e. Therefore e = f. [
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We note here that tail(s) = ss~1S and so the partial automorphism between
Sieben’s “tails” are nothing more than the partial automorphisms between
ideals of S, like those used in the Wagner-Preston representation theorem
1.1.20. So the lemma above gives us the same information as lemma 1.1.9.
The tail definition relates closely to the Cayley graph and gives us a definition

that is easier to visualise.

A partial automorphism of T'(S,A) is a bijection a between two tails of
['(S, A) such that, for all g € A, s € dom(a),

a(sg) = a(s)g.

Since every element of S can be considered as a string of generators it is clear

that, for all r € S, s € dom(«),
a(sr) = a(s)r.

Lemma 3.3.3. [25, Lemma 3.10]. a, : tail(s™') — tail(s) given by x — sx
is a partial automorphism of T'(S, A).

Proof. If p € tail(s) then p = s’ = ss !sr’ for some 1’ € S. Let x = s~ 1s1”,

then x € tail(s™!) and a,(z) = p. So a, is surjective.

Now let s7t,s7'r € tail(s™!) and assume a,(s7't) = a,(s7'r). Then

1 1

sTlag(s7H) = s7lag(s7ir), so sTlssTt = s7lssT!r which implies that

571t = s71r, and so «, is injective and therefore a bijection.

Also, let g € A and ¢ € tail(s™!), then a4(tg) = stg = a,(t)g. O

Lemma 3.3.4. [25, Lemmas 3.9 and 3.10]. The inverse of a partial auto-

morphism is a partial automorphism. Furthermore, cg—1 = s~ L.

Proposition 3.3.5. [25, Prop 3.11]. Every partial automorphism of T'(S, A)

is of the form ay for some s € S.
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Proof. Let e be the unique idempotent head of the domain of o and let

s =ale) (i.e. e=a"!(s)). The domain of ay is tail(s™!) = tail(s~'s). Now,
e(sts)=al(s)sls=al(ssTls) =a(s) =e

so e < s ts, and

-1 -1

s tse = s tale)e = 571

alee) = s tale) = s7's

so s7's < e and s7's = e. Thus the domain of ay is tail(s™'s) = tail(e),
which is the domain of a. Let t € dom(«) = tail(e), then t = er for some
r € .S and

a(t) = aler) = aleer) = ae)er = st = a,(t).

O

Theorem 3.3.6. [25, Theorem 3.12]. If S is an inverse semigroup with
generating set A then the set of partial automorphisms of I'(S, A), denoted

Part.Aut.(I'(S, A)), is an inverse semigroup isomorphic to S.

Proof. Let s € S, then a : tail(s™') — tail(s) and asa, oy : tail(s™') —
tail(s).

Ozsas_lozs(x) = ss sy = sx = as(x).

Similarly, ag-1 = ag—1a5045-1. As g is an automorphism, a,-1 is the unique

inverse of a;. Hence Part.Aut.(I'(.S, A)) is an inverse semigroup.

Next, let ¢ : S — Part.Aut.(I'(S,A)) be given by s — «as. By proposition
3.3.5, ¢ is a surjective mapping. Now let s,¢ € S and assume ¢(s) = ¢(t).
Then oy = a4 and so a, and oy must have the same domain, i.e. tail(s) =

tail(t). As each tail has a unique idempotent head s™'s = ¢t7'¢ and so

s=s5 s =as(s's) =a(ss) =t Ht) =ttt =t
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Lastly, if a,b € S and z € tail(a) then ¢(a)p(b) = a,p and ¢(ab) = .
Now,

agp(r) = abr = a,(bx) = agap(zx)

so we have an isomorphism. [

3.4 Cayley Graphs for Groupoids

Sieben [25] also defines a Cayley graph of a groupoid G with generating set
A, denoted I'(G, A). Here A generates G if every morphism in G is a finite
composition of morphisms in A. As before, this is a directed graph with

vertices labelled by elements of G and edge set
E={(z,z,zz) 1z €G,z€ Ar(x) =d(z)}.
The edge (z, z,zz) starts at vertex x and ends at vertex zz.

Example 3.4.1. Suppose G = A X Zy x A where A = {a, b}, [25, Example
4]. Given generating set A = {(b,0,a), (a,1,b)} we can create the Cayley
colour graph I'(G, A), see Fig. 3.4.1.

(@0a (a1b (@1b) (b,0,8 (b,1,b)
(b,0,a)
(a,0.b) (ala) (b,0,b) (b,1,8)

Figure 3.4.1: I'(G, A).
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The tail of a vertex in I'(G, A) is defined as before,
tail(z) = {ar : r € G}.

A partial automorphism of I'(G, A) is again a bijection a between two tails
of I'(G, A) such that, for z € A,

alrz) = a(x)z

for all composable x, z € G. Sieben shows that any partial automorphism of

['(G,A) can be written in the form ay : tail(z~!) — tail(z) given by y — xy.

Theorem 3.4.2. [25, Theorem 4.10]. A groupoid G is isomorphic to the
groupoid of partial automorphisms of I'(G, A).

Proof. ¢ : G — Part.Aut.(I'(G,A)) defined by g — «, is the required

isomorphism. []

3.5 Schiitzenberger Graphs and Presheaves

Let S be an inverse semigroup generated by a set A. For each idempotent
e € 5, or equivalently for each R-class in S, we define the Schiitzenberger
graph Sch(S, A, e) of (S,A) at e as folows. The vertex set of Sch(S, A, e)
is the R-class R, of e, i.e. {s € S :ss ! =¢}. Ifs€ S anda € A such
that sRsa (or equivalently, by lemma 1.1.28, s7's < aa™! in the natural
partial order on S), then there exists a directed edge (s, a, sa) in Sch(S, A, e)

starting at s and ending at sa coloured by a. So the edge set is
E ={(s,a,sa):s € S,a€ A, sRsa}.

The Cayley graph I'(S, A) we discussed in section 3.2 contains each
Schiitzenberger graph Sch(S, A, e) as a subgraph induced on the vertex set
R..
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Example 3.5.1. We recall the symmetric inverse monoid example 3.2.2 and
give the Schiitzenberger graphs of the symmetric inverse monoid of degree
3 in Fig. 3.5.1. It is obvious these Schiitzenberger graphs embed into the
Cayley graph given in Fig. 3.2.2.

A directed path p = (s, a1, sa1)(s,as,sas) ... (s,ax, sag) in Sch(S, A, e) has
label X(p) = ay ...ag. R is a left congruence so elements of S act on the left
of paths in Sch(S, A, e): if ¢ is a path from s to ¢ with label u (so that sRt
and t = su) and r € S then rq is a path from rs to rt with label u.

Lemma 3.5.2. Let s,t € S and sRst. Then there exists a directed path p in
Sch(S, A e) from s to st with label t.

Proof. We write t in terms of generators, t = ajaz---ay,(a; € A) and

proceed by induction on m.

Let m =1, then t = a € A and p is the edge (s, a, sa).

Now let m > 1 and let t; = as - - - a,, so that t = a,t;. By assumption sRst,
so we have, by lemma 1.1.28,

sls <ttt = (agty)(arty) ™t = artaty tayt

and so

(say) '(sa1) = a;ts 'say < ajtagtitytaytay = aytagtityt <ttt

Also,
sayRsait < (say) H(sar) <t
Thus, by lemma 1.1.28, sayRsat, = st.

Inductively we may assume that there exists a path p; in Sch(S, A, ss™)

from sa; to st with label t;, i.e. sa;Rst and st = sa;t;. We want a path p
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in Sch(S, A, ss™!) from s to st with label ¢t = ayt;. Now,
ssTt <artititart = (apay D (aatit tart) = (e ) () < aapt

Hence sRsa; and so (s,a;,sa;) is an edge in Sch(S, A, ss™1) from s to sa;.

Edge (s, a1, sa;) may be prefixed to p; to give the required path p. O

If e, f € E(S) with e < f then left translation by e induces a graph map
pl 1 Sch(S, A, f) — Sch(S, A, e)

given by s — es on vertices and (s,a, sa) — (es,a,esa) on edges. Take ¢
to be the functor from the semilattice £(S), thought of as a category with
unique morphism e — f whenever e < f, to the category of graphs Grph
that maps objects e — Sch(S, A, e) and morphisms (e — f) — p/. Then
¢ is a contravariant functor. Therefore we have a presheaf of graphs over
the semilattice F(S), called the Schiitzenberger presheaf of (S, A), denoted
Sch(S, A). As Steinberg remarks in [26], the direct limit is the Cayley graph

of the maximum group homomorphic image S of S with generating set A,

lim | Sch(S,A,e) = T'(S,A)

ecE(S

with the cone maps
pe : Sch(S, A, e) — T'(S,A) = Sch(S, A, 1)

induced by the natural map S — S so s — so and (s,a,sa) — (so,a0,scao).

As noted in [15], S is E—unitary if and only if p, is injective for all e.

3.6 Another Generalisation of Frucht’s The-

orem

The generalisation of Frucht’s theorem in this section derives from another

remark of Steinberg in [26], that the left Wagner-Preston representation of
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S induces a left action of S on the Schiitzenberger presheaf by partial auto-
morphisms. As our actions are on the left, we write our maps in this section

on the left.

A partial automorphism a of the presheaf Sch(S,A) is a colour-preserving

graph isomorphism between two subgraphs K and L of the total graph

T= | Sch(S,A¢)
e€E(S)
such that « respects the presheaf structure: that is, for any e, f € E(S) with

e < f, we have a commutative square

K N Sch(S, A, f) — LN Sch(S, A, (a(f)(al(f)™)

f <a<f>><a<f>>—
pe Pla(e))(ale) =1

K NSch(S, A e) — LN Sch(S, A, (a(e))(ale))™)

Note that since « is colour-preserving it is completely determined by its

action on the vertex set of K.

Lemma 3.6.1. For any partial automorphism o of Sch(S,A) we have
a(st) = a(s)t whenever sRst.

Proof. By lemma 3.5.2, there exists a path in Sch(S, A, ss™1) from s to st
labelled ¢. Hence there is a path from «(s) to a(st) labelled ¢t. Therefore
a(s)t = a(st). O

A principal partial automorphism of Sch(S,A) is a colour-preserving graph
isomorphism « : K — L where K and L are induced subgraphs of 7 on

principal right ideals of S. Since the principal right ideal sS has a unique

1

idempotent generator ss~, we may assume that on the vertex sets of K and

L we have v : eS — fS for some e, f € E(S).
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Lemma 3.6.2. Any principal ideal €S is a union of R—classes of idempotents

ke E(S) with k < e:
k<e

Proof. Let s € eS, so that s = es’ for some s’ € S. Then ss™! =
(es')(es)™t = es'(s)7te = es/(s')™! < e. Let k = ss7! then sRk and
k<esos € nge R;.. For the other inclusion let s € Ry, for some k < e.
Then k = ek = ke so s = ss's = ks = eks = e(ks) € eS. [

Theorem 3.6.3. The set of principal partial automorphisms of the

Schiitzenberger presheaf Sch(S, A) is an inverse semigroup isomorphic to S.

Proof. Let a be a partial automorphism of Sch(S, A) given by a bijection
eS — fS. Set u = a(e). We show that « is determined by the Wagner-
Preston representation of w on the principal ideal v~ *uS. Suppose that ¢ =

es € eS. Then t € Ry, for some k < e, and so by lemma 3.6.1 we have
a(t) = a(kt) = a(k)t

and hence a(t) € a(k)S = a(k)a(k)™'S. In particular, when k = e we have

! and since u = a(e) implies

a(t) € uu™tS. Now applying lemma 3.6.1 to a~
a~1(u) = e, we have

ev tu=at(wutu=a Y uutu) = at(u) =e

and therefore e < u'u. Also,

uue = utale)e = uta(e?) = utale) = vy,

so u~'u < e. Therefore e = u~'u. Similarly, for any k < e we have
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k= (a(k))ta(k). Since o preserves the presheaf structure,

so a(k) < u. Then, by lemma 1.1.6, a(k) = u(a(k))*a(k) = uk.
If t € eS then tt~! < e. Therefore, for all ¢ € S, we have
a(t) = a(tt™t) = a(tt ™t = (utt ")t = ut.
So v : eS — fS is the principal partial automorphism
Qy:uuS — uutS

given by left translation by u. In other words « is determined by the Wagner-

Preston representation of u € S. [

3.7 Cayley Graph for Ordered Groupoids

In this section we give the definition of the Cayley graph of an ordered
groupoid. This is the definition we will be using throughout this thesis from

hereon.

Let G be an ordered groupoid, and let A be a set with a given function
v: A — G. We say that (A,~) generates G if, for each arrow g € G, there

exists a sequence (ay,ag, -+ ,a,) with m > 1 such that:

e for each j, (1 < j < m) either a; € Ay or aj’1 € Ay,
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e if m > 2, the pseudoproducts

aj * ag, (ap xag) xas,...,((---((a1 % ag) *ag) ) * Qpm_1) * ap
all exist,

o g={((-((ag *ag) *xaz) ) * ay_1) * ap.

In short, (A, ) generates G if every arrow in G is expressible as a left-normed
pseudoproduct of elements of Ay and their inverses. When the mapping ~ is
understood, we shall just say that A generates G, and we shall occasionally

suppress mention of v without comment.

We give some useful results for the generating elements of an ordered groupoid.

The following lemma is a direct result of proposition 1.4.8.

Lemma 3.7.1. If, for some bracketing of the terms, the pseudoproduct a; *
ag * -+ -k a, exists in G, then it is equal in G to some composition of arrows

biby - - - b, with b; < a; forj=1,...,n.

Lemma 3.7.2. Let h = by x by % --- x b, be a left-normed pseudoproduct in
G.

1. If g € G and r(g) < d(h) then g * by * --- % by, is also a left-normed
pseudoproduct, and is equal to g x h in G.

2. by xby k- xby kb lxbt k.- x b is a left-normed pseudoproduct,

and is equal to d(h) in G.

Proof. We prove part (1) by induction on m: the case m = 1 is trivial. If
m > 1,let h' = by*- - -xb,,_1. This expression is a left-normed pseudoproduct,
and h = h' % b,,. It follows that d(h) < d(Rh') and so r(g) < d(h'): by

induction, the pseudoproduct g * h’ exists and is equal to the left-normed
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pseudoproduct g*byx*- - -xb,,_1. By lemma 3.7.1, for each j with 1 < j < m—1,

there exist b}, 5/ and b; with b; < b/ < b} < b;, and !}, < by, such that

W= bbb

m—1

R N N

m’

and

g*h/ = 95152“'?%4

are compositions of arrows defined in G. Now r(gxh') = r(b,,—1) < r(b!_,) =
d(v”) < d(by,). Hence the left-normed pseudoproduct (g * h') x b, = g * by *
- % b,,_q1 * b, exists, and is equal to the composition gl;ll;g e I;m_li)m for
some arrow Bm with Bm <V < by,. Now 3152 e ZN)m_ll;m < hin G and so is
equal to the restriction (r(g)|h). But we have g(r(g)|h) = g * h. This proves
part (1).

For part (2), we again proceed by induction, and again the case m = 1 is
trivial. If m > 1 we write h = b{b---b". Now r(h) = (b)) < r(b,) =
d(b;!) and so h x b, ! exists, and we have

ot = 0 U () = b
SOby - b =byxexby =N,

By induction, the left-normed pseudoproduct A’ #b, " | - --xb; ! exists and is

equal to d(h’). Therefore the left-normed pseudoproduct hxb txb, b #---xb;!

exists, and is equal in G to the composition
By W) () = d ()
O

The Cayley graph I'(G,A) of the ordered groupoid G with generating set
(A,~) has vertex set V = G and edge set

E={(g,a,9(r(g9)lay)) : g € G,a € A,x(g) < d(av)}.
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Lemma 3.7.3. Let G be an ordered groupoid generated by (A,~). Suppose
that g € G and that for some x1, 22, ..., 2, € A, g is equal to the left-normed
pseudoproduct (x1y)" * (x97y)%2 * -« * (x,,7)°™. Then there erxists a path x
in (G, A) from d(g) to g with label (x5, ..., 25m). Conversely, any path in
I'(G,A) from d(g) to g yields a left-normed pseudoproduct d(g)*yi* - - -*xy5m
(with y; € Ay) that is equal to g.

Proof. We proceed by induction on m. If m = 1 then g = (x)¢ for some x €
A and ¢ = +1, and x consists of a single edge in the Cayley graph I'(G, A).
Now if m > 1let ¢' = (z17)% - - *(2p,—17)*"'. By our inductive assumption,
there exists a path x' from d(¢’) to ¢’ with label (z7',...,2;"7). Now
g = ¢ * ()", and it follows that d(g) < d(g¢’). We define gy = d(g), g1 =
(d(g)|zT"), and then iteratively define g, = (r(gx—1)|z}") for each k with 1 <
k < m. Since r(gx—1) < d(z3*) the edges (gr—1, 3", gr—1(r(gr—1)|zxy%*)) exist
in I'(G,A) and form a path from d(g) to g with label (z3!,..., 2. x5m).

yYm—17%m

The converse is straightforward: each edge (h,y:", h(r(h)|y*) of the path

extends the left-normed pseudoproduct by one factor. [

Like the collection of all Schiitzenberger graphs of an inverse semigroup, the
Cayley graph of an ordered groupoid consists of several components, one
component for every identity. If e € E(G) then the component of I'(G, A)
containing the unique identity e will have vertex set the star of e in G. Denote

this component by ..

If 'y is a component of I'(G,A) and e < f in E(G), then define (e|I'y) as
the graph that has vertex set V = {(e|g) : g € I's} and edge set

E = {((elg), a, (e|g)(x(elg)la)) : (g,a, g(r(g)lay)) € T's}.

Define a graph map p! : I'y — (e|['f) to map vertices g — (e|g) and edges
(9,a,9(r(g)lay)) — ((elg), a, (elg)(r(elg)|av)). The vertices of (¢|I'y) are the
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elements of the star of G at f restricted to e. So the vertex set of (e|l'y)
is contained in the star of e. Hence the graph (e|l'y) is contained in the
component I',. Therefore p/ is a graph map from I' ¢ to I'.. We note that
if e < f < kin E(G) then (e|(f|Tk)) = (e|T%) so pf = ,6’},55. Further
(e|T'.) = T'e so p¢ is the identity map on I..

Letting ¢ : E(G) — Grph be the contravariant functor that maps objects
e — I'. and morphisms (e — f) — (p : I'y — I'.), we have a presheaf of

graphs over the poset E(G). We call this presheaf the Cayley presheaf.

If S is an inverse semigroup generated by A then recall from theorem 1.5.1

the associated inductive groupoid G(.5).

Proposition 3.7.4. Let S be an inverse semigroup with generating set A C
S. The Schitzenberger presheaf of S is isomorphic to the Cayley presheaf of
G(S).

Proof. Let Sch(S,A,e) be a Schiitzenberger graph of the Schiitzenberger
presheaf. We show that this is isomorphic to the component I', of the Cayley
presheaf. The isomorphism relies heavily on the isomorphism between S and

its associated groupoid G(S) as described in chapter 1.
Sch(S, A, e) has vertex set

V=R,
={se 5:sRe}
={s€S:ss'=e}
={seS:d(s) =¢}

= starg(e).

Let s € S be a vertex of Sch(S,A,e). Let ¢. map s to (e|s) € G(S). As
s € starg(e) then d(s) = e in S so (e|s) = s in G(S). Whence ¢, maps
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starg(e) to stargs)(e) which is exactly the vertex set of I'.. Clearly ¢, is a

bijection.
The edge set of the Schiitzenberger graph of S at e is
E={(s,a,sa):s € S,a €A, sRsa}.
Now by lemma 1.1.28,
sRsa < s 's <aa™' < r(s) < d(a)
SO
E={(s,a,sa):s€ S,ae A r(s) <d(a)}.

Define ¢, on the edge set of Sch(S, A, e) to be

Pe : (es,a,esa) — ((e]s), a, (e|s)(d(e|s)]a)).

This is well-defined because (es, a, esa) = (s, a, sa) for all edges of Sch(S, A, e)
and since e = d(s) in S we have that e = d(s) in G(S) so (e|s) = s and
((e|s),a, (e|s)(d(e|s)|a)) = (s,a,s(d(s)|a)) which is an edge of I'.. Further
¢. is clearly a bijection on the edge sets. Therefore Sch(S, A, e) is isomorphic
toI',.

Recall that p! : Sch(S, A, f) — Sch(S,A,e) and p/ : Ty — .. Let ¢ :
Sch(S, A, f) — I'y and ¢. : Sch(S,A,e) — I'. be defined as above. Then
p£¢e = ¢fﬁ£

Thus the contravariant functor ¢ that maps (e — f) to p/ is isomorphic to

the contravariant functor ¢ that maps (e — f) to pf. Hence the two presheafs

are isomorphic. [
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Chapter 4
Graph Expansions

In this section we consider the Margolis-Meakin graph expansion for an or-
dered groupoid, introduced in [4]. In [14], Margolis and Meakin defined the
graph expansion of a group — or more precisely, of a group with a given
generating set — and established some of its key properties. We consider
analogous properties for our extended version of the Margolis-Meakin ex-
pansion. One such property is that of being E-unitary. The corresponding
notion for ordered groupoids is incompressibility [5], and we determine when

the Margolis-Meakin expansion of an ordered groupoid is incompressible.

4.1 Extending the Margolis-Meakin Expan-

sion

Given a group G generated by (A, ~) we denote the Cayley graph of (G, A)
by I'(G, A). The Margolis-Meakin expansion of (G, A), as defined in [14], is
the set

(G, MMM = [(L,g) : Lisafinite connected subgraph of I'(G, A) and 1,g € L}.
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A connected subgraph P of I'(G, A) containing the identity vertex is called
a pattern, [4]. A specified pattern consists of a pattern and a specific vertex

geP.

Margolis and Meakin construct the following binary operation. Given

(L,g), (K,h) € (G, A)MM we define
(L,g)(K, h) = (LUg- K,gh).
If a is an edge of K from h to ha then a is an edge in g - K from gh to gha.

Theorem 4.1.1. [14, Theorem 2.1]. With the above binary operation,

(G, AYMM s qn E-unitary inverse monoid.

Theorem 4.1.2. [14, Theorem 2.1]. Let 6 € A and Ls be the subgraph of
['(G,A) consisting of the edge labelled 6 from vertex 1 to vertex §. The set
{(Ls,0) : 6 € A} generates (G, A)MM as an inverse semigroup.

Furthermore, G is the mazimal group image of (G, A)MM,

Margolis and Meakin consider only the finite subgraphs of I'(G,A). We
extend the Margolis-Meakin expansion for a group from a construction with
only finite connected subgraphs to one which includes infinite connected sub-

graphs. So we define the following expanded expansion:
(G, AYMM — [(L, g) : Lisaconnected subgraph of I'(G, A) and, 1,9 € L}
We use the binary operation above [14], letting (L, g), (K, h) € (G, A)MM,
(L,g)(K,h) = (LUg- K, gh).

Theorem 4.1.3. (G, A)MM with the above binary operation is an inverse

monoid.
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Proof, based on [14, Theorem 2.1]. We show the binary operation is associa-
tive. Let (P, g),(Q,h), (R, k) € (G, A)MM then

[(P,g)(@ IR, k) = (PUg-Q,gh)(R, k) = (PUg-QU(gh) - R, ghk)

and

Hence (G, A)MM is a semigroup.

For each element (P, g) € (G, A)MM the element (g7 - P,g71) € (G, A)MM
is an inverse, since (P, g) = (P,g)(g7' - P,g')(P, g) and

(g7t - Pg)y=(¢7' P g (P g)g~' P g'). So we have a regular semi-
group.

If (P,g) = (P,g)(P,g) = (PUg-P,g*) = (P, g*) then g> = g so g = 1. Hence
all idempotents are of the form (P, 1). Now

(P 1)(@,1)=(PULl-Q1)=(PUQ,1)=(QUPI) =(Q1)(P1).
Since the idempotents in (G, A)MM commute, we have an inverse semigroup.

Let ¢ be the subgraph of I'(G, A) that contains only the vertex labelled by
the identity of G. Then (¢,1)(P,g) = (tU1- P,1g) = (P, g) and similarly
(P,g)(t,1) = (P, g), giving us an identity element (¢,1) and so an inverse

monoid. [

We remark that the ordering on (G, A)% M iq given as follows: let
(P, g),(Q,h) € (G,A)MM then

(P,g) <(Q,h) & P2 Qandg = h.

Lemma 4.1.4. (G, A)MM s E-unitary.
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Proof. Let (P, g),(Q,h) € (G,A)MM_ Suppose (P,g)(Q,h) = (P,g). Then
(PUg-Q,gh) = (P,g). So PUg-Q = P and gh = h. As G is a group
h=1and (Q,h) = (Q,1) is an idempotent. By lemma 1.1.22, (G, A)MM g
E-unitary. U

Lemma 4.1.5. Denote the Cayley graph I'(G,A) by I'. Then K = {(T',g) :
g € G} is a minimal ideal of (G, A)MM

Furthermore, K 1s isomorphic to G.

Proof. We note that g-I' =1 for all g € G.
We show first that K is an ideal of (G,A)MM  Tet (T',g) € K and let
(P h) € (G, A)MM_ Then
and
(P, h)(T',g) = (PUR-T,hg) = (T, hg) € K.
Therefore K is an ideal of (G, A)MM,

We show that K is a group. Let (T, g),(I',h) € K. Then
(U g)(I',h) = (TUg-T,gh) = (I',gh) € K

and composition within K is always defined. Further, for (T, g), (T, h), (T, ) €

K, we have

(T, g)(T, WL, 5) = (T, gh)(T, j)
= (I, ghj)

= (I', g)(T', hj)
= (T,

gL, )T, 5)]
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so composition is associative. The identity of K is (I',1), The inverse of
(T,9) € Kis (T,¢g7') € K. Thus K is a group.

The only ideal of a group is the group itself. Hence, if an ideal of a semigroup

is a group then this ideal must be minimal. Therefore K is a minimal ideal.

Furthermore, ¢ : K — G defined by (I, g) — ¢ is an isomorphism. [

Proposition 4.1.6. H is isomorphic to a subgroup of (G, A)MM if and only
of H is isomorphic to a subgroup of G.

Proof. Let H be a subgroup of (G, A)YM Now (G, A)MM is F-unitary so,
by proposition 1.1.23 each subgroup of (G, A)MM embeds into the maximal
group image G of (G,A)MM_— Therefore every subgroup of (G, A)MM jg

isomorphic to a subgroup of G.

By lemma 4.1.5, (G, A)YM contains a copy of G as a minimal ideal and so

the converse is immediate. [

We consider now the Margolis-Meakin expansion of a group G, with generat-

ing set A, which contains only those subgraphs of I'(G, A) which are infinite

connected subgraphs. We will denote this expansion by (G, A)¥M.

G, A MM _ L, g) : Lisaninfinite connected subgraph of I'(G, A
I
and1,g € L}.

It is clear that (G, A)MM is a subsemigroup of (G, A)MM  Like (G, A)MM
(G, A)YMM is an E-unitary inverse semigroup, but unlike (G, A)MM it is not

a monoid. We give an example of (G, A)YM and show it is not a monoid.
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Example 4.1.7. Consider the group G = Z with generating set A = {1}
and identity 0. Then I'(Z, A) is given in Fig. 4.1.1. There are three types of

-2 -1 0 1 2

Figure 4.1.1: T'(Z, A).

infinite connected subgraphs of I'(Z, A).
1. A subgraph of I'(Z, A) that is infinite in the positive direction, see Fig.
4.1.2.

Figure 4.1.2: infinite in positive direction.

2. A subgraph of I'(Z, A) that is infinite in the negative direction, see Fig.
4.1.3.
3. The whole Cayley graph T'(Z, A).

0 n

Figure 4.1.3: infinite in negative direction.

No identity element exisits so (G, A)¥M is not a monoid.

Proposition 4.1.8. (G, A)MM is an ideal of (G, A)MM,

Proof. Let (T, h) € (G, A)¥M and (P, g) € (G, A)MM  Now
(I h)(P,g) = (' U h - P hg) and since I' is infinite so is ' U h - P. Also
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leland g € Psohg € h-P. Thus (I',h)(P,g) € (G,A)MM. Again
(P,g)(I';h) = (PUg-TI',gh) and ¢- I is infinite because I" is. Also 1 € P and
h €T sogheg-T. Hence (P,g)(T',h) € (G,A)MM and so (G, A)¥M is an
ideal of (G, A)MM O

We have that (G, A)MM = (G, A)MM\ (G, A)YMM Recall that an ideal de-
termines a congruence p; on an inverse semigroup. Two elements correspond
under p; if either the elements are equal or the elements both belong to the
ideal. So by propositions 1.1.17 and 4.1.8, the Rees quotient (G, A)MM /5,

is isomorphic as a semigroup to (G, A)*™ U {0} with composition

(LUg-K,gh) if (L,g),(K,h) € (G,A)MM
0 otherwise

(L, 9) (K h) :{

4.2 Margolis-Meakin Expansion of an Ordered
Groupoid

In this section we look at a construction of the Margolis-Meakin expansion
for ordered groupoids [4], which is based on Lawson, Margolis and Steinberg’s

version of the Margolis-Meakin expansion for inverse semigroups [13].

Let G be an ordered groupoid with generating set A. In other words, every
element of G can be expressed as a left-normed pseudoproduct of elements
of AU AL as shown in section 3.7. Denote by I'(G, A) the Cayley graph

for an ordered groupoid that we described in section 3.7.

A path in I'(G, A) consists of a number of consecutive edges. The label of

the path p is (af',a$?,...,a5*) where each a; is the generator involved in
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the corresponding edge in p and ¢; = +1 indicates the orientation of the
corresponding edge in the path. This definition of label is a generalisation
of the notion of label we introduced for paths in Schiitzenberger graphs for

inverse semigroups in section 3.5.

A pattern P is a finite connected subgraph of I'(G, A) that contains an iden-
tity vertex. A marked pattern is a pattern P and a specified vertex g € P
such that P contains a path p from the identity vertex e € P to g derived
from a representation of g as a left-normed pseudoproduct. We denote this

marked pattern by (P, g).

The Margolis-Meakin expansion of an ordered groupoid is then defined as

follows
(G, AYMM = [(P, g) : Pisamarked patternof I'(G, A)}.

We now define an ordered groupoid structure for (G, A)*M. Define compo-
sition to be (P, g)(R,h) = (P, gh) whenever g7' - P = R and r(g) = d(h).
An arrow (P, g) of (G, A)YMM has domain (P,d(g)) and range (g7 - P,r(g)).
The inverse of (P,g) is (¢7' - P,g7").

If (@, h) is a marked pattern and e € E(G) with e < d(h), then (e|@) is the
pattern with vertex set V = {(e|g) : ¢ € Q} and edge set

E = {((elg), a, (e|g)(r(elg)|av)) : (g,a,g9(r(g)]av)) € Q}.

Further, for (Q,h) € (G,A)"M and e € E(G) with e < r(g) then (Qle) is
the pattern with vertex set V = {(gle) : ¢ € Q} and edge set

E ={((gle), a, (gle)(r(gle)av)) : (g,a,g9(r(g)lav)) € Q}
= {((gle),a, (gle)(elay)) : (g,a,9(x(g)|ay)) € Q}.

The ordering is given by (R, g) < (@, h) if and only if g < h and (d(g)|Q) C
R.

Q
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We give the restriction and co-restriction operations explicitly. If (P, g) €
(G, A)MM and (Q, e) is an identity of (G, A)MM such that (Q,e) < d(P,g)
then

((Q.€)I(P.g)) = (Q, (elg)).

If instead, (P,g) € (G,A)MM and (Q,e) is an identity of (G, A)M such
that (Q,e) < r(P,g) then

(P, 9)[(Qe)) = ((gle) - @, (gle))-

Theorem 4.2.1. [/, Theorem 5.1]. (G, A)MM with the above composition

and ordering is an ordered groupoid. If G is inductive then so is (G, A)MM,

4.3 Incompressibility and the Margolis-Meakin

Expansion

The Margolis-Meakin expansion of a group is always E-unitary, as is the ex-
panded Margolis-Meakin expansion (G, A)MM_ We wish to determine when
the Margolis-Meakin expansion of an ordered groupoid is E-unitary. Of
course, for this to make sense, we need an appropriate version of the E—
unitary property for ordered groupoids. Our first attempt at a definition sim-
ply rewrites the definition of EF—unitary in the langauge of ordered groupoids.
However, this does not give us a useful generalisation of the related proper-
ties of being E*-unitary or strongly E*-unitary. Instead, we adopt Gilbert’s
definition of incompressibility [4], which gives us a generalisation of all these

properties of interest.



108

4.3.1 F-unitary Expansions

Let us now give our first attempt at defining the E-unitary property for an
ordered groupoid. We define an ordered groupoid G as being FE-unitary if
whenever g € G and e € E(G) such that e < d(g) and (e|g) € E(G), then
g € E(G). We note that Gilbert calls this property filtered in [4].

Theorem 4.3.1. Let G be an ordered groupoid generated by A with Margolis-
Meakin expansion (G, AYMM . Then G is E-unitary if and only if (G, A)yMM

15 E-unitary.

Proof. Let G be an E-unitary ordered groupoid. Let (P, g) € (G,A)MM,
let (Q, f) be an identity of (G, A)MM such that (@, f) < (P,d(g)) and let
((Q, N)I(P, g)) be an identity. Then ((Q, f)|(P,g)) = (Q,(flg)) where (f[g)
is an identity of G. So we have g € G, f € E(G), f < d(g) and (f|g) € E(G)
which implies ¢ € E(G) because G is E-unitary. Thus (P, g) is an identity
of (G, A)MM,

Suppose now that G is not E-unitary. We take g € G,e € E(G) such that
e < d(g) and (e|lg) € E(G) but g is not an identity of G.

Let (P, g) € (G, A)MM where P is a marked pattern with vertices the vertex
set of a path in I'(G, A) from d(g) to g. Take identity (Q, e) where Q = (e|P).
Then (Q,e) < (P,d(g)). Restricting (P, g) to (Q,e) gives ((Q,e)|(P,g)) =
(Q, (e]g)) which is an identity of (G,A)MM as (e|lg) € E(G), but g is not
an identity of G so (P, g) is not an identity. Therefore (G,A)MM is not
E-unitary. [
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4.3.2 Incompressibility

Gilbert defines incompressible ordered groupoids which generalises E-unitary
inverse semigroups and strongly E*-unitary inverse semigroups. In [5], Gilbert

constructs a structure theorem for all incompressible ordered groupoids.

Given ordered groupoids G and H, the functor 6 : G — H is levelling if
g < hin G implies g0 = hf in H. Gilbert [5] constructs a groupoid Gy that

is universal for levelling functors from G.

Let | be the equivalence relation on G generated by the partial order. Restrict
] to the set of identities of G. Let N : E(G) — E(G)/ | be the quotient
map and construct the universal groupoid Uy (G), as defined in section 1.4.1.
Now let N be the normal subgroupoid of Uy (G) generated by the elements
of the form (a*b)b~'a~'. Then Gy is defined as the quotient Uy (G)/N with
quotient map A : Ux(G) — Uyx(G)/N. The groupoid G is called the level
groupoid of G.

Note that (axb)b™'a™" € N so [(a*xb)b~'a™'] is an identity of Uy (G)/N = Gj,
ie. ((axb)b~ta ')A = e for some e € E(Gy), then (a x b)A(b~'a )\ = e
implies (a * )X = (b™ra ™ )A™t = (ab)A = (a))(bN).

Gilbert shows the universality of Gy with the following lemma, [5, Lemma
2.1].

Lemma 4.3.2. Let G, H be ordered groupoids.

(i) Then X : G — Gy is a levelling functor.

(ii) If p - G — H is levelling, there exists a unique functor py : G — H
such that g = .

Proof. (i) Suppose that ¢ < h in G. Then d(g) < d(h) and g~' *x h =
g '(d(g)|h) = g7'g = r(g). Hence in Gy, (¢7'A)(hA) = (r(g))A. Therefore
g\ = hA.
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(ii) Let e, f € E(G). If e | f then, since y is levelling, ey = fu. It follows
that p induces a functor p' : Uy (G) — H. Now suppose that a,b € G have
pseudoproduct a % b = ab in G where @ = (a|r(a)d(b)) and b = (r(a)d(b)|b).
Then

(a*b)p' = (ab)p = (ap)(bp) = (ap)(bp) = (ap)(by')
since p is levelling.

It follows that ' induces a functor pg : Gy — H such that a\ = ap which is
therefore uniquely defined on G. [

An ordered groupoid G is defined to be incompressible if X : G — G is star

injective.

Let S be an inverse semigroup with zero, and let G(S) be the associated
groupoid. Delete the zero from G(5) to get G(5)*.

Lemma 4.3.3. [5, Lemma 2.5].

1. The inverse semigroup S is E-unitary if and only if G(S) is incom-

pressible.

2. The inverse semigroup with zero S is strongly E*-unitary if and only

if G(S)* is incompressible.

Proof. (1) For inverse semigroup S the maximum group image is S = G(S )1-
Now S is E-unitary if and only if 0 : S — S is idempotent pure, by theorem
1.1.22. By lemma 1.1.29, ¢ : S — § is idempotent pure if and only if
o : S — S is R-injective. Converting via theorem 1.5.3, R-injective map
o: S — S becomes o : G(S) — G(S);. Thus S is E-unitary if and only if
G(S) is incompressible.

(2) Let S be strongly E*-unitary. Then there exists a group G and a function

0:S — G° where G° is a group with zero adjoined, such that
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(a) s0 =0« s=0,
(b) s =1 0+#s € E(9),

(c) (st)8 = (s0)(t0) if st # 0.

Regard 0 as a functor G(S)* — G. If g,h € G(S)* and g < h then there
exists an e € E(G(S)) with g = eh so

g0 = (eh)d = (ef)(h8) = 1(hB) = hb.
Thus 6 is levelling. Suppose s,t € stargs)-(e) such that s = tf. Then
(s7')0 = (s710)(t0) = (s0) 71 (t0) = (t0) ' (t0) = (t ') = 1.

Since s7't # 0 in G(S)* and (s7't)§ = 1, we have s™'t € E(G(S)*). Thus

s =t and so 0 is star injective. Hence G(.S)* is incompressible.

Let G(S)* be incompressible. Construct the universal group, denoted G(S5),
of the level groupoid (G(S5)*); by mapping all the identities to 1. Let
7 : (G(S)"); — G(S) be the canonical map. If gh = k in (G(S)*); then
(gm)(hr) = (kn) in G(S). Let @ = Aw. If s,t € S with st # 0 then s7's [ t¢7!
in G(S)* and in (G(S5)*); we have (st)A = (sA)(tA). Hence (st)0 = (s0)(t0).
Suppose that s # 0 and that sA\7m = s# = 1. This implies, by Higgins’s
solution to the word problem in G(S5), [8, Cor 1 to Thrm 4, pg76], that sA
must be an identity in (G(S5)*);. Since G(S) is incompressible, s must be an
identity of G(S)*. It follows that 6, considered as a map S — G(S), satisfies
the conditions (1), (2) and (3) and so S is strongly E*-unitary. [J
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4.3.3 Incompressibility and the Margolis-Meakin Ex-

pansion

Margolis and Meakin [14] show that the expansion (G, A)MM of a A—generated
group G is again A-generated (as an inverse semigroup), and is an E-unitary
inverse semigroup with maximum group image G. As we shall see below
in Theorem 4.3.7, the E—unitary property arises because they begin with
trivially E-unitary ingredients, namely groups. We show that a Margolis-
Meakin expansion of an ordered groupoid G is incompressible if and only if
G is incompressible, and that G and its expansion always have the same level
groupoid (our analogue of the maximum group image). Firstly, we consider

the property of A—generation.

Suppose that G is an ordered groupoid generated by (A,7). Denote by
['(G, A) the Cayley graph of the ordered groupoid G.

Lemma 4.3.4. Let (P h) € (G, A)MM and let x € A be such that v(h) <
d(zv). Denote by K the pattern of I'(G,A) consisting of the single edge
(d(z7),z,27v). Then

(P, h) * (K,zv) = (P, h*xv)

where P’ is obtained by adjoining to P the edge labelled x starting at h.

Proof. The pseudoproduct (P, h) x (K, xv) exists if r(P,h) and d(K,xy)
have a greatest lower bound. Now r(P,h) = (h™!- P,r(h)) and d(K,xv) =
(K,d(z7v)). Asr(h) < d(x7) we can construct (r(h)|K) which is the pattern
consisting of the single edge (r(h), z, r(h)*z7y). We can then form the pattern
R=nh"'-PU(r(h)|K) and mark it at r(h). See Fig. 4.3.1.

Since r(h) = r(h) and (r(h)|h~' - P) = h7' - P C R then (R,r(h))
(h='- P,r(h)). Also since r(h) < d(zv) and (r(h)|K) C R then (R,r(h))

NN
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Figure 4.3.1: pattern R.

(K,d(zv)). So (R,r(h)) is a lower bound of r(P, h) and d(K, z7). It is clear
by the construction of R that there is no smaller pattern that contains both
h~'- P and a copy of K. Thus (R,r(h)) = r(P,h) Ad(K,z7). Now we can

construct the pseudoproduct:

(P, h) * (K, wy) = (P, h)|(R, x(h) (R, x(h))|(K, 27))
= ((hlr(h)) - R, (hlr(h)))(R, (r(h)|z7))
= (h- R, h)(R, (r(h)]x7)).

Composition occurs because h™'h- R = R and r(h) = d(r(h)|27). So

(P, h) * (K, 27y) = (h- R, h(r(h)|zy))
= (h-R,hxxv).

The pattern h- R =h - (h™' - PU (r(h)|K)) is then the pattern obtained by
adjoining the edge (h,z, h * x7) to P. See Fig. 4.3.2.
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Figure 4.3.2: marked pattern (P’ h * x7).
Therefore (P, h) x (K,zvy) = (P',h*zv). O

Lemma 4.3.5. Let K be the pattern of I'(G, A) consisting of the single edge
(d(z7), z,z7v). Let K" be the pattern of I'(G, A) consisting of the single edge
(d(yy),y,y7y). If xyxyy exists and r(zy)Ad(yy) = e then (K, xv), (K, yy) €
(G, A)YMM gnd

(K, 27) * (K yy) = (P 2y = y7)

where P consists of the two edges (d(z7|e), z, (zv|e)) and ((xyle),y, zy*yy).

Proof. The pseudoproduct (K, z7v) * (K',yy) exists if r(K,zy) A d(K', yy)
exists. Now r(K,zy) = ((zy) ™' - K,r(z7)) and d(K’,yy) = (K’,d(y7)). As
r(zy) > e we can construct the pattern ((z7y)~! - Kle) which consists of the
edge (((zy)7tle),z,e). Also, as d(yy) > e, we can construct the pattern
(e|K') which is the edge (e, y, (e|(yy))). We can combine these two edges at
vertex e, denote the resulting pattern by R. See Fig. 4.3.3.
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(Xy_l' Kle) (6|K’)
e - (@)
.Y
xy e R (elyy)

Figure 4.3.3: pattern R.

It is clear by the construction of R that (R,e) = r(K,zvy) Ad(K',yy). Thus

(K, zy) * (K, yy)

(K, z7)[(R, ) (R, e)| (K", y7))
((z7]e) - R, (zv[e)) (R, (ely))
((zyle) - R, (zvle)(ely))
(
= (

(zyle) - R, 2y x yv)
P’y xyy)

where P’ consists of the two edges (d(zv|e), z, (zy|e)) and ((zv|e), y, xy*y~).
See Fig. 4.3.4.

0J
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K K’
X y
0/@ d(‘yy)\\@
d(xy) -'
G
./X/o\y\@
d(xyle) = Xyx Yy

Figure 4.3.4: marked pattern (P, zy * yy).

Theorem 4.3.6. Let G be an ordered groupoid generated by A. Then the
Margolis-Meakin expansion (G, A)YMM s an ordered groupoid generated by

A.

Proof. We define a function 7 : A — (G, A)MM as follows: 27 is the marked
pattern consisting of the single edge (d(z7), z, x7), marked at z-.

Let (P,g) be a marked pattern in (G,A)™. Then for some represen-
tation of ¢ as a left-normed pseudoproduct of generating elements g =
(17) * (w9y)2 % + % (2, 7y)°™ there exists a path x corresponding to the pseu-
doproduct. Further (x,g) is a marked pattern, and in (G, A)MM we have,
by the repeated use of lemma 4.3.5, (x,g) = (217)% * (227)%2 % - - - * (x 7)™,
a left-normed pseudoproduct of elements of (A%) U (A5)~1.

Let (P, g) be a marked pattern that can be expressed as a left-normed pseu-

doproduct of elements of (A¥) U (Ay)~!:

(P,g) = a1y * agy * - % ay.

By lemma 3.7.2 we then have that d(P,g) equals the left-normed pseudo-



117

product:

d(P, g) = (P.d(g))
= a7y * ap¥ * - x gy x (ary) T rex (a99) T * (ary) !

Now we consider adding edges onto patterns. Let (P, g) be a marked pattern,
let h be a vertex of P and suppose r(h) < d(z) for some x € A. There exists
a path in P from d(g) to h, and so, by lemma 3.7.3, we get a left-normed
pseudoproduct d(g) * (2177)%" * - - - % (2,7)°™ equal to h. By lemma 4.3.4 we
have (P,d(g))*(z17)" = (P’,d(g)*217°") but the edge we added to P to get
P’ already exists in P, so P’ = P. Hence (P,d(g))*(z1%)%* = (P,d(g)*2z17°").
By repeated use of lemma 4.3.4 it follows that the left-normed pseudoproduct
(P,d(g))*(z17) % - =% (2,7)°™ equals (P, d(g) %217 %+ - - % 2,,7°™) = (P, h).
Thus (P, h) can be written as a left-normed pseudoproduct of elements of
(Ay) U (A%)~!. Since r(h) < d(z7) we have, by lemma 4.3.4, that

(P, h) * (x7) = (P, h % z7)

where P’ is the pattern P with edge (h, z, h*xz7y) adjoined to P. As (P, h) is a
left-normed pseudoproduct then (P, h * x7) is a left-normed pseudoproduct
of elements of (A¥)U(A%)~!. Tt follows, by lemma 3.7.2 and because vertices
from the same component of the Cayley graph come from the same star, that
d(P' h*xvy) = (P ,d(h*xxy)) = (P',d(g)) is a left-normed pseudoproduct.

Now because P’ contains P which contains the path x from d(g) to g,

(P',d(g)) * (x,9) = (P, 9).

So (P, g) is left-normed pseudoproduct of elements of (Ay) U (A3)~1. We

can similarly add an inverse edge to a marked pattern P.

So we can add an edge to a pattern (P, g) that is a left-normed pseudoproduct
of elements of (Ay) U (A%)~! and get another pattern (P’, g) which is also
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a left-normed pseudoproduct of elements of (A¥y) U (A%)~!. We can build a
pattern P marked at g from the path x by adding finitely many edges z7 to
it. Thus (P, g) can be written as a left-normed pseudoproduct of elements of

(A%) U (A%)~L. Therefore (G, A)MM is generated by (A,5). O
Now we come to our main theorem of this chapter.

Theorem 4.3.7. Let G be an ordered groupoid generated by A. Then the
level groupoids Gy and (G, A)f”M are isomorphic. Further, (G, A)MM s

incompressible if and only if G is incompressible.

Proof. Let A : G — Gy and A, : (G, A)MY — (G, A)f“/[ be the levelling

functors.

First let us consider the element ¢ € G. We can write g in terms of the
pseudoproduct of generating elements, g = a; * ag * --- * a,, where a; €
(AyUA™1y). Then in the Cayley graph I'(G, A) there exists a path a starting
at vertex d(g), ending at the vertex g and labelled by (aq, as, ..., a,,). Hence
we have a marked pattern (a,g). If we also have g = by % by * - - - % b, with
b; € Ay U A~y giving rise to the marked pattern (b, g), then (aUb, g) is
also a marked pattern. Further, (aUb,g) < (a,¢) and (aUb, g) < (b, g), so
(a,g) ] (b, g). Moreover, for any marked pattern (P, g), the subgraph P must
contain some path ¢ from d(g) to g so that (P, g) < (c, g). It follows that for
two marked patterns with the same marked element g € G, (P, g),(Q,g) €
(G, A)YMM e have that (P, g) | (Q,g) and so (P, g)\. = (Q, )\

Define o : G — (G, A)é”M by g — (P, g)\. where P is any pattern with

marked vertex g. By the argument above « is well-defined.

Now suppose that g,h € G with g < h. Consider a marked pattern (Q,h).
Then ((d(g>|Q)7g) < (Q; h) in (G7 A)MM and S0 ((d(g)‘Q>7g>/\* = (Q7 h)A*

It follows that ga = ha , and so « is levelling. Then « induces a functor ( :
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Gy — (G, A)JIV[M carrying g — (P, g)\.. We show that /3 is indeed a functor.
Let (P, g),(Q,h) € (G,A)}"™. By the construction of the levelling groupoid
(g\)(hA) = (gh)A, similarly for A\,. Assume r(g) = d(h) and g7 - P = Q.
Then,

(gA)B(hA)G = (P, g)A(Q, ),

(P, g)(Q, h)) A
P, gh)\,
gh)\)B
gA)(hA))B.

o~ o~ o~ o~~~

(
(

Take the map 6 : (G, A)MM — G to be defined as (P, g) — g.

We show that the map 6 is star injective. Let (P, g), (Q, h) € starg aymm (R, e)
and suppose (P,¢)0 = (Q,h)0. Then d(P,g) = (P,d(g9)) = (R,e) and
d(Q,h) = (Q,d(h)) = (R,e), so R = P = Q. Further d(g) = d(h) = e so
g and h belong to the star of e in G. Also, (P,g)0 = g = h = (Q,h)0 so
(P,g) = (@, h) and 0 is star injective.

The composition O\ is levelling, for if (P, g) < (Q, h) then g < h so gA = hA
thus (P, g)0\ = (Q,h)0A. Then O\ induces a functor v : (G, A)iWM — G
that carries (P, g)\. — gA.

Clearly 3 and + are inverse functors, and G is isomorphic to (G, A)f/f M

We have the following commutative diagram:

(G, A)MM 2y (G, A

| £

with (P, g)\y = (P, g)0X = g\.
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Assume G is incompressible, then A is star injective. As 6 is star injective
and 7 is an isomorphism, we have that ), is star injective so (G, A)MM is

incompressible.

Similarly if we suppose (G, A)MM is incompressible this implies that G is

incompressible. [J
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Chapter 5
The P-theorem and L-systems

McAlister’s P-theorem, [16], classifies all E-unitary inverse semigroups. This
classification relies upon an action of the maximal group image of the semi-
group on some poset. A more general P-theorem is that of Gilbert [5] for
ordered groupoids which classifies all incompressible ordered groupoids. This
classification employs the use of an action of a groupoid on some poset.
There are many proofs of McAlister’s P-theorem for inverse semigroups,
some of which are reviewed in [12]. We give an alternative proof for the
P-theorem for ordered groupoids based on Steinberg’s succinct proof involv-

ing Schiitzenberger graphs [26].

FE-unitary inverse semigroups are semigroups that are idempotent pure exten-
sions by groups. O’Carroll [21] proved a structure theorem for inverse semi-
groups that are idempotent pure extensions by inverse semigroups. O’Carroll’s
theorem generalises McAlister’s P-theorem and involves an action of a semi-
group on a poset. Idempotent pure homomorphisms of inverse semigroups
correspond to immersions of inductive groupoids. Given an immersion of
ordered groupoids v : G — T we wish to formulate a structure theorem

for G similar to the P-theorem. The result uses the groupoid analogue of
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O’Carroll’s L-semigroups, L-systems, along with a version of Ehresmann’s
Maximum Enlargement Theorem. Ehresmann’s Maximum Enlargement The-
orem is a structure theorem for immersions of ordered groupoids and gener-
alises the role of the action groupoid for coverings. We discuss the relation-
ship between the action groupoid and coverings of ordered groupoids before
giving our version of the Maximum Enlargement Theorem. Then we state
our L-system structure theorem for ordered groupoids and we show how this

theorem generalises the P-theorem for ordered groupoids.

5.1 McAlister’s P-theorem for Inverse Semi-

groups

McAlister’s P-theorem classifies all F-unitary inverse semigroups. The P-
theorem describes the structure of an E-unitary inverse semigroup in terms

of an action of a group on a poset. The details are as follows.

We suppose a group G acts on a poset X. Suppose that X has an order ideal
Y which is a semilattice. Then if G-Y = X and g-Y NY # () for every
g € G we say that (X,Y,G) is a McAlister triple. Given a McAlister triple

we define a P-semigroup, [16],
P(X,Y,G)={(y,9) €Y xG: g7 -yecY}
with composition

(y.9)(x, k) = (g- (97" -y Ax),gh).

Proposition 5.1.1. P(X,Y,G) is an E-unitary inverse semigroup with nat-

ural partial order given as follows,

(y,9) < (z,h) ©y=xAh-p for some peY, and g = h.
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Proof. Let (y,9),(x,h) € P(X,Y,G). Then g7' -y € Y by definition of
P(X,Y,G) and, as Y is a semilattice, g1 -yAz € Y. Now g L -yAz < gty
sog- (gt ynr) < g-gly=y €Y. Yisanorderidealso g-(¢-'-yAx) € Y.
Also
(gh)™ - g- (g Yy Ax)

(97'9) (97" yAw)
R (g y A )

(97 yAw)

-xey.

Y is an order ideal so (gh)™ - g-(¢7' -y Az) € Y and so composition is
well-defined. It is also associative. Now,

(v, 99"y, 97 )y, 9)

=(g-(g7 - yAg " -9),99 )y, 9)
9- (97" 9 )y, 9)

so P is regular. The idempotents are of the form (y, 1) where 1 is the identity
element of G. Given (y, 1), (z,1) € P(X,Y,G) we see that

(v, Dz, 1) =(1-17"yA2), )= Az 1) = (2Ay1) = (z,1)(y1)
so idempotents commute. Therefore P(X,Y, &) is an inverse semigroup.

Let (y,1) < (x,h). Then 1 = h and (z,h) = (z,1) € E(P(X,Y,G)) and
P(X,Y,G) is E-unitary. O
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McAlister’s P-theorem [16] states that any E-unitary inverse semigroup is
isomorphic to P(X,Y,G) for some McAlister triple (X,Y,G). Thus, up to
isomorphism and equivalence of group actions, McAlister has classified all

FE-unitary inverse semigroups.

5.2  P-theorem for Ordered Groupoids

As seen in section 4.3.2, the incompressibility concept for ordered groupoids
is analogous to the E-unitary property. Gilbert gives an analogue to McAl-
ister’s P-theorem in [5]. We describe Gilbert’s analogue to the P-theorem
and give a detailed alternative proof. This proof is inspired by Steinberg’s

succinct proof of McAlister’s P-theorem using Schiitzenberger graphs [26].

5.2.1 The Ordered Groupoid P(X,Y,G)

Gilbert gives a P-theorem for ordered groupoids in [5]. We now give the de-
tails of Gilbert’s construction of an incompressible ordered groupoid P(X,Y, G)

and then state the P-theorem for ordered groupoids.

Consider a contravariant functor from a groupoid G to the category of posets.
For each e € E(G) we have a poset X.. Each arrow g € G determines an

isomorphism g : Xy — Xqg(g). We say G acts on the disjoint union

X = Xe.
e€E(G)

If Y is an order ideal in X we set Y, = Y N X,. In the construction of the

ordered groupoid P(X,Y,G) only elements of the G-invariant poset G - Y

need be considered, and so without loss of generality, we may assume that
X=G'Y.
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As in [5], we define an ordered groupoid P(X,Y, G) as follows:
P(X,Y,G)={(y,a) e Y xG:y¢€ Yd(a),a_l yeY}

with composition between elements (z,a) and (z,b) occuring if r(a) = d(b)

and a~ !

-x = z, in which case (z,a)(z,b) = (x,ab). The element (y,a) €
P(X,Y,G) has domain d(y,a) = (y,d(a)) and range r(y,a) = (a~'-y,r(a)).

The inverse of (y,a) is (y,a)™* = (a7' - y,a™!). The set of identites is
E(P(X,Y,G)) = {(y,e) :y € Ye,e € E(G)}.
The ordering is given by
(x,a) < (2,b) & x < zand a =b.

Lemma 5.2.1. [5, Lemma 3.1]. P = P(X,Y,G) is an incompressible or-
dered groupoid.

Proof. First we check the axioms for an ordered groupoid.

(OG1): Suppose (z,a) < (z,b). Then x < z and a = bso a™! =b! and
al -z <at-z2=>b"1 2 Therefore (z,a)' = (™' 2,a”!) < (b7 2,071) =

(z,b)7 L.

(OG2): Suppose (x,a) and (z,b) are composable, so r(a) =d(b),a -z = 2
and (z,a)(z,b) = (z,ab), and suppose (v,c) and (y,d) are composable, so
r(c) =d(d), ct-v =y and (v,c)(y,d) = (v,cd). Suppose also that (z,a) <
(v,¢) and (z,b) < (y,d). Then z < v,a=cand z <y, b=d. Thus ab = cd
and r < v. Hence (z,a)(z,b) = (z,ab) < (v,cd) = (v,¢)(y, d).

(OG3): Suppose (z,a) € P(X,Y,G) and (y,e) € E(P) such that (y,e) <
d(z,a) = (x,d(a)). Thisis true if and only if y < 2 and e = d(a). We require
(z,¢) € P(X,Y,G) such that d(z,¢) = (y,e) = (y,d(a)) and (z,¢) < (z,a).
Now d(z,¢) = (2,d(c)) = (y,d(a)) and so z must equal y. Also (z,¢) < (z,a)
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if and only if z < x and ¢ = a, so ¢ must equal a. Thus the restriction of

(x,a) to (y,e) is (z,¢) = (y,a) and by construction is unique.

Next consider p : P(X,Y,G) — G carrying (y,g) — g. We show that p is
a levelling functor. Let (v, g), (z,h) € P(X,Y,G). Then (y, g)u(z, h)u = gh
provided r(g) = d(h). Also [(y,g)(z, h)|pn = (y,gh)u = gh provided r(g) =
d(h) and g7' -y = x. If (y,9) < (x,h) then y < z and ¢ = h. Hence
(y,9)p =g =h = (z,h)p. So u is a levelling functor.

Now p is star injective, for suppose that (y,g),(z,h) € starp(z,e) with
(y,9)p = (x,h)p. Then d(y, g) = d(z, h) = (2, ) which implies (y,d(g)) =
(x,d(h)) = (z,e) and so y =z = z. Also d(g) = d(h) = e so g, h € starg(e).
Further (y, g)u = (x, h)p implies g = h. Thus (y, g) = (z, h).

Let (y,a), (x,b) € starp(z,e). Take A : P(X,Y,G) — P(X,Y,G); to be the
levelling functor and suppose (y,a)\ = (x,b)A. Then by lemma 4.3.2, there
exists a functor py : P(X,Y,G); — G such that p = Apuj. Since p is star
injective then so is A, and therefore P(X,Y, ) is an incompressible ordered

groupoid. [J

In [5] Gilbert proves that any incompressible ordered groupoid is isomor-
phic to P(X,Y,G) for some poset X, some order ideal Y of X and some
groupoid GG. Hence all incompressible ordered groupoids are classified up to

isomorphism. We shall give an alternative proof in the next section.

5.2.2 The P-theorem for Ordered Groupoids

Now that we have constructed the ordered groupoid P(X,Y, G) we shall give
a proof of the P-theorem for ordered groupoids using components of Cayley
graphs, which we described earlier in section 3.7. Steinberg proves McAlis-

ter’s P-theorem for inverse semigroups in [26] using Schiitzenberger graphs.
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Gilbert’s approach to classifying all incompressible ordered groupoids, [5],
follows McAlister’s description [17] of Munn’s proof [20]. In this section we re-
prove Gilbert’s result but following Steinberg’s method using Schiitzenberger

graphs and so give an alternative proof of the P-theorem for ordered groupoids.

Let G be an incompressible ordered groupoid generated by (A,~), so every
element g € G is a left-normed pseudoproduct of arrows of Ay U A~1y, say
g = ap*---*a,. Then the composition (a;A) ... (anA) is defined in G and so
the level groupoid is generated by (A, yA). From now on we suppress mention
of v and v\ when dealing with the generating set A. If G is incompressible
then A : G — G, induces an embedding of each component I, of the Cayley
graph of G into the Cayley graph of G} (as A : G — G is star injective).
Let Y be the set of all such embedded components of the Cayley graph of G.
Now G acts on Y: if g € Gy has d(g) = d and r(g) = e then g acts on the
embedded copy I'. by left multiplication on the vertex sets, and g-I', is some
connected subgraph of the component I'y of I'(G}, A). We let X = G- Y.

Then X is a poset ordered by reverse inclusion.

Theorem 5.2.2. An incompressible ordered groupoid GG is isomorphic to the
ordered groupoid P(X,Y,G1).

Proof. We begin by showing that Y is an order ideal of X. For this we need
to show that if g -I'. contains an embedded copy of some I'¢, then it is itself

an embedded copy of some I',.
By assumption we have, for g € G(d, e)\),
[, 29 T.2I;eY

where Ty is a component of I'(Gy, A). Hence fA=d andsod € g-T..

There exists a path in ¢ -T'. from vertex g to vertex d. Suppose (g;, ai’, gia;")

for 1 < i < r are the successive edges of this path. Then (af',...,aS) labels
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a path v in I'(G, A) and so the left-normed pseudoproduct v = exaf* *- - -xag

-1

exists in G and u\ = g~!. We take z to be u~'eu and show that, as subgraphs

of the Schiitzenberger graph of G,
g- I'e = Fufleu'

It is enough to check that their vertex sets are the same. A typical vertex of
g-Tcis g(hA) where h € G and d(h) = e. Now g(h\) = (ud)"H(hA) = (™ h)A
and d(u™th) = (u™'h)(u=*h)™! = u=H(hh ' )u = u~teu. Hence g(h)) is also
a vertex of I',-1,,. Conversely, a typical vertex of I',-1,, has the form kA
where d(k) = u'eu. Therefore d(k\) = (uteu) = (ul)"Hel)(uN) =
gleN)g™' = gg7' = d, and so g~ '(kA) is defined in G}. So we may write
kX = g(g 1 (kX)) with g7*(k)) a vertex of .. Thus Y is an order ideal of X.

Now we have constructed the ingredients for an ordered groupoid P(X,Y, G1).
Indeed,

P(X,Y.Gp) = {(Tag),9)) €Y x Gy : (g7 )A-Tay € Y}

Let ¢ : G — P(X,Y,G}) map g — (Iq(g), gA). We show ¢ is an isomorphism.
Let g, h € G. Provided r(g) = d(h) and g~ 'A - Tq(g) = Lan), then

(90)(ho) = (La(g), gA) (Lagny, hA)
Lag)s gAhA)

Lagg), (gh)A)

gh)¢

(
=
=
=

and so ¢ is a functor. If g < hin G then (d(g)|Tacn)) € Tany, 50 (Fagg), gA) <

(Caeny, hA) and so ¢ is an ordered functor.

We show next that ¢ is bijective. Given (Fq(q),a)) € P(X,Y, G}) then clearly
we have a € G that maps via A to aA. Hence a maps to (Iq(q), aA) and ¢
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is surjective. We wish to show injectivity. Consider I'q(,) with distinguished
vertex gA. Now I'q(y) contains only one vertex labelled by an identity of
G4, namely d = d(g)A\. As g is equal to some left-normed pseudoproduct
ai’ *---*as and by lemma 3.7.3 there is a corresponding path in I'(G, A)
from d(g) to g, and so in fd(g) there is a path from d to g\ whose label is
(ai',...,a5m). Consider only those paths in I'qy) from d to gA whose labels
possess a left-normed pseudoproduct in G. If h = by x --- x b, is the left-
normed pseudoproduct of the label of such a path there will exist a path in
['(G, A) from d(g) to g with the same label. Therefore g = d(g) *by *---*b,,
and so g < by x---% b, = h, and ¢ is the minimum element of G obtained as
the evaluation of a left-normed pseudoproduct of the label of a path from d
to g\ in Iq(g). Hence the pair (I'q(y), gA) determines g € G, and therefore ¢

is injective.

Therefore ¢ is an isomorphism. [J

Example 5.2.3. Let G be the following incompressible ordered groupoid
consisting of two copies of I' as shown in Fig. 5.2.1, with A = {a, o™}, 8,37}
the generating set for G. The orderingiseq > fo,a = B,a > 371 e; > fi.
The level groupoid Gy is then a single copy of I' as shown in Fig. 5.2.2. There
are four components of the Cayley graph corresponding to the four identites
of G, see Fig. 5.2.3. I'(Gy,A) is shown in Fig. 5.2.4. We consider each
component of (G,A) as embedded in I'(G},A). Recall Y is the set of all
such Schiitzenberger graphs and X = G -Y. For each g € I'(G, A) we have
isomorphism of posets X,y — Xaq(g). In this example g - I'yy) = T'q(q) for all

g € Gy, so we can clearly see that Y is an order ideal in X.
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el
fl
Figure 5.2.1: groupoid G.
aA = BA
foA= €, A e A =f .\
O A =B7A

Figure 5.2.2: level groupoid G
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Figure 5.2.3: components.
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a A a A

Figure 5.2.4: I'(G, A).
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P(X,Y,G1) ={(y,9) €Y x Gy :y € Ya),9 -y €Y}
- {<F607 60)‘)7 (F607 CM)\), (F517 a_1>‘)’ (Fep 61)‘)7
(Ffou f0>‘)7 (Ffmﬁ)‘)’ (Fflaﬁ_l/\)7 (Ffu fl)‘>}

We see here that P(X,Y,Gq) and G contain the same number of elements,
an excellent start if the two are isomorphic. P(X,Y,G}) is indeed isomorphic

to G, ¢ : G — P(X,Y,G}) mapping g — (g, gA) is an isomorphism.

5.3 Fibred Actions and Ordered Coverings

Lawson [10] proves McAlister’s P-theorem using Ehresmann’s Maximum En-
largement Theorem, a structure theorem for immersions of ordered groupoids.
When given an immersion from an ordered groupoid G to some “simpler”
ordered groupoid T we want a structure theorem for GG somewhat like the
P-theorem. We give a version of the Maximum Enlargement Theorem fol-
lowing Lawson, [10, pg 256]. Then we introduce the analogue of O’Carroll’s

LL-semigroups for groupoids and give the structure theorem in section 5.5.

Before we discuss the Maximum Enlargement Theorem or our generalisation
of the P-theorem we first introduce fibred actions and ordered coverings. In
this section we plan to show an equivalence between two categories, one of
fibred actions of ordered groupoids on posets and the other of ordered cover-
ings of ordered groupoids. We begin with a description of fibred actions and

action groupoids. Following this we look at coverings of ordered groupoids.
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5.3.1 Fibred Actions

In this subsection we define a left fibred action of an ordered groupoid on
a poset and after this we will construct an action groupoid from this fibred

action.

We begin with the introduction of some necessary notation. Given a poset
(X, <) we denote the set of all isomorphisms between principal order ideals
of X by ¥(X). Forany e € X let X(e) = {z : v < e} C X. Let o :
X(e) = X(f),B: X(m) — X(n) € ¥(X). Then composition between a and

0 occurs if f = m, in which case,
af: X(e) = X(n).
The ordering is given by
f<asf=alxm

So if § < a then X (m) C X(e) and X(n) C X(f), equivalently m < e and
n< f.
Lemma 5.3.1. 3(X) is an ordered groupoid. If X is a meet semilattice then

¥(X) is an inductive groupoid.

Proof. First we note that the identities are the identity maps ¢ : X (k) —
X (k). Arrow a : X(e) — X(f) € £(X) has domain ¢, and range tr. The
restriction of the order of 3(X) to the set of identites gives

<ty X)) CX(f)=e< f

We check the axioms for an ordered groupoid.

(OG1) Let o : X(e) — X(f) and B : X(m) — X(n) and suppose 8 < a.
Then 3 = a|x(m) s0 871 = (a|x@m)) " = axm). Thus 7! <a™h.
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(OG2) Let a : X(e) — X(f), v: X(f) — X(g9), 8: X(m) — X(n) and
§ : X(n) — X(p) be such that 3 < a and 0 < 7. Then § = a|x(n) and
0 = Y|xm). For any x € X(m),

(#)(80) = (z)(alxm)Vxm) = (@a)ylxm = (@)(y) = (@)(@y)|xm).
Whence 56 < ary.

(OG3) Let a: X(e) — X(f) € X(X). Let ¢, € E(X(X)). Suppose d(a) =
te = . Then the restriction of « to ¢ is given by o|xu). We see a|xu) < o
and d(a|x@)) = tk. As the restiction of isomorphism «|x) is unique, then

s0 (tx, |ar) is unique.
Therefore (X)) is an ordered groupoid.

If X is a meet semilattice we show that the identities form a meet semilattice.
Let te, 1y € E(X(X)). Itis clear that X(ef) = X(e)NX(f). Now tens @ X(eN
£) = X(e A f) = teg : X(ef) = X(ef) = 1op : X(e) N X(f) = X(e) N X(f)
is a lower bound for ¢, and for ¢y. Further, if ¢, < ¢ and 5 then r <e, f so
r < eA f. Hence ¢, < tens and tenys is the greatest lower bound for ¢ and ¢y.
Therefore E(X(X)) is a meet semilattice. [

A fibred action of an ordered groupoid T on a poset X, [10, pg 262|, is
determined by the following data:

e an order preserving function pu: X — E(T);

e an order ideal X, = {z : zu < e} for each e € E(T);

an ordered functor 7 : T — 3(X) that maps t to n(t) : Xy@) — Xaw);

e an action of T on X: ¢ -z = n(t)(x);

p: X — E(T) is such that:
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1. t acts on x if and only if zu < r(t);

2. if zp = r(t) then (¢ - x)p = d(1).

If such an order preserving function p : X — FE(T) exists we say X is fibred
over E(T) or alternatively we say the fibred action of T on X is fibred by p.
We give diagrams Fig. 5.3.1 and Fig. 5.3.2 depicting axioms (1) and (2).

Figure 5.3.1: axiom (1).
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X Xe
V]
t
————————e@
(t- X X
T H

Figure 5.3.2: axiom (2).

Given the fibred action above we can construct the action groupoid as follows:
TxX={(t,z) e T x X :axp=d(t)}

with composition
(t,z)(s,y) = (ts,x) if t71 - & = y and r(¢t) = d(s).

The arrow (¢, x) has domain d(¢,z) = (d(t), ) and range r(t,x) =
(r(t),t7'-x) and inverse (t,z)~' = (¢t7',¢t1-x). The set of identities of T'x X
1s

E(Tx X)={(e,x) € E(T) x X : xp = e}.

The partial ordering is given by

(t,x) < (s,y) if and only if t < s and = < y.

Lemma 5.3.2. T'x X is an ordered groupoid.
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Proof. We verify the axioms for an ordered groupoid.

(OG1) Let (t,z) < (s,y). Now (t, )70 = (¢71,t7" - 2) = (71, n(t™")(x))

and (s,y)"' = (s7Ls7toy) = (s7hn(s7)(y)). Ast < s, then t71 < 571

Also, as 7 is order preserving n(t) < n(s). So n(t™') = nlx,,, (s7'). Thus
s~

thoz =t ) (2) = n(s ) (@) =

Xy € Xy, and so z,y € X,,. Now T acts on X by order isomorphisms so

-x. Now =z < y so xpu < ypu. Thus

s7t.x < s '.y. Therefore t7' - o <571 y.

(OG2) Let (t,z) < (s,y) and (u,w) < (v,2). Then t < s, z < y and u < v,
w < z. Assume t7! -z = w, r(t) = d(u), s7' -y = 2z and r(s) = d(v). So
(t, ) (u,w) = (tu, ) and (s,y)(v, 2) = (sv,y). We require x < y and tu < sv

<
Now ¢ < s and u < v imply that tu < sv. Therefore (tu,z) < (sv,y).

(OG3) Let (t,z) € T x X and (e,y) € E(T x X) and suppose (e,y) <
d(t,z) = (d(t),x). As yu = e < d(t) we can restrict ¢t to e. Then yu =
d(elt) so ((e|t),y) € T x X. Also d((e|lt),y) = (d(e|t),y) = (e,y) and
((eft),y) < (t,2).

(t,x) to (e,y). Assume (v,c) is also a restriction of (¢,z) to (e,y). Then
d(v,c) = (d(v),c) = (e,y) and so d(v) = e and ¢ = y. Also (v,c) < (t, )
so v < t, but d(v) = e and restriction from ¢ to e is unique thus v = (eft).
Therefore (v,c) = ((e|t),y). O

We show now that ((e|t),y) is the unique restriction of

5.3.2 From Action to Covering

Given a fibred action of an ordered groupoid on a poset we show that one
can construct an ordered covering of ordered groupoids from such a fibred
action. Further we will show that given an arbitrary ordered covering we can
construct a fibred action. So equipped with a fibred action we get an ordered

covering, and then we can construct another fibred action from this covering.
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It transpires that the fibred action constructed is actually isomorphic to the

original.

Recall from section 1.4.2 that an ordered covering is a star bijective functor

between two ordered groupoids that is order preserving.

Take a fibred action of an ordered groupoid T on a poset X that is fibred
by p. Given the fibred action we can convert this into an ordered covering

using the action groupoid 7' x X.

Lemma 5.3.3. Given a fibred action of T on X, then mo : T'x X — T taking

(t,x) — t is an ordered covering.
Proof. Let (t,x),(s,y) € T x X with t7' -z = y and r(t) = d(s), then
((t,z)(s,y))me = (ts,x)me = ts = (t,x)ma(s, y)ma. So my is a functor.

Restrict my to starryx(j, 2) — starp(j) and let (¢, x), (s,y) € starpux(J, 2).
Then z =y = z and d(¢t) = d(s) = j so t,s € starp(j). Assume (t,2)my =
(s,y)ma. Then t = s and so (¢,z) = (s,y) and 9 is star injective.

Next we show 7y is star surjective. Restrict my to starp.x(j, z) — stary(j)
and let ¢ € starp(j). Then d(t) = j. Now

Hence (t,2) € starrxx(J,2) and (¢, 2)me = t.

To show my is order preserving assume that (¢,2) < (s,y). Then t < s and

r<yso (t,r)m =t < s=(s,y)m. O

Lemma 5.3.4. Let v: C — T be an ordered covering of ordered groupoids.
Lete € E(C) andt € T. We define a fibred action of T on E(C') as follows:
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if ey < r(t) thent-e = d(c) where ¢y = (tley). The action is fibred by
restricted to E(C) — E(T).

Proof. Let e € E(C) and t € T. If ey < r(t) then we can corestrict ¢
to e. Now ~ is a covering so for (t|ey) € T there exists a unique element

c € costarc(e) such that ¢y = (t|ey). Element ¢ has range e. The action ¢ - e
is then defined as t - e = d(c), see Fig. 5.3.3. If ey = r(¢) then (t|ey) =t and

Cc
t-’e//.

Y
t
) cy=(tley)
L . J
ey

Figure 5.3.3: fibred action.

then the unique element ¢ that maps to (t|ey) maps to t. Ast-e = d(c) and
¢y =t we have that d(c)y = (¢ - e)y = d(t). Thus this action of 7" on E(C)
is fibred by 7 restricted to E(C) — E(T). O

Given the fibred action of 7" on X we constructed the ordered covering .
By lemma 5.3.4 we then have a fibred action of T on E(T' x X). Ift € T,
(xp,z) € E(Tx X) and (zu, x)my = zp < r(t) then we have a unique (v, ¢) €
costarry x (xp, x) such that (v,c)my = (t|xu). Then v = (t|xp) and further
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r(v,c) = (r(v),v™ - ¢c) = (xp,z) so c = v-z. Thus (v,c) = ((t|zp), (tlxp) - z).

The action then becomes

t- (ep, x) = d((tlep), (tHep) - 2) = (d(tep), (top) - o)

provided (zu, z)m < r(t). The action is fibred by s restricted to
E(T x X) — E(T).

If T is an ordered groupoid and if X is a poset with a given fibred action of
T on X fibred by pu, then we call X a T-poset. Take X and Y to be T-posets
with Y fibred by fi. The map 6 : X — Y is a map of T-posets if ép = p and,
forx € X and t € T, § is such that:

1. if t - x is defined in X then ¢ - 0 is defined in Y;

2. (t-x)d =t (x9).

Given two T-posets X and Y the two fibred actions involved are isomorphic

if the map of T-posets is bijective.

Lemma 5.3.5. The fibred action of T on E(T x X) fibred by o is isomorphic
to the original fibred action of T on X fibred by p.

Proof. Let § : E(T'x X) — X be defined as (e, z) — x. Let (e,z) € E(tx X),
then zpu = e. So (e,z)0u = xpu = e = (e,x)mq, thus du = m. We show the

axioms of a map of T-posets hold.

(1) Suppose t € T acts on (s,y) € E(T x X). Then (s,y)ms < r(t) which
implies that s < r(t). Now (s,y) € E(T x X) implies that yu = d(s) = s
and so yu < r(t). Thus ¢ acts on y = (s,y)0.

(2) Now that the actions are defined we show that (t-(s,y))d =t-(s,y)d. We
have seen that s = yu so let us consider t- (yu, y) = (d(tlyw), (tlyp) -y). Now

(tlyp) -y = n(tlyp)(y). We have n(t), n(tlyu) € X(X) and n(tlyp) < n(t) so
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n(tlyr) = nlx,q . @) = nlx,,(t). Thus for all 2 € X, n(tlyp) = n(t). As
y € Xy, we have n(t[yp)(y) = n(t)(y). So (tlyn) -y =1y and

(t- (yp, y))0 = (d(tlyp), (tlyp) - y)o = (typ) -y =t -y =1t (yu,y)d.

We now show that § is bijective. Let (e, z), (f,y) € E(T x X) and suppose
(e,2)0 = (f,y)d, i.e. z =y. Now xu = e and yu = f and since x = y implies
xp = yu, we have e = f. So (e,z) = (f,y) and ¢ is injective. Now suppose
x € X. Then (zu,z) € E(T'x X) and (zpu, x)d = x. Therefore 4 is surjective.

Therefore § is a bijective map of T-posets. [

5.3.3 From Covering to Action

We have shown that we can construct a fibred action from an ordered cov-
ering. Further, given an ordered covering we can construct a fibred action.
In this subsection we show that, equipped with an ordered covering we get
a fibred action from which we can create another ordered covering that is

isomorphic to the original map.

Let v : C'— T be an ordered covering of ordered groupoids. By lemma 5.3.4,
we get a fibred action of 7" on E(C): if ey < r(t) then t - e = d(c) where
cy = (tley). With this fibred action we construct the action groupoid

Tx E(C)=A{(t,c) e T x E(C) : cy=d(t)}.

Then 75 : T'x E(C) — T defined by (¢, ¢) +— t is, by lemma 5.3.3, an ordered

covering.

Lemma 5.3.6. Given ordered covering v : C — T, we have that C' 1is iso-

morphic to T x E(C). Furthermore, 7 is isomorphic to 7o : T x E(C) — T.
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Proof. Let ¢ : C' — T x E(C) be given by ¢+ (c¢v,d(c)). Let a,c € C with
ay~!-d(a) = d(c) and r(ay) = d(cy) then

(ag)(cg) = (a7y,d(a))(cy,d(c))
= (aycy,d(a))
= ((ac)y,d(ac))
= (

ac)e

Assume now that a,c € C such that a¢p = c¢, then (avy,d(a)) = (¢v,d(c)).
So ay = ¢y and d(a) = d(c) so a and ¢ belong to the same star in C. As 7y

is an ordered covering, a = c.
Given (t,e) € T x E(C) then ey = d(t) implies (t™' - e)y = r(t). As vy is a
covering there exists a ¢ € starg(e) such that ¢y = t. Hence c¢¢ = (¢, d(c)) =

(t,e) and ¢ is an isomorphism.

Together with the identity on T', ¢ furnishes an isomorphism of coverings. [

5.3.4 Equivalence of Categories of Actions and Cover-

ings

Fix an ordered groupoid T, and let Act(7) be the category whose objects
are T-posets, and whose morphisms are maps of T-posets. Let v : G — T
and 3 : H — T be ordered coverings to T'. If there exists a map of ordered
groupoids 6 : G — H such that v = 63 then we call such a map a map

of coverings. Define Cov(T') to be the category whose objects are ordered
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groupoids with an ordered covering to T. The morphisms of this category are
maps of coverings. We will establish an equivalence between the categories
Act(T) and Cov(T).

In order to show that the categories Act(7") and Cov(T') are equivalent we
require functors Fy : Act(T)) — Cov(T) and Fr : Cov(T) — Act(T), as

discussed in section 1.3.2.

Define Fy : Act(T') — Cov(T') on the objects of Act(7") to be

Fp: X—TxX

where X is fibred by p : X — E(T) and, by lemma 5.3.3, T' x X has the
associated covering my : T' X X — T. On the morphisms of Act(T) define

Fa:la: X =>Y]—=[0:Tx X —>TxY]
0 (t,z) — (t,za)].

If (t,z) € T x X then xp = d(¢) and so ¢t~ acts on x. By definition of «,
if t71 acts on x then ¢t~! acts on wa. So, if Y is fibred by i : Y — E(T),
(xa)p = zp = d(t) and so (t,za) € T x Y and 6 is well defined.

Define F : Cov(T) — Act(T) on the objects of Cov(T) to be the fibred

action we have previously constructed from a covering in lemma 5.3.4:
F o G— FE (G)
where G has the associated covering v : G — T and E(G) is fibred by the

restriction of v to E(G) — E(T'). On the morphisms of Cov(T") define
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We check that F¢ is well-defined. Let 6 : G — H be a morphism in Cov(T').
Then there are two ordered coverings v : G — T and 3 : H — T such that
v = 08. Take O|p) : E(G) — E(H). Let e, f € E(G) and ¢t € T be such
that t-e = f. Let g € G be such that gy = (t|ey). We require (t-e)f = t-(ef).
We have that (t-e)f = f0. Now e gets mapped by [ to ed = ey and gb
gets mapped by [ to ¢85 = gy = (t|levy), so t - (ef) = d(gf) = fO. Hence
(t-e)d =t-(ef) and Fg is well-defined.

Given morphism « : X — Y in Act(T") we need a natural equivalence 7 such

that the diagram in Fig. 5.3.4 commutes.

)RR (@) KRR (V)RFc

X 3=X al,=a Y1, =Y

Figure 5.3.4: equivalence of categories.

Now (X)FaFe = (T X)Fe = B(Tx X) and similatly (Y)FyFe = E(TxY).
Also () FuFe = (0:Tx X =T xY)Fo = 0|grxx), so Fig. 5.3.4 becomes
Fig. 5.3.5.

Lemma 5.3.5 tells us that F(7 x X) and its fibred action is isomorphic to X
with its fibred action. Similarly with E(T' x Y") and Y. So taking 7x = dx to
be defined as in the proof of lemma 5.3.5, 6x : E(T'x X) — X, (t,x) — z,
and similarly 7y = dy, we have that if (t,z) € E(T x X), (t,2)dxa = z«

and (t, )00y = (t,za)dy = xa. Thus the diagram commutes.

Now given a morphism 6 : G — H in Cov(T’) we require a natural equivalence

7 such that the diagram Fig. 5.3.6 commutes.
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E(TX X) 9: (tX)— (txa)  E(TxY)

X a Y

Figure 5.3.5: equivalence of categories.

Now (G)FoFa = (E(G))Fa =T x E(G) and (H)FoFa =T x E(H). Also,
(0)FcFa= Olp)Fa=0 Tx E(G) = Tx EH),0 :(te)— (ted). So
Fig. 5.3.6 becomes Fig. 5.3.7.

By lemma 5.3.6, 7' x F(G) and its associated covering 7, is isomorphic to G
and its associated covering . Similarly with 7'x E(H) and H. By the proof
of lemma 5.3.6, if (¢,e) € T'x E(G) then there exists a g € starg(e) such that
gy =t and d(g) = e and so we can take 7 to be ¢¢ : (t,€) = (¢7,d(g)) — g.
Similarly take 75 to be ¢g. Let (t,e) € T'x E(G) with gy =t and d(g) = e.
Then (t,e)pql = (g7v,d(g9))pcl = gb. If G is the ordered covering from H
to T then v = 08 and so (t,€)0'¢x = (97,d(9))0'¢u = (97,d(9)0)¢n =
(908,d(9)0)don = gb.

(G) FCFA (e) FCFA (H) FCFA
T T,
(G)1=G ©®1:=6  (H)L=H

Figure 5.3.6: equivalence of categories.
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T E(G) 0 T X E(H)

G 0 H

Figure 5.3.7: equivalence of categories.

Therefore the categories Act(T") and Cov(T') are equivalent.

5.4 Enlargements

Now that we have established our definitions for fibred actions and the re-
lationship between fibred actions and ordered coverings, we may continue
our quest for a generalised version of the P-theorem for an ordered groupoid
G given an immersion v : G — T by discussing “enlargements”. The Maxi-
mum Enlargement Theorem is a structure theorem for immersions of ordered
groupoids. We first construct from E(G) and T a poset on which T acts,
and then construct the action groupoid. The immersion v then induces an
embedding of GG into this action groupoid, giving an embedding of G into a
larger structure. This larger structure has nice properties, and is said to be an

enlargement of G. Moreover, G' can be reconstructed from the enlargement.

We begin with the definition of an enlargement, as in [10], and then we
construct our action groupoid and give our version of Ehresmann’s Maximum

Enlargement Theorem.

Let G be an ordered subgroupoid of the ordered groupoid H. Then H is an

enlargement of G if the following three axioms hold.
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(E1) E(G) is an order ideal of E(H).
(E2) If h € H and d(h),r(h) € G then h € G.

(E3) If e € E(H) then there exists an h € H with r(h) = e and d(h) € G.

Let v : G — T be an immersion of ordered groupoids. We construct a fibred
action on the poset F(G) and an action on the groupoid T. Suppose that
g € G(e, f) and t € T is such that r(t) = ev. Then G acts on the left of
E(G): g- f =e. Also G acts on the right of T": t - g = t(gv).

The pullback T () E(G) is defined as
T()E(G) ={(s,e) €T x E(G) : r(s) = ev}.

We define a relation on the pullback as follows: (s,e) ~¢ (¢, f) if there exists
g € G(e, f) such that t = s(gv). It is easy to see that this is an equivalence
relation. The equivalence class of (s, e) is denoted by s ® e and the quotient
set is denoted T'® E(G).

Define an ordering on T'® E(G) as follows: ¢t ® f < s ® e if and only if there
exists k < e and there exists an h € G(f, k) such that t(hv) < s. See Fig.
0.4.1.

G Vv T s
o € o o€y
h : t(tw) i kv
fo——>—e k
t hv

fv

Figure 5.4.1: ordering.
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Equivalently, t ® f < s ® e if and only if there exists w® k € T ® E(G) such
that w ® k =t ® f with k < e and w < s. See Fig. 5.4.2.

G v T s
ge />\ o€V

fo—<—e k

fv

Figure 5.4.2: equivalent ordering.

We show that the ordering is well defined. Suppose that t® f < s®e. Owing
to the equivalent definition of the ordering on T'® E(G) it is clear that any
t' ® f’ that is equal to t ® f will also be equal to w ® k with w < s and
kE<k sot'®f <s®e. Itisthen enough to show that if s®e = s’ ® ¢/ and
IR f<s@ethent® f <d®e. As s®e =5 ®¢, there exists g € G(e, €)
such that s’ = s(gv). Then as t ® f < s® e, we have h € G(f, k) with k < e
such that ¢(hv) < s. Take b’ = h(k|g) with r(k|g) = k’. Then h' € G(f, k')
with &' < €. Also, t(h'v) = t(hv)(k|lg)v < s(gv) =¢. Thust® f < s’ @ ¢'.
Therefore the ordering is well-defined.

Lemma 5.4.1. T'® E(G) is a poset.

Proof. Ift® f € T ® E(G) then clearly t ® f =t ® f so < is reflexive.

To prove transitivity suppose that t ® f < s®e and s®e < u® j. So there
exists k < e and h € G(f, k) such that t(hv) < s. Also there exists k' < j
and h' € G(e, k') such that s(h'v) < u. As k < e we can restrict A’ to k and
we let i be the range of (h'|k). Letting p = t(hv) and ¢ = s(h'v) we have the
diagram shown in Fig. 5.4.3.



q k'v

Figure 5.4.3: transitivity.
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Let ¢ = h(W'|k) and r = t(gv). Then i < k' < j and g € G(f,i). Further
r = t(gv) = t(h(M|k))v = t(hv)(W|k)v = p(h'|k)v. Since (h'|k) < K’ and
p < s we have r < s(h'v) = ¢ < u. Therefore t(gv) Suvand t® f <u® j.

The relation < is transitive.

We now show that < is antisymmetric. Suppose that t ® f < ¢/ ® f’ and
VR f<t®f Nowt® f <t ® f if and only if there exists e < f’ and
h € G(f,e) such that t(hv) < t/, so t ® f = t(hv) ® e. We can therefore
assume [ < ffand t < t'. Now ¢/ ® f/ < t® f if and only if there exists
k < fand ' € G(f',k) such that t'(h'v) < t. Then k < f < f' and
t'(Wv) <t < t'. Obviously d(t'(h'v)) = d(t') so t/(h'v) = (d({'(h'v))|t) =
(d'(W'v)|t') = (d(t)|t') = t'. Then, as r(t') = f'v, we have h'v = f'v.
Since v is an immersion A’ = f’ and since f' € E(G) and b € G(f', k)
then £ = f'. So k < f < f' implies that f' < f < f'so f = f'. Also
t'(Wv) <t <t implies that ¢’ <t <t sot' =t. Therefore t® f =t'® f'. O

Now t® f = s®e if (s,e) ~¢ (t, f), which happens if there exists a g € G(e, f)
such that t = s(gv), so then d(s) = d(¢). So d(¢) is an invariant of the class
t® f.

Take p : T ® E(G) — E(T) to be p : s®e +— d(s). Let t € T and
s@eeT® FE(G). If d(s) < r(t) then ¢ acts on s ® e as follows

t-(s®e)=(td(s))s ®e.

We show that p is order preserving. Take u® f,s ® e € T'® F(G) such that
u® f < s®e. Then there exists some k < e and an h € G(f, k) such that
u(hv) < s. Equivalently u ® f = w ® k with £ < e and w < s. So we can
assume f < e and u < s. Then as u < s we have (u® f)u =d(u) < d(s) =
(s ® e)u and p is order preserving. The action of 7" on the poset E(G) @ T
is then a fibred action, fibred by p. We check that the axioms, as given in
section 5.3.1, for a fibred action hold. First, t € T acts on s®e € T® E(G) if
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d(s) = (s®e)u < r(t) so axiom (1) holds. Next if (s®@e)u = d(s) = r(t) then
t-(s®e)=(t|ld(s))s®@e=ts®eso (t-(s®@e))pu=(ts®e)u =d(ts) = d(t)
and axiom (2) holds.

From this fibred action we can construct the action groupoid as follows:

T w (T'® E(G))

{(t,s®e) eTx (TR E(Q)): (s®e)u=d(t)}
{(t,s@e) e T x (T®E(G)):d(s) =d(t)}

We denote this action groupoid by 7). Let (u,t® f), (v,s ® e) € T,. Then
d(t) = d(u) and d(s) = d(v). Then the composition is given by

(u, t® f)(v,s ®e) = (uv,t & f)

provided r(u) = d(v) and v (t® f) = (W dE))t @ f = vt f =
s ® e. Equivalently, composition occurs if there exists a g € G(f,e) such
that s = u~'t(gv). An element (u,t® f) of T, has domain (d(u),t® f) =
(d(¢),t®f) and range (r(u), u"'t® f). The inverse of (u,t® f) is (u, tQ f) "' =
(v u™'t @ f). The set of identities is

E(T,) ={d(t),t® f) e T x (T ® E(G))}.

Ordering is simply (u,t® f) < (w, s®e) if and only if u < w and t® f < s®e.
These properties have all been derived from the general properties of an

action groupoid, as given in section 5.3.1.

We can now give our version of Ehresmann’s Maximum Enlargement Theo-

rem (following [10, pg256]).

Theorem 5.4.2. Let v : G — T be an immersion.
1. T, is an ordered groupoid and 7wy : Tx (TR E(G)) — T taking (t, sQe) — t
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s an ordered covering of T'.

2. There is an ordered embedding of G into T, given by

L g (gv,d(g)r ® d(g)) such that umy = v, and T, is an enlargement of
Gu.

3. Suppose that 7 : G — C' is an ordered embedding and that 7 : C — T
15 an ordered covering such that v = jw. Then there exists a unique ordered

functor 0 : T, — C' such that j = 10 and 7y = Ox.

Proof. 1. By lemma 5.3.2, T, is an ordered groupoid and by lemma 5.3.3, m
is an ordered covering.
2. We note that ¢ maps E(G) — E(T,), for if f € E(G) then ¢ : f —

(fr.d(flir@d(f) = (fr.fre f) = d(fv), fv® f) € E(T,). Let g h € G
and suppose gh is defined. Then (g¢)(he) is defined if r(g) = d(h) and if
there exists a k € G(d(g),d(h)) such that d(h)v = (gv)~'d(g)v(kv). As gh
is defined then r(g) = d(h). Take k = g, then clearly g € G(d(g),r(g)) and
(gv)~'d(g)v(kv) = (gv)~'gv = r(g9)v = d(h)v. Then

(gt)(he) = (gv,d(g9)v @ d(g))(hv,d(h)v @ d(h))
= (gvhv,d(g)v ® d(g))

= ((gh)v,d(gh)r ® d(gh))

= (

gh)t

and ¢ is a functor.

If g < hin G then gv < hv,
d(g)vd(g)v = d(g)v < d(h)v so (
gt < he.

d(g9) < d(h) and d(g) € G(d(g),d(g)) with
gv,d(g)r ©d(g)) < (hv,d(h)y @d(h)), i.e

Assume now that (gv,d(¢g)r®@d(g)) < (hv,d(h)v®d(h)). Then gv < hv and
d(g)y ® d(g) < d(h)r ® d(h). So there exists e < d(h) and a € G(d(g), e)
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such that d(g)v(av) < d(h)v. It follows that av < d(h)v so av € E(T).
Thus a € E(G) and so a = e = d(g). Therefore d(g) < d(h). Now gv < hv
and (d(g)|h)v < hv. Also, d(d(g)|h) = d(g) so d(d(g)|h)v = d(g)v and
by the uniqueness of restriction d(g)|h)v = gr. Since v is an immersion,
(d(g)|h) = g. As (d(g)|h) < h, then g < h.

Therefore g < h if and only if g¢ < he. Hence ¢ preserves order and is an

embedding.

Next we check that 7), is an enlargement of G¢. The above considerations

show that G is an ordered subgroupoid of T),.

(E1) Suppose (d(t),t ® f) < (kv,kv ® k) € E(Gt). Then d(¢t) < kv and
there exists e < k and g € G(f,e) such that t(gv) < kv. As kv € E(T),
t(gv) € E(T) which implies that gv = ¢t~'. So d(¢t) = ev. Then g € G(f,e)
is such that t(gv) = tt7! = d(t) = ev which implies that t @ f = ev ® e.
Therefore (d(t),t® f) = (ev,ev ® e) € E(Gt) so E(Gt) is an order ideal in
E(T,).

(E2) Take (u,t ® f) € T, with d(u,t® f) = (d(u),t ® f) € E(G.) and
r(u,t ® f) = (r(u),u™'t ® f) € F(GL). So there must exist z,y € E(G)
such that (zv,2v @ ) = (d(u),t ® f) and (yv,yr @ y) = (r(u),u "t f).
This implies d(t) = d(u) = zv and there exists ¢ € G(x, f) such that
t = (zv)(gv) = (gv). Also, r(u) = yv and there exists h € G(y, f) such
that v~ = (yv)(hv) = (hv). Tt follows that u = (gv)(hv)™t = (gh™Hv.
Since g € G(x, f), d(gh™) = z. So (u,t ® f) = ((gh"Vv,2v @ 1) =
((gh Y, d(gh v @ d(gh™h)) € G

(E3) Let (d(t),t ® f) € E(T,). Then fv = r(t) so (t", fv® f) € T,.
Now r(t ™4, fr @ f) = (x(t7 ), tfr @ f) = (d(t),t ® f). The domain of
(tLfref) el isdit ! fref) = dit), fref) = () fref) =
(fv, fr® f) € E(Gu).
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Therefore T, is the enlagement of Gu.

3. Let (u,t ® f) € T,. Then fv = r(t) = fjm and so there exists a
unique element c s € C such that r(cuy) = fj and cqpm = t. Now
d(cqp))m = d(cy,pnm) = d(t) = d(u). Define (u,t ® f)f to be the unique
element a € C such that d(a) = d(cq,f)) and am = u.

We show that 6 is well-defined. If t ® f = s ® e then there exists g €
G(f,e) with s = t(gv). Then cy 5 (gj) has range ej and (cq.p)(95))7 =
((ct,pm)(ggm) = t(gv) = s. Therefore c(, 5y(gj) = c(s.e) because r(ce.e)) = €j
and ceym = 5. Hence d(ci,)) = d(cny)) = d(a) where ar = u. So
(u,t® f)f =a = (u,s®e)b.

Two elements (u,t ® f) and (v,t’ ® f’') are composable if r(u) = d(v) and
there exists g € G(f, f') such that ' = u='t(gv). Thus for the elements to
be composable ¢’ ® f’ must equal u='t® f. So consider a pair of composable
elements (u,t ® f) and (v,u"'t ® f) in T,,. Now d(u,t® f)f = (d(u),t ®
0O = (d(t),t® f)0 = d(cqp)). Then (u,t @ f)0 'cq s has range fj and is
mapped to u™'t by 7, so (u,t ® f)0 cuy = -1ty Now (v,u™ 't ® f)6
is the unique element b € C such that (u,t ® f)0b exists and br = v. So
d((u, t® (v, u't®f)0) = d(c,p)). Therefore ((u,t® f)0(v,u™'t® f)0)m =

uv and so
[(u,t @ £O)[(v,u™t @ £)0] = (uv,t @ )8 = [(u,t @ f)(v,u" 't @ f)]6.
Therefore 8 is a functor.

If (u,t® f) < (v,s®e) in T, then v < v and we may assume that f < e and
t < s. Then ¢y = (¢se)|f7). If welet (u,t® f)§ =a and (v,s®e)d =b
then (d(c(,p)|b)m < br = v and d((d(c(.p))[b)7) = d(cep)m = d(t) = d(u).
Hence by uniqueness of restriction (d(cs))|b)m = u and so (d(cq,p)|b) =
(u,t ® )8 = a. Therefore a < b and 6 is an ordered functor.

To show that 6 is unique, suppose ¢ : T, — C is such that j = ¢ and
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Ty = ¢m. If z € T}, and (r(2))8 = (r(2))¢ then, since (20)7 = zmy = (2¢)7
and 7 is a covering, we have that z0 = z¢. Now since 16 = j = 1¢ then
¢l = 0|c.. Given any identity of T, (d(t),t®f) & Gu, let z = (u,t® f) € T,
be any arrow with r(z) € Gi. At least one such arrow exists, as 7, is an
enlargement of Gi. Hence (r(z))0 = (r(2))¢ so z0 =
(d(2))0 = (d(2))¢. Therefore § and ¢ are equal on E(T}) and it follows that
=¢onT, O

z¢. In particular,

We give a commutative diagram in Fig. 5.4.4 to depict the information in

theorem 5.4.2 clearly.

immersion of ordered groupoids

unique
ordered
functor

Figure 5.4.4: Theorem 5.4.2.

The Maximum Enlargement Theorem generalises the role of the action groupoid

for coverings. If v : G — T is a covering then T"® F(G) is isomorphic to
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E(G) and T, is isomorphic to G. We prove these isomorphisms below. First
we show that ¢ : F(G) — T'® E(G), e — ev®e is bijective. Let e, f € E(G)
and suppose e¢ = f¢. Then ev®@e = fr® f. So there exists k € G(e, f) such
that ev = (fv)(kv)™!. Now ev, fv € E(T) and r(k) = f so ev = (kv)~'. As
v is a covering, e = k~! and so k € E(G). Tt follows that e = f. Thus ¢ is

injective.

Now we let s®@ e € T® E(G). Then ev = r(s). Now v is a covering so there
exists g € G such that gv = s. So ev = r(gv) = r(g)v. As v is a covering,
e=r(g). Then s®@e =gr®r(g) =d(g)v ® d(g) because g € G(d(g),r(g))
and gv = d(g)v(gv). So we have d(g) € E(G) such that d(g) — s®e. Thus

¢ is surjective.
Therefore F(G) is isomorphic to T'® E(G).

As v is an ordered covering, by lemma 5.3.6 we have that G is isomorphic to
T x E(G). It follows that G is isomorphic to T'x (T'® E(G)). O

5.5 [L-Systems

As F-unitary inverse semigroups are those semigroups that are idempotent
pure extensions by groups, lemma 1.1.33, O’Carroll’s structure theorem for
inverse semigroups that are idempotent pure extensions by inverse semi-
groups [21] generalises McAlister’s P-theorem. In the construction of McAl-
ister’s P-theorem we create a triple from a poset, an order ideal and an
action, and from this a semigroup is constructed, as we have already seen
in section 5.1. O’Carroll’s structure theorem develops in a similar manner.
His semigroup, an “IL-semigroup” is also constructed from a triple similar to

McAlister’s triple.
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Our aim is, when given an immersion from an ordered groupoid G to some
“simpler” ordered groupoid 7', to construct a structure theorem for G' some-
what like the P-theorem. The result uses Ehresmann’s Maximum Enlarge-
ment Theorem and the corresponding groupoid definition of O’Carroll’s LL-
semigroups. We will demonstrate, by means of an example, that our result

generalises the P-theorem for ordered groupoids.

To start then we need an analogue of O’Carroll’s notion of an L-semigroup.
For this we require a poset X and an order ideal Y of X. We also need a
fibred action of T"on X, fibred by u: X — E(T) say, such that X =T -Y.
If we have such a poset, order ideal and fibred action then we call (X,Y,T)

an L-system.

An [L-system determines an ordered groupoid
LIX,Y,T)={(t,y) eTxY :yu=d(t),t " -yeY}

with composition
(t,z)(s,y) = (ts,z) if t71 -2 =y and r(t) = d(s)
and ordering
(t,x) < (s,y) if and only if t < s and = < y.

In section 5.2.1 we define the ordered groupoid P(X,Y, G) given a groupoid G
and action on X. The L-system determines an ordered groupoid L(X,Y,T')
given an ordered groupoid T and an action on X. Although composition in
both P(X,Y,G) and L(X,Y, T) is the same, ordering differs. Both P(X,Y, G)
and L(X, Y, T) use the ordering of the poset, L(X, Y, T') also uses the ordering
of the groupoid whereas P(X,Y, G) has the trivial ordering on the groupoid

element because T is an ordered groupoid and G is not.
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Lemma 5.5.1. L(X,Y,T) is an ordered subgroupoid of the action groupoid
TxX.

Proof. Firstly, L(X,Y,T) = {(t,y) :yu=d(t),t7 -y e Y} C{(t,x) : zu =
d(t)} =T x X. We now check closure under composition. Let (¢,z), (s,y) €
L(X,Y,T) and assume t ! -z =y and r(t) = d(s). Then zu = d(t) = d(ts)
and (ts) ' -x=s1-(t7t-2)=s1-y €Y. Thus (ts,z) € L(X,Y,T).

We show next that L(X, Y, T') is closed under inverses. Let (t,y) € L(X,Y,T).
Now (t,y)™' = (t74, ¢t -y). Then (t7'-y)p =d(Et ') and t- (7 -y) =
(tt7)-y=y €Yo (t,y) e L(X,Y,T).

Next we establish that L(X,Y,T) is closed under the restriction operation.
Let (t,y) € L(X,Y,T) and let (e, z) € E(L(X,Y,T)) be such that (e, z) <
d(t,y) = (d(t),y). Then ((e, 2)|(t,y)) = ((e]t),z). Now (e|t) < tand z < y
so (et)™ -2 <t7'-y €Y but Y is an order ideal so (e[t)™' -z € Y. Also,
zpu = e = d(e|t). Hence ((e|t),z) € L(X,Y,T).

Therefore (X, Y, T) is a subgroupoid of T'x X. [

Proposition 5.5.2. (a) Given an L-system (X,Y,T), the action groupoid
T x X is an enlargement of L(X,Y,T).

(b) If the action groupoid T'x X is an enlargement of the subgroupoid H then
there exists an L-system (X, Yy, Hno), where X = Hmy - Yy, such that

H= L(X,YH, H’ﬂ'g).

Proof. (a) By lemma 5.5.1, L(X,Y,T) is a subgroupoid of 7" x X.
We must now check the enlargement axioms are satisfied.

(E1) Suppose (e,z) < (f,y) € BE(L(X,Y,T)), then e < f and z < y. Now
Y is an order ideal, so x <y € Y implies that 1 € Y. Nowe ! 2 =2z €Y
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and xpu = e so (e,x) € E(L(X,Y,T)) and E(L(X,Y,T)) is an order ideal of
E(T x X).

(E2) Let (t,z) € T x X, d(t,z) = (d(t),z) € L(X,Y,T) and r(t,z) =
(r(t),t7'-2) € L(X,Y,T). Now (t,z) € T x X implies that zu = d(¢) and
(r(t),t7' - z) € L(X,Y,T) implies that r(¢)~!- (¢! -2) =t"' -2 € Y. Thus
(t,2) € L(X,Y,T).

(E3) Let (e,v) € E(T x X). We require an (t,z) € T x X such that
r(t,z) = (e,v) and d(t,z) € L(X,Y,T). Now X =T -Y sov = s-w, for
some w € Y, s € T, such that wu = r(s). Since (e,v) = (e,s-v) € E(Tx X),

Law). Now wu = r(s) = d(s71) so

(s -w)p = d(s) = e. Consider (s~
(s7hw) € T x X. Also, r(s7Hw) = (r(s7h),s-w) = (d(s),s - w) = (e,v)
and d(s™ 1, w) = (d(s71),w). Now wy =d(s™!) and d(s™)-w=w €Y so

d(s7Hw) e L(X,Y,T). Thus (s~!,w) is the required (t,z) € T x X.
Therefore 7' x X is an enlargement of L(X,Y,T).

(b) Take Yy = {z € X : (t,x) € Hforsomet € T} and X = Hmy - Yy C X.
We show that Yy is an order ideal of X. For z € X let < y € Yy. As
y € Yy there exists ¢t € T such that (t,y) € H C T x X, so yu = d(t).
Also (d(t),y) € E(H). Now = < y implies zpu < ypu = d(t) as p is order
preserving, so (zxu,z) < (d(t),y) € E(H). Now E(H) is an order ideal of
E(T x X) so (xp,x) € E(H). This gives us xzu € T such that (zu,z) € H,

therefore x € Yy and so Yy is an order ideal of X.

We show next that L(X, Yy, Hmy) € H. Let (t,y) € L(X, Yy, Hrmy). Now
yu = d(t), and since y € Yy there exists an s € T such that (s,y) € H, so
yu = d(s). Alsot™1y € Yy so there exists an s’ € T such that (s',t71y) € H.
Then (7! - y)u = d(s') but, as ypu = d(t), (¢t7' - y)u = d{t7!) = r(t)
so d(s') = r(t). Also, d(t) = yu = d(s). Now (s,y) € H implies that
d(s,y) € H because H is a subgroupoid of T'x X. Then d(s,y) = (d(s),y) =
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(d(t),y) € H. Similarly, (s',¢t"*-y) € H implies d(s',t"" - y) € H. Then
d(s', t7"y) = (d(s'),t7"-y) = (x(t),t7"-y) € H. Now (d(t),y) = d(t,y) € H
and (r(t),t™' -y) = r(t,y) € H and T x X is an enlargement of H so by
property (E3), (t,y) € H.

Finally we show that H C L(X, Yy, Hny). Let (s,2) € H C T x X. Now

L(X,Yy, Hry) = {(t,y) € Hry x Yy :yp=d(t),t 7' -y € Yy}
={(t,y) : (s,y) € H for some s € T,
(t,z) € H for some z € X,yu = d(t),
(s',t7! - y) € H for some s’ € T}.

As (s,x) € H, (s,x) € HmyxYy. Also, (s,z) € T'x X implies that 2 = d(s).
Finally, as H is a subgroupoid of T'x X, r(s,z) = (r(s),s™'-x) € H. Thus
(s,7) € L(X,Yy, Hmy) and H C L(X, Yy, Hm).

Therefore H = L(X, Yy, Hry). O
To summarize, we have:

e immersion v : G — T

poset T'®@ E(G)

action groupoid T, = T x (T’ ® E(G))

o covering my : T}, = T, (u,t ® f) — u

embedding ¢ : G — T,,, g — (gv,d(g)r @ d(g))

e T, is an enlargement of Gt
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e 1y = v so Gury = Gu.

Now that we have all the jigsaw pieces we can put them together. Following

proposition 5.5.2 we have :

Theorem 5.5.3. 1. Given an L-system (T ® E(G),Y,T), then T, is an
enlargement of L(T ® E(G),Y,T)

2. T, is an enlargement of Gu so there exists an order ideal
Yo, ={(t®e) e T® E(G) : (u,t®e) € Gt for some u € T}
of T ® E(G) and an L-system (T @ E(G), Yq,, Girg) such that

G.=L(T ® E(G),Yq,, Gur).

We give an example to illustrate some of the details involved in the construc-

tion of the L-system.

Example 5.5.4. Let GG be the groupoid consisting of two copies of the in-
terval groupoid I' as shown in Fig. 5.5.1. The ordering is ey > fo, a > 3,
a !> p71 and e; > f1. We take v : G — T to be an immersion of ordered

groupoids. Then ¢ : G — T, defined by g — (gv,d(g)v @ d(g)) gives us

Gi = {(eqv, eV ® ), (av, eqv @ €p), (o', e1v @ ev), (e1v, e1v @ €1),

(fov, fov @ fo), (Bv, fov @ fo), (B~ 'v, fiv ® fiv), (fiv, fiv @ f1)}

Then Yg, = {eor ® eg, e1v @ €1, fov @ fo, frv @ fi}.

Now u™t € T acts on t ® f only if (t ® f)u = d(t) < d(u), in which case
uw -t f)=(utd@)t® f. Soifd(t) =d(u) then u™ - (tR f) =u 1t R f.
Given d(g)v ®d(g) we can act on this by gv giving (gv)™*- (d(g9)r®@d(g)) =
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Figure 5.5.1: groupoid G.

(gv)~'d(g)y @ d(g) = (gv)™' ® d(g). Now we note that g € G(d(g),r(g))
and (gv)~' =r(g)v(gv)~" so (gv)~ @ d(g) = r(g)v @ r(g).

Consider egv ® ey € Yg,. Then av™ - (egr®ey) = av ' ®ey = e;v®@e; € Yy,
and (egr ® eg)u = d(egr) = egv = d(av), which implies (av, egr ® ey) €
L(T ® E(G),Yq,, Gure). Similarly, (epv, egv @ eg) € L(T ® E(G), Ya,, Gur).
Assume that 1 € T such that t=! acts on egr ® ey but t7! # o~ 'v and
t=t #£ egv. Then t71 - (egr @ eg) = (t7YHegv)egr @ e # Yg, so (t, eqr ® eg) &
L(T ® E(G),Ye,, Gur). We can repeat this process for all the elements of
Y, to show
L(T ® E(G),Ya,, Guray) = Gu.

We now give another example. We show that when G is an incompressible
ordered groupoid, and the immersion in question is the levelling functor A :
G — G, we recover the P-theorem for ordered groupoids from theorem 5.5.3
with the L-system (G} ® E(G),Ya,, Gura). Thus theorem 5.5.3 generalises

the P-theorem for ordered groupoids.

Example 5.5.5. Let G be an incompressible ordered groupoid and let \ :
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G — G be the levelling immersion. We wish to show that

L(G; ® E(G),Ya,, Gury) = P(Gy ® E(G),Ya,,Gp). We begin by describing
the ordered groupoid P(G} ® E(G), Y., G1), then we describe the ordered
groupoid L(G} ® E(G), Yq,, Guma) and finally we compare the two.

Recall that
P<X7Y7GI> - {<y7a) €Y x GI ‘Y e )/d(a)7a/_1 RS Y}

For each element e\ € F(Gy) we have poset X.y = {s® f € G} ® E(G) :
d(s) = eA}. Each arrow g\ € G then determines an isomorphism g\ :
Xr(g)r — Xd(g)r- Then take the poset X to be

X= || Xa=G®E@QG)
eEE(GI)

X = G ® E(G) is a disjoint union because d(t) is an invariant of t ® k. Now

Yo, ={t®eec Gy ®E(G): (u,t®e) € G for some u € G}
={d(g)A®d(g) € G; ® E(G) : g € G}.

Further, Y., = Yo, N X.\ so

Yoo={d(g)A®d(g) € G;® E(G) : g € G,d(d(g)A) = eA}
={d(g)A®d(g) e G;® E(G): g € G,d(g)\ = e}
={eA®d(g) € G; ® E(G)}.

Then

P(GI ® E(G),Ya, Gy)
= {(d(g)A ® d(g), hA) : d(g)A @ d(g) € Yaur), hA~" - (d(g)A @ d(g)) € Ya.}.
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As d(g)A ® d(g) € Yany) we have d(9)A ® d(g) = d(h)A ® d(g). Further,

hAT!-(d(g)A @ d(g))
=\ (d(WA @ d(g))
= h~'Ad(h)A @ d(g)
=h']A®d(g)

and so h'A®d(g) € Yg,. So, h '1A®@d(g) = d(m)A®d(m) for some m € G.
Thus

P(GI ® E(G), Ya., GI>
= {(d(h)A ®d(g),h\) : k'] A®d(g) = d(m)A ® d(m) for some m € G}.

Now we describe L(G; ® E(G), Y, Gimg). As A @ G — Gy is our given

immersion then tmy = A. So we have

L(G; ® E(G),Yg,, Gurs)
=L(G; ® E(G),Ya,, GN)
=L(G1 © E(G), Y, Gy)
={(u,t®e) € Gy x Yg, : d(t) =d(u),u™" - (t®e) € Y5, }
= {(h\, d(g)r @ d(g)) : d(9)A = d(M)A, A" - (d(9)A @ d(g)) € Yau}-

Then as d(g)\ = d(h)\ we have that hA™! - (d(g)A @ d(g) = A 'A @ d(g).
So h *]A®d(g) € Yg, and so h *A®@d(g) = d(m)\ ® d(m) for some m € G.
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Thus

L(G; ® E(G), Y, Gy)
= {(h\,d(R)A®d(g)) : h']A®d(g)) = d(m)\ ® d(m) for some m € G}.

Hence L(G} ® E(G), Ya,, Gury) = P(Gy ® E(G), Ya,, Gy). Therefore by the-
orem 5.5.3 we have that P(G} ® E(G),Yq,,Gy) is isomorphic to Gt. Thus

the P-theorem is recovered.

5.6 Gilbert’s Proof of the P-theorem

In [5] Gilbert proves that any incompressible ordered groupoid is isomorphic
to the groupoid P(X,Y, H) for some poset X, some order ideal Y of X and
some groupoid H. Hence all incompressible ordered groupoids are classified
up to isomorphism. Gilbert models his proof of this main theorem of [5]
on that of Munn [20]. To construct the required poset Gilbert introduces
a left cancellative category. The actions of this category are used to define
a quasiorder on the pullback and so an equivalence relation. The set of
equivalence classes is the required poset. In the previous section we gave
an [L-system description of an ordered groupoid G given an immersion, and
we showed that it generalised the P-theorem. In the construction of the
poset we used in the LL-system we created a set of equivalence classes from
a pullback. This pullback was constructed from the actions of the groupoid
G, unlike Gilbert’s which uses the actions of a left cancellative category. We
show that the introduction of the left cancellative category is an unnecessary
complication. After we reconstruct Gilbert’s poset we will compare it to the
[L-system poset for immersion and levelling functor A : G — G as given in

example 5.5.5.
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Recall from section 5.2.1 that for an ordered groupid G, poset X and order
ideal Y of X we define the ordered groupoid

P(X7KG>:{<yaa)GYXG:yEYd(a)aa_l'yGY}'

As only elements of the poset G - Y need be considered we may assume

X = G-Y. Compostion between elements (x,a) and (z,b) occur if r(a) = d(b)

1

and a~" - x = z, in which case

(2, ) (2,b) = (x, ab).
The ordering is

(x,a) < (2,b) & x < zand a =b.

To prove his P-theorem for ordered groupoids Gilbert constructs a left can-
cellative category and from this constructs the required poset. This is done

as follows.

Following Lawson [11], Gilbert constructs a left cancellative category from

an ordered groupoid G,
C(G) ={(f,a) € E(G) x G : d(a) < f}.

An arrow (f,a) € C(G) has domain (f, f) and range (r(a),r(a)). Identities
have the form (e, e) where e € E(G). Composition between arrows (f, a) and

(e,b) occurs if e = r(a), in which case

(f;a)(e,b) = (f, (ald(b))b) = (f,a D).

Lemma 5.6.1. C(G) is a left cancellative category.

Proof. C(G) is clearly a category. We show it is left cancellative. Let
(f,a),(e,b),(i,c) € C(G). Now let f =r(c) so that (i,c)(f,a) is defined and

(i,¢)(f;a) = (i, (c|d(a))a) = (i,c*a)
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and let e = r(c) so that (i,c)(e,b) is defined and

(1,¢)(e,b) = (7, (c|d(b))b) = (i,c x D).

Suppose (i,¢)(f,a) = (i,¢)(e,b). Then (i,c¢*a) = (i,c*b) so cxa = cx*b.
Let ¢ = (c|d(a)) and ¢’ = (¢|d(b)). Then da = 'b so d(¢’) = d(¢”"). As
restriction of ¢ to d(¢’) is unique, ¢ = ¢’. Then, as d'a = ¢’b and ¢ = ¢, we

have that a = b. Therefore (f,a) = (e,b) O

C(G) acts on the left of F(G): if e = r(a) then (f,a)-e = f. Also if
A1 G — Gy is the levelling functor then C(G) acts on the right of Gi:
w - (f,a) = w(aX) whenever this is defined. Combining these actions gives

us a quasiorder < on the pullback of Gy and E(G),
G ) E(G) = {(w,e) € G} x E(G) : eX =r(w)},

defined by

(w-(fa),¢) < (w,(f,a)-e)
if (f,a) € C(G) and e = r(a). So (u,e) X (w, k) if there exists a € G such
that r(a) = e, d(a) < k and u = w(a)). Denote the equivalence class of
(u, e) induced by the quasiorder by u ®¢ e and let G} ®¢ E(G) denote the

set of equivalence classes. So
u®ce=vQc [ < (u,e) % (v, f)and (v, ) <X (u,e).

Lemma 5.6.2. [5, Lemma 4.1]. If G is incompressible then u®ce = v®c f
if and only if there exists ¢ € G(f,e) such that u = v(cA).

Proof. Assume u ®c e = v ®c¢ e, then (u,e) < (v, f) and (v, f) < (u,e). So
there exists an a,b € G with r(a) = e > d(b) and r(b) = f > d(a) such that
u = v(aA) and v = u(bX). Now (a * b)A = ((a|d(b))b)A = (a|d(b))A(bN) <
aAbA = fA € E(G). This implies (a|d(b))A(bA) € E(Gy). Thus, as A is
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an immersion, a * b € E(G). Therefore a *b = r(axb) = r(b) = f. Then
f=d(axb) <d(a) < fsod(a) = f. Then ba € G and (ba)\ = e\ so
ba = f € E(G) and ba = e. Thus d(b) = e. Hence r(a) = e = d(b) and
r(b) = d(a) and so a = b~!. Take ¢ = a. OJ

Lemma 5.6.3. [5, Lemma 4.3]. Let A, : E(G) — G1®c E(G), e — eA®ce.
If g € G then

(d(g)A« = d(g)A @c d(g) = gA @c r(g).
Lemma 5.6.4. G} ®c E(G), with ordering
U®C€ U®C’f®(ue)—<(v7f)7

18 a partially ordered set.

The above poset X = G ®¢ E(G) is the one used in the proof of Gilbert’s
P-theorem for incompressible ordered groupoids. The right action of G} on
X is given by w - (u ®¢ €) = wu ®c e. The map A, gives us Y = E(G)\,,
the order ideal of X, [5, Lemma 4.4].

Theorem 5.6.5. [5, Theorem 4.5]. Let G be an incompressible ordered
groupoid. Then G is isomorphic to the ordered groupoid P =
P(Gy ®c E(G), E(G)\, GY).

We recall the construction of the poset used in the L-system structure in
section 5.5. We take our immersion from incompressible ordered groupoid
G to be the levelling functor A : G — G; as we did in example 5.5.5. For
g € G(e, f) and t € Gy with r(t) = e), G acts on the left of E(G): g- f =e.
Also, G acts on the right of G: t- g = t(gA). The pullback is

G ) E(G) ={(s,e) € Gy x E(G) : eXA =r(s)}.
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The equivalence relation on G () E(G) is defined as follows: (u,e) ~¢ (¢, f)
of there exists g € G(e, f) such that ¢ = u(g\). The equivalence classes are
denoted by G} ® E(G). By theorem 5.4.1, G} ® E(G) is a poset with the
ordering t ® f < s ® e if and only if there exists k < e and h € G(f, k) such
that ¢(hA) < s. Since k& < e then kX = e) in G;. Further, we have that
t(hA) = s in G. Thus the ordering on G} ® E(G) is the same as the ordering
on Gy ®c E(G).

We want to know if G} ® E(G) = G} ®@c¢ E(G). It is clear that G § E(G) =
G4 (¢ E(G). Our question becomes, is it true that

URe=tRfuRkce=tQc f 7

Our answer follows.

Theorem 5.6.6. Let G be an incompressible ordered groupoid with levelling
functor and immersion X : G — Gy. If (u,e), (t, f) € G} (§ E(G) then

uRe=tRf o uRkce=tQc f.

Proof. By definition u ® e = ¢t ® f if and only if there exists g € G(e, f)
such that t = u(gA). As G is incompressible the defintion of u®ce =t ®c¢ f
becomes, by lemma 5.6.2, u®ce = t®¢ f if and only if there exists ¢ € G(f, e)

such that u = t(c)). Take ¢ to be g7! and the equivalence becomes clear. [J

Hence in the proof of the P-theorem for incompressible ordered groupoids

the introduction of C(G) is an unnecessary complication.
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Chapter 6
Quivers and LL-systems

McAlister’s P-theorem classifies all inverse semigroups that are idempotent
pure extensions by a group. O’Carroll classifies all inverse semigroups that
are idempotent pure extensions by an inverse semigroup, generalising McAl-
ister’s P-theorem. Gomes and Szendrei [7] describe, by means of quivers, the
structure of regular semigroups that are idempotent pure regular extensions

by inverse semigroups.

Gomes and Szendrei use quivers, category-like structures, to formulate their
structure theorem. Given a regular semigroup S that is an idempotent pure
regular extension by an inverse semigroup, Gomes and Szendrei construct a
derived quiver and an action on this quiver. From their derived quiver they
construct a regular semigroup that is an idempotent pure regular extension
by an inverse semigroup. Further, they show this new regular semigroup is
isomorphic to the original S. Using the properties of quivers, Gomes and
Szendrei then construct an L-semigroup and so reprove O’Carroll’s structure

theorem.

Given an immersion of ordered groupoids p : G — T we described, in section
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5.5, the ordered groupoid G in terms of an LL-system. If the ordered groupoid
G is inductive we can convert G and the L-system into an inverse semigroup
and an LL-semigroup respectively. We will show that this LL-semigroup is

isomorphic to that constructed by Gomes and Szendrei.

6.1 Quivers

All the lemmas and theorems in this section come from Gomes and Szendrei’s

paper [7] and all proofs can be found in this paper.

6.1.1 Quiver Types and Properties

In this section we will give Gomes’ and Szendrei’s definition of a quiver and
a T-quiver with some properties. This is followed by a section on the derived
quiver D of an epimorphism p, after which the semigroup S(D) is defined.
From this semigroup Gomes and Szendei construct their structure theorem

for regular semigroups that are extensions of inverse semigroups.

A quiver C consists of a set of objects ObjC and, for any u,v € ObjC, a set
of arrows from object u to object v denoted C(u,v). The set of all arrows is

denoted ArrC and has a partial binary operation + such that
(Q1) If u,v,w € ObjC, p € C(u,v) and g € C(v,w) then p+ ¢ is defined and
p+q € Clu,w).

(Q2) If p,q,r € ArrC with p + ¢ and ¢ + r defined then (p + ¢q) + r and
p+ (¢ +7) are defined and (p+q) +r=p+ (¢ + 7).

We note that an addition of arrows p + ¢ may be defined even if p and ¢ do
not match up: that is, where p € C(u,v) and g € C(z,w) with v # z.
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An inverse semigroup 7T acts partially on a quiver C if there is a partial map-

ping

T x ObjC — ObjC
(a,u) —a-u
such that, for all a,b € T and u € ObjC,

a-(b-u)=(ab)-u

and a partial mapping

T x ArrC — ArrC

(a,p) —a-p

such that, for all a,b € T" and p, q € ArrC,

a-(b-p)=(ab)-p and a-(p+q)=a-p+a-q.

Note that if p € C(u,v) then a - p € C(au, av).

Let C be a quiver and suppose that its object set ObjC is an inverse monoid

T that acts partially on C. Then C is a T-quiver if, for all a,b,c,d € T,

(T1) If p € C(a,b), q € C(c,d) then p + q is defined provided bc™! € E(T),
in which case p + ¢ € C(bc™ta, bc™td).

(T2) If p € C(a,b) then c- p is defined if and only if ¢ ca = a.

(T3) The set of arrows of C starting at a is a subset of aArrC and the set of

arrows of C ending at b is contained in bArrC.
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Note that axiom (T1) states for any p € C(ay,b1) and ¢ € C(az,b2), p+q €
C(bras tay, biay 'by) is defined if bya,* € E(T). Then, as

biay' = (bray ') ™! = azb; !, we have

blaglbl = blaglblaglbl = blaglagbflbl = blbflblaglag = blaglag.

Therefore

blCLQ_lbl = blagchQ. (611)
The following lemma generalises the above note for n arrows in C.

Lemma 6.1.1. [7, Lemma 2.1]. Let T be an inverse monoid and C a T-
quiver. Let p; € C(a;,b;), fori=1,2,...,n and n > 2, be such that, for any
1=1,2,...,n—1, the sum p; + p;y1 s defined. Then each sum of p1,...,pn
obtained by inserting parentheses into p1+- - -+p, in a meaningful way exists,
and it is independent of the place of the parentheses. Moreover,

f=biay braz’ .. b,_1a;" is an idempotent of T and py+- - -+p, € C(far, fby).

Also, for anyi=1,...,n— 1, we have fb; = fa; ;1.

Let p be an arrow of a quiver. An arrow is regular if p = p+ p' + p and
p' = p +p+p for some arrow p’ of the quiver, in which case p’ is called
an nverse of p. The set of inverses of p is denoted V(p). A quiver in which
every arrow is regular is called a regular quiver. If each arrow is regular
and has a unique inverse element then the quiver is inverse. The set of
idempotents of a quiver C is denoted by E(ArrC). For every u € ObjC,
C(u,u) C ArrC is a semigroup. A local subsemigroup of a quiver C is a
subset C(u,u). If every local subsemigroup C(u, u) of a quiver is idempotent,
ie. if C(u,u) = E(C(u,u)), then the quiver is said to be idempotent. If
every local subsemigroup of a quiver is commutative then the quiver is called
commutative. A T-quiver C is weakly connected if C(u,uu=') # () for any
u e T\ {1}. (Note that we may have C(1,1) = 0).)
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Take C to be a T-quiver. The Green’s relations on C are as follows.
() €ERep+C=q+C

(p,q) e LS C+p=C+yq
(pg)eT=C+p+C=C+q+C

Equivalently, (p,q) € J if and only if there exists a, b, ¢,d € ArrC with a + p,
p+b, c+ qand ¢+ d defined such that p=c+q+dand g=a+p+0b.

Lemma 6.1.2. [7, Lemma 2.2]. Let T be an inverse monoid and C a T-
quiver.

(a) If C(a,b) # 0 then (a,b) € R.

(b) If p € C(a,b) and p' € V(p) then p' € C(b,a).

(c) If p € E(ArrC) then p € C(a,a) for some a € T.

Lemma 6.1.3. [7, Cor 2.5]. Let T be an inverse monoid and C a reqular

T-quiver. If C is commutative then C is inverse.

Proposition 6.1.4. [7, Prop 2.9]. Let C be an idempotent commutative
reqular T-quiver. Let p,q € C(a,b) for some a,b € ObjC. Then

(r,q) €T = p=q.

6.1.2 The Derived Quiver

Let S be a regular semigroup and 7" an inverse semigroup with epimorphism
p: S — T. The derived quiver D of p has ObjD = T and arrows are pairs
(u,m) € T x S from u to u(mp) such that r(u) = d(mp). The partial
operation is defined as follows: (u,m)+ (v, n) is defined if u(mp)v=' € E(T)
in which case

(u,m) + (v,n) = (u(mp)v™" u, mn).
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We note that (mp)(mp)~! = (mm’)p where m’ € V(m).

Gomes and Szendrei define a partial action of a monoid T on the derived
quiver D. T acts on ObjD by multiplication in 7" and T" acts on the arrows
of D as follows. Let (u,m) € ArtD and t € T then ¢ - (u,m) exists if and

only if t 'tu = u, if so t - (u,m) = (tu, m).
Lemma 6.1.5. [7, Lemmas 4.1 and 4.2]. D is a reqular T*-quiver.

Lemma 6.1.6. [7, Cor 4.5]. Let S be a regular semigroup which is an idem-
potent pure extension by an inverse semigroup T'. Then D is an idempotent,

reqular T -quiver.

If S is also inverse then D s also commutative.

Gomes and Szendrei define, for an inverse monoid 7" and derived quiver D,
S(D) = {((u,m),a) :a €T, (u,m) € D(aa",a)}
with multiplication
((u,m), a)((v,n),0) = (a- (a™" - (u,m) + (v,n)), ab).

Lemma 6.1.7. [7, Lemmas 3.1 and 3.53]. Let T be an inverse monoid and D
be the deriwed T-quiver of p: S — T, where S is a reqular semigroup. Then

S(D) is a reqular semigroup.

If in addition S is an inverse semigroup then S(D) is also an inverse semi-

group and
E(S(D)) ={((u,m),e) :e € E(T),(u,m) € E(D(e,e))}.

Proposition 6.1.8. [7, Prop 3.4] Let S be a regular (inverse) semigroup
and let T' be an inverse monoid and let D be the derived reqular (inverse)
T-quiver of epimorphism p : S — T. Then S(D) is a regular (inverse)

semigroup which is an exension by an inverse semigroup.
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Proof, [7]. We define the congruence 6 on S(D) as follows:
((u,m),a)((v,n),b) & a =b.

Denote the congruence class of ((u,m),a) by ((u,m),a)d. Take 6% : S(D) —
S(D)/s to be ((u,m),a) — ((u,m),a)d. Then & is a surjection. S(D)/d
can be embedded into T via 0 : ((u,m),a)d — a and so (S(D)/0)0 is a sub-

semigroup of 7. Therefore S(D) is an extension by an inverse subsemigroup
(S(D)/0)8 of T. O

Proposition 6.1.9. [7, Prop 4.6]. Let S be an regqular semigroup. If S is

an extension by an inverse semigroup then S is isomorphic to S(D).

Proof, [7]. Let S be the regular extension by inverse semigroup 7" and let
p S — T be the epimorphism. Let D be the derived quiver of p. Then by
lemma 6.1.7, S(D) is a regular (inverse) semigroup. Then the isomorphism
6:S — S(D) is defined as m — ((mpmp~t,m), mp). O

We can now give Gomes’ and Szendrei’s structure theorem.

Theorem 6.1.10. [7, Theorem 4.7] A regular semigroup S is an (idempo-
tent pure) extension by an inverse semigroup if and only if S is isomorphic
to S(D) where D is an (idempotent) reqular T-quiver and T is an inverse

monoid.
Proof, [7]. The proof follows directly from propositions 6.1.8 and 6.1.9 [J

Lemma 6.1.11. [7]. Let inverse semigroup S be an extension by an inverse
semigroup T'. Let p: S — T be the epimorphism and D be the derived quiver
p. Then the T-quiver D is weakly connected.
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6.1.3 T-quiver Properties

In order to show that their structure theorem 6.1.10 generalises O’Carroll’s
for inverse semigroups, Gomes and Szendrei show that S(D) is isomorphic to
an IL-semigroup. The triple that is used for the L-semigroup construction is
derived from certain T-quiver properties. We discuss these properties in this
section and then, in the next section, we construct the required triple and
establish the connection with O’Carroll’s structure theorem for idempotent

pure extensions of inverse semigroups.

Let C be a T-quiver. Let I be a subset of ArrC. If, for all p € I and g € ArrC
with p+ q defined, p+ ¢ € I then [ is a right ideal. Similarly we can define a
left ideal. If I is both a left and right ideal we call I an ideal. The intersection
of all ideals of C containing arrow p is called the principal ideal. Gomes and

Szendei denote the principal ideal of p € ArrC by I(p).

Lemma 6.1.12. [7, Lemma 5.3]. For p € ArrC,

I(p)={r+p+s:r,s€ArrC,r + p,p + saredefined }.

Proof. Denote by M the set

{r+p+s:r,se€ArrC,r + p,p + saredefined }.

Let p € M. Then for some r,s € ArrC, r + p and p + s are defined. Then by
lemma 6.1.1, r + p + s is defined. So r+p+ s € I(p). Thus M C I(p).

We next show that M is a principal ideal of p € ArrC. We first show that
M contains p then prove M is an ideal. Now, p = p + p~! 4 p for any
pt € V(p). Thus p € M. Next let r +p+s € M with r +p and p + s
defined. Let z € ArrC be such that (r 4+ p + s) + z is defined. We require
(r+p+s)+ z belong to M. Let ¢ € V(r + p). By lemma 6.1.1 we have
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(r+p+s)+z=(+ptqg+tr+p+s)+z=r+p+(q+(r+p+s)+z) e M.
Thus M is a right ideal. Similarly M is a left ideal. Therefore M = I(p). O

Gomes and Szendrei define an action of 7" on any ideal I of ArrC as follows:
t-I={t-p:pel,t-pisdefined }.

Lemma 6.1.13. [7, Lemma 5.5]. Let T be an inverse semigroup and C a

reqular T-quiver. Fort € T, p € ArrC where t - p is defined then t - I(p) =
I(t-p).

The Green’s relation J on C can then be defined as follows:

(p,q) € J if and only if I(p) = I(q).

6.1.4 L-semigroups

O’Carroll, [21], describes inverse semigroups that are idempotent pure ex-
tensions by inverse semigroups as ILj;-semigroups. This description is a gen-
eralisation of McAlister’s P-theorem. We have already given the analogous
LL-system groupoid description of the L ),-semigroup in section 5.5. We now

give O’Carroll’s original description of an L-semigroup.

O’Carroll’s L-triple consists of a poset X and an order ideal Y of X that is
also a subsemilattice of X. The final component of the triple is an inverse
semigroup 7" that acts partially on X. As with the McAlister triple, (X,Y,T)
must satisfy the two properties X =7 -Y and ¢t - X # () for every t € T.

If in addition T satisfies the extra condition that for all a € Y there exists
an e, € E(T) such that e, - a is defined and, for all £ € E(T') such that k- a
is defined, we have e, < k and for a,b € Y, e,y = €, A €, then the LL-triple
(X,Y.,T) is said to be strict.
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Given an L-triple (X, Y, T) the L-semigroup is defined as
LX,Y,T)={(y,t) €Y xT:t ' yecY}
with composition

(y,t)(m,u) = (t ’ (t_l ) y/\x),tu).

This differs from the L-system definition given in section 5.5 because, unlike
in a groupoid, in an inverse semigroup composition and actions are defined

everywhere.

Given a strict L-triple (X, Y, T) the Lj;-semigroup is defined as

Ly (X,Y,T) = {(y,t) e L(X,Y,T) : tt 7L =¢,}
={y) eY xT:t"-yeY it =e,}

Gomes and Szendrei show that for any inverse semigroup S that is an ex-
tension by an inverse semigroup 7' via the surjection p : S — T', the inverse
semigroup S(D) of the derived quiver (which is isomorphic to S) is isomor-

phic to an IL-semigroup. We construct the required L-triple as follows.

Let X; be the set of all J-classes in ArrD. Denote by J, the J-class of
p € ArrD. The partial order is J, < J, if and only if I(p) C I(g). Then X

is a poset.

Let
Y;={J,€ X, :peD(ee) for some e € E(T)}.
If p € Y; then p = (u,m) € D(e,e) such that u'u = mpmp~" with u = ¢

and u(mp) = €. Now p is sujective and idempotent pure so for € € E(T)
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there exists an e € F(S) such that ep = e. Then u = ep and epmp = ep
but ep~tep = ep = mpmp~! so epmp = mpmp~tmp = mp = ep. Whence Y
becomes

YJ = {J(ep,e) € XJ e e E(S)}

Lemma 6.1.14. [7, Lemma 6.1]. Yy is an order ideal and a subsemilattice
of Xy. In particular, if p € D(e,e) and q € D(f, f) for e, f € E(T) then
Jp N\ Jy exists and equals Jprq €Y.

Gomes and Szendrei define a partial action of 7" on the poset X ; as follows

t-J, = Jup,if and only if ¢ - p is defined.
Lemma 6.1.15. [7, Lemma 6.3]. (X;,Y;,T) is a strict L-triple.

Lemma 6.1.16. [7, Lemma 6.4]. Y; is isomorphic to E(S(D)) as a semi-

lattice.

Proof. The isomorphism is given by 6 : Y; — E(S(D)), 0 : Jipe) —
((ep,€),ep). O

Gomes and Szendrei remark that if J € Y then there exists a unique e €
E(T) and a unique p € D(e,e) such that J = J,. Further, e is the least
idempotent in E(T") such that e- J is defined. For if J, € Y with p € D(e, e)
for some e € E(T) then e - p exists and e - J, exists. If f - J, then exists for
some f € E(T) then f-pexists so f~1fe = fe=e and e < f. Also we have
seen that for p € D(e,e), p = (kp, k) for k € E(S) such that kp = e.

We now give the second main theorem of Gomes’s and Szendrei’s paper [7].

This theorem reproves O’Carroll’s [21].

Theorem 6.1.17. [7, Theorem 6.5]. Let S and T be inverse semigroups. Let

p S — T be an epimorphism and D be the weakly connected, idempotent,
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commutative, reqular derived T'-quiver of p. Then S(D) is isomorphic to
L(X,,Y;,T).

Proof. The isomorphism is given by ¢ : S(D) — Lg, (p,t) — (J,,t). O

6.2 Comparing Quivers and LL-systems

Gomes and Szendrei showed that for inverse semigroups S and T" and epimor-
phism p : S — T then S is isomorphic to S(D) where D is the derived quiver
of p. Further S(D), and so S, can be described as an L-semigroup. For an or-
dered groupoid G and an immersion from G to an ordered groupoid 7" we have
already shown that we can describe Gt, and so G, as an L-system. Taking
G to be an inductive groupoid we can convert GG into an inverse semigroup.
Likewise we can convert the poset T'® E(G), action groupoid T'x (T'® E(G))
and the L-system into semigroup terms giving us an LL-semigroup description
for G. A natural question is whether or not this LL-semigroup is isomorphic
to Gomes’ and Szendrei’s [L-semigroup. We will give an isomorphism that
answers this question. Before we do this we give some alternative notation
for Gomes’ and Szendrei’s L-semigroup and remind ourselves of the L-system

description along with a conversion from groupoid to semigroup terms.

6.2.1 Quiver Notation

In Gomes’ and Szendrei’s quiver construction the poset X ; comprises the set
of all J-classes of ArrD. As

Jwm) = Jwn if and only if I(u,m) = I(v,n)
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it is clear that X ; is isomorphic as a poset to the set of all principal ideals

with partial order
I(u,m) < I(v,n) if and only if I(u,m) C I(v,n).

We also denote this poset by X ;. We will use this alternative description of
X7 in order to show the L-semigroup description of inverse semigroup S is

isomorphic to the L-system description.

Given an inverse semigroup S and another inverse semigroup 7" with epimor-

phism p : S — T and derived quiver D, for u € T and m € S we define

I(u,m) ={(t,r) + (u,m) + (v,s) r,s € S, t,v €T,
(t,r), (u,m), (v,s) € D
(t,r) + (u, m) is defined,
(u,m) + (v, s) is defined }

Alternatively,

I(u,m) = {(t,7) + (u,m) + (v,s) :r,s € S, t,v € T,r(u) = d(mp),

r(t) =d(rp),r(v) = d(sp),
tirp)u™t u(mp)v~' € E(T)}

Now

(t,7) + (u,m) + (v,8) = (t(rp)u~'t,rm) + (v, s)
= (t(rp)ut(rm)pv~t(rp)u="t, rms).
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This is defined as ¢(rp)u~!, u(mp)v=' € E(T) and

—_— — ~— N —
e e T

Then

(t(rp)u=t(rm)pv~Ht(rp)u't

N N —  ~—

Hence

= (t(rp)(mp)v~"t,rms)

(t,r) + (u,m) + (v, s)

and

I(u,m) = {(t(rp)(mp)v~t,rms) :r,s € S,t,v € T,r(u) = d(mp),

() = d(rp), r(v) = d(sp).

tirp)u™t u(mp)v € E(T)}.
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Lemma 6.2.1. I(u,m) = I(u,mm™).

Proof. We prove first the inclusion I(u,m) C I(u,mm™1). Let

1

(t(rm)pv=tt,rms) € I(u,m). Let ' = u, m' = mm™', & = ms and 1’ = r.

Then r'm's’ = rmvm~'ms = rms. Now consider the first component.

d(s'p) = d((ms)p) = (ms)p(ms)p™" = mpspsp~'mp~" = mpv™ vmp™*

Since r(v') = d(s'p), we set v’ = vmp~t. Also, set ¢’ = t. Then

We check (¢ (r'm/)p(v) =1 r'm/s") € I(u/,m'). So, t'(r'p)(v')~t = t(rp)u~t €
E(T). Also,

()W) = u(mm ) p(v(mp) 1)
= u(mp)(m™"p)(mp)v~"*
= u(mp)v!
€ E(T)

Hence (t(rm)pv='t,rms) = (¢'(r'm/)p(v")~ W v'm's") € I(u',m') =
I(u,mm™1). Thus I(u,m) C I(u,mm™1).

Now the converse inclusion, let (t(rmm™1)pv=tt, rmm=1s) € I(u,mm™1).

Let it =u, m=m, §=m"'s, 7 =7r,t =t and ¥ = v(mp). Then the second
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component, 7ms = rmm~'s. The first component,

t(rmm " )pv~'t = t(rp)(mp)(mp) vt

t(rp)(mp)(v(mp))~'t
p)o M.

I
g
—~
&l
D
~—
3
?

We check (#(7m)p0~1t, 7m3) € I(7,m). Now,

= (mp)~ v v(mp)
= (mp)~'(sp)(sp) " (mp)
= d(sp)

and

further

a(mp)o = u(mp)(mp) vt € B(T).
Hence (t(rmm™ ) pv= ', rmm='s) = (t(Fm)pv—'t,7ms) € I(a,m) = I(u,m).
Thus I(u,mm™") C I(u,m).

Therefore I(u,m) = I(u,mm™1). O

As a result of the previous lemma we can assume that m € E(S). So
I(u,m) = {(t(rm)pv't,rms) ;s € S,t,v € T,r(u) = d(mp) = (mp),

r(t) = d(rp),r(v) = d(sp),
tirp)u™t € BE(T),u(mp)v™! =uv™" € E(T)}
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As m € E(S) we now have that

= o u)(rp) (1)
= v(mp)(rp) = (rp)(rp)~"
= v(mp)(rp)~"!

Further, as u and t are no longer in the first component, for (u, m) € D and
m € E(S),

I(u,m) = {(v(mr~—")p,rms) ;s € S,v €T,
r(v) = d(sp),uww ™t € E(T),
and t(rp)u~' € E(T)
forsomet € T'withr(t) = d(rp)}.

Take, for (u,m) € D and m € E(S).

J(u,m) = {(v(ma")p,ams) :a € Sm,s € S,v €T,
r(v) = d(sp),uv" € E(T),
and t(ap)ut € E(T)
forsomet € T withr(t) = d(ap)}.
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J(u,m) differs from I(u,m) as the element a belongs to the left ideal Sm
whereas element r € S. By definition J(u,m) C I(u,m). We will show
that I(u,m) C J(u, m) but we show first that the ¢ element always exist in
J(u,m).

Notice first that if @ € Sm then a = sm for some 5§ € S and, because
m € E(S),

am = smm = §m = a.
Therefore,
J(u,m) = {(v(ma')p,ams) :a € Sm,s € S,v'T

r(v) = d(sp),
w™' € BE(T)}

Consider now any element (v(mr~1)p,rms) of I(u,m). Here r € S is arbi-

trary but m € E(S). So
(v(mr~Hp, rms) = (v(mmr~)p, rmms)
= (v(mm ™'Y p, rmms)

= (v(mp)(rm)~"p, (rm)ms).

Thus a = rm € Sm and (v(mr~1)p,rms) € J(u,m). So I(u,m) C J(u,m).
Therefore I(u, m) = J(u, m) giving us the definition
I(u,m) = {(v(mr—Y)p,rms) r,s € S,v € T,

r(v) = d(sp),
w™' € BE(T)}.
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Recall that elements a and b in an inverse semigroup are right compatible if
ab™! € E(T). In which case, by [10, lemma 12, page 25],

ab™'b = bab~! = ba"'a = ab ta.

In I(u,m) elements u and v of T" are right compatible and so

Now u~

Thus

u = mp so we have uu~

Yu = u = u(mp) giving us

-1,.—-1

u(ss™r 7 )p -1

rHp

u(mp)(ss

u(mss™'rH)p

u(ss™ mr)p.

I(u,m) = {(u(ss 'mr~")p,rms) : r,s € S,

uv~! € E(9) forsomev € Twithr(v) = d(sp)}.

We have eliminated v from the first component as we did with ¢ and, as

before, we can show the element v always exists. Take, for (u,m) € D and



189

J(u,m) = {(u(zz"'m p,rmz) : z € mS,r € S,v €T,
uv~! € E(S) forsomev € Twithr(v) = d(zp)}.

By definition, J(u,m) C I(u,m). Note that z € mS so mz = z. Take

1 1 1

v=u(zz"')p. Then uv™ = u(u(zz7Hp)™ = u(zzHptu™! = u(zz7)pu~

so wv™! € E(T) because if e € E(S) then zex™ € E(T) as rex 'zex™ =

1,.,2 1

zxlze?r™! = zex™!. Also,

I
—~  —~
N
N
L
~—
e
3
S
=
—
N
N
—
~—
e

Therefore,

J(u,m) = {u(zz"'mr—Y)p,rmz) : z € mS,r € S}.
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Consider now any element (u(ss™'mr=1)p,rms) of I(u,m). Here s € S is
arbitrary but m € E(S). So

1

(u(ss~tmr~H)p,rms) = (u(ss *mmr—")p, rmms)

= (u(ss 'mmmr—")p, rmms)

(u(
(u(
= (u(mss™'mmr~")p,rm(ms))
= (u(mss™'m™'mr™")p, rm(ms))
(u(

= (u((ms)(ms)~'mr~")p,rm(ms)).

Thus z = ms and (u(ss™tmr~—1)p,rms) € J(u,m). So I(u,m) C J(u,m).
Therefore I(u,m) = J(u,m) giving us the definition
I(u,m) = {(u(ss 'mr~")p,rms) : r,s € S}.
Lemma 6.2.2. If (w, k) € I(u,m) then ww™' < uu~’.
Proof. (w,k) € I(u,m) so w = u(ss~'mr—1)p for some s,r € S. Recall that

m € E(S) and, because (u,m) € D, r(u) = mp. Then, as idempotents in an

inverse semigroup commute,

Now w = ux where z = (ss™'r~1)p so

ww™ = vz = wu turr e = wu  (uar e
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and urz~u~! € E(T). Thus ww™! <wuu™t. O

Suppose I(w, f) = I(u,m). Since (w, f) € I(u,m), by lemma 6.2.2, ww™! <
1

1

wu™t. Similarly vu™ < ww™. So uuT! = ww™l. If w = u(ss~'r7)p then

wu~! = ww™! implies

wu 'y = ww

=u((ss ' Hp)((ss ' Hp) tutu

ss”trtrss T puTtu

u

1 1

(
(
(ss™tr 1) p(u )
(
(

I
g

utu)(ssTirr)p

u

ss~lrr)p

u

and so
u=u(ss 'r~tr)p. (6.2.1)

w=wu(ss ' p=ulss rrr)p=u(ssr ) p(r ) p = u(r'p).

(6.2.2)

Now Y; becomes

Yy ={I(u,m) € X;:(u,m) € D(e,e)forsomee € E(T)}
={I(u,m) € X;: (u,m) € D(u,u),u € E(T)}

Gomes and Szendrei remark that if I(u,m) € Y; then v € E(T) is unique.

We show this is true. Suppose then that v € E(T). Then uu~! = mp be-

1 1 1

comes u® = u = mp and u(sstmr=)p = mp(ss~tmr~1)p = (msstmr—1)p =
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(ss7tmr~1)p. In this case,
I(u,m) = I(mp,m) = {((ss'mr~")p,rms) : r,s € S}.

Now suppose that I(mp,m) = I(fp, f) for some other f € E(T). Then,
since (fp, f) € I(fp, f) we have f = rms for some r,s € S and by (6.2.2),
fp = mp(r~1)p. Since S is an inverse semigroup that is an idempotent
pure extension by inverse semigroup 7', p is idempotent pure. Thus fp =
(mp)(r~—tp) = (mr~1)p implies mr= € E(S), and so mr~ = (mr~!)~! =

1 ls implies mf = mmr~—ls =mr~ls = f
so f < m. By symmetry m < f and so f = m. Therefore, as Gomes and

Szendrei remark, if I(mp,m) = I(fp, f) then f = m.

rm~" = rm. Hence f =rms=mr-
The order ideal Y; of X; then has form

Yy ={I(mp,m) € X;:m e E(S)}.

By lemma 6.1.13, the action of T" on X is given by
t-I(u,m)=1I(tu,m)
provided t~'tu = u. Then
Lo =Ly(X5, Yy, T) = {(I(u,m),t) €Yy, x T :t" " I(u,m) € Yy}
with composition
(I(u,m),t)(I(v,n),k) = (t- (- I(u,m)AI(v,n)),tk).
Alternatively, as Gomes and Szendrei describe in [7],

LQ :LM(XJ7YJ7T)
={(I(u,m),t) €Yy x T :t7 - I(u,m) € Yy, (u,m) € D(tt~ ", tt™)}.
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6.2.2 [L-system Notation

We recall the L-system construction of section 5.5. Given an immersion of
ordered groupoids p : G — T with g € G(e, f) and t € T with r(t) = ep
then G acts on the left of E(G): g- f = e. Also G acts on the right of T
t-g=1t(gp). This gives us the pullback

T)EG) ={(s,e) €T x E(G):ep=r(s)}.

Equivalence relation (s,e) ~¢g (¢, f) if there exists ¢ € G(e, f) such that
= s(gp) gives us the quotient set and poset T'® E(G).

The fibred action of 7" on T'® E(G) is given by
t-(s®@e)=(tld(s))s®e
if d(s) < r(t). The action is fibred by p : s ® e — d(s). Note that

gp-(r(g)p@r(g)) = gp@r(9) =d(g9)p ®d(g)

because ¢! € G(r(g),d(g)) and d(g)p = gp(g~'p). Then we have the action
groupoid T, = T x (T ® E(G)), a covering w5 : T, — T, (u,t ® f) = u and
an embedding ¢ : G — T),, g — (gp,d(g)p ® d(g)). Further Gimy = Gp.

Now,
Yo, ={t®ecT®EG): (u,t®e) € Guforsomeu € T}.
So,

]LG = L(T X E(G), YGL) Gbﬂ'g)
={(u,t®e€) € Gumy x Yg, : d(t) =d(u),u " - (t®e) € Yg,}



194

with composition

(u,t@e)(w,s® f) = (uvw,t® e)
provided u™! - (t ® €) = s ® f and r(u) = d(w). Recall that theorem 5.5.3
tells us Gv = Lg.

Taking GG to be an inductive groupoid we can then convert GG into an inverse
semigroup S. We can convert the ideas above into semigroups terms. So the
immersion p becomes an R-injective homomorphism and then by proposition
1.1.29 this is equivalent to an idempotent pure homomorphism of inverse

semigroups p: S — T.

The pullback T' (§ E(S) has equivalence (u, e) ~¢ (¢, f) if there exists s € S
with d(s) = eand r(s) = f such that ¢t = u(sp). The quotient set is T® E(.S).
The fibred action of inverse semigroup 7" on the poset T'® E/(.S) is then given
by
t-(s®e)=ts®e

if d(s) < r(t). Then T, = T x (T ® E(S)) and Simy = Sp. The order ideal
of T ® E(S) is

Yo, ={t®@eecT®E(): (ut®e) € Scforsomeu € T}
and

Ls =L(T ® E(S), Ys,, Stms)
={(u,t®e€) € Sumy x Y, : d(t) = d(u),u ™ - (t®e) € Yg,}.

Again theorem 5.5.3 says, St = Lg.

6.2.3 Isomorphism of Quivers and L-systems

We plan to show that Gomes’ and Szendrei’s L-semigroup, L), is isomorphic

to our LL-semigroup, Lg. The isomorphism relies on another map between
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the posets T'® E(S) and X ;. We describe, in detail, the properties of this
map and then go on to give the required isomorphism. To illustrate the
isomorphism of the two LL-semigroups a few examples are given at the end of

this section.

We first construct a map between the two posets 0 : T ® E(S) — X,
u®m — I(u,m). We show this map to be well-defined.

Let u@m € T ® E(S) then (u,m) € T () E(S) so mp =r(u). Asm € E(S)
we have mp € E(T) and mp = mp(mp)~" = d(mp) = r(u). As a result
(u,m) € D and so I(u,m) € X.

To show 6 is well-defined we also require I(u,m) to equal I(w,n) whenever
u®m =w @n. Assume then that © ® m = w @ n. So there exists an a € S

with d(a) = m and r(a) = n such that w = u(ap).

To show the first inclusion let (u(ss™'mr=1)p,rms) € I(u,m). Then we re-
quire 7, 8" € S such that (u(ss™tmr=1)p,rms) = (w(s'(s') " n(r")"Yp,r'ns’) €

I(w,n). Now let v’ = ra and s’ = a~'s. Then

and

laa™'s = raa™'s = rms.

r'ns' = raa”
Thus (u(ss™'mr=1Y)p,rms) = (w(s'(s') " 'n(r')V)p,r'ns’) € I(w,n) and so
I(u,m) C I(w,n).
For the converse inclusion let (w(s'(s")"'n(r')™1)p,r'ns’) € I(w,n). Then we
/

need r, s € S such that (w(s'(s")*n(r')Y)p,r'ns') = (u(ssimr=1)p,rms) €
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I(u,m). Let r =r’a™! and s = as’. Then

“tmrYp = uas'(s) e taa a () p

u(ap)(s'(s')""a "a(r') M)
w(s' ()" n(r') )

u(ss

and

rms = r'a taa"tas’ = r'a tas’ = r'ns’.

Thus (w(s'(s")n(r'))p,r'ns') = (u(sstmr=Y)p,rms) € I(u,m) and so
I(w,n) C I(u,m).

Therefore I(u,m) = I(w,n) and @ is well defined.

For sets A and B on which T acts, a map o« : A — B is said to be T-
equivariant if, for a € A, t € T,

[t-ala=t-[ac]
where these actions are defined.
Lemma 6.2.3. 6 is T-equivariant.
Proof. The action of 7" on T'® FE(S) is fibred by p : T ® E(S) — T,

s@e— d(s). Lett € T, s@e € T® E(S). Then t acts on s ® e if
(s®@e)u =d(s) <r(t). For semigroups, t- (s ® €) = ts ® e and so

[t-(s®e)]d =[ts®e]d = I(ts,e).

On the other hand (s ® e)d = I(s,e) and t € T acts on I(s,e) if t acts on
(s,e) € D. This occurs if t~ts = s. Now,

1 1

tlts=s=tltss i =ss =t = 8s
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sot-(s,e)=(ts,e)and t-I(s,e) = I(ts,e).

Therefore,

[t-(s®e)d=1I(ts,e) =t-[(s®e)d].

OJ

Restrict # to Ys,. Recall 1 : S — T x (T ® E(S)), s — (sp,d(s)p @ d(s)).
Then

Y, ={t®@eeT®E(S): (ut®e) € Scforsomeu € T}
={d(s)p®d(s) e T® E(S):s€S}.

Then
Olvs, : d(s)p @ d(s) = I(d(s)p, d(s)).

Recall Yy = {I(mp,m) € X; :m € E(S)} then Y5,0 C Yy s060:Ys, — Y.

Lemma 6.2.4. Oy, : Ys, — YJ, Oly,, : d(s)p @ d(s) = I(d(s)p,d(s)) is

bijective.

Proof. Let s,z € S be such that (d(s)p ® d(s))0|y,, = (d(2)p ® d(2))0]y,,.
Then I(d(s)p,d(s)) = I(d(z)p,d(2)). As Gomes and Szendrei remarked and
because d(s)p,d(z)p € E(T), we have that d(s) = d(z). Therefore 0]y, is

injective.

Assume now that I(mp,m) € Y;. Then m € E(S) and so m = d(m). Thus
d(m)p@d(m) = mp@m and (mp@m)lly,, = I(mp,m). So O|y,, is surjective.

Therefore 6]y, is a bijection. [

Lemma 6.2.5. As a semilattice, Y is isomorphic to E(S).
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Proof. Let ¢ : E(S) — Y be defined by e — I(ep,e). By defintion of Y,
¢ is surjective. Following Gomes’s and Szendrei’s remark that there exists
a unique e € E(T) and a unique p € D(e,e) such that J = J,, ¢ is also
injective.

Lemma 6.1.14 states Y is a subsemilattice of X; and defines for e, f € E(S5),
I(ep,e)NI(fp, f) tobe I((ep,e)+(fp, f)). Now (ep)(ep)(fp)~! = (ep)(fp) €
E(T) so (ep,e) + (fp, f) = ((ep)(fp)(ep), ef) = ((ef)p, ef).

We then show that ¢ is a semilattice isomorphism. Let e, f € E(S). In an
inverse semigroup S, e A f =ef = fe= f ANe. Then

ep N\ fo

ep,e) NI(fp, f)
(ep,e) + (fp, f))
(ef)p,ef)

1(
1(
1(

= (ef)o
= (enf)¢

Thus ¢ is a semilattice isomorphism. []

Next we restrict the order on T'® E(S) to Ys,. Recall
Yo, ={d(s)p®@d(s) e T®@ E(S) : s € S}.

Let w,e € E(S) and suppose wp @ w < ep ® e. Then there exists an
h € S with d(h) = w and r(h) = k < e such that wp(hp) < ep. Now
wp(hp) = (wh)p < ep implies (wh)p € E(T). Then wh € E(S) so

whh™'w™ = wh(wh)™! = (wh) 'wh = htw wh

but

whh™'w™! = www™ = www =w
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and
h='w twh =h"*hh *hh*h=hh™' =k

so w = k. Thus wp ® w < ep ® e if and only if there exists an h with
d(h) = w = r(h) such that w < e and wp(hp) < ep. Since w < e then
wp < ep and h € E(S) can be given by h = w because wp(wp) = wp < ep.
Sowp ®@w < ep® e if and only if w < e.

Lemma 6.2.6. Fore, f € E(95),
(ep@e)N(fp@[f)=(eNflp® (e f).

Proof. Now e AN f<e,fso(eNflp@(eNf)<epRe fp& f.

Suppose wp @ w < ep®e, fp® f. Then w < e, f. Hence w < e A f and
wp@w < (eAf)p& (A f). Thus (ep@ ) A(fp® f) = (e A f)p@ (e A f). O

Lemma 6.2.7. As a semilattice Ys, is isomorphic to E(S).

Proof. Let ¢ : E(S) — Ys, be defined by e — ep ® e. By definition of Yg,, ¢

is surjective.

Let e, f € E(S) and suppose ep = f¢p. Then ep®@ e = fp® f. So there
exists ¢ € S with d(g) = e and r(g) = f such that fp = ep(gp). Now
fp = eplgp) = (997 ")plgp) = (99~ "9)p = gp. This implies f = g and so
fo=Hp=(ff")p="(99")p=ep, Thus e = f. So ¢ is injective.

Let e, f € E(T). Then, by lemma 6.2.6,
epNfo=(ep@e)A(fp® [)

=(eNflp@(enf)
= (e f)o.
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Therefore ¢ is a semilattice isomorphism. [J

By lemmas 6.2.7 and 6.2.5 we see that Y, is isomorphic £(S) which in turn

is isomorphic to Y.

Lemma 6.2.8. Let S be an inverse semigroup. If x,y € S are such that

vy =z and 7'z = yy~! then y =27z (and so y € E(S)).

Proof. xzy =z = o oy = la =y ly=a"lo =y =21z O

Lemma 6.2.9. 0 : T ® E(S) — X;, u®m — I(u,m) is bijective.

Proof. We first establish that @ is injective. Let (u ® m)f = (w ® f)6.
Then I(u,m) = I(w, f) where m, f € E(S). As (w,f) € I(u,m) we let
(w, f) = (u(ss™r~1)p,rms) for some s,r € S. Then using 6.2.1

mp = u

=u tu(ss rr)p

1,.—1

=mp(ss~r r)p.

Hence, mp < (ss™'r7r)p. As mp, (ss™V)p, (r~'r)p € E(T) we have
mp < (ssH)p e mp=mp(ss H)p = (ss)pmp (6.2.3)

and
mp < (r'r)p & mp =mp(r~'r)p = (r~'r)pmp. (6.2.4)
Similarly, as (u,m) € I(w, f) and letting (u,m) = (w(s57'7 €)p,7f5) for

5,7 € .S, we have

fr< (35 Hpe fp=fp(ss p=(35"pfp (6.2.5)
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and

fo < pe fp=fp(rr)p = (FF")pfp.

Consider the element a = rmss™! € S. Then we have a = rmss™! = fs™L.

Now,
aa”t =rmsstssTim T = rmssTim T lr T = (rms) (rms) T = ff T = f

and

1

ata=ss'm T rmss™! lgs™1 1

=rYrm2ss tss™! = rlrmssTh

Also, we have

ap = (rp)(mp)(ss™')p = (rp)(mp).
Similarly consider the element b = 7f557! = m5~!. Then
bt =m
b b =7"1rfs5!

and
bp = (Tp)(fp)-

Now consider y = ab. Then

yy ' = abb ta™?

= ama™*

=a(a tam)a™!

1 -1

= a(r~trmss~'m)a

=a(r trmss Ha™!

=a(a ta)a™?

=qa~!
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So
(wp)(yp) ™" = (yy™")p
= (aa™")p
=fr
Now,
w(yp) = w(ab)p
= w(rp)(mp)(Tp)(fp)

I
2

(r Hp(rp)(mp)(Tp)(fp) by (6.2.2)
(r='r)p(mp)(7p)(fp)
(mp)(rp)(fp) by (6.2.4)

Il
8

u

1

Recall u~'u = mp which implies uu™'u = u = u(mp). So

1

since w™tw = fp implies ww ™ w = w = w(fp). Note that

u(rp)(fp) = w. (6.2.6)
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By lemma 6.2.8, yp = wlw = fp. Since p is idempotent pure yp = fp

implies y = ab € E(S). Hence y = yy~! = f.

Nowb b =7 1rfss ' < fand f =y~ 'f =btatab=b"ta tabb™'b < b7 1)
because b~ 'a"tab € E(S). Hence b~'b = f.

Thus bb~' = m and b='b = f and by (6.2.6) u(bp) = u(r)(fp) = w. In
other words, if I(u, m) = I(w, f) then there exists b € S with d(b) = m and
r(b) = f such that w = u(bp). Thus u®m = w® f. Therefore 0 is injective.

We now show 6 is surjective. Let I(u,m) € X;. Then by lemma 6.2.1,
I(u,m) = I(u,mm™"). Now (u,m) € D so u~'u = mpmp~! then r(u) =
(mm™Y)p. So (u,mm™) € T (§ E(S) and v @ mm™" € T ® E(S). Then

(u @ mm™1)0 = I(u,mm™") = I(u,m). Therefore @ is surjective.

Therefore 8 is bijective. O

Lemma 6.2.10. 0 : T ® E(S) — X, u ® m +— I(u,m) is order preserving.

Proof. Let u ® m < w ® n. Then there exists an h € S with d(h) = m
and r(h) = e such that e < n and u(hp) < w. If we consider S and T
to be inductive groupoids the information above would be depicted in the
diagram shown in Fig. 6.2.1. Hence (w|ep) = u(hp) because restriction in
an inductive groupoid is unique. Converting (wlep) = wu(hp) in inductive

groupoid T" to the associated inverse semigroup 1" we get

w(ep) = u(hp).

Now ep € E(T) so u(hp) < w in inverse semigroup 7". In inductive groupoid

S, (nle)h = eh = h so in the associated inverse semigroup S we have
nh = h.

We want I(u,m) < I(w,n), equivalently I(u,m) C I(w,n). So let
€

(u(ss™tmr=Yp,rms) € I(u,m) then we require an r’,;s’ € S such that



o N
g S
h
° ® o p
T
W &
u(h p)
\ /- ep
u (hp)
mp

Figure 6.2.1: inductive groupoids S and T'.
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(u(ss™tmr=Yp,rms) = (w(s'(s) " n(r')71),r'ns’) € I(w,n). Now hh™' =m
and h™'h =e. Alsoe <nsoe=mne=en. Let ¥ =rh and s’ = h™'s. Then
r'ns’ = rhnh™!

= rhnh™'hh™*

= rhneh™'s

=rheh™!

= rhh'hh™!

=rhh™!

=rms

and

w(s' () () V) = w(h s hnh 1)
w(h™*hh™tss thnh thh1r 1)p
w(eh ™ ss thneh ™ rHp
(

= w(ep)(h tsstheh'r Hp

= u(hp)(htss *hh~*hh'r )p
=u(hh ™ tss thhlr Hp
=u(ssthh ™' Y)p

=u(ss'mr Hp

Thus (u(ss™tmr=1p,rms) = (w(s'(s') " n(r')1)p,r'ns’) € I[(w,n) and
I(u,m) C I(w,n). Therefore I(u,m) < I(w,n) and § is order preserving. [J

Theorem 6.2.11. For inverse semigroups S and T and surjective idempotent
pure homomorphism p : S — T, Lg = L(T ® E(S5),Ys,,T) is isomorphic to
Lo =L(X,,Y;,T).
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Proof. Let 0 : Lg — LLg be defined by

(t,u®@m) — (u®@m)d,t) = (I(u,m),t).

We show @ is well-defined. Let (t,u®m) € Lg then u®m € Y, so (u@m)f =
I(u,m) € Y; by lemma 6.2.4. Now ¢t~ (u®m) € Yg, so [t (u@m)]d € Y.

6 is T-equivariant, hence
[t (uem)d=t" -[(u@m)d =t I(u,m)c Y.

So (I(u,m),t) € Lg and 6 is well-defined.

Next we show that 6 is injective. Let (t,u ® m), (s,w ® n) € Lg. Suppose
(t,u®@m)8 = (s,w ®n)0 then (I(u,m),t) = (I(w,n),s). Sot=sin T and
(u®@m)d = (w®n)d in Y. 0y, is bijective by lemma 6.2.4, so u®@m = w®n

in Ys,. Hence (t,u ® m) = (s,w ® n) and 0 is injective.
We now wish to determine that 6 is surjective. Let (I(u,m),t) € Lg then

t € T and I(u,m) € Y;. We have already shown 0|y, is bijective and
(u @m)lly,, = I(u,m) with u®@m € T ® E(S). Now t~' - I(u,m) € Yy, so

t e I(u,m) =t [(u,m)0] = [t (u,m)]0 € Y.
As )y, : Y5, — Y; we have t 1 (u ® m) € Ys,. Then (t,u @ m)0 =
((u @ m)lly,,,t) = (I(u,m),t) for (t,u ® m) € Lg. Thus 6 is surjective.
Therefore 0 is bijective.

Finally we require § to be a homomorphism. Let (t,u ® m), (s,w®n) € L.
Then m € E(S), u = mp € E(T) and d(t) = tt7! = vu™! = d(u) so
d(t) =tt ' =u=mp. Alson € E(S), w=mnp € E(T) and d(s) = ss™! =

ww ' =d(w) so d(s) = ss7! =w =np.

Assume composition can occur in Lg so r(t) = t7' = ss~! = d(s) and
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t7' (u®m) =w®n. Then
[(t,u ®@m)(s,w®n)|d = [(ts,u @ m)|d
= ((u®m)b,ts)
= (I(u,m),ts).

Now

(t,u@m)f(s,w @n)0 = ((u®@m)b,t)((wn)d,s)
= (I(u,m),t)({(w,n),s).

6 is T-equivariant and bijective so
th(uem)=wen
=t (u@m)]d = [wenld
=t [(u@m)l] = [w®n]d

=t I(u,m) = I(w,n)

Ast7'- I(u,m) = I(w,n), then
t-(t - I(u,m)) = (™) - I(u,m) = I(u,m) =t - I(w,n).

Whence,
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Therefore 6 is an isomorphism. [J

We now give two examples of the isomorphism given in the previous theorem.
The first is the most simple case, where p is an isomorphism of groups, and

so the first considered when researching this isomorphism.

Example 6.2.12. Let S and T be groups with respective identities 1g, 17.
Take p : S — T to be idempotent pure and bijective. Then

1:S—=Tx (T®E(S))
s (spd(s)p @ d(s)) = (sp, 15p ® L) = (59, 1y ® L)

and
St=A{(sp, 17 ® 1g) : s € S}.
Also
T ES)=T®{ls}.

Further

T Tx (T®{ls}) =T

(u,t®1g) —u

and so

Simg = {sp:s €S} =S5p.
Then

Yo, ={t®1s € T®{ls}: (u,t ® 1g) € Scforsomeu € T}
= {lr ®©1s}
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and so

L
= L(T & {15}, YS[,) SL’/TQ)

n

{(u, 17 ® 15) € Simy x Yo, : (1r @ 1g)pp = 1p = d(u),u™! - (17 ® 15) € Vs, }

{( )ispt - (lr @ 1s) € Y}
={(sp,1r @1g) : sp ' ® 15 € Yg,}

{( )i lr® 15 € Y, }

{( )

Next we consider Lg,

D(5) = A{(
{(
{(

u,m) :uTym € S,r(u) =d(mp)}
u,m):u€T,meS 1p=d(m)p=1s,=1r}
u,m):uel,meS}

and composition (u, m)+ (x,n) = (u(mp)r~ u, mn) exists if u(mp)z~! = 1.

Now

S(D) ={((u,m),a):a €T,(u,m) € D(aa*,a)}.

As (u,m) € D(u,u(mp)) then u = aa™' = 17 so u(mp) = a implies

aa~'(mp) = a which in turn implies mp = a. So

S(D) =A{((1r,m),mp) : m € S}.
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Now
I(u,m) = I(u,mm™*) = I(u,1g)
= {(u(ss "1gr Y)p,rlgs) : 7,5 € S}
= {(u(lglgr—Y)p,rs) :r,s € S}
= {(u(rp)~t,rs) :r,s € S}
and

Y;={I(u,m) € X;: (u,m) € D(1p,17)}.

As (u,m) € D(u,u(mp)) then u = 17 so u(mp) = 1 implies mp = 1p which

in turn implies m = 1g. So
Y, ={I(1p,15)}.
Then

Lo =L(X,,Y,,T)
= {(I(u,m),t) € Y; x T :t""- I(u,m) € Yy}
= {(I(lT, 15),t> eY; xT: tt. I(].T, 15) c YJ}

We want to know for which ¢t € T does t=* - I(17, lg) € Y;. Now
t1L. [<1T7 15) € YJ ift=1. I(lT, 15) = I<1T75)- As tt_llT = 1717 = 17 then
t=1. (17, 1g) exists and so t~1 - I (17, 1g) exists and equals I(¢t7!,15). Let

L =I(17p,15) = {(1z(rp) ', 7rs) :r,s € Sy = {(rp~*,7s) : 7,5 € S}

and let
L=It"1s)={{t"*(rp) " ,rs):7,s € S}.
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Now I C L if (rp~t,rs) = (¢~ (Fp) ', 75) for some 7, § € S. So we must have
rp~t =t"1(fp)~! = (Fpt)~! which implies rp = (7p)t and (rp)t~! = (fp). As
p is surjective for =1 € T there is an ¢ € S such that ¢p = ¢t~!. Then we
can take 7 = re. So rs = 75 = r¢3 and so we can take § = c's. Hence
I(t7', 1) = I(1p, 15) if there exists a € S such that ap = t. Thus

Lo ={(I(1r,15),ap) : a € S}.

For completeness we show L is isomorphic to S(D) before we show L is

isomorphic to Lg.

Let ¢ : S(D) — Lo, ((1r,m),mp) — (I(1r,15),mp). Now mptmply =
17 € E(T), hence

(L7, m), mp)((1r, ), sp)]¢
[mp(mp (1T= m) + (1r, s)), mpspl¢
[mp((mp™",m) + (17, 5)), mpsplo
[mp(mp mplep ,ms), (ms)pl¢
(mp™",ms), (ms)plo

[mp
(17, ms), (MS)/M
(I(1r,1s), (ms)p)
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and

(L, m), mp)@l[((17, ), sp) @]
=(I(17, 1s), mp)(I(1r,1s), sp)
(mp(mp~1(1r,1s) A (17, 15)),mpsp)
(mp(I(mp~", 1s) A I(1r, 1s)), (ms)p)
(mp(I(m™"p,15) A (17, 15)), (ms)p)
(mp(1
(
(
(

(1r,1s) A I(17,15)), (ms)p)

mpl (17, 1s), (ms)p)

mp

I(mp, 1s), (ms)p)
I(17,1s), (ms)p)

S0 ¢ is a homomorphism. As p is bijective then so is ¢. So ¢ is an isomorphism
between S(D) and L.

We define 6 : Lg — Lg as (t,u ® m) — (I(u,m),t). In this example 0
becomes (sp, 17 ® 1g) — (I(1r,1g), sp). As p is bijective then so is 6. Also,
[(sp, 10 @ 15)0][(mp, 17 @ 15)6]

=(I(17,15), sp)(I (17, 1g), mp)
(I(1r,1s), (sm)p)

and, as sp~ - (1r®1g) = sp ' lr@1lg = sp~ ' @1s = d(s 'p)@d(s) = 17®1s,
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we also have

(sp, 17 ® 1g)(mp, 17 ® 15)]0

[

(spmp, 17 ® 15)0
((sm)p, 1r ® 15)0
(I(1T7 15)7 (S’fﬂ)p).

Therefore Lg is isomorphic to L.

Example 6.2.13. For a set [ and a group G the Brandt semigroup is defined
to be
B(G,I)=A{(i,9,7) : 1,5 € 1,9 € G} U{0}

with composition (i, g,j)(k, h,l) = (i,gh,l) if j = k and (¢, 9,7)(k, h,1) =0
if j # k. Idempotents are of the form (4,1,7). Also (i,9,7)"' = (j,¢g7',1) so
d(i,g,j) = (i, 1,i) and r(i, g, j) = (4, 1,7)-

Let H be a group and let a« : H — G be a homomorphism. Then define
p:B(H,I) — B(G,I)tobe (i,h,j)— (i, ha,j). Wetake p to be idempotent
pure. For p to be idempotent pure the set {(i,h, ) : ha € kera} must equal
E(B(H.I)). In other words p is idempotent pure if and only if h € kera

implies h = 1. This occurs if and only if « is injective.
First we construct Lg, where S = B(H, I), and show it is equal to St.
Now ¢: B(H,I) — B(G,I) x (B(G,I)® E(B(H,1I))) is given by

(i, b, j) = ((, hyd)p,d(i, h, j)p @ (3, b, 5))
— (i, hav, j)p, (3, 16, 8)p ® (i, 141, 1)),
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So

B(H, It ={((i, ha, j)p, (i,1g,i)p @ (i,1p,7)) s i,j € I,h € H}
Also

B(G,I)® E(B(G,I)) ={(j,9,k) ® (i,1g,1) :i,j,k € I,g € G}.
Further

o :B(G, 1) x (B(G,I)® E(B(H,I))) — B(G,I)
((m> a, n)a (j7g7 k) & (i, 1H,i)) — (m, a,n)

SO

B(H,I)imy = {(i,ha,j) - i,j € I,h € H}
={(t,h,j)p:1,7€1,he H}
= B(H, I)p.

We have that

YBH,1).
={(j,9,k) ® (i,1y4,i) € B(G,I)® E(B(H,I)) :

((m,a,n), (4,9, k) @ (i,1y,4) € B(H, I). for some (m,a,n) € B(G,I)}
={(i,1¢,1) ® (i, 1y,7) s i € I}
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and so

Ls = L(B(G,I) ® E(B(H, 1)), Y., B(H, I)ur)
— {((G, hy k)p, (i, 16,7) @ (i, 15,4)) € B(H, ey X Y, -
((, 16, 8) @ (i, 1y, 0))p = d(i, 1g, 0) = d(3, b, k)p,
(3, ha k)™ - (0,16, 0) ® (i, 1m, 7)) € Y.}

Now d(i, 1¢,1) = d(j, h, k)p implies that (i,1,7) = (j, lg,j) which in turn
implies that ¢ = j. Then (j, h, k) = (i, h, k) and

(G h k)p™" - <<z’ Lg, i) ® (i, 1u, 7))
= (i,h /f) b (6 16, 0)p @ (i, 1, 1))
= (k,h™0)p - (3, 16,9) @ (i, 1p,7))
= (ki) - (i, 16, 4) @ (4, 14,1))
= (k,h i) ® (4,15, ))
= (k,h 'a,i) @r(k,ht, 1)
=d(k,h 'a,i) @d(k, b1, 1)
= (k,1g,k) ® (k, 14, k)

€ Yo,

So

{((4,h, k)p, (i,1G,7)p @ (i, 1g,1)) s i,k € [,h € H}
{<Z h&,k),(i,l@,i)@(i,l[{,i)Ii,l{?E],hEH}
B(H, D).

(
(
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The Lg construction for an idempotent pure map p : B(H,I) — B(G,I),
involving an injective group homomorphism « : H — G, is then identical
to the construction for p : B(H,I) — B(Ha,I) which is surjective. We
show that the Lg construction is isomorphic to the Ly construction for the
surjective idempotent pure map (an isomorphism in this case) p : B(H,I) —
B(Ha, I).

We begin with

D ={((i,9,7), (k,n,1)) :(4,9,)) € B(Ha, 1), (k,h,l) € B(H,I),
r(i,g,j) = d<k7h’7 l)p}

but r<ivgvj) = (]7 1G7j) = d(k7h7 l)p = (k, 1G,k’) 1mphes ] =k so
D= {((i,9,5), (4, h.1)) 13, j,l € I,g € Ha,h € H}.
Then

S(D) ={((i,9,5), (4, h, 1)), (m,a,n)) : (m,a,n) € B(Ha,I),

((1,9,9), (4,2, 1)) € D((m,a,n)(m,a,n)~", (m,a,n))}
and as ((4,9,5),(J,h,1)) € D((i,9,4),(i,9.4)(5, h,1)p) we have (i,g,j) =
(m, 1g, m) which implies i = m = j and g = 1g. Also (i, gha,l) = (m,a,n)
implies ¢ = m, gha = a and [ = n. Now gha = a becomes ha = a because

g = 1g. Hence

S(D) ={(((m,1g,m), (m,h,n)), (m,ha,n)) :m,n €I, h e H}.
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Now

1((z,9,7), (4, h, 1))

= 1((i,9,7), (4, 2, 1)(5, 2, 1))

=1((4,9,7), (J, 1u, 7))

= {((@. 9. D)(y: 5. 2)(y: 5, 2) 7' (G L, 4) (w,ry2) ", (w, 7, 2) (7, Lo, ) (9 5. 2))
y,z,w,x € I,r;s € H}

For (w,r,x)(j,1m,7)(y,s,2) to exist we must have z = j = y and then

(w,r,2)(J, L, )y, 5, 2) = (w,7s,2). Also

1

[(y7 S7Z>(Zv S_luy)(ja 1H,j)(ZL’,T‘_1,UJ)]p - (y,SS_llHT_ ,w)p

1

= (y,r ", w)p

= (y, 1", w).

So (ivgaj)(yarilayw) = (i,g(rfloz),w) and
1((i,9.9): (G, 1a, 7)) = {((i, g(r @), w), (w,rs,2)) 1w,z € I,r,s € H}.

Now

Yy ={1((i,9,5). (. 1m. 7)) € Xy :((.9,5). (4 1, 7)) € D((e, 1g. €), (e, Lu, €))
forsome (e, 1g,¢) € E(B(Ha,I))}

and then ((i, g, j), (J, 1w, J)) € D((i, 9, 7), (4, 9,5) (U, 1a, 7)) = D((i, 9, ), (i, 9, 7))
so (i,9,7) = (e, 1g,e) which implies i = e = j and g = 1. Then we have

Y; ={I((e,1g,¢),(e,1,¢€)) : e € I}.
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So

Lo = L(X,,Y;,B(Ha,I))
= {(I((67 1076)7 (6’ Ly, 6))7 (m7a7n)) €Y; X B(Ha,]) :
(m,a,n)""-I((e,1g,€), (e, 1g,e)) € Y}

We have that

(m,a,n)"" - I((e,1g,€), (e, 1x,¢€))
= (n,a”'m) - I((e,1g,¢€), (e, 1g,¢))
=1I((n,a"',m)(e,1g,¢), (e, 1H,¢))

Lm)™t(n,a™t,m)(e,1g,¢) = (e, 1g,€). Now

,m)" (n,a™t,m)(e,1g,€) = (m,1g,m) = (e, 1g,e) if m = e. Taking

provided (n,a™
(n,a™?

m = e we have
(m,a n)’l ~I((m,1g,e), (m, 1y, m))

=I((n,a”",m)(m,1g,m), (m, 1y, m))
=I((n,a” m) (m, 1y, m)).

Now I((n,a™',m), (m, 15, m)) € Y if there exists an & € I such that
I((n,a™t,m),(m,1g,m)) = I((e,1g,€), (€, 1, €)).
Let

1

I

((n7 a -, m)? (m7 Ly, m))

I
={((n,a ' (ra),w), (w,rs,2)) cw,z € I,r,s € H}
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and let

I
= {((e, 7 'a),w), (@, 75,2)) : W,z € I,7,5 € H}.

Then I, C I if (n,a '(r~'a),w) = (¢, (7 'a),w) and (w,rs,z) = (0,75, 2

for some w,Z € I and 7,§ € H. For this to hold we require w = w, z = z
and € = n. As a € Ha then there exists h € H such that ha = a. Take
7 =rhand § = h™'s. Then 7 ta = (rh)la = (ha) (r~ta) = a7t (r~ta)
7§ =rhh™'s =rlys =rs. Thus I; C I,.

Q.

an
Similarly we can show I, C I if € = n.
So for h € H with ha = a and € = n we have

(m,a,n)"' - I((e,1g,e), (e, 1x,¢€))
n,a"t,m) - I((m,1g,m), (m, g, m))

(
(

n7a Jm)7(m7 ]‘H?m))

= (n
I
I((n,1g,n), (n,1g4,n)).

(
(

Thus

Lo ={({((m,1g,m),(m,1g,m)),(m,ha,n)) :m,n el hec H}.

Define the isomorphism ¢ : S(D) — Lg by (((m, 1g, m), (m, h,n)), (m, ha,n))
= ([((ma lg, m)? (m7 h’7 n))a (ma hOé, n))
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Now

I((m,1g,m),(m,h,n))
= I((m,1g,m), (m, h,n)(m, h,n)™")
= I((m,1g,m), (m, h,n)(n,h~',m))

= I((m,1g,m), (m, 15, m))

so ¢ is well-defined.
As « is bijective then so is ¢.

We show ¢ is a homomorphism. Now

(((m, 1g,m), (m, h,n)), (m, ha,n))é(((p, 1a, p), (p, b, q)), (P, ba, ¢)) ¢
= (I((m,1g,m), (m, h,n)), (m, ha,n))(I((p,1e,p), (p, b, q)), (p, b, q)).

Now (m, ha, n)(p, ba, ¢) is defined if n = p in which case (m, ha, n)(p, ba, q) =
(m, haba, q). Recall that I((m, 1g,m), (m,h,n)) = I((m, 1, m), (m, 1y, m))
and I((p,1g,p), (p,b,q)) = I((p,1c,p), (p,1a,p)). Then

(m, ha,n)™ - I((m,1g,m), (m, 1z, m)) is defined because

(m, ha,n)(m, ha,n)~*(m, 1g,m) = (m, 1g, m) and so

(m, ha,n)~t - I((m,1g,m), (m,1g,m)) = I((n,ha™, m), (m, 1g,m)).
Further I((n, ha=t,m), (m,1g,m)) = I((n,1g,n), (n,15,n)). Since n = p
we have

I((p,1c,p), (p, 1m,p)) = I((n,1G,n), (n, 1y, n)). Hence

I((n,ha™",m), (m, 1u,m)) A I((p, 16, p), (P Lu. D))
=1((n,1g,n), (n,1g,n)) AN((n,1g,n), (n,1g,n))
= I((n, 1@,71), (77,, 1H,n)).
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As (m, ha,n)~Y(m, ha,n)(n,1g,n) = (n, ha=*halg,n) = (n,1g,n) we have
that

(m,ha,n) - I((n,1g,n), (n,1y,n))
((m, ha,n), (n,1y,n))

So

(((m,1g, m), (m, h,n)), (m, ha, n))o(((p, 1, p), (p, b, q)), (p, bev, 4)) &
= (I((m,1g,m),(m, h,n)), (m, ha,n))(I((p, 1a,p), (p;b.q)), (p, b, q))
= (I(<m7 le, m)> (m7 Lu, m))> (m’ (ha)(ba)a Q>>

Next consider

[(((m, 16, m), (m, h,n)), (m, ha, n))(((p; 1, p); (P, b, 9)), (p, bev, 9)) ¢

Again (m, ha,n)(p, ba, q) is defined if n = p in which case (m, ha, n)(p, ba, q) =
(m, (ha)(ba), q). Also as (m, ha,n)(m, ha,n)~t(m,1g,m) =

(m, (ha)(ha) 11, m) = (m, 1g, m) we have

(m, ha,n)~t - ((m, 1g,m), (m, h,n))
= (n,ha™t,m) - ((m, 1g,m), (m, h,n))

= ((n, ha™*,m), (m, h,n)).
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As
(n, ha™,m)(m, h,n)p(p, 1g,p) "
= (n, ha™', m)(m, ha,n)(n,1g,n)
= (n, (ha)~ (ha)lg,n)
= (n,1g,n) € E(B(Hao, 1))
we have

—~

n,ha=,m),(m,h,n)) + ((p,1e,p), (.0, q))
= ((n lg, n)(n ha™ 17m)7(m7 h,n)(p, b, Q))
= ((n,ha™t,m), (m, hb,q)).

Then as (m, ha,n)~ (m, ha,n)(n, ha=tm)
= (n, (ha) t(ha)(ha)™t,m) = (n, (ha)™tm) we get

(m, ha,n) - ((n, ha™t,m), (m, hb,q)) = ((m,1g,m), (m, hb, q)).

So

[(((m, 1g,m), (m, h,n)), (m, he, n))(((p, 1e, p), (P, b, @), (P, bav, q))] ¢
= (((m g, m), (m, hb, q)), (m, (ha)(ba), )¢
I((m, 1, m), (m, hb, q)), (m, (ha)(ba), q))
I((m, 1, m), (m, 1, m)), (m, (ha)(ba), q))
((m,1g,m), (m, h,n)), (m, ha,n))o(((p, Lc, p), (p, b, q)), (p, ber, ).

[
(
=
(

Therefore S(D) is isomorphic to L.
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Let 6 : Lg — Lg be defined by 6 : ((i, ha, k), (i, 1g,1) ® (4, 1y, 1))
— (I((i,1g,19), (¢, 1g,1)), (4, ha, k)). As « is bijective then so is 6.

We show that 6 is a homomorphism. Now

(i, hev, k), (3,16, 1) @ (6,1, 0))0((5, bev, y), (4, Le, ) © (G, L, 5))0
= (I((0,1¢,9), (i, 1, 7)), (4, ha, k) (I((5, 16 7), (G, L1, ), (G, b, )

Let k = j so (i, ha, k) (4, ba, y) = (4, (ha)(ba),y). As
(i, ha, k) (i, ha, k)71 (i, 1g,1) = (i, (ha)(ha)1g,1) = (i,1g,1) we have
(i, ha, k)1 - I((i, 1a, 1), (i, 157, 4))
= (k,ha™ i) - I((i, 1¢, 1), (i, 1g, 1))
= I((k,ha"9), (i, 15,7))
= I((k,1g, k), (k, 14,k)).

So
I((k, ha™,4), (4,1, 4)) AN((4, 1@, 5), (G, La, 5))
= I(<k7 1G> k)? (kv 1Ha k)) A I((ka 1G> k)? (kv 1Ha k))
= I((k, 1, k), (k, 1, k).

Since (i, ha, k)1 (i, ha, k) (k, 16, k) = (k, (ha) ' (ha)lg, k) = (k,1g, k) we
have

(i, ha, k) - I((k, 16, k), (k, g, k))

= 1((i,ha, k), (k, 14, k))

= I((7’7 1G>i)7 (i> 1H7i))'
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So
((27 hOé, k)? (Za 1G>i) ® (Z> 1H72))6((]7 baa y): (]7 1G7j) ® (]7 1H7]))9
= ([((1, 1, ), (i, 1m, 1)), (4 he k) (I((5, Le, 5), (3, L, 5), (4, b, )
= (I((Z, la, i)? (iv Ly, Z)), (i7 (ha)(ba)a y))

Next consider

[((2, ha, k), (i, 16, 0) © (i, 1a, 0))((, b y), (4, 1, 5) © (3, 1as )]0
Let r(i, ha, k) = d(j, ba, y), so (k,1g, k) = (J, 1g,j) and k = j. Then
(i, ha, )1+ [(i,1g,1) @ (i, 1,1)]
= (k,ha™ ) - [(i, 16, 0) @ (i, L, 1))
= (k,h 1 i)p- [r(k,h Y i)p@r(k, h )]
= (k,h " i)p@r(k,h™, i)
=d(k,h ' i)p@d(k,h,4)
=(k,1g,k) ® (k, 1y, k)
= (U, 16,0) @ (, 1u, j)-

50
[((&, hev, k), (4,16, 1) © (4, 1, 0)) (4, b, y), (5, 165 ) @ (5, La, 5)))0
= ((¢, ha, k) (k, b, y), (1, 1g, 1) @ (i, 1g,1))0
(i, (ha)(br), y), (i, 16, ) @ (i, 1p,1))0
(2, 16,4), (i, 1, 1)), (4, (ha)(bar), y))
(i, ha, k), (4, 16,4) @ (i, 14,4))0((5, bav,y), (4, 1, J) @ (4, 1ar, 3))0-

=
(
=
= (

Hence 6 is a homomorphism and Lg is isomorphic to L.
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Appendix to chapter 2

Chapter 2, Proof of Theorem 2.2.6

We note that if r = m we assume that (r|(m, g,n)) = (m, g,n) whether we

restrict in G(0,a) or in G(#). Hence applying « then restricting gives
(m|[(m, g, n)a]) = (m|(m, g',n)) = (m, g',n)
for some ¢’ € G. Whereas restricting first then applying « gives
[(m|(m, g,n))]a = (m, g,n)a = (m,g',n).

Therefore (m|[(m,g,n)a]) = [(m|(m,g,n))]a.
We now have three cases to consider:

(i) m>=2,n<2;

(il)) m <2, n > 2;

(ili) m < 2, n < 2.

Within these cases we have subcases which we show in the following table.
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m,Nim,n> 2 m= 2 n= 2 mn< 2
r - — — _ m=0| m=1| m-0| m=1
n=0 | n=1| m=0| m=1| . Z5'\ 20| p=1| n=1
proved
r>= 2 afS part Casel Case|lCase 2 Case 2 Case|3Case 3 Case 3 Case|
or main i ii i ii [ iii iv Vi
ofman @ | @ | O | @ | O | @) ™| o
_ Case 2 Case 3 Case 3
r=1 .
(iii) r=m (i) r=m (v) r=m
r=0
r=m r=m r=m

Case 1(i): m > 2,n=0and r > 2

First, r — m > 2.

Apply «,

(m,g,0)c
= (m,v,,' guo, 0)

= (m, w1 m—29,0)

then restrict in G(0),

by equation (2.2.11)andasvy = 1

(r|(m, w1 1m—-29,0)) = (1, W1 20" " (g0" ™), r —m).

Restrict in G(6, a),

(7’|(m, 9, 0)) = (T7 w;n,lrfmfl(gerim)wo,rfmfla r—= m)
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then apply « using (2.2.12),

1

(ryw (90" "™ wop—m—1,T — M)

m,r—m—1
-1 r—m -1
= (’I", W1,r—2Wy p—m—1 (90 )woﬂ“—m—lwl,r—m—% r—= m)
Now,
wlﬂ'—2w7_n,r—m—1

= [0 2ul" 2 | [un T 072 w7 using (2.2.7)
= [0 2us0" 73wy 0T™

[
== [ulﬁm_2u29m_3 e Uo]er_m

= Wy ol ™ using (2.2.7)

and

—1
Wo,r—m—-1W1 p—m—2

r—m—1 r—m—2 r—m—2 r—m—3
= [uof u,0 e Upp1|[ur 0 ol .

U] using (2.2.7)
— uoerfmfl
— 1971 asug = 1
=1.
Therefore,

(rawi oW1 (90" W01 W o, T — M)

= (1, W1 m—20"""(g0"™),r —m)
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Secondly, r — m = 1.

Apply a,
(ma g, O)Oé = (m7 wl,m7297 0)

then restrict in G(6),

(7| (m, w1m-29,0)) = (r; w1 m-20(g0), 1).

Restrict in G(6, a),
(r|(m, g,0)) = (r, wyo(90)wo, 1)
then apply «,

(r, w;z,lo(gg)wo,o, Da

= (r, v, 'w,, o (90)woov1, 1)

= (1, wi,—2w,, o (90)ugvy, 1) by equation (2.2.11)
= (r, wlx_zwr_mlo(gQ)ll, 1) asup = land vy = 1
= (r,w1,,—2w;,0(90), 1)

Now,r—m=1=r=m-+1so

W1,r—2Wy, o

= wl,mflw%}o

= [ 0™ ™2 u|[um] ™t by equation (2.2.7) and W0 = U
= w 0™ Y™y, 101

= [ 0™ 2 up0™ 3 10

= Wi m—20 by equation (2.2.7).
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Therefore,
(T7 wlﬂ"*zw;n?()(ge)v 1) = (7’, wl,m728<90)7 1)

Case 1(ii): m > 2,n =1 and r > 2.

Apply «,

(m, g, 1)
= (m7 U;’ngvh 1)
= (m, w1 m—201,1) by equation (2.2.11)andasv; = 1

= m, W1,m-29, 1)

then restrict in G(0),

(P[(m, Wi m-29,1)) = (7, Wy 28" (g6 ™), 7 — m +1).

Restrict in G(6, a),

(rl(m. g, 1)) = (r Wy 2 (90" ™ W1 gmmr, 7 — M+ 1)

then apply « using (2.2.12),

1

(W1 (90" " W11, 7 = m + Do

= (rywi oy, 1 (90" VW Wy, — M+ 1)

Now,

—1 _ r—m
Wir—2Wy 1 = wl,m729
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and

-1 .
Wir—m—1W1 pm—1 = L.
Therefore,

(raws oWy, 1 (90" W1 iAW g, T — M+ 1)

(ry Wy m—20"""(g0" ™), —m +1)

Case 2(i): n > 2,m =0 and r > 2.

Apply «,

(0,9,n)a
- (Oa U()_lgvm n)

= (0, gwi,_9,1) by equation (2.2.11)andasvy = 1

then restrict in G(0),

(r1(0, gwy _5,m)) = (. (g0") (wy ,_507), 7+ n).

Restrict in G(6, a),
(7“(0, g, TL)) = (7‘, w()_;fl(geT)wn,r—h T+ TL)
then apply « using (2.2.12),

(rawg,—1(90" ) Wny—1, 7 + 1)

= (r, wl,T_ng_}_l(gQ”)wm_lwf’iM_z, r+4n).
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Now,

wl,rﬁwiiq

= [ 0" 2usl" % ey ][uefr — 1ug072 . u,q]”t using (2.2.7)
= w0 20 w0 g O — 1

— ualerfl

— 197! astug = 1

=1

and

-1
wn,r—lwl,r+n—2

= [0 10772 Uy [ 07T T RS

U] by equation (2.2.7)
— [0 20y 07
= (0" 2un0™ ] 0"

= wi o0 by equation (2.2.7).

Therefore,

(T’wl,T—QwO_,i—l(ger)wn,r—lwl_,i—l-n—% T+ n)

= (T, (geT)(wl_ﬂlzf29T)7 T+ n)
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Case 2(ii): n > 2,m =1 and r > 2.
Apply a,

(1,g,n)
= (1,07 "' gun, n)

= (1, gwi,_s,n) by equation (2.2.11)andasv; =1

then restrict in G(0),

(T|(17 gwl_,rlL—27 n)) - (T7 (geT_l)(wl_’i,QQT_l), r+n— ].)

Restrict in G(6, a),

(T|(1’ 9, n)) - (T’ wl_;_2(g8r_1)wn7r_27 r+mn— 1)

then apply « using (2.2.12),

(rawi,—s (90" w7+ 1 — Do

= (r, wlﬂ"—2w1_,7{—2(ger_l)wn,r—2w1_}+n73> r+n—1)

Now,

-1 o
Wi p oWy, g =1
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and

wn”ﬂ72wi7¥+n73
= [un97—2un+19r—3 N -ur+n—2] [u19r+n_3u207n+n_4 o
.. .u,,+n_2]—1 wing (22,7
I =
= [ 0" 2un0" w0

=wi, 0" using (2.2.7).

Therefore,

(r’wlﬂ"_le_,i—2(ggr_l)wn,r—Zwl_;-f—n—?n r+n-— ]_)

= (r (g0 ) (wik oy ) — 1),

Case 2(iii): n > 2,m = 0 and r = 1.

Apply «,

(0,9,n)
= (0,v5 " gvn, n)

= (0, gwy,_9,7) by equation (2.2.11)andasvy = 1

then restrict in G(6),

(1[(0, gwy g, ) = (1, (90) (Wi _50), n + 1).

Restrict in G(6, a),

(11(0, 9,m)) = (1, wgp(90) w0, + 1)
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then apply «,

(1, wo_’(l)(gQ)wn’O, n+ 1)«

— (1,vf1w&é(g9)wn’ovn+1,n +1)

= (1, u0(g0)wn oVny1,n + 1) by (2.2.11) and as vy = land Wy, g = Uy,
= (1, (90)wnovps1,n + 1) asug = 1
Now,
Wi oW 5y
= ][ 0" g2 ) by equation (2.2.7)

- [U16n71U2¢9n72 .. .un_le]*l
= [u 0" 2un60™ Ly, ] 0

= wi_y0 by equation (2.2.7).

Therefore,

(L, (g0)wnowyp_y,n+1) = (1, (90)(wi,_o0), n+ 1).

Case 3(i): m =0,n =0 and r > 2.

Apply a,
(0,9,0)c
= (0, v ' gvo, 0)
= (0, 1*191,0) asvg = 1
=(0,9,0)
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then restrict in G(0),
(70, 9,0)) = (r, 96", 7).
Restrict in G(6, a),
(r1(0, 9,0)) = (r,wy,_1 (90" )wo,—1,7)
then apply «,

(r, wy 1 (90" )wo -1, 7)x

= (r, w1 ;—owy,_y (90" )Wor—1W1 g, T) by equation (2.2.11).

Now,
-1 o 1
Wi,r—2Wor—1 =
and
-1 -1 1-1 -1
Wo,r—1Wy g = [W1p—2Wo, 4] =17 =1.
Therefore,

(7, wl,r—2w0_;—1(ger)wom—lwf;_ga r) = (r,g0",r).

Case 3(ii): m =0,n =0 and r = 1.

Apply «,
(0,9,0)c
= (07 UalgUO7 0)
=(0,4,0) asvy = 1
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then restrict in G(0),
(11(0,9,0)) = (1,96, 1).

Restrict in G(6, a),

(11(0, ,0))
= (1, wp(98)wo 0, 1)
= (1,99, 1) aS’UJ0,0 = Uy = 1

then apply «a,

(1,90,1)c
= ((1,v1 ' (90)v1,1)
=(1,¢40,1) asvy.

Case 3(iii): m = 1,n =0 and r > 2.
Firstly r —1 > 2 (= r > 3).

Apply «,

(1,9,0)
= (17U1_19U070)
=(1,94,0) asvy = v =1

then restrict in G(0),

(r’(17970)> = (T’, gerilar - 1)'
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Restrict in G(6, a),
(T|(17 g, O)) = (T7 wli,;72(geTil)w0,T‘727 r—= 1)
then apply « using (2.2.12),

<r7w17}72(geril>w0,r*27 r—= 1)0&
= (r, w1 p—owy, o (90" wo,_owi, g, r —1)

= (T’ (ger_l)wo,r—le_,i—& r—= 1)

Now,

-1
wO»T—le,r—S

== [U09T72U18T73 .. .UT,Q][U19T73U28T74 e

CUp_g] ! by equation (2.2.7)
= uoﬁr_2
=102 asug = 1

Therefore,

(r, (90" wo—owi, 5,7 —1) = (r,g0" " r = 1).

Secondly r —1 =1 (= r = 2).
Apply a,
(1,9,0)ar = (1,9,0)

then restrict in G(0),
(2/(1,9,0)) = (2,96, 1).
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Restrict in G(6, a),
(2[(1,9,0)) = (2,wip(g0)woo, 1)
then apply «a,
(2, wip(90)wop, 1)er
= (2,03 "wig(g0)woovr, 1)
= (2, w1 0wy o(90)uovy, 1) by equation (2.2.11) as Wy, 0 = Uy,

= (27 (g@), 1) asug = vy = 1

Case 3(iv): m =0,n =1 and r > 2.

Apply «,

0,9,1)
= (07 U()_lgvla 1)
:(ngvl) aSU():Ul:l

then restrict in G(0),

(r|(0,g,1)) = (r,g0", 7+ 1).

Restrict in G(6, a),
(T|(O, g, 1)) = (7’, w()j;—l(gewwl,rfla T+ 1)
then apply « using (2.2.12),

(r,wo’}fl(gy)wl,r,l, r+1)a

= (r, wlm_gwai_l(g@’”)wlm_lwl—;_l, r+41).
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Now,
-1 o 1
Wir—2Wy 1 =
and
—1
Wipawy ;g = 1.
Therefore,

(7, wi 2wy 1 (90" w1 awi,_y, v +1) = (r, 90", 7 + 1)

Case 3(v): m=0,n=1and r = 1.
Apply a,
(0,9,1)a=(0,9,1)

then restrict in G(0),
(1/(0, 9, 1)) = (1, 96,2).

Restrict in G(6, a),

(1](0,9,1))
- (17 w()_,é (ge)wl,(b 2)

= (1, (g0)w1,2) aswoo = ug = 1

then apply «,

(1’( )wl 05 )

= (1,vy (g@)wl 0U2,2)

= (1, 1g0w, 0w10,2) by equation (2.2.11)andasv; =1
= (1,

(99),2)
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Case 3(vi): m=1,n=1 and r > 2.

Apply «,

(1,9,
= (171)1_19’017 1)
=(1,1¢1,1) asv; = 1

=(1,9,1)

then restrict in G(0),

(rl(1,9,1)) = (r,g6" ", 7).

Restrict in G(6, a),
(r(1,9,1)) = (r,wi,_5(g0" wir—a,7)
then apply « using (2.2.12),

(rawi, s (90" wi s, )
= (r,wi 0wy, o(g0" Wy swy )}y, 7)

= (r, g@r_l, T).
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