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Abstract

This thesis focuses on semidirect and Zappa-Szép products in the context of semigroups and
monoids. We present a survey of direct, semidirect and Zappa-Szép products and discuss
correspondence between external and internal versions of these products for semigroups and
monoids.

Particular attention in this thesis is paid to a wide class of semigroups known as restric-
tion semigroups. We consider Zappa-Szép product of a left restriction semigroup S with
semilattice of projections E and determine algebraic properties of it.

We prove that analogues of Green’s lemmas and Green’s theorem hold for certain semi-
groups where Green’s relations R, L,H and D are replaced by 7A€E,£~E,7A-[E and Dg. We
show that if Hp is a congruence on a certain semigroup S, then any right congruence on the
submonoid ﬁg (the H p-class of e), where e € F, can be extended to a congruence on S. We
introduce the idea of an inverse skeleton U of a semigroup S and examine some conditions
under which we obtain skeletons from monoids . We focus on a result of Kunze [37] for the
Bruck-Reilly extension BR(M, 6) of a monoid M, showing that BR(M,#) is a Zappa-Szép
product of N° under addition and a semidirect product M x N°. We put Kunze’s result in
more general framework and give an analogous result for certain restriction monoids.

We consider the \-semidirect product of two left restriction semigroups and prove that it
is left restriction. In the two sided case using the notion of double action we prove that the
A-semidirect product of two restriction semigroups is restriction.

We introduce the notion of (A, T')-properness to prove the results analogous to McAlister’s
covering theorem and O’Carroll’s embedding theorem for monoids and left restriction monoids
under some conditions.

We extend the notion of the A-semidirect product of two restriction semigroups S and T
to develop A-Zappa-Szép products and construct a category. In the special case where S is a
semilattice and 7T is a monoid we order our category to become inductive and thus obtain a

restriction semigroup via the use of the standard pseudo-product.
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Preface

In this thesis we study the decomposition of semigroups and monoids into semidirect and
Zappa-Szép products. Zappa-Szép products perhaps first appeared in the work of Neumann
for groups in 1935 [56]. The Zappa-Szép product is a natural generalisation of the semidirect
product of groups, whereas, the semidirect product is a natural generalisation of the direct
product of groups. In the direct product of groups both factors are required to be normal,
whereas in semidirect products this strong condition is replaced by the weaker condition that
only one factor is required to be normal. More generally, in Zappa-Szép products, neither
of the factors is required to be normal. These products have been studied from different
points of view and under different names since 1935. The concept of Zappa-Szép products
for semigroups was developed by Kunze [37] who used the terminology bilateral semidirect
products for Zappa-Szép products. We provide a detailed historical background of these
products in Chapter 3.

We give the basic definitions and results related to regular and inverse semigroups in
Chapter 1. We also provide a brief introduction to non-regular classes of semigroups such as
abundant, weakly abundant, adequate, weakly adequate, ample and weakly ample semigroups
and their one-sided versions.

In Chapter 2 we provide introductory material of restriction semigroups. Restriction
semigroups are a wide and natural class of semigroups to consider. Restriction semigroups
and their one-sided versions have been studied from various points of view under different
names for more than 40 years. Left restriction semigroups are a class of unary semigroups
(that is, semigroups equipped with an additional unary operation) that are precisely the
unary semigroups isomorphic to unary subsemigroups of partial transformation semigroups
PT x where the unary operation T takes a transformation « to the domain of a. Restriction
semigroups are the two-sided version possessing a second unary operation a — a*. We shall
provide the definition of restriction semigroups as a class of algebras defined by identities.

We shall look at the natural partial order on (left) restriction semigroups and provide the
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results related to this partial order to be used later in the thesis. In subsequent sections of
this chapter we recall definitions of categories, inductive groupoids and inductive categories.
We discuss the famous Ehresmann-Schein-Nambooripad Theorem that explains the category
theoretic connection between inverse semigroups and inductive groupoids. We survey some
results of Lawson from [33], that establish a connection between restriction semigroups and
inductive categories.

Chapter 3 is a survey on direct, semidirect and Zappa-Szép products. We present a
detailed historical background to Zappa-Szép products. We then discuss uniquely factorisable
semigroups and monoids. We know from [7, Lemma 3.4] that if a semigroup U is uniquely
factorisable as U = ST, then there is an idempotent e € S NT which is a right identity for
S and a left identity for 7. We provide an alternative proof for this result.

Zappa-Szép products are a natural generalisation of semidirect products whereas semidi-
rect products generalise direct products. Therefore in the next section of Chapter 3 we discuss
direct products. We give definitions of the internal and external direct products of monoids
and semigroups. We see that the internal direct products of monoids are isomorphic to the
external direct products of monoids and vice versa. We notice that for semigroups there is
not such a complete correspondence between internal and external direct products as exists
for monoids. When we consider the internal direct product U = ST of semigroup U with
subsemigroups S and 7', then we notice that there is an element e € S N'T" which becomes
the identity of S and 7" and hence of U. Thus U is forced to be a monoid with submonoids S
and T which by the previous result is isomorphic to an external direct product of monoids.
Naturally our next step is to see what happens if we consider an external direct product
of semigroups. We see that it is not immediate to obtain an internal direct product from
an external direct product of semigroups, but we can use Preston’s techniques from [64] for
semidirect products to overcome this difficulty.

In the subsequent sections, we discuss equivalence between external and internal versions
of semidirect and Zappa-Szép products of semigroups and monoids. There is a correspondence
between external and internal semidirect and Zappa-Szép products of monoids, but this is not
true for semigroups in general. We discuss the conditions under which we get an equivalence
for semidirect and Zappa-Szép products of semigroups. We discuss some known results
that describe the correspondence between external and internal semidirect and Zappa-Szép
products of monoids and consider why such a correspondence for semigroups does not exist.
Under some conditions, we prove that we can find an equivalence between the external and
internal versions of these products for semigroups.

In Chapter 4, we discuss algebraic properties of the Zappa-Szép product E 1 S of a
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left restriction semigroup S with a semilattice of projections E. We determine the set of
idempotents of F < .S. We know that E xS itself is not left restriction but we prove that
we can find a subset 7" of E 0 .S which is left restriction. We notice that if S is also right
restriction, then 7' is not always right restriction because, in particular we cannot always
find a right identity of an element in 7. Our results can be immediately applied to inverse
semigroups. We characterise generalised Green’s relations for Zappa-Szép products of certain
monoids and semigroups.

Our main work starts in Chapter 5. The contents of Chapter 5 have already appeared
in a joint paper with Victoria Gould [30]. In this chapter, we study semigroups possessing
E-regular elements, where an element a of a semigroup S is E-regular if a has an inverse
a® such that aa®,a°a lie in E. In Section 5.1, we prove that under certain circumstances
Ry and L behave like R and L; in general, however, they do not. We show that where
S possesses ‘enough’ (in a precisely defined way) E-regular elements, analogues of Green’s
lemmas hold, where Green’s relations R, L, H and D are replaced by 75};, EE, Hp and Dp.
With some extra conditions on our semigroup we also have an analogue of Green’s theorem.
Namely, we show that under these conditions, if aHp a?, then ﬁg, the H p-class of a, is a
monoid with identity from FE.

In Section 5.2 we show that if Hp is a congruence on a certain semigroup S, then any
right congruence on the submonoid ﬁ%, where e € E, can be extended to a congruence on
S. We also have a result for two sided congruences, with some further restrictions on S. We
stress that for regular semigroups with £ = E(S) we have Kr = K* = K, so our results can
be immediately applied to maximal subgroups of regular semigroups.

In Section 5.3 we introduce the idea of an inverse skeleton U of a semigroup S. Here U
is an inverse subsemigroup of E-regular elements, such that £ C U and U intersects every
H -class exactly once (it follows that E = E(U)). We examine some conditions under which
we obtain skeletons from monoids having a particular submonoid L of the £pg-class of the
identity. A monoid with such a submonoid L is called special. Our most complete results
are for restriction monoids in Section 5.4, where we focus on a result of Kunze [37] for the
Bruck-Reilly extension BR(M, ) of a monoid M, showing that BR(M,0) is a Zappa-Szép
product of N° under addition and a semidirect product M x N° Certainly BR(M, ) is
special, with L isomorphic to N°. We put Kunze’s result in more general framework and
prove in particular that a special Dg-simple restriction monoid can be decomposed in an
analogous way. Again, our results apply immediately to inverse monoids.

We study the A-semidirect product of restriction semigroups in Chapter 6. It is well

known that, in general, the semidirect product S x T' of two inverse semigroups S and T
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need not be inverse. To overcome this, Billhardt introduced the concept of a A-semidirect
product S x* T [4]. The A-semidirect product of two inverse semigroups is again inverse.
Further, Billhardt generalised this result to the left ample case, where one component is a
semilattice [5] (but he indicated that it would work for any two left ample semigroups). Again
in this special case, this was extended further to the A-semidirect product of a semilattice
and a left restriction semigroup by Branco, Gomes and Gould [6]. We complete the picture
to show that if S and T are restriction semigroups, then so is S x* T subject to certain
conditions on the actions.

We first consider the A-semidirect product S x* T of two left restriction semigroups S and
T and following Billhardt’s constructions prove that it is again left restriction. In the two
sided case, it is not straightforward that the A-semidirect product S x* T' of two restriction
semigroups S and 7' is also right restriction. It turns out that we need both a left and a right
action of T on S (given that restriction semigroups do not possess a natural involution in the
way that groups and inverse semigroups do). This notion of double action was introduced in
[24] to determine the structure of the free ample monoids. We present two proofs that the A-
semidirect product of two restriction semigroups is also right restriction. First a direct proof
and second, by using the correspondence between the category of restriction semigroups and
that of inductive categories.

In Chapter 7 we present structure theorems for certain monoids and left restriction
monoids analogous to the approach for proper inverse semigroups. The well known McAlis-
ter’s P-theorem [52] for proper (E-unitary) inverse semigroups is important due to McAlis-
ter’s other major result that every inverse semigroup has a proper cover [51]. The P-theorem
determines the structure of all proper inverse semigroups and has many important conse-
quences such as O’Carroll’s embedding theorem [59]. In Section 7.1, we give basic definitions
of proper and proper covers in the context of inverse semigroups. We then define a P-
semigroup and state McAlister’s P- theorem and its consequences. McAlister’s work has
been extended for left ample, weakly left ample and left restriction semigroups. We give
results for left restriction semigroups analogous to McAlister’s theory in Section 7.2.

In Section 7.3, we consider a monoid S such that S = AT for submonoids A, T, where
T acts on A (as a semigroup) satisfying a condition (LAC) analogous to the left ample
condition and introduce the notion of (A, T')-properness. We notice that our notion of (A, T')-
properness generalises the notion of a proper left restriction semigroup. We then show how
to construct an (A, T')-proper monoid from a semidirect product in Section 7.4 and state our
covering theorem for (A, T)-proper monoids. As a second step in this section we present the

embedding theorem for (A, T')-proper monoids subject to certain conditions.
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In the final section of Chapter 7, we consider a left restriction monoid S with submonoids
A, T such that S = AT, where T acts on A as a monoid by (2,1)-endomorphisms. We consider
the A-semidirect product of A by T to prove the results analogous to those in Section 7.4
for left restriction monoids. We adopted the notion of (A, T)-properness for left restriction
monoids from Section 7.4 and under certain conditions prove the covering and embedding
theorems for left restriction monoids.

In Chapter 8, we consider the A\-Zappa-Szép products of two restriction semigroups. The
Zappa-Szép product of two restriction semigroups is not restriction in general. This is even
the case for the Zappa-Szép product of two inverse semigroups. If Z = S T is a Zappa-
Szép product of two inverse semigroups S and 7', then it is known that by picking a certain
subset Bu(Z) of Z = S > T, B(Z) is a groupoid under the restriction of the product in
Z. In the special case where S = E a semilattice and T' = G a group, this groupoid can be
ordered to become inductive thus yielding an inverse semigroup via the use of the standard
pseudo-product. These constructions are due to Gilbert and Wazzan [25]. We refer to this
as the A-Zappa-Szép product of S and 7T

We extend the concept of the A-Zappa-Szép product of inverse semigroups to the A-
Zappa-Szép product of restriction semigroups. In Section 8.1, we give results for the \-
Zappa-Szép product of inverse semigroups from [77]. We then present a comparison between
the inverse and restriction cases in Section 8.2 and discuss the technical difficulties arising
in the restriction case. We consider the Zappa-Szép product Z = S 1 T of two restriction
semigroups S and 7" and define two new actions of S and T on each other. We emphasise
here that these new actions do not satisfy Zappa-Szép axioms. We then pick a certain
set of pairs Vio(Z) of Z and observe that if S and T are inverse semigroups regarded as
restriction semigroups in the usual way, then By (Z) = Viq(Z). In Section 8.3, we give Vi (Z)
the structure of a category. To obtain a restriction semigroup, we consider the Zappa-Szép
product of a semilattice and a monoid. In this special case we order our category to become
inductive and use the equivalence of categories between restriction semigroups and inductive

categories to obtain a restriction semigroup.
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Chapter 1

Regular, inverse, (weakly) abundant,
(weakly) adequate semigroups and

assoclated classes

In this chapter we provide definitions of Green’s and generalised Green’s relations. We give
a brief introduction to regular and inverse semigroups. We explain how generalised Green’s
relations may be used to define the classes of non-regular semigroups given in the title to

this chapter.

1.1 Green’s relations, regular and inverse semigroups

Green’s relations are five equivalence relations that characterise the elements of a semigroup
in terms of the principal ideals they generate.
Let S be a semigroup and a € S. Given that S need not be a monoid, it is not always
true that
a€aS={as:se S}

To overcome this problem, we need to consider the notion of adjoining an identity.
Let 1 be a symbol not in S. We extend the binary operation in S to S U {1} by defining

ls=s=slforallse€ S and 11 = 1.



Then S U {1} becomes a monoid with identity 1. We write

g1 S If S has an identity element (L1)
SU{1} otherwise. '

We say that S! is the monoid obtained from S by adjoining an identity if necessary. We also
put S = SU{1} and say that SO is the monoid obtained from S by adjoining an identity.
We see that
aS' = aS U {a}

so that a € aS'. Note that aS? is a subset of S and so will not contain an adjoined identity.
Precisely aS?! is the smallest right ideal of S containing a, known as the principal right ideal
of S generated by a. Dually S'a = SaU {a} is a subset of S and will not contain an adjoined
identity. Then S'a is the smallest left ideal of S containing a, known as the principal left
ideal generated by a. Also

StaS' = SaSU SaUaS U {a}

is a subset of S which will not contain an adjoined identity and is the smallest two sided
ideal of S containing a, known as the principal ideal generated by a.
The relations <z, <, and <; depend on the principal ideals mentioned above and are

defined on a semigroup S as follows: for any a,b € S
e a<gbif and only if aS* C bS*;
e a <, bif and only if S'a C S'b;
e a<;bif and only if StaS* C S'bS?.

It is easy to check that <z, <, and < are pre-orders (quasi-orders) on S, that is, relations
that are reflexive and transitive. We denote the associated equivalence relations by R, £ and

J, respectively. Thus for any a,b € S
e aRb if and only if aS! = bS*;
e aLbif and only if Sta = S'b;

e a J0bif and only if S'aS! = S'bS™.

The next proposition gives an alternative characterisation of the relations R, £ and J.



Proposition 1.1.1. [34] Let S be a semigroup and a,b € S. Then
(i) a R b if and only if there exists x,y € S* such that ax =0, by = a;
(ii) a Lb if and only if there exists u,v € S* such that ua = b, vb = a;
(1ii) a J b if and only if there exists x,y,u,v € S such that xay = b, ubv = a.

We note that <g is left compatible, as if a,b,c € S and a <z b, then aS' C bS*, and so
caS* C ¢bS!, that is, ca <g cb. Dually, <, is right compatible. The following two lemmas
give important properties of R and L, the first follows from the observation concerning the

compatibility properties of <r and <.

Lemma 1.1.2. [35] Let S be a semigroup. The relation R is a left congruence and L is a

right congruence.
Lemma 1.1.3. [35] Let S be a semigroup. The relations R and L commute.

The relations H and D are derived from R and L by letting H = RN L be the intersection
and D =RV L be the join of R and L. These equivalence relations R, £, J, H and D are
called Green’s relations [31]. As these are equivalence relations on S, each of them yields a
partition of S. The R-class of a is denoted by R, and similarly for other relations. In view

of Lemma 1.1.3, we have

D=RoL=LoR.

It is convenient to visualise a D-class as an ‘egg box’ in which each row represents an R-class,

each column represents an L-class and each cell represents an H-class.

R, a

b
Ly

Figure 1.1: D-class

The structure of D-classes helps to determine the properties of a semigroup. The following
important lemma, known as Green’s Lemma, tells us that every R-class and every L-class in
a D-class has the same size. We first explain the maps restricted to particular domains used
in this lemma, known as right translations and left translations.

Let S be a semigroup and s € S. A right translation of S is a map ps : S — S defined by

xps = xs forany z € S.

3



Dually, a left translation is a map A, : S — S such that
yA =ty for any y € S.

Green’s Lemma. [34] Let S be a semigroup and a,b € S. Suppose that aDb.
(1) If aRDb, let s,s" € S be such that

as = b, bs' = a.

Then the right translations ps : L, — Ly and py : Ly, — L, are mutually inverse R-class
preserving bijections.

(2) If a Lb, let t,t' € S be such that
ta=>b, t'b = a.

Then the left translations Ay : R, — Ry and Ay : Ry, — R, are mutually inverse L-class

preserving bijections.

A consequence of Green’s Lemma is that if a, b are any D-equivalent elements in a semi-
group S, then |H,| = |H,|.

The following theorem, known as Green’s Theorem, is of considerable use in Chapter 5.

Green’s Theorem. [34] Let S be a semigroup. Then the H-class of an element a € S is a

subgroup of S if and only if aH a®.
Definition 1.1.4. An element a of a semigroup S is called idempotent if a = a®.

Given a semigroup S, we denote by E(S) its set of idempotents and we often use E to
denote a subset of E(S).
A consequence of Green’s Theorem is that if e is an idempotent in .S, then H, is a subgroup

of S and no H-class in .S contains more than one idempotent.

Definition 1.1.5. Let S be a semigroup. An element a of S is called regular if there exists
x in S such that a = axa.

A semigroup S is regular if all of its elements are regular.

We denote the set of all regular elements in a semigroup S by Reg(5).



If a is a regular element of S with a = axa, and if b € R, then there exist u,v € S* such
that b = au, a = bv. Then

b = au = arau = axb = b(vz)b

and so b is regular. The dual argument applies to any element in L, and hence we have the

following proposition.

Proposition 1.1.6. [34] If a is a regular element of a semigroup S, then every element of

D, is reqular.

Thus every element in a D-class D is regular or no element of D is regular. We say that
a D-class is regular if all of its elements are regular and non-reqular otherwise.

If a is a regular element of S with a = axa, then clearly ax and xa are idempotents and
axRalLl xa.

We conclude that in a regular D-class each R-class and each L£-class contains an idempotent.

Definition 1.1.7. An element o’ € S is said to be an inverse of a € S if
a=ada and d = dad.

We denote the set of inverses of an element a € S by V(a). We notice that an element
with an inverse is necessarily regular, as a regular element necessarily has an inverse for if a

is regular element with a = axa, then by defining o’ = zax, we see that
ad'a = arara = ara = a
and
d'ad’ = (rvax)a(rar) = x(axa)rar = raver = rax = d,

and hence o' is an inverse of a.

The following theorem is very useful to understand the structure of regular D-classes.

Theorem 1.1.8. [34] Let a be an element of a regular D-class D in a semigroup S.
(1) If a’ is an inverse of a, then o’ € D and the two H-classes R, N Ly, Ly N Ry contain

respectively the idempotents aa’ and d'a.



(2) If b € D is such that R, N Ly and L, N Ry contain idempotents e, f, respectively, then
Hy contains an inverse a' of a such that aa’ = e and a'a = f.

(8) No H-class contains more than one inverse of a.

Theorem 1.1.8 and its following easy consequence will be of considerable use in Chapter
5.

Proposition 1.1.9. [34] Let e, f be idempotents in a semigroup S. Then e D f if and only

if there exists an element a € S and an inverse a' of a such that aa’ = e and a'a = f.

Definition 1.1.10. A semigroup S is said to be inverse if each element a € S has exactly

one inverse.

We will denote the unique inverse of a in S by a*.

An inverse semigroup is clearly regular, but the converse is not necessarily true.

Definition 1.1.11. A semigroup S is called a semilattice if all elements of .S are idempotents
and ab = ba for all a,b € S.

We now explain the concept of a lower semilattice and see that the notion of ‘lower

semilattice’ and ‘semilattice’ are equivalent and interchangeable.
Definition 1.1.12. Let (X, <) be a partially ordered set and let Y be a non-empty subset
of X. An element ¢ € Y is said to be a lower bound of Y if

c<y forallyeY.

If the set of all lower bounds of Y is non-empty and has a maximum element [, then we say
that [ is the greatest lower bound, or meet of Y. The element [ is unique if it exists and we

write

l=NMy:yeY}

Definition 1.1.13. A lower semilattice is a partially ordered set (X, <) such that a Ab exists
for all a,b € X.

In a lower semilattice (X, <) we have that
a <b if and only if a Ab=a for all a,b € X.

We see in the following proposition that the notion of ‘lower semilattice’ coincides with

‘semilattice’.



Proposition 1.1.14. [34, Proposition 1.3.2] Let (E, <) be a lower semilattice. Then (E,N)

s a semilattice and
a <bif and only if a Nb=a for all a,b e E.
Conversely, suppose that (E,-) is a semilattice. Then the relation < on E defined by
a < b if and only if ab = a

is a partial order on E, with respect to which (E, <) is a lower semilattice and the meet of
a,b € E is their product ab.

The following theorem provides equivalent definitions for inverse semigroups.

Theorem 1.1.15. [35] Let S be a semigroup with set of idempotents E(S). Then the follow-
ing are equivalent:

(1) S is an inverse semigroup;

(2) S is reqular and E(S) is a semilattice;

(3) every R-class and every L-class contains exactly one idempotent;

(4) every element of S has a unique inverse.
The following proposition provides the elementary properties of inverse semigroups.

Proposition 1.1.16. Let S be an inverse semigroup with semilattice of idempotents E(S).
Then

(i) ()™t =a foralla € S;

(ii) e7t = e for all e € E(S);

(iii) (ab)™' = b"ta™! for all a,b € S;

(iv) aea™ € E(S), a~'ea € E(S) for alla € S and e € E(S).

If S is an inverse semigroup with semilattice of idempotents F(S), then the natural partial
order < on S is defined by the rule for a,b € S

a < b if and only if a = eb for some e € E(S).

This partial order on any inverse semigroup is compatible with the operations of multiplica-
tion and inverse. Several alternative characterisations of this partial order can be found in

[34]. We give one of them in the following proposition.



Proposition 1.1.17. Let S be an inverse semigroup with natural partial order < and let
a,be S. Then a < b if and only if a = bf for some f € E(S5).

If S is an inverse semigroup with semilattice of idempotents F(S), then the restriction of
< to E(S) is the usual partial order on E(S). Thus for e, f € E(S5)

e < f if and only if ef =e.

Definition 1.1.18. Let S be an inverse semigroup with semilattice of idempotents F(.S).
The relation o on S is defined by for all s, € S:

sot < es = et for some e € E(9).

The following result can be found in [45].

Theorem 1.1.19. Let S be an inverse semigroup. Then
(1) o is a congruence on S;
(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.

The congruence o is called the minimum group congruence.

From now onwards we assume that the reader is familiar with inverse semigroups and
knows the early development made by Preston [61, 62, 63].

Regular D-classes are particularly well understood, given that the left and right trans-
lations afforded by Green’s lemmas result in Green’s theorem. For non-regular D-classes,
indeed for non-regular semigroups, an approach using Green’s relations is not always the
most appropriate. As an alternative, one can make use of the extensions K* of Green’s
relations K, where K € {R,L,H, D} or the yet wider relations l%E, where FE is a set of
idempotents. We define these relations and semigroups built using these relations in the next

section.

1.2 Abundant and weakly F-abundant semigroups

This section is concerned with classes of semigroups built using the relations R*, L£*, R and

L. Such semigroups do not have to be regular.



Definition 1.2.1. Let S be a semigroup. We define the relations <z- and </« on S by the
rule that for any a,b € S

a <g» b if and only if a <% b in some oversemigroup of .S
and
a <+ b if and only if a <, b in some oversemigroup of S,
where <r and <, are defined in Section 1.1.
The following lemma gives an alternative characterisation of relations <. and <.

Lemma 1.2.2. [18] Let S be a semigroup. Then the following statements are equivalent:
(Z) (CL,b) € <g- ((a7 b) S Sﬁ*);
(ii) for all x,y € S, b = yb implies va = ya (bx = by implies ax = ay).

It follows from Lemma 1.2.2 that the relations <z and </« are pre-orders. Also <g-
is left compatible because <z is left compatible and </« is right compatible because <, is
right compatible. We denote the associated equivalence relations by R* and L* respectively.
Therefore for any a,b € S, aR*b if and only if a Rb in some oversemigroup of S. The
relation £* is defined dually. Clearly R* is a left congruence and L* is a right congruence.

The following corollary gives an equivalent formulation of relations R* and L*.

Corollary 1.2.3. [18] Let S be a semigroup. Then the following statements are equivalent:
(1) (a,0) € R* ((a,b) € L);
(ii) for all x,y € S', xa = ya if and only if xb = yb (ax = ay if and only if bx = by).

We note that an idempotent e of S acts as a left identity for its R*-class and a right
identity for its L£*-class. Also note that R C R* and £ C L*. A useful observation is that

unlike Green’s relations, the relations R* and £* need not commute.
Lemma 1.2.4. Let S be a reqular semigroup. Then R =R* and L = L*.

Proof. We have to show that R* C R and £* C L . For this let a,b € S and a R*b. Then
ra = ya if and only if 2b = yb for all z,y € S*.
As S is regular, we have a = asa and b = btb for some s,t € S. Therefore

la = asa = b = asb and b = btb = a = bta.



Hence a R b and thus R = R*. Dually, £ = L*. m

Following the conventions for Green’s relations, the intersection of R* and L£* is denoted
by H* and their join by D*. We denote the R*-class of an element a by R} and similarly for

other relations.

Definition 1.2.5. Let S be a semigroup with set of idempotents E(S). Then S is called left
abundant if each R*-class contains at least one element of E(.S).

Dually S is right abundant if each L£*-class contains at least one element of E(S).

Regular semigroups are abundant as in this case R* = R and £L* = L. The relations
R*, L*, H* and D* play an important role in the theory of abundant semigroups which is to
some extent analogous to that of Green’s relations in the theory of regular semigroups.

If S is an abundant semigroup and a € S, then we denote idempotents in the R*-class
and L*-class by a®™ and a*, respectively. Note that it is not necessary for a™ and a* to be
unique.

A left (right) abundant semigroup S is said to be left adequate (right adequate) if E(S) is
a semilattice [17]. We say that a semigroup S is adequate if it is both left and right adequate.
If S is an adequate semigroup, then for any a € S, a™ and a* are unique. As if a° R*a™,

where a°,a™ € E(S), then as idempotents are left identities for their R*-classes,

Definition 1.2.6. A left adequate semigroup is said to be left ample if if for all a € S and
e € E(9), the left ample condition holds, that is:

(ae)Ta = ae.

Dually, we have right ample semigroups where S is a right adequate semigroup and for all
a € Sandeec E(S):

a(ea)” = ea.
We say that a semigroup S is ample if it is both left and right ample.
In particular, an inverse semigroup is ample, where a* = aa~! and a* = o 'a.
Definition 1.2.7. Let S be a semigroup and let £ be a non-empty subset of F(S) which we

call a distinguished set of idempotents. The relations <z and < 7. on S are defined by the
E E
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rule that for all a,b € S we have a<z b if and only if

{e€e E:eb=0b} C{ec F:ea=a}
and aSZEb if and only if

{e€ E:be=b} C{ec E:ae=a}l.

It is clear that <R, and < F, are pre-orders on S. The associated equivalence relations
are denoted by Rg and Lg, respectively. Thus for any a,b € S we have a Rg b if and only if
a and b have same set of left identities in £ and a Lg b if and only if @ and b have same set
of right identities in FE.

Note that any e € E is a left (right) identity for its R g-class (Lg-class). Because, if a € S
and a R e, then since e € F,

ee =e = ea = a.
In fact we can say more about it as we see in the following lemma.

Lemma 1.2.8. [44] Let S be a semigroup and E C E(S). Ifa € S and e € E, then aRpe
(aLge) if and only if ea = a (ae = a) and for all f € E,

fa=a= fe=e€ (af =a=ef =e).

It is easy to see that R C R* C 7A2/E and £L C L* C EE If S is regular and E = E(S),
then the foregoing inclusions are replaced by equalities. More generally, if e, f € E then
eRp fifand only if e R f and e L f if and only if e £ f. In general, however, the inclusions
are strict.

We note that E does not necessarily have to be the whole of E(S) but at times we
consider the case when E = E(S). If E = E(S), then we use R and £ instead of R and
Lr, respectively. Certainly, R CRpand L C Ly for any ' C E(S).

Following the usual practice for the relations R* and L*, we denote idempotents in the
R p-class and Lp-class of an element a by at and a*, respectively. Note that a™ and a* are
not unique unless F is a semilattice. We note that for any distinguished idempotents a* and

a* in Rp-class and £p-class of a respectively, we have that

ata =a and aa* = a.
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Unlike R and R*, the relation R need not be a left congruence; of course the dual remark
is also true. We say that S satisfies the Congruence Condition (C) with respect to E (or,
more simply, S satisfies (C)) if Ry is a left congruence and L is a right congruence. A
second observation is that, as is the case with R* and L£*, the relations Ry and L need not
commute. We denote by Hp and Dp the intersection and join of Re and Lp respectively.
Note that from the previous remark, it is not usually the case that D 5= ﬁE ol B = L B O7A€E.

Deviating slightly from standard terminology, we will denote the R p-class (ZE—class,
Hp-class, Dp-class) of any a € S by R% (L%, H%, D%).

The next remark is folklore, but worth stating as a lemma.
Lemma 1.2.9. If S satisfies (C), then ﬁﬁ; is a monotid with identity e, for any e € F.

Proof. Let x,y € ﬁg Then as L is a right congruence, we have
tLpe=aylpey=yLpe

so that zy Lpe. Also as Ry is a left congruence, we have
yRpe= ryRpze =z Rge.

Thus zy € ﬁ% It is clear that e is an identity for all elements in ﬁg Hence ﬁg is a monoid
with identity e. O]

Definition 1.2.10. Let S be a semigroup with distinguished set of idempotents E. Then §

is called weakly E-abundant if every Rp- and every Lp-class of S contains an element of E.

Clearly a regular semigroup S is weakly FE(S)-abundant; on the other hand, any monoid
is weakly {1}-abundant. A less extreme example is M, (R), the monoid of n x n matrices
over a principal ideal domain, under matrix multiplication [19]. In such a monoid we have
Rp = R* and Ly = L* where F = E(Mn(R)), and further, every H*-class contains a
regular element.

If the distinguished set of idempotents E in a weakly E-abundant semigroup S is the
whole set of idempotents E(S), then S is called weakly abundant semigroup.

Definition 1.2.11. A weakly F-abundant semigroup is said to be weakly E-adequate if E is

a semilattice.

Lemma 1.2.12. Let S be a weakly E-adequate semigroup. Then there is a unique idempotent
in the 7A'\’,/E- and Lg-class ofa € 8S.

12



Proof. For e, f € E, let aRpe and aﬁEf. Then eﬁEf. Now as ee = e and ff = f,

therefore ef = f and fe = e and so

e=fe=ef=F.

Hence there is a unique idempotent in the R p-class of a. Dually, there is a unique idempotent

in the ZE—class of a. O

If the distinguished set of idempotents F is the whole set of idempotents in a weakly

FE-adequate semigroup S, then S is called a weakly adequate semigroup.

Definition 1.2.13. A weakly adequate semigroup S is said to be weakly ample if S satisfies
C and for all a € S and e € E(S),

J’_

ae = (ae)"a and ea = a(ea)”.

Of course one can give one-sided version of above definition as well, that is we say that S
is weakly left ample if R is a left congruence and left ample condition holds. Dually we have

the notion of weakly right ample semigroups.
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Chapter 2
Restriction semigroups and categories

In this chapter we shall provide basic definitions and results for restriction semigroups. We
then recall some definitions of categories, inductive groupoids and inductive categories. We
explain the category theoretic connection between inverse semigroups and inductive groupoids

and then between restriction semigroups and inductive categories.

2.1 Restriction semigroups

Restriction semigroups and their one sided versions have been studied from various points of
view and under different names since the 1960s. They were formerly called weakly E-ample
semigroups, to emphasize that the class naturally extends the class of ample semigroups.
The terminology weakly E-ample was first used in [21]. In the abstract definition of ‘ample’
the relations R* and L£* were replaced by the generalised relation Ry and Lp, where E
is special set of idempotents known as the semilattice of projections or, the distinguished
semilattice. The terminology restriction semigroup has been adopted due to the connection
between semigroup theory and category theory. Whereas (left, right) ample semigroups form
quasi-varieties, that is, class of algebras of a certain type defined by quasi-identities, (left,
right) restriction semigroups form varieties of algebras, where a variety is a class of algebras
of a certain type defined by identities. It is important to note that varieties are closed under
taking subalgebras, homomorphic images and direct products but quasi-varieties are not
necessarily closed under homomorphic images. For detailed studies of the basic properties of

these structures and a historical overview, the reader is referred to [24] and [28].

Definition 2.1.1. A semigroup S is called a unary semigroup if S is equipped with an

additional unary operation.
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If a semigroup S is equipped with two unary operations, then we say that S is a bi-unary

Semigroup.

An inverse semigroup S is a unary semigroup (.5, Lt ), where ~1 represents the the inverse

unary operation on S.

Definition 2.1.2. A left restriction semigroup S is a unary semigroup (.9, -," ), where (S, -)

is a semigroup and * is a unary operation such that the following identities hold:
ata=a,a" b =bTa®, (a™b)" = a’bt and ab™ = (ab)*a.

Putting £ = {at : a € S}, it is easy to see that F is a semilattice, since for a™,b" € E,
we have that a™b™ = (a™b)" € E, a™b* = btat and aTa™ = (aTa)™ = at. We also notice
that (a*)" =a™ as

(a+)+ — (a+a+)+ = (ata)t = at.

These idempotents are called projections of S and we call E the semilattice of projections
(formerly distinguished semilattice) of S.

Dually, a right restriction semigroup S is a unary semigroup (.5, -,* ), where in this case
the unary operation is denoted by * and the identities that define a right restriction semi
group are:

aa® = a, a*b* = b*a”, (ab*)* = a*b*, a*b = b(ab)”

and putting £ = {a* : a € S}, it is easy to check that F is semilattice of projections of
S. Thus left and right restriction semigroups form varieties of unary semigroups, that is,

semigroups equipped with additional unary operations * and *, respectively.

Definition 2.1.3. A restriction semigroup is a bi-unary semigroup S which is both left

restriction and right restriction and which also satisfies the linking identities
(™) =a" and (a")t =a".

I and

We remark that an inverse semigroup is restriction, where we define a™ = aa™
a* = a"'a. Also we will see that ample semigroups are restriction.

If a restriction semigroup S has an identity element 1, then it is easy to see that 17 =
1* = 1. Such a restriction semigroup is naturally called a restriction monoid and we call it

reduced restriction monoid.
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A restriction semigroup satisfies (C) (with respect to E) and is such that the Rp-class
(Lp-class) of an element a contains a unique element of E, namely a* (a*). The following

lemma provides an alternative characterisation for left (right) restriction semigroups.

Lemma 2.1.4. Let S(S,-,") be a unary semigroup. Then S is left restriction with semilattice
of projections E if and only if

(i) E is a semilattice;

(i) every Rp-class contains an idempotent of E;

(iii) the relation Ry is a left congruence and

(iv) the left ample condition holds, that is, for alla € S and e € E,

ae = (ae)ta.

The dual result holds for right restriction semigroups and the relation Lp.

Clearly left (right) restriction semigroups are weakly left (right) F-adequate, so it follows
from Lemma 1.2.12, that a* (a*) is the unique idempotent of E in the Rg-class (Lg-class)
of a.

We note the following simple condition for an element a € S to be R p-related to an

idempotent e € F:
aRpe < ea=aand forall fe F, fa=a= fe=e.

Thus it follows that at is the smallest left identity of a and we call it the minimum left
identity of a. Dually a* is the minimum right identity in the £pg-class of a.
If S and T are left (right) restriction semigroups, then we write Fg and E7 to denote the

semilattice of projections of S and T', respectively.

Definition 2.1.5. Let S and T be left restriction semigroups. A (2,1)-morphism is a map

0 : S — T which preserves both the binary operation and unary operation™.

For e € Eg, we have el € Er as
e =etf = (ef)".

If S is a left restriction semigroup with semilattice of projections F, then a natural partial
order on S is defined by the rule for a,b € S

a < b if and only if a = eb
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for some e € F. Equivalently
a < b if and only if a = a™b.

To see the equivalence we start with a = eb, where a,b € S and e € E. Then
at = (eb)" = (eb")T =eb™,

so that

a=¢eb=eb"b=a"b.

The converse is clear.
It is easy to check that < is reflexive and transitive. To see that it is anti-symmetric, let
a,be S and a < b <a. Then

a=a"band b=bta,

so that

b=bra=bTa"b=a"bTb=0a"b=a.

Hence < is anti-symmetric. Clearly, < is right compatible and restricts to the usual order on
E. To see that it is left compatible let a,b € S and @ < b. Then a = a™b, so that for ¢ € S,

ca = cath = (ca)"cb using the left ample condition.

Thus ca < ¢b and hence < is compatible.
Lemma 2.1.6. If S is a restriction semigroup, then for any a,b € S
a=eb for somee € BEg < a=a"h< a=ba* < a=>bf for some f € Es.

Proof. We have seen above that

a=¢eb<a=ath.

Dually, it is easy to check that
a=0bf & a=ba".
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Now we show that a = a*b if and only if @ = ba*. For this suppose that a = a™b. Then

a = a'b
= b(ath)* using the right ample condition

ba*.

Conversely, if a = ba*, then
a=ba" = (ba*)*b=a"b.

]

Lemma 2.1.7. Let S be a restriction semigroup. Let a,b € S. Then a < b implies that
at < bt and a* < b*.

Proof. Let a < b, so that a = a™b. Then
o = (ath)t = (a*b) = atbt

so that a™ < b". Dually, a* < b*. O

As a™ is the minimum left identity for a, the following lemma follows immediately from

17).

Lemma 2.1.8. Let S be a left restriction semigroup with partial order < and let a,b € S.
Then (ab)™ < a™.

2.2 Categories

Categories are mathematical structures first introduced by Eilenberg and Maclane in 1945
[13]. Category theory has come to occupy a central position in contemporary mathematics
and theoretical computer science and is also applied to mathematical physics. It is a theory
that allows us to compare many mathematical structures.

Categories consist of two kind of entities: object and arrows, or morphisms, between these
objects. We provide two approaches to categories, first the ‘big categories’- this is the most
standard approach- and second ‘small’ categories which are considered to be a generalisation

of monoids. The following definition of a category is from [36].

Definition 2.2.1. A category C consists of
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a class Ob(C) of objects;

a class Mor(C) of morphisms (or arrows) between the objects;

e two assignments, d and r, from Mor(C) to Ob(C). For f € Mor(C) we indicate by
f:A—B

that d(f) = A and r(f) = B. Let Mor(A, B) = Morc(A4, B) denote the set of all
morphisms between A, B € Ob(C);

e if A, B,C,D € Ob(C), then there is a binary operation
Mor (A, B) x Mor(B,C) — Mor(A,C), (f,g9) — fog,

called composition of morphisms such that if f € Mor(A, B), g € Mor(B,C) and
h € Mor(C, D), then

(fog)oh=fo(goh);

e for each A € Ob(C), there exists a morphism 1,4 € Mor(A, A) such that if B € Ob(C)
and f € Mor(A, B), then
1Aof:f:f013.

A simple example of a category is the category Set of sets. The objects of this category
are sets and the morphisms are functions from one set to another. It is important to note
that the objects of a category need not be sets (with or without additional structure) nor
the morphisms functions between these sets. In particular, a category is called a concrete
category if all objects are (structured) sets, morphisms from A to B are (structure preserving)
mappings, composition of morphisms is the composition of mappings and the identities are

the identity mappings.

Definition 2.2.2. A category C is called a small category if both Ob(C) and Mor(C) are

sets.

We now give the definition of a functor. This is a structure preserving mapping between

two categories, which allow us to compare categories.

Definition 2.2.3. Let C and C’ be categories. A functor F' from C to C’ is a pair of maps
F:0Ob(C) - Ob(C’), A— AF
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and
F : Mor(C) — Mor(C'), f— fF

which maps an element of Mor(G, H) to Mor(GF, HF)

G ------- > GF
fl fE
H------- > HF

Figure 2.1: Functor: a pair of maps

such that
(i) if 3go f in C, then (go f)F = gF o fF,
(11) for A € Ob(C), 14F = 14p.

For any category C, we denote the identity functor by /c. The identity functor assigns

each object and morphism to itself.

Definition 2.2.4. Let C and C’ be categories. Then C and C’ are isomorphic if there exists
functors
F:C—CandG:C' —C

such that F'G = 1 and GF = 1¢.
In this case we say that F' is an isomorphism from C to C’ (so G is an isomorphism from
C’ to C) and call the pair Hom(F, G) an isomorphism between C and C’. The functor G is

called inverse of F' (so F is called inverse of G).

We now give the second definition of a category which is convenient for our purposes from
[45] and [33].

Let C' be a set and let - be a partial binary operation on C. For z,y € C, whenever we
write ‘Jz-y’, we mean that the product x -y is defined, so that when we will write ‘3 (z-y)-2’,
it will be understood that we mean 3z -y and 3 (z - y) - z. We say that an element e € C' is

idempotent if de-e and e-e =e. If e is an idempotent of C' which satisfies:
de-x=e-xz=x and dz-e=2x-e =1,

then we say that e is an identity for C' and we call this identity a local identity for C.
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Definition 2.2.5. Let C = (C,-,d,r), where - is a partial binary operation on C' and
d,r: C — C such that
(C1) 3 x -y if and only if r(z) = d(y) and then

d(z-y) = d(z) and r(z-y) = r(y);
(C2) - (y-2) (so that from (C1), 3 (z-y) - 2), then

- (y-2)=(r-y)- 7

(C3) 3d(z)-zand d(z) -z =z and 3z -r(z) and z - r(x) = .

Let £ = {d(z) : € C}. It follows from the axioms that £ = {r(z) : x € C'} and C is
a small category in standard sense with set of local identities ' and set of objects identified

with E. Further, d(x) is the domain of x and r(z) is the range of x.

Small categories can be seen as generalisations of monoids as if C has precisely one object,
then all products are necessarily defined and thus C is essentially a monoid.

We make it clear that whenever we write C = (C, -, d, r) for a category C, we mean that
C is a small category, described as in Definition 2.2.5.

We now define what we mean by an ordering on our category C.

Definition 2.2.6. Let C = (C,-,d, r) be a category with set of local identities E. Let < be
a partial order on C' such that for alle € E, z,y € C:

(IC1) if 2 < y then r(z) <r(y) and d(x) < d(y);

(IC2)ifr<yand 2’ <y, Fz-2’and Jy- -y, then z -2’ <y-y;

(IC3) if e < d(z) then 3 unique .|z € C such that

Jr <z and d(.|z)=c¢;
(IC4) if e < r(z) then 3 unique z|. € C such that
zle <z and r(z|.) =e.

We then say that C = (C,-,d,r, <) is an ordered category.

The element .|z of Condition (IC3) is called the restriction of = to e and the element z|,

of Condition (IC4) is called the co-restriction of = to e.
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If C is an ordered category with set of local identities E, then for e, f € E, we denote
the greatest lower bound (meet) of e and f, where it exists, by e A f.

Definition 2.2.7. Let C = (C,-,d,r, <) be an ordered category. Then C is an inductive
category if (IC5) holds:
(IC5) (E, <) is a meet semilattice.

Definition 2.2.8. A functor between two ordered categories is said to be ordered if it is
order preserving. An ordered functor between two inductive categories is said to be inductive

if it preserves the meet operation on the set of identities.

There is a category theoretic connection between inductive categories and restriction
semigroups, but before explaining this we would like to explain the corresponding category
theoretic connection between inverse semigroups and inductive groupoids as restriction semi-

groups generalise inverse semigroups in a natural way.

2.3 Inverse semigroups and inductive groupoids

Lie studied infinite continuous groups in the 1880s which are not groups at all but merely
group-like, called Lie pseudogroups [48, 49]. Veblen and Whitehead generalised this structure

to what they termed as pseudogroups to describe symmetries in differential geometry [76].

Definition 2.3.1. [76, p. 38] A pseudogroup T" is a collection of partial homeomorphisms
between open subsets of a topological space such that I' is closed under composition and

inverses, where «, § € I are composed if im @ = dom f.

Inverse semigroups were only one solution to the problem of finding an abstract charac-

terisation for pseudogroups. If in a pseudogroup, the composition
dom a3 = [im o N dom Bla™!

is given, then it is just an inverse semigroup of homeomorphisms between open sets of a
topological space.

Ehresmann found a second solution to the problem of finding an abstract characterisation
for pseudogroups starting from a different definition of the composition of partial bijections.
Ehresmann noticed that a pseudogroup has the structure of an ordered groupoid with the

obvious partial order of restriction of mappings, where an ordered groupoid is essentially an
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ordered category in which all arrows are invertible. As a second step Ehresmann imposed
extra conditions on ordered groupoids and studied the so called inductive groupoids. Ehres-
mann’s category theoretic work began in [14]. The reader is referred to [45] for more details

on Ehresmann’s work. We now recall the full definition of an inductive groupoid.

Definition 2.3.2. An inductive groupoid is an inductive category C = (C, -, d, r, <) in which
the following conditions hold:
(IG1) for each x € C, there is an z7! € C such that 3z - 2~! and 27! - z, with

r-r ' =d(z)and 27"z = r(2).

(IG2) x < y implies 7! < y~! for all z,y € C.

Thus all elements are invertible in an inductive groupoid. The next proposition justifies

the introduction of inductive groupoids in the context of inverse semigroups.

Proposition 2.3.3. [45, Proposition 4.1.1] Let S be an inverse semigroup. Then (S,-,d,r, <)

1

is an inductive groupoid, where d(a) = aa™', r(a) = a~'a and < is the partial order on S.

We refer to - as the restricted product on S':
a-b=ab (the product in S) when r(a) = d(b)

Thus an inductive groupoid can be constructed from an inverse semigroup. Conversely,
to construct an inverse semigroup from an inductive groupoid, we need the notion of pseu-
doproduct which was defined by Ehresmann [14, 15] as follows:

Let GG be an inductive groupoid and let x,y € G. Then the pseudoproduct x ® y of z and
y is defined by:

@Y = (T|a@nre) (d@arw)|Y)-

Note that the pseudoproduct is everywhere defined in an inductive groupoid.

The connection between inverse semigroups and inductive groupoids was made explicit
by Schein who proved that to any inverse semigroup there corresponds an inductive groupoid
and vice versa [69, Theorem 3.4]. Later Nambooripad made his contributions to generalise
Schein’s results to the regular case [55] and put Schein’s results in the context of an iso-
morphism between categories. These results were gathered together in a single theorem by
Lawson in [45], who named it The Ehresmann-Schein-Nambooripad theorem to reflect the

diverse origin of its various components. For the definition of prehomomorphisms the reader
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is referred to [45]. Inverse semigroups and semigroup homomorphisms form a category (of

the first kind) as do inductive groupoids and inductive functors.

The Ehresmann-Schein-Nambooripad Theorem. The category of inverse semigroups
and prehomomorphisms is isomorphic to the category of inductive groupoids and ordered
functors; and the category of inverse semigroups and homomorphisms is isomorphic to the

category of inductive groupoids and inductive functors.

2.4 Restriction semigroups and inductive categories

The connection between inverse semigroups and inductive groupoids raised natural questions
to seek generalisations for classes such as ample semigroups which naturally generalise inverse
semigroups. The Ehresmann-Schein-Nambooripad theorem received a succession of general-
isations the first of these due to Armstrong [2]. She used the ‘structure mappings’ technique
of Meakin [53] to study ample semigroups by considering mappings between R*- and L£*-
classes and extended the Ehresmann-Schein-Nambooripad theorem to ample semigroups and
cancellative categories.

Lawson made two further generalisations of the Ehresmann-Schein-Nambooripad theo-
rem. The first of these was to the case of weakly ample semigroups and inductive unipotent
categories [43] and the second was to the case of restriction semigroups (weakly E-ample
semigroups) and arbitrary inductive categories [44]. For a detailed survey, the reader is
referred to [33] in which Hollings presented a complete historical overview of connection be-
tween semigroups and categories. Theorem 4.7 of [29] put all of these results into a general
picture. We now list some results of Lawson [44] that were presented by Hollings [33] in
terms of restriction semigroups.

The following theorem tells how to obtain inductive categories from restriction semi-

groups.

Theorem 2.4.1. [33, Theorem 7.2.4] Let S be a restriction semigroup. Then
(S,-,d,r, <) is an inductive category with set of local identities E, where d(a) = a® and
r(a) = a* and < is the natural partial order on S. We refer to - the restricted product on S

as follows:
a-b=ab (the product in S) when r(a) = d(b).

The restriction |a in this inductive category is just the product ea in S, because ea < a

and (ea)t = (eat)™ = e. Similarly the co-restriction a|. = ae and e A f = ef.
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The pseudoproduct in an inductive category C defined by

a® b= (ala@nr®))(d@nrr®)|b)

is everywhere defined in C and coincides with the restricted product - in C (see [33]). Now
we can get a restriction semigroup from an inductive category as we see in the following

theorem.

Theorem 2.4.2. [33, Theorem 7.2.6] If (C,-,d,r, <) is an inductive category, then (C,®)

1S a restriction semigroup.

Let S be a restriction semigroup and following the notation of [33], we will denote the
inductive category associated to S by C(S). Also if C' is an inductive category, then S(C)
will denote the restriction semigroup associated to it. Now we can write the following result
from [33, Theorem 7.2.7].

Theorem 2.4.3. Let S be a restriction semigroup and C' be an inductive category. Then
S(C(S)) =S and C(S(C)) =C.

Proposition 2.4.4. [33, Proposition 7.2.8] Let S and T be restriction semigroups and ¢ :
S — T be a (2,1,1)-morphism. Define Cp : C(S) — C(T') to be the same function on the
underlying sets. Then Cy is an inductive functor with respect to the restricted product in
C(S) and C(T).

Let ¢ : C' — D be an inductive functor of inductive categories C and D and define
Sy : S(C) — S(D) to be the same function on the underlying sets. Then St is a morphism
with respect to the pseudoproduct in S(C') and S(D).

Further S(C(y)) = ¢ and C(S(¢) = 1.

Theorems 2.4.1, 2.4.2, 2.4.3 and Proposition 2.4.4 give the desired result which is gener-

alisation of the Ehresmann-Schein-Nambooripad theorem for restriction semigroups.

Theorem 2.4.5. [33, Proposition 7.2.9] The category of restriction semigroups and (2,1,1)-

morphisms is isomorphic to the category of inductive categories and inductive functors.
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Chapter 3

Decomposition of semigroups and

monoids

This chapter is a survey to direct, semidirect and Zappa-Szép products of semigroups and
monoids. We shall provide historical background to Zappa-Szép products in the first section.
In the second section we discuss uniquely factorisable semigroups. We discuss external and
internal versions of direct, semidirect and Zappa-Szép products in the subsequent sections.
We explain the correspondence between inernal and external versions of these products for
semigroups and monoids.

The semidirect product of two inverse semigroups is not inverse in general. We provide
results of Nico [58] and Preston [64] that tell us when the semidirect product of two inverse
monoids (semigroups) is inverse. We consider the semidirect product of a right (left) restric-
tion semigroup and a monoid and provide necessary and sufficient conditions for it to be

right (left) restriction.

3.1 Historical background

The Zappa-Szép product is a natural generalisation of the semidirect product of groups,
whereas, the semidirect product is a natural generalisation of the direct product of groups.
In the direct product of groups both factors are required to be normal, whereas in semidirect
products this strong condition is replaced by the weaker condition that only one factor is
required to be normal. More generally, in Zappa-Szép products, neither of the factors is
required to be normal.

The concept of Zappa-Szép products was perhaps first studied in 1935 for groups by
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Neumann, who used the terminology general decompositions for these products [56]. The first
systematic study of such products was done by Zappa in 1940 [79]. Further developments in
the theory for groups were made by Casadio [9], Redei [65] and Szép [68, 71, 72, 73] from
1941 to the early 60s. Szép introduced the term skew products for Zappa-Szép products.
The relations of Zappa-Szép products were introduced by Szép [71] to study the structural
properties of groups. He also initiated the study of similar products in setting other than

groups in [72] and [73]. The terminology Zappa-Szép product was suggested by Zappa.

Definition 3.1.1. Let U be a semigroup. We say that U is factorisable (with factors S and
T) if there are subsemigroups S and 7" of U such that U = ST If each element u € U can
be uniquely written as a product of an element of S and an element of 7', then we say that

U is uniquely factorisable.

It is worth to mention here that this is also the definition of an internal Zappa-Szép
product which we will discuss later in this chapter.

In Definition 3.1.1, if U is a group, then U is factorisable if in addition S and T are
subgroups of U.

All possible factorisations of sporadic simple groups and all maximal factorisations of all
finite simple groups and their automorphism groups have been completely determined. For a
detailed history from the group theoretic point of view and for a complete list of references,
the reader is referred to [77].

The concept of factorisable semigroups have been studied by Tolo in 1969 [74]. He char-
acterised direct products of semigroups and found sufficient conditions for a semigroup to
be factorisable, but the concept of Zappa-Szép product for semigroups was properly devel-
oped by Kunze in 1983 and he then continued his work on this subject in subsequent years
(37, 38, 39, 40]. Kunze focused attention on transformation monoids and automata theory
and termed Zappa-Szép products as bilateral semidirect products. He gave applications of
Zappa-Szép product to translational hulls, Bruck-Reilly extensions and Rees matrix semi-
groups. He studied aperiodic transformation semigroups (X, S) and investigated a strong
decomposition of its elements in terms of idempotents.

In 1997, the term general products for Zappa-Szép products was introduced by Lavers
[41, 42] who found applications of these products in the theory of vine monoids and monoid
presentations [41]. Lavers found conditions under which the Zappa-Szép product of two
finitely presented monoids is itself finitely presented. Aratjo [1] did a survey on finite repre-

sentability of several semigroup constructions including Zappa-Szép products in 2002.
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Coleman and Easdown [10] developed a decomposition theory for submonoids and sub-
groups of (S, 0), where S is a ring not necessarily with identity and the o operation is defined
by

aob=a+b—ab.

They expressed these decompositions in terms of uniqely factorisable semidirect, reverse
semidirect and Zappa-Szép products. Group presentations were obtained in terms of (.S, +)
and (S, 0) by applying decomposition theory to ring of matrices over S when S is radical.
A ring S is called radical if S = J(S), where J(S) is known as the Jacobson radical and
is defined to be the largest ideal of S consisting of quasi-invertible elements of S, where an

element s € S is said to be quasi-invertible if there is an element ¢ such that
sot=tos=0.

Brin recorded the behaviour of Zappa-Szép products in connection with properties that
are needed to work with categories, monoids and group of fractions of monoids in 2005 [7]. He
extended the family of Thompson’s groups by constructing a braided version of Thompson’s
group that surjects onto Thompson’s group using a Zappa-Szép product of the monoid of
binary forests and the braid group on infinitely many strands.

In 2008, Zappa-Szép products of a free monoid and a group from the view of self similar
group actions are studied by Lawson [46] who completely determined their structure by
describing a correspondence between a class of left cancellative monoids and self similar
group actions.

Gilbert and Wazzan studied Zappa-Szép products from the point view of regular and
inverse semigroups. They generalised some results of Lawson and found necessary and suffi-
cient conditions for these products to be regular and inverse [77]. Further, they generalised
the concept of a A-semidirect product of inverse semigroups to Zappa-Szép products by in-
troducing the notion of a A\-Zappa-Szép product of a semilattice and a group [25]. By giving
it the structure of an inductive groupoid, they proved that it is an inverse semigroup.

The concept of congruence pairs for a Zappa-Szép product P = E <1 G of a semilattice
FE with an identity and a group G is introduced by Xiao and Li [78]. They prove that every
congruence on P can be described by a congruence pair and the congruence lattice of P is
isomorphic to a lattice of all congruence pairs for P. Group congruences for this Zappa-Szép
product are also characterised.

Recently, Brownlowe and at al [8] used Zappa-Szép products to identify the class of C*-
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algebras associated to quasi-lattice ordered groups and self similar actions. Following Li’s
constructions [47], they produced a full C*-algebra and provided its new presentation via
generators and relations. An example of C*-algebras associated to a self similar actions of a

semigroup is also described.

3.2 Uniquely factorisable semigroups

We have seen the definition of uniquely factorisable semigroups in Section 3.1. In this section
we discuss a result for such semigroups which is useful for our purpose later in this chapter.

If a semigroup U is uniquely factorisable as U = ST, then from [7, Lemma 3.4] there is
an idempotent e € S NT which is a right identity for S and a left identity for T". We provide

an alternative proof of this result in the following.

Lemma 3.2.1. Let U be a semigroup and suppose U is uniquely factorisable as U = ST,
where S and T are subsemigroups of U. Then there exists an idempotent e € S N'T which is
a right identity for S and a left identity for T.

Proof. Let s € S. Then s can be written as
s=uv forue S, veTl.
ForteT,

st =uvt forallt €T

so that
t=uvt forallteT.

Thus v is a left identity for 7" and in particular v = v2.

Next as v € T', so we can write v as
v=mpq forpe S, qgeT.

For w € S
wv = wpq for all w € S

so that
w=wp forallw e S
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which implies p is a right identity for S and in particular, p = p?, so that

U =Dpq=ppq =pv.

Thus for p € S, there exits an element [ = [2 € T which is a left identity for 7" and we can
write p as p = pl. Now

vo= pu
= ol = pvl
= | = pl because v is a left identity for T

= [ = p  because p = pl.
Hence | = p =¢e € SNT which is a right identity for S and a left identity for T n

As Zappa-Szép products generalise semidirect products and semidirect products are natu-

ral generalisations of direct products, we start discussing direct products in the next section.

3.3 Direct products of semigroups and monoids

In this section we give definitions of direct products of semigroups and monoids. We discuss
the equivalence between internal and external direct products of monoids and semigroups in

the subsequent subsections.

Definition 3.3.1. Let S and T be semigroups and let
SxT={(s,t):se S,teT}
Define a binary operation on S x T by the rule
(s,t)(u,v) = (su,tv).

Then S x T is a semigroup and is known as the (external) direct product of semigroups S
and T
If S and T are monoids, then S x T' is a monoid with identity (1g, 17) and we say that

S x T is the external direct product of monoids S and T

We now explain what we mean by an internal direct product of semigroups and monoids.
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Definition 3.3.2. Let U be a semigroup and S and T are subsemigroups of U. Then U is
the internal direct product of S and T if

(1) U is uniquely factorisable with factors S and T’

(2) for all s € S and for all t € T, st = ts.

If U is a monoid with submonoids S and 7" in the above definition, then we say that U is

an internal direct product of submonoids S and T'.

3.3.1 Internal and external direct products of monoids

We now see that there is an equivalence between internal and external direct product of

monoids.

Proposition 3.3.3. Let U be a monoid and S, T be submonoids of U. Suppose U is the
internal direct product of S and T'. Then U is isomorphic to the external direct product
SxT.

Conversely, suppose that U = S X T s the external direct product of monoids S and T'.
Then there are submonoids S" and T" of U such that S = S", T =2 T and U = S"T" is the
internal direct product of S" and T".

Proof. Suppose U is the internal direct product of monoids S and 7. Then U is uniquely
factorisable and st = ts for all s € S and all ¢t € T'. Define a map

p:SxT—=U

by (s,t)¢ = st. Then ¢ is well defined and one-one due to unique factorisation. Also ¢ is
onto. To check that ¢ is a morphism, let (s,t),(s',t') € S x T. Then

((s,0)(s, 1) = (s, tt))p
= ss'tt
= sts't because st =ts for all s € Sand allt € T
= (s, t)p(s, ).

Thus ¢ is morphism and hence U = § x T
Conversely suppose that U = S x T is the external direct product of monoids S and T
Let
S"={(s,17): s € S} and T' = {(1s,¢t) : t € T}.
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Clearly S" and T" are submonoids of U. It is easy to check that S = S" and T'= T" under
the maps
s+ (s,17) and ¢+ (1g,1)

respectively. Also each element (s,t) € U can be uniquely written as

(s,t) = (s,17)(1g,1).

Finally we note that elements of S” and 7" commute, as for (s, 17) € S" and (1g,t) € T”

(8, 1T)<187t) = (S,t) = (13,t)<8, 1T>

Hence U is the internal direct product of S" and T".

3.3.2 Internal and external direct products of semigroups

There is not such a complete equivalence between internal and external direct products
of semigroups as we have seen for monoids. When we consider internal direct product of
semigroups, then we do not get an external direct product of semigroups but what we obtain

is an internal direct product of monoids as we see in the following lemma.

Lemma 3.3.4. Let U be a semigroup and S and T be subsemigroups of U. Suppose U is the

internal direct product of S and T'. Then U is a monoid and S and T are submonoids of U.

Proof. As U is uniquely factorisable, so by Lemma 3.2.1, there exists an element e € SNT
such that
se=sforall se Sandet =t forallteT.

We note that for s € S

es = se = s,

because elements of S and 7' commute, so that e is identity of S. Thus for all s € S and for
allteT

est = st,

implies that e is left identity for U. Dually e is right identity for U and hence U is a monoid
with submonoids S and 7. Thus U is the internal direct product of S and T, which by
Proposition 3.3.3 is isomorphic to the external direct product S x T O
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From the above lemma, we observe that SNT = {e} as if w € SN T is another element,
then

w = ew = we

gives w = e because of unique factorisations. Hence SNT = {e}.

But SNT = {e} does not imply that elements of U commute as it not true even in the
group case.

Thus an internal direct product of semigroups is just an internal direct product of monoids.
Now we would like to see what happens if we consider an external direct product of semi-
groups. It is not obvious to get an internal direct product from an external direct product
of semigroups because for semigroups there do not exist such mappings s — (s,17) and
t — (lg,t) as they exists for monoids, but we can use Preston’s techniques from [64] for

semidirect products to get round this difficulty.

Lemma 3.3.5. Suppose S and T are semigroups and U = S x T is the external direct

product of S and T. Let S and T be the semigroups obtained from S and T, respectively

1

by adjoining an identity and let V = SU x TW_ Then there are subsemigroups S’ and T' of

V=8WxTW with § =2 5", T =T such that U = S'T" and every element of U is uniquely
factorisable as v = st for s € S" andt € T".

Proof. Let SM and T™ be the semigroups obtained from S and T, respectively by adjoining
an identity and suppose V = SM x T Let

S" ={(s,1);s € SY} and T" = {(1,t) : t € TW}.

By Proposition 3.3.3, S” and 7" are submonoids of V = S® x TW and V = S"T" is the

internal direct product of S” and T” where
a: S 58" and f:TW - 1"
are isomorphisms. Next let
S"'={(s,1):s€ S} and T ={(1,¢) : t € T}.
Clearly S” and T” are subsemigroups of S” and 7" and hence of V = S®) x TW . Then

als:S— S and Blr: T =T
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are isomorphisms. Also each element (s,t) € U can be written as
(s,t) = (s,1)(1,t) where (s,1) € S" and (1,t) € T".

Moreover elements of S’ and 7’ commute. Hence U = S"I" is a subsemigroup of V =
) 5 T 0

3.4 Semidirect products of semigroups and monoids

The term semidirect product for semigroups was first used by Neumann [57] to construct
wreath products of semigroups. We first explain that what we mean by an action of a

semigroup 7' on a set X.

Definition 3.4.1. Let T be a semigroup and X be a set. Then T acts on X on the left if
there is a map
TxX =X, (t,x)—t x

such that for all x € X and for all ¢1,t, € T" we have
(S1) tytg - x =ty - (tg - ).
If T is a monoid and acts on a set X, then for a monoid action we insist that for all z € X
(S2) 1.z =u.
Dually, T' acts on the right of X if there is a map

XxT— X, (z,t) 2’

such that for all x € X and for all t1,t5 € T" we have

phitz — ([Etl )tz )

Definition 3.4.2. Let S and T be semigroups and suppose that 7" acts on S on the left
satisfying (S1). We say that T acts on S by endomorphisms if for all t € T and s1,s9 € S

we have

(S3) t- (s152) = (t-s1)(t - s2).

This is equivalent to saying that there is a homomorphism

0: 7T — EndS
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where End S is monoid of endomorphisms of S. Diverting from usual practice, we multiply
elements of End S from right to left, that is, for 6, € End .S, to compute 6y we first do ¢
then 6. Therefore we write # on the right of the argument and for each t € T, we denote
(0(t))s by t - s.

If S and T are monoids, then T" acts on S by endomorphisms if # : T"— End S is a monoid
morphism, that is,

O@)(1) =1 forall t € T.

This translates tot-1=1forallt € T.

Definition 3.4.3. Suppose S and T are semigroups such that T acts on the left of S by

endomorphisms. Define a binary operation on S x T' by
(s, 0)(s',t") = (s(t-s),tt).

We check that this binary operation is associative. For thislet (sy,t1), (so,t2), (s3,t3) € SXT.
Then

((81,?51)(827752))(83,753) = (s1(t1 - 52), t1t2) (83, t3)
s1(t1 - s2)(tite - 53), (t1t2)t3)

t1 - 82)(t1 - (ta - s3)),t1(tat3)) using (S1)
t1 - (s2(ta - s3))), t1(tats)) using (S3)
s51,t1)(s2(t2 - 53), tats)

S1, tl) ((82, tg)(Sg, t3)) .

Hence associativity holds and thus S x T is a semigroup known as an (external) semidirect
product of S by T and denoted by S x T

Lemma 3.4.4. Let S and T be semigroups and suppose that S X'T is the external semidirect
product of S by T. If T acts on S trivially, then S x T becomes the external direct product
SxT.

Proof. Suppose T acts on S trivially. Then t-s = s for all £ € T and for all s € S. In this
case for (s,t),(s,t') € ST,

(s,0)(s',t") = (s(t- &), tt") = (ss,tt)
and hence S x T is the external direct product S x T. n
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Lemma 3.4.5. If S and T are monoids and T acts on the left of S by endomorphisms
satisfying (S1), (S2) and (S3), then S x T is a monoid with identity (1g, 1r).

Proof. We know that S x T" is a semigroup. Now as 0(t) is a monoid morphism and ¢-1 = 1,
so (1g, 17) becomes identity of S x T', because for (s,t) € S x T

(S7t)<15> 1T) = (S(t : 1S)at1T) = (Slg,t) = (S,t),

and
(15, 1T)(S,t) = (15(1T : S), 1Tt) = (S,t).

Hence S x T is a monoid with identity (1g, 177) and we call it the external semidirect product
of monoids S and 7. O

Dually, we have the notion of reverse semidirect product, when S acts on 7" on the right

by endomorphisms. Multiplication in a reverse semidirect product is defined by
(s,8)(s', 1) = (ss',t°t).

We denote the reverse semidirect product of S by T by S x T

We now give the definition of an internal semidirect product from [64].

Definition 3.4.6. Let U be a semigroup and S be a subset of U. An element u € U is said
to be left permutable with S if
uS C Su.

If T is a subset of U, then T is said to be locally left permutable with S if each element of T’
is left permutable with S.

Definition 3.4.7. Let U be a semigroup and S,T be subsemigroups of U. Then U is the
internal semidirect product of S and T' if U is uniquely factorisable with factors S and T and

T is locally left permutable with S.

If U is a monoid and S, T are submonoids of U in the above definition, then we say that
U is the internal semidirect product of monoids S and T'.
We now see that if U is the internal semidirect product of semigroups S and 7', then there

is an action of T" on the left of S and thus we can get an external semidirect product.

Lemma 3.4.8. Let U be a semigroup and suppose that U = ST is the internal semidirect
product of subsemigroups S and T. Then T acts on S such that ts = (t - s)t for all s € S
andt € T and U' =S x T is the external semidirect product of S and T.
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Proof. As U = ST is the internal semidirect product of subsemigroups S and 7', so for each

s € SandteT, there exists a unique element ¢ - s of S such that
ts = (t- s)t.
By associativity we have that (tt')s = t(t's) for any ¢, € T and s € S. Now
(tt")s = ((tt) - s)tt’

and
t(t's) =t((t" - s)t') = (t- (' -9))tt’.

By uniqueness we have tt'- s =t - (' - s) and so (S1) holds.
Next for t € T and s, € S
t(ss') = (t- (ss)t

and
(ts)s' = (t-s)ts' = (¢t~ s)(t - s)t.

By associativity and uniqueness, we have that
t-(ss) = (t-s)(t-5),

and thus (S3) holds. Hence we can form an external semidirect product U’ = S x T of S and
T. [

We see in the following lemma that if U is the internal semidirect product of subsemigroups

S and T, then one of the factors is forced to be a monoid.

Lemma 3.4.9. Let U be a semigroup and suppose that U = ST is the internal semidirect
product of subsemigroups S and T'. Then there exists an element e € S N'T which is a right
identity for S and a left identity for T such that

e-s=es,e=t-e forallse S andteT.

Moreover T is a monoid with identity e.

Proof. As factorisations are unique, so from Lemma 3.2.1 there exists an element e € SNT
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which is a right identity for S and a left identity for T'. Now for s € S
es = (e- s)e.
But e is right identity for .S, so that
es = e(se) = (es)e.

Thus (es)e = (e - s)e and by uniqueness es = e - s.
Next fort € T'
te = (t-e)t.

But e is a left identity for T', so that
te = (et)e = e(te).
Thus e(te) = (¢ - e)t and by uniqueness e =t - e and te = t. Hence
e-s=es,e=t-eforallse SandteT.

Also as te =t for all t € T, so e is a right identity for 7" and hence T is a monoid. O

We now explain the correspondence between external and internal semidirect products of

monoids and semigroups in the following subsections.

3.4.1 Internal and external semidirect products of monoids

There is an equivalence between internal and external semidirect products of monoids as we

see in the following theorem.

Theorem 3.4.10. Let U be a monoid and let U = ST be the internal semidirect product of
submonoids S and T. Then there exists an external semidirect product U' = S x T such that
Uu=U'.

Conversely, let U =S x T be the external semidirect product of monoids S and T. Let

S"'={(s,1r):s€ S} and T"' = {(1s,t) : t € T}.

Then S" and T" are submonoids of U such that T" is locally left permutable with S" and U is
uniquely factorisable with factors S” and T'. Further S = S" and T = T".
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Proof. Suppose U = ST is the internal semidirect product of submonoids S and T. As
factorisations are unique, so from Lemma 3.4.8, (S1) and (S3) hold. Also as U is a monoid
and 1y =1€ SNT, so for s € 5, we see that

sl=1s=(1-s)1

and by uniqueness 1-s = s. Thus (S2) holds. Hence we can form an external semidirect
product U' = S x T of S and T. Now define a map

o:U—U

by (st)p = (s,t). By uniqueness of factorisation, it is easy to see that ¢ is well defined and

one-one. Clearly ¢ is onto. To show that ¢ is a morphism, let st, s't’ € U. Then

(st)p(s)p =

Also 1o = (1,1). Hence U = U'.
Conversely, let U = S x T be the external semidirect product of monoids S and T'. As

t-1=1forallteT, it is easy to see that U contains submonoids
S"={(s,17): s € S} and T" = {(15,t) : t € T}.
We note that every element of U has a unique expression
(s,t) = (s,17)(1g,1).
Let s' = (s,17) € S" and t' = (15,t) € T'. Then

t's =
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Thus 'S C St and hence T” is locally left permutable with S’. Thus S x T is the internal
semidirect product of S” and 7”. Now define maps o : S — S  and f: T — T by

s+ (s,17) and t +— (1g,1),

respectively. Then it is easy to check that S = S  and T = T". ]

3.4.2 Internal and external semidirect products of semigroups

There is not such a complete equivalence between internal and external semidirect products
of semigroups. It is not difficult to get an external semidirect product of semigroups from an
internal semidirect product of semigroups as we have seen in Lemma 3.4.8, but the converse

is not obvious, because for semigroups there do not exist such mappings
s+ (s,17) and t — (1g,1)

as they exist for monoids. However we can characterise those external semidirect products

of semigroups which are also internal semidirect products.

Theorem 3.4.11. Let U be a semigroup and let U = ST be the internal semidirect product
of subsemigroups S and T. Then there exists an external semidirect product U' = S xT such
that U 2 U'. Moreover there exists an element e € SNT which is a right identity for S and
an identity for T" such that

e-s=es,e=t-e forallse S andteT.

Conversely, suppose that U = S x T is the external semidirect product of semigroups S

and T such that S has a right identity es and T is a monoid with identity er and
er-s=egs, eg=t-es forallse S andteT.

Let
S"'={(s,er):s€ S} and T' = {(es,t) : t € T}.

Then S" and T' are subsemigroups of U, S =2 S, T =2 T and U = S'T" is the internal
semidirect product of S" and T".

Proof. Suppose U = ST is the internal semidirect product of subsemigroups S and T". Then
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because T is locally left permutable with S and factorisations are unique, so associativity
and uniqueness gives us (S1) and (S3). Therefore we can form an external semidirect product
U =S % T as in Theorem 3.4.10, so that U = U’. Also from Lemma 3.4.9, there exits an
element e € S NT which is a right identity for S and an identity for 7" such that

e-s=es,e=t-e forallse SandteT.

Conversely, let U = S x T be the external semidirect product of semigroups S and 7" such

that S has a right identity eg and 1" has an identity er with
er-s=egs, eg=1-eg forallse SandteT.

Put
S"'={(s,er):s€ S} and T" = {(eg,t) : t € T}.

Define maps a: S — S’ and 5 : T — T" by
St = (SveT) and tﬁ (637 )7

respectively. Then it is easy to see that S = S" and T'= T". Also each element in (s,t) € U

can be written as
(s,t) = (s,er)(es,t)

and this decomposition is unique. Next let s’ = (s,eg) € S’ and t' = (eg,t) € T'. Then

t's" = (es,t)(s,er)
= (es(t-s) ter)
= ((t-es)(t-s),t) because es =t-eg and tep =t
= (t-(ess),t) using (S3)
= (t-(ep-s),t) because er - s = egs
= (ter-s,t) using (S1)
= (t-s,t) because ter =t
= (t-s,er)(es,t)
e St

Thus ¢'S” C S’t" and so T” is locally left permutable with S’. Hence U = S"T” is the internal
semidirect product of S" and T". m
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Preston provided a characterisation of external semidirect products of semigroups and
proved that it is always possible to consider a semidirect product of semigroups as a sub-
semigroup of semidirect product of monoids [64]. His construction works as follows:

Let S and T be semigroups and U = S x T be an external semidirect product with
6 :T — EndS. Let S and TM be semigroups obtained from S and T, respectively by
adjoining an extra element 1, that acts as an identity element as explained in Section 1.1 of
Chapter 1. Let t-1 = 1 and define 6 : T — End SM to be the extension of § where
0(1) = 1g1. Set W = S x TW, Then o : s + (s,1) and B : t — (1,¢) embed S and T,
respectively in W. Observe that Sa N TS = ) because if x = sa = t3, then (s,1) = (1,1),
which is impossible. Therefore by identifying S with Sa and T" with T'3, S and T become

disjoint subsemigroups of W. Thus we have the following result:

Theorem 3.4.12. [64, Theorem 8| Let S and T be semigroups and U = S X T be an external
semidirect product with 6 : T — End S. Then setting W = SU x TW and 6' as above, S
and T are subsemigroups of W and U' = ST is a subsemigroup of W. Moreover, U = U’.

3.5 Semidirect products of inverse and right (left) re-

striction semigroups

The semidirect product of two inverse semigroups is not inverse in general. Nico provided
necessary and sufficient conditions for the semidirect product of two inverse monoids to be
inverse [58]. Nico considered the reverse semidirect product, that is, when S acts on 7" on

the right by endomorphisms, but we state the result for semidirect products.

Theorem 3.5.1. [58, Theorem 2.6] Let S and T be inverse monoids and U = S x T be a
semidirect product of S and T'. Then U is an inverse monoid if and only if

(i) S and T are inverse monoids and
(ii) for everye € E(T), e-s=s foralls € S.

Preston generalised Nico’s result by replacing monoids with semigroups in [64, Theorem
6]. His theorem is stated in the same way as Nico’s but with a different proof.
We now consider the semidirect product of a right restriction semigroup and a monoid

and give necessary and sufficient conditions for this semidirect product to be right restriction.

Theorem 3.5.2. Let S be a monoid and T’ be a right restriction semigroup. Suppose T acts
on the left of S by endomorphisms such thatt-1 =1 for allt € T. Then A =S xT is right
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restriction with (s,t)* = (1,t*) if and only if e- s = s for all s € S and all e € Er, where Er

is the semilattice of projections of T'.

Proof. Suppose that e-s = s for all s € S and all e € Er. We have to show that A is right
restriction. We put E4 = {(1,e) : e € Er}. Since e-1 =1 for all e € Er, clearly, E4 is a

semilattice isomorphic to Er.
For any (s,t) € A, we define (s,t)* = (1,¢*). We now check that the four identities that
define a right restriction semigroup hold. For this let (s,t) € A. Then

(s,t)(s,t)* = (Sat)<17t*) = <S<t ) 1)7tt*> = (Sat>7

because tt* =t as T is right restriction. Next let (s,t), (u,v) € A. Then

(87 t>*(u7 U)* = (U’v U>*(S= t>*

because F4 is a semilattice isomorphic to Er. Also

((s, £)(u, v)")"

(s, 0)((1, €)(s,1))"

s, tv*)*

L, (tv)")

1, t*v") because T is right restriction, so (tv*)* = t*v*
= (1,t")(1,v*)  because E, is isomorphic to Er

s, et) using ¢ - 1 = 1 and the right ample condition

L,e)(s,t) because e - s = s.

Thus all four identities are satisfied for elements of A and hence A = S xT is right restriction.
Conversely, suppose that A = S x T is right restriction with (s,#)* = (1,t*). Let s € S,
e € Er. We have to show that



Let t € T. Then (s,t) € A, (1,e) € E4 and as the right ample condition holds in A, we have

(s, )((Le)(s, )" = (1,e)(s,1)
= (s,t)(e-s,et) = (1(e-s),et)
= (s,t)(1,(et)*) = (e-s,et)
= (s(t-1),t(et)*) = (e-s,et)
= (s,et) = (e-s,et).
Hence e - s = s as required. O

The left-right dual of Theorem 3.5.2 also holds as we see in the following corollary.

Corollary 3.5.3. Let S be a left restriction semigroup and T' be a monoid. Suppose S
acts on T by endomorphisms such that 1° = 1. Then A = S x T 1is left restriction with
(s, )t = (s*,1) if and only if t* =t for allt € T and e € Eg where Eg is the semilattice of
projections of S.

3.6 Zappa-Szép products

For the convenience of the reader we begin by recalling the basic definitions relating to

Zappa-Szép products.

Definition 3.6.1. Let S and T be semigroups and suppose that we have maps
TxS—S (t,s)y—t-sand T xS —T, (t,s) — t°
such that for all s,s" € S, t,t' € T

(ZS1) tt' - s =t (t' - s); (Z83) () = t=*';
(282) t - (s8) = (t-s)(t° - &); (Z84) (1t))° = t""5¢".

From (ZS1) and (ZS3), we see that T" acts on S from the left and S acts on 7" from the right,
respectively. Also note that (ZS2) and (ZS4) are replacing the conditions we saw in the

semidirect product case that the actions are by homomorphisms. Define a binary operation
on S x T by

(s, t)(s', 1) = (s(t- &), tt).
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We check that this binary operation is associative. Let (s1,t1), (S2,t2), (s3,t3) € SXT. Then

((s1,81)(52,12) ) (s3,t5) = (sa(t - s2), t7°t2) (53, )
= (su(tr- s2) (1o - 53), (£712)t3)
(81(t1 - 52) (177 - (t2 - 83)), (t?)b'sgtggt?,) using (ZS1) and (ZS4)
(sl(tl - 89(ta - 83)), tiQ(t2'83)t§3t3) using (ZS2) and (ZS3)

s1,t1)(82(t2 - 83),15°t3)

=
— (sl,tl)((SQ,tz)(83;t3)>-

Thus associativity holds and hence S x T is a semigroup, referred to as the (external) Zappa-
Szép product of S and T and denoted by S > T

Note that if one of the above actions is trivial (that is, one semigroup acts by the identity
map), then the second action is by morphisms, and we obtain the semidirect product S x T
(if S acts trivially) or S x T (if T" acts trivially).

If S and T are monoids, then we insist that the following four axioms also hold:

(ZS5) t-1g =1g; (ZST) 11 -s=s;
(7S6) t's = t; (ZS8) 15 = 17.

(ZS6) and (ZS7) are saying that the actions are monoid actions and (ZS5) and (ZS8) are
telling us that the identities are fixed under the actions. Then S 0 T" becomes a monoid
with identity (1g, 17).

We now give definition of an internal Zappa-Szép product and then we explain the cor-
respondence between external and internal Zappa-Szép products of semigroups and monoids

in the following subsections.

Definition 3.6.2. Let U be a semigroup and S,7T be subsemigroups of U. Then U is the
internal Zappa-Szép product of S and T if U is uniquely factorisable with factors S and T,

that is, U = ST and every element u € U has a unique expression as
u = st where s € SandteT.

If U is a monoid with submonoids S and T in the above definition, then we say that U is
the internal Zappa-Szép product of submonoids S and T.
In the following lemma we see that we can get an external Zappa-Szép product from an

internal Zappa-Szép product of semigroups.
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Lemma 3.6.3. Let U be a semigroup and suppose that U = ST is the internal Zappa-Szép
product of subsemigroups S and T. Then there is an action of T on the left of S and an
action of S on the right of T such that (Z51)-(Z54) hold and U = S T.

Proof. As each element u € U has a unique expression of the form u = st for s € S and
t € T, therefore for s € S, t € T, there exists unique s’ € S and t' € T such that ts = s't’.

Writing s’ =t - s and t' = t°, we have two functions
TxS—S (t,s)—~t-sand T xS =T, (t,s)—t°
Thus ts = (t - s)t* and for all s,s" € S, t,t' € T we have that
(st)(s't) = s(t- st

The associativity of the semigroup U and the uniqueness property of the decomposition give

the axioms (ZS1)-(ZS4) for these actions. By associativity we have that t(ss’) = (ts)s’. Now
t(ss') = (t- st

and

/

(ts)s' = (t-s)t°s' = (t-s)(t° - s")(t°)".

By uniqueness we have:

(ZS2) t-ss' = (t-s)(t°-);

(Z83) t=°" = (+°)*".

Thus (ZS2) and (ZS3) hold. Dually (ZS1) and (ZS4) hold. Hence we can form an external
Zappa-Szép product ST of S and T

Now define a map a : U — S > T by (st)a = (s,t). Clearly « is well defined, one one

and onto. Also « is homomorphism as

(st)(s't)a = (s(t-s)t)a

Hence U = S T. OJ
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3.6.1 Correspondence between internal and external Zappa-Szép

products of monoids

There is an equivalence between internal and external Zappa-Szép products of monoids due

to Kunze [37] as we see in the following theorem.

Theorem 3.6.4. [37] Let U be a monoid and S, T be submonoids of U. Suppose that U = ST

is the internal Zappa-Szép product of S and T'. Then there is an action of T on the left of S

and an action of S on the right of T' such that (ZS1)-(ZS8) hold and U = S < T.
Conversely, suppose that U = S ><x1T is the external Zappa-Szep product of S and T'. Let

S"={(s,17): s € S} and T' = {(1s,t) : t € T}.
Then S" and T are submonoids of U isomorphic to S and T respectively and U = S"T" is
the internal Zappa-Szép product of S" and T".

Proof. Suppose that U = ST is the internal Zappa-Szép product of submonoids S and 7.
Then from Lemma 3.6.3 there is an action of 7" on the left of S and an action of S on the
right of T" such that (ZS1)-(ZS4) hold. Also as U = ST is a monoid and 1y € SNT, thus

Iyt =t =1tly = (t-1y)t"v

and

81U =S5 = 1U$ = (1U . 8)1SU

Therefore by uniqueness:

(ZS6) t'v = t;
(ZS7) 1y - s = s;
(ZS8) 13 = 1p.

Thus the external Zappa-Szép product S > T is a monoid Zappa-Szép product. Now
defining a map ¢ : U — ST by (st)p = (s,1), it is easy to see that U = S < T.
Conversely, suppose U = S <1 T is the external Zappa-Szep product of monoids S and T'.
Let
S"={(s,17): s € S} and T" = {(15,t) : t € T}.
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It is then immediate that S" and 7" are submonoids and S = S" and T'= T" under the maps
s+ (s,17) and t — (1g,1).
Also each element (s,t) € U can be written as

(s,t) = (s,17)(1g,1)

and this decomposition is evidently unique. Hence U = S’T” is the internal Zappa-Szép
product of S" and T". H

3.6.2 Correspondence between internal and external Zappa-Szép

products of semigroups

We have seen an equivalence between internal and external Zappa-Szép product of monoids
in Theorem 3.6.4. In general, there is no such correspondence between internal and external
Zappa-Szép product of semigroups. It is not difficult to get an external Zappa-Szép product
from an internal Zappa-Szép product of semigroups as we have seen in Lemma 3.6.3 but the
converse is not obvious. However we can characterise those external Zappa-Szép products of

semigroups which are also internal ones.

Lemma 3.6.5. [77, Lemma 2.1.3] Let U be a semigroup and suppose U is uniquely factoris-
able as U = ST, where S and T are subsemigroups of U. Then there exists an idempotent
e € SNT which is a right identity for S and a left identity for T such that for s € S, t €T

es=e-s,e=¢c”andt-e=e, t°=te.

Proof. As U is uniquely factorisable with factors S and 7', so from Lemma 3.2.1, there is an
idempotent e € SNT which is a right identity for S and a left identity for T". Next for s € S
we have

es = (e- s)e’ because of unique factorisations.

But s = se, because e is right identity for .S, so that

es = e(se) = (es)e
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and as factorisations are unique, hence
S
es=e-s, € =e.

Dually for t € T
te = (t-e)t".

But t = et, because e is a left identity for 7". Thus

te = (et)e = e(te)
and as factorisations are unique, therefore

t-e=e, t°=te.

]

Theorem 3.6.6. Let U be a semigroup and suppose that U = ST 1is the internal Zappa-Szép
product of subsemigroups S and T'. Then there is an action of T' on the left of S and an
action of S on the right of T' such that (Z51)-(ZS4) hold and U = S v T. Further, there
exists an idempotent e € SNT such that e is right identity for S and left identity for T with

es=e-s,e=¢e’ andt-e=e, t°=te

forallse S andteT.
Conversely suppose that U = S < T is an external Zappa-Szép product of semigroups S
and T such that S has a right identity es and T' has a left identity e with

ess=er-s,ep=epandtl-es=eg, t°° =ter
forallse S andteT. Let
S"={(s,er):s€ S} and T" = {(es,t) : t € T}.

Then S =S, T =T and U = S"T" is the internal Zappa-Szép product of S" and T".

Proof. If U = ST is the internal Zappa-Szép product of subsemigroups S and T, then from
Lemma 3.6.3 there is an action of T" on the left of S and an action of S on the right of T
such that (ZS1)-(ZS4) hold and U = S > T'. Also as factorisation is unique, therefore from
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Lemma 3.6.5 there exists an idempotent e which is a right identity for S and a left identity
for T such that

es=e-s,e=c’andt-e=e, t°=te

forallse SandteT.
Conversely, let U = S a1 T be an external Zappa-Szép product of S and 7. Suppose
there is a right identity eg of S and a left identity ey of T' satisfying

ess=ep-s,ep=epandt-eg=eg, 1 =ter
forall s € Sand t € T. Put

S"'={(s,er):s€ S}tand T' = {(es,t) : t € T}.
Define a map o : S — S’ by

sa = (s,er).

Clearly « is well defined, one-one and onto. To check that « is a homomorphism, let s,s" € S.
Then

(sshao = (s, er)

segs' er) because eg is right identity for S

s,er) (s, er)

sa)(s'a).

(
(

= (s(ep-s), e er) because ep - s’ = egs’ and €5 = ep by our supposition
(

=

Hence S = S’. Similarly defining a map 3 : T — 1" by t5 = (eg, t) it is easy to check that
T =T Now for (s,er) € S" and (eg,t) € T", we see that

<87 eT)(€S> t) = (S(BT . 65), e%st)
= (segs,ert) because er - eg = eg and e7¥ = er
= (s,t) because eg is right identity of S and

er is left identity of T

Thus each element (s,t) € U can be written as

(s,t) = (s,er)(es,t)
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and this composition is evidently unique. Hence U = S’T” is the internal Zappa-Szép product
of 8" and T". O

We can also use Preston’s technique to get an internal Zappa-Szép product from an
external Zappa-Szép product S > T of semigroups S and 71" by adjoining identities to S and
T and extending the actions to S and 7M.

Theorem 3.6.7. Let S and T be semigroups and let U = S T be the external Zappa-Szép
product of S and T. Let S and T be the semigroups obtained from S and T, respectively
by adjoining an identity. Then, settingt-1 =1 and 1° =1 and defining

(1,8) > 1-s=s5, (t,1) >t =t

to be the identity maps, the extended actions satisfy (Z51)-(ZS8). Thus we can form the
Zappa-Szép product SV >a TW of SO and TW . Moreover

S=S ={(s,1):s €S} under the map s — (s,1) and T =T" = {(1,t) : t € T} under the
map t — (1,t) and U = S'T" is a subsemigroup of S 1 TW | and is uniquely factorisable
with factors S and T'.

Proof. We first check that S pa T satisfies all axioms of a Zappa-Szép product.

(ZS1) Let t,#' € T! and s € SV, Then to check that ¢’ - s =t - (#' - s), we have eight
cases as follows:

Ht=t'=s=1;
(ii)t=1,t'#1and s=1;
(iii) t #1, ' #1 and s = 1;
(1V)t7é1 t’—lands_l
(v)t= =land s #1;
(Vl)t—l t’#lands#l
(vil) t #1,¢ =1 and s # 1;
(vili) t A1, # 1 and s # 1 ;
(i)-(iv) are obvious because s = 1 in all four cases and ¢ -1 = 1 for all t € T™. For (v)
we see that

tt'-s=11-s=1-s=s=1-(1-8)=t-(t'-3).

For (vi),
tts=1t-s=t-s=1-(t'-s)=t-(t's).
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For (vii)
tt-s=t-s=t-(1-s)=t-(t'-s).

For (viii) because t # 1, ' # 1 and s # 1 and S® and T™ are semigroups obtained from
S and T, respectively by adjoining an identity, so t,# € T and s € S. Also as S > T is the
external Zappa-Szép product of S and T', we have

tt'-s=t-(t'-s).

Hence T™W acts on S from the left and thus (ZS1) holds.
(ZS2) Let t € T™ and s,s' € S, We need to check that ¢ - ss’ = (t-s)(t* - s'). Now
again we have eight cases as follows:
(i) t=s=45 =1,
ii)t=1s=1and ¢ # 1;
ili)t=1,s#1and s = 1;
iv)t=1,s# 1 and s # 1;
v)t#1,s=1and ¢ =1;
vi)t#1,s=1and s # 1;
vii) t #1, s # 1 and s’ = 1;
viii) t # 1, s # 1 and ' # 1;
i)-(iv) are clear because ¢t = 1 in all four cases and 1-s =5, 1° =1 for all s € S . For

(
(
(
(
(
(
(
(

(v), we see that t- (ss') =t-11=t-1=1=(¢t-1)(¢' - 1) = (¢t - s)(¢* - §). For (vi)
t-(ss)=t-s=(@t-1)(t"-5)=(t-s)(t° 5.

For (vii)
t-(ssy=t-s=(t-s)(t°-1)=(t-5)(t°- ).

For (viii) because ¢t # 1, s # 1 and s’ # 1 and S™ and T™ are semigroups obtained from S
and T, respectively by adjoining an identity, so t € T and s,s" € S. Also as S >1 T is the
external Zappa-Szép product of S and T', we have

t-(ss)=(t-s)(t°-5).

Hence (ZS2) holds.
(ZS3) is dual of (ZS1)and (ZS4) is dual of (ZS2).
Also (ZS5)-(ZS8) hold because of the way in which we have extended our actions of S on
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T and T on S to actions of S on TM and TM on S™M respectively. Hence we may form
the Zappa-Szép product V = SM g T of the monoids S™ and 7M.
Next let
" ={(5,1):s € SW} and T" = {(1,t) : t € TW}.

From Theorem 3.6.4, S”, T" are submonoids of V and V' = S”T"” is the internal Zappa-Szép

product of S” and T"”. Moreover
a:SM 58" and g:TH - 1"
are isomorphisms. Now let
S'={(s,1):se Stand T ={(1,t) : t € T}.
Then S” and T" are subsemigroups of S” and T”, respectively and hence of V. Clearly
alg:S— S and Bl : T =T

are isomorphisms.

Note that any element (s,¢) € U can be written as
(s,t) = (s,1)(1,¢) for (s,1) € S" and (1,t) € T"

and this decomposition is unique.
Thus U = S’T" is uniquely factorisable with factors S" and 7". O

53



Chapter 4

Some algebraic properties of

Zappa-Szép products

In this chapter, we determine some algebraic properties of Zappa-Szép products. We consider
a left restriction semigroup S with semilattice of projections £ and define left and right actions
of S on F and E on S, respectively, to form the Zappa-Szép product E 1 S. We further
investigate the properties of F 1 .S. We find a subset of E > S which is left restriction.
We consider Zappa-Szép products of monoids and semigroups and characterise generalised

Green’s relations R*, £*, Ry and Lg for these Zappa-Szép products.

4.1 Zappa-Szép product of a left restriction semigroup

and a semilattice

In this section we consider a left restriction semigroup with semilattice of projections E. By
defining a left action of S on F and a right action of £ on S, we see that E 01 S becomes a
Zappa-Szép product. We determine the set of idempotents of E a1 S. We see that F 1 S is

not itself left restriction but it contains a subsemigroup which is left restriction.

Lemma 4.1.1. Let S be a left restriction semigroup with semilattice of projections E. Define
an action of S on E by s-e = (se)™ and an action of E on S by s* = se. Then Z = E> S
s a Zappa-Szép product of S and E.

Proof. We check that these two actions satisfy the axioms of a Zappa-Szép product.
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(ZS1) For s1,s0 € Sand e € E

s1:(s2-€) = s1-(s2e)"
= (s1(s26)")"
= (s1(s20))"
= ((s152)e)"
Hence (ZS1) holds.
(ZS2) Let s € S and e, f € E. Then
(s-e)(s*-f) = (se)(se- [)
= (se)"((se)f)"
= ((se)f)*" using Lemma 2.1.8 that (ab)™ < a* for any a,b € S
= (s(ef)”
= s-ef.

Thus (ZS2) holds.
(ZS3) For s € S and e, f € E, we have

() = (se)! = (se)f = s(ef) = 5°/.

Hence (ZS3) holds.
(ZS4) For s1,s9 € S,e € B

512806 = (526 (s2€)
= 81(52€)+82€
= s1(sq0)
= (s189)e
= (s189)°.

Hence (ZS4) holds. Thus Z = E < S is a Zappa-Szép product under the binary operation

(e, 8)(f,t) = (e(sf)", s 1)

]

If S is left restriction, then the Zappa-Szép product E < S obtained as above is the
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standard Zappa-Szép product of & and S.
We now compute the set of idempotents of Z = E < .S .

Lemma 4.1.2. Let S be a left restriction semigroup with semilattice of projections E. Sup-
pose that Z = E <1 S is the standard Zappa-Szép product of S and E. Then

E(Z)={(e,s):e < st s =ses}.

Also E = {(e,e) : e € E} is a semilattice isomorphic to E and if E(S) = E, then E = E(Z).
Proof. Let (e,s) € Z. Then

(e,s) € E(Z) (e,5)? = (e, s)
(e,9)(e,s) = (e, s)

(e(se)t,ses) = (e, s)

e=e(se)™ and s= ses.

t o0

Now s = ses = s R se Ry (se)*, so that st = (se)t. Hence

(e,8) € E(Z) & (est,ses) = (e,s)

& e<st and ses = s.

Also E C E(Z). Tt is easy to check that E is a semilattice isomorphic to E.
Now if E(S) = E, then E = E(Z), for if (e,s) € E(Z), then from s = ses we obtain

se = sese = (se)™ = sT. Also we have

s = ses = (se)es = sTes = es

giving sT < e, so that as e < s it follows that st = e. Hence s = ses = s = sT = e. O
We now record some of the properties of Z = E'> S.

Definition 4.1.3. Let S and T be semigroups and let A C S. Let ¢ : S — T be a morphism.
We say that ¢ is A-separating if for a,b € A

ap =bp = a =b.

If A= E(5), we say that ¢ is idempotent separating.
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Proposition 4.1.4. Let S be a left restriction semigroup with semilattice of projections E.
Suppose that Z = FE 1 S is the standard Zappa-Szép product of S and E. Let (e,s) € Z,
then:

(a) E = {(e,e): e € E} is a semilattice isomorphic to E(S);

(b) there is a morphism o : Z — S separating the idempotents of E;

(c) (g,9)(e,s) = (e,s) if and only if ge = e and es = s;

(d) (e, s) has a left identity in E if and only if es = s;

in this case (e, s) ﬁ/ﬁ (e,e) if and only if es = s;

(e) (e,8)(f,f)=(e,s) if and only if e < sT,s = sf;

(f) for (e,s) € Z, (e,8) Lg (f, f) where (f,f) € E if and only if e < s* and s L f;

(9) (9,9) Reg (e,8) Ex (. ) for some g, [ € E implies (¢,) = (s",5).

Further, there is a canonical embedding of S into Z = E 1S under s+ (sT,s).

Proof. (a) From Lemma 4.1.2, we know that F is a semilattice isomorphic to E(S).
(b) Define a : Z — S by

(e,8)a = es.

Clearly « is a surjection. To check that « is a homomorphism, let (e, s), (f,t) € Z. Then

(e:5)(f,)a = (e(s)* sft)a
= e(sf)tsft
= e(sf)t
= esft
= (e,s)a(f,t)a.

Thus « is a homomorphism. Also for any (e, e), (f, f) € E, we have

(e.e)a=(f,fla = e=,

and so a separates idempotents of E.
(c) Let (e,s) € Z and (g,9) € E. Then

(gvg)<e75) = (6,8)
< (g(ge), ges) = (&)
& ge=e and ges =s
=

ge=c¢e and es=s.
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(d) Suppose now (e, s) Rz (h, h). By (c) we have es = s.

Conversely, if es = s, we note that (e, e) is a left identity of (e, s) as

(e,e)(e,s) = (e,es) = (e, ).

Next suppose that (g, g) € E exists with (g,g)(e,s) = (e, s). Then ge = e from (c), so that,
as £~ F, we have (g, g)(e,e) = (e,e). Hence (e, e) ﬁf (e,s).
(e) For (e,s) € Z and (f, f) € F,

(e,s)(f, f)=(e;s) & (e(sf)F,sff) = (es)
< e(sf)t=e and sf=s
& e<st and sf =s.

(f) Let (e, s) L5 (f, f), then (e, s)(f, f) = (e, s) gives e < s* and sf = s.
Now suppose that sg = s for some g € E, then

(e,5)(9,9) = (e(sg) ", s9) = (e, 5),

and thus (f, f)(g,9) = (f, f) as (e, S)Zf(f, f). Since E = E, we have fg = f, so that
SZEf
Conversely if e < st and s Lp f, then

Sf:8:>(6,8)(f7f):(6,8)

and if (e, s)(g,9) = (e,s), then sg = s and so fg = f, giving
(f, /)g,9) = (f, )

Hence (e, s) Lz (f, f).
(g) It is straight forward to prove that (g, g) ﬁg (e, s) EE (f, f) for some g, f € E implies
that (e, s) = (sT,s) using (c) and (e).
Now let
U={(s",s):se S}
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To prove that U is a subsemigroup of Z, let (s™,s), (¢t,t) € U, then

(st,s)(tT,t) = (sT(st™)T,stht)
= ((stst)™,st)
((st)T,st) e U.

Clearly S = U under s — (sT,s), so that U is a left restriction subsemigroup of Z where
(s*,5)* = (57, 5%) = (s%,57) € U,

]

The Zappa-Szép product Z = FE 1 S of a left restriction semigroup S and E is not left
restriction in general. However we have shown in Proposition 4.1.4 that Z contains the left
restriction subsemigroup U, which is isomorphic to S. We now find a left restriction sub-

semigroup T of Z containing U, which, in view of Proposition 4.1.4 (d), is clearly maximum.

Theorem 4.1.5. Let S be a left restriction semigroup with semilattice of projections E.
Suppose that Z = E 1 S is the standard Zappa-Szép product of S and E. Let

T ={(e,s):s" <e} ={(e,s):es=s}

Then T is a left restriction subsemigroup of Z with (e, s)* = (e, e).

Proof. We first check T is a subsemigroup of Z = FE 1 S. For this let (e, s), (f,t) € T. Then
es = s, ft =t, so that
(e;8)(f,t) = (e(sf)",sft)
= ((esf)™, st)
= ((sf)",st).
Now (sf)*st = sft = st gives (e, s)(f,t) € T. Hence T is subsemigroup of Z. Clearly E C T.
To show that T is left restriction, let (e,s) € T. Then (e,s)* Ry (e, e) follows from
Theorem 4.1.4 (c) and the fact that £ C T
Note that for any (e, s), (f,t) € T,

(e,5) Ry (f,t) = e=f.

To prove that Ry is a left congruence, let (e, s), (f,t) € T be such that (e, s) Ry (f, 1), that
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is e = f. Then for any (g,u) € T,

(9, u)(e, 5)) = (g(ue) ™, ues) R (9(wf) ", uft) = (g,u)(f.1).

Therefore (g,u)(e,s) Ry (g,u)(f,t) and so Ry is a left congruence.
Finally to show that the left ample condition holds, let (e,s) € T, (f, f) € E. Then

((e,s)(f, f)) (e, )

sf)t ,(sf) s) because es = s

Hence T is left restriction. O

It is important to note that, if S is also right restriction, then
T={(e,s):s" <e} ={(e,s):es =5}

is not always right restriction, because we cannot always find a right identity of (e, s) € T.
Also in the inverse case, if Z = E 1 S is the Zappa-Szép product of an inverse semigroup S
and its semilattice E, then T'= {(e, s) : es = s} is not inverse. However, from Theorem 4.1.4

there is a subsemigroup of T" which is inverse.

Corollary 4.1.6. Let Z = E(S) < S be the standard Zappa-Szép product of an inverse semi-
group S and semilattice of idempotents E(S) and let T = {(e, s) : es = s} be a subsemigroup
of Z. Then there is a canonical embedding of S into Z = E 1S under s — (ss71,s).

4.2 Generalised Green’s relations on Zappa-Szép prod-

ucts

In this section we consider Zappa-Szép products of semigroups and monoids and record the
behaviour of the relations R*, L*, Ry and L.
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Lemma 4.2.1. If Z = S > T is a Zappa-Szép product of monoids S and T, then (a,b) R* (¢, d)
if and only if for all x, w € S and for ally, v e T

z(y-a)=u(v-a) and y*b=1v%
sx(y-c)=ulv-c) and y°d=1r°d.

Proof. Let (a,b), (¢,d) € Z. Then (a,b) R* (¢,d) if and only if for all (z,y), (u,v) € Z,

(337 y) (a’ b) = (u’ v)(a> b)
& (z,y)(c,d) = (u,v)(c,d)

if and only if for all z,u € S and for all y,v € T,

v-a) and y*b=v"
S x(y-c)=ulv-c) and y°d=v.

8
—~
<

S
~—

|
£

]

Proposition 4.2.2. Suppose Z = S =T is a Zappa-Szép product of monoids S andT. Then
the following hold:

(1) ifb,d € T and bR*d, then (a,b) R* (a,d) in Z;

(2) ifa, c €S and a L* ¢, then (a,b) L* (¢,b) in Z.

Proof. (1) Suppose that bR*d for some b, d € T'. Let x, u € S and y, v € T, then

z(y-a)=u(v-a) and y*b = v
< x(y-a)=u(v-a) and y°d =v*d because bR*d.

By Lemma 4.2.1 (a,b) R* (a,d) in Z.
The proof of (2) is dual. O

Proposition 4.2.3. Let S,T be monoids and Z = S > T be the Zappa-Szép product of S
and T'. Then

(1) (a,b) R* (¢,d) in Z implies a R* ¢ in S;

(2) (a,b) L* (¢,d) in Z implies bL*d in T.

Proof. (1) Suppose (a,b) R* (¢,d) in Z. To show that a R* ¢ in S, let x,u € S be such that

ra = ua.
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Then
z(l-a) =wu(l-a) and 1%0 = 1%,

so by Lemma 4.2.1, (1 -¢) = u(l - ¢), that is, z¢ = uc. Thus together with the opposite
direction, we obtain a’ R* ¢ in S.
The proof for L£* is dual. O

Definition 4.2.4. Let S and T be semigroups and « : S — T be a map from S to T. We

define Ker a to be the relation
Kera ={(s,t) € S x §: sa = ta}.

For more complete results, we now consider the reverse semidirect product S x T of S and
T and use the Lemma 4.2.1 in the context when one of the actions is trivial, because in the
Zappa-Szép product S > T" of monoids (semigroups) S and 7" if one of the actions is trivial
(that is, one semigroup acts by the identity map), then the second action is by morphisms,

and we obtain the semidirect product S x T (if S acts trivially) or S x T" (if 7" acts trivially).

Lemma 4.2.5. Suppose Z = S x T is a semidirect product of semigroups S and T, where T
is right cancellative. Also suppose that for any a, ¢ € S, a R* ¢ implies Kera = Ker ¢ (where
Kera is the kernel of the map induced by the right action of a). Then aR*c in S implies
that (a,b) R* (¢,d) in Z.

Proof. Suppose aR*cin S and let x,u € S and y,v € T. Then

ra =ua and y*b = v

i

ra=ua and y®=v* because T is cancellative

i

rc=uc and y°=v° because a’ R*c and Kera = Kerc

& xe=wuc and y°d =v°d because T is cancellative.
Thus Lemma 4.2.1 gives (a,b) R* (¢,d) in Z. O

Corollary 4.2.6. Suppose Z = S x T is a semidirect product of monoids S and T, where
T is right cancellative. Also suppose that S acts on T injectively. Then a R* ¢ in S implies
that (a,b) R* (¢,d) in Z.

Definition 4.2.7. Let M be a monoid and X be a set. An action of M on X is called faithful
if for m,n € M with m # n, there exists an x € X such that m-x #n - z.
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Theorem 4.2.8. Let Z = ST be a Zappa-Szép product of monoids S and T, where T is
right cancellative. Suppose S acts faithfully on the right of T' and for any a, c € S, aR* ¢
implies Kera = Kerc. Then aR*c in S implies that (a,b) R* (¢,d) in Z.

Proof. Suppose (a,b), (¢,d) € Z and aR*c in S. To show that (a,b) R*(c,d) in Z, let
x,u € S and y,v € T be such that

z(y-a) =u(v-a) and y*b = vb.
Then y* = v*, as T is right cancellative. Also as Kera = Ker ¢, we have y¢ = v and thus
y°d = vd.

Now for any z € T',

(Zacy)a — Zm(y-a)ya _ zu(v-a)va — (Zuv>a

and so as Kera = Kerc,
(ny>c — (Z’U,,U)C7

gives

Zx(y-c)yc _ Zu(v~c)vc‘

But y¢ = v° and T is right cancellative, therefore

Laye) _ u(ve)
As this is true for any z € T, and S acts faithfully, we have
z(y-c) =u(v-c).

Together with the opposite argument, Lemma 4.2.1 gives (a,b) R* (¢, d) in Z. ]

Theorem 4.2.9. Let S, T' be monoids and let Z = S <xT be the Zappa-Szép product of S
and T. Let E C E(S) and F C E(T). Put

E={(e,):e€E}and F={(1,f): f € F}.

Then E and F are sets of idempotents in Z and
(1) (a,b) ﬁf(c, d) in Z if and only ifaRpcin S;
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(2) (a,b) L (¢, d) in Z if and only if bLpd in T.

Proof. 1t is easy to check that EUF C E(Z).
(1) Suppose (a,b) R (¢,d) in Z. Let e € E. Then

ea =a < e(l-a) = a by action of 7" on S
< (e, 1)(a,b) = (a,b)
& (e,1)(¢e,d) = (c,d) because (a,b) R (c,d)
& e(l-c) c
& ec = c.

Hence aRgcin S.

Conversely suppose that a Rg ¢ in S and let (a,b) € Z. Then for (e,1) € E we have

(e,1)(a,b) = (a,b)
< (e(1-a),1%) = (a,b)
& (ea,b) = (a,b)
= ea = a
& ec = ¢ because &ﬁE c
& (ec,d) = (c,d
< (e(l-¢0),1d) = (¢,d)
& (e,1)(c,d) = (c,d).
Hence (a,b) Ry (¢, d).
The proof for L is dual. O

Theorem 4.2.10. Let S and T be semigroups and Z = S 1T be the Zappa-Szép product of
SandT. Let E C E(S) and FF C E(T). Suppose there exists a right identity e for S and a
left identity f for T such that

b-e=e, b°=b forallbeT

(RLI)
fra=a, f*=f foralla€s.

Put
={(h,f):he€E} and F ={(e,q): g € F}.

Then E and F are sets of idempotents in Z and
(i) (a,b) Lz (¢,d) = bLpd and (a,b) Rg(c,d) = aRpc;
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(i1) (a,b) L* (¢,d) = bL*d and (a,b) R* (¢,d) = aR*c.

Proof. We first check thatE and F are sets of idempotents in Z. For this let (h, f) € E.

Then

(A(f - h). f")

= (hh,ff) using (RLI)
(h, f).

(h, £)(h, f)

Thus £ C E(Z) and similarly F' C E(Z).
(i) Let (a,b), (¢,d) € Z and suppose that (a,b) ENF (¢,d). Let g € F be such that bg = b.
Then b°g = b using (RLI). Now as b- e = e and ae = a, we have

(a7 b) (67 g = (CL, b) ~
= (c,d)(e,9) = (cd) because (a,b) L% (¢, d)
= ¢(d-e)=c and d°g=d,

~— ~—

giving dg = d. Together with the opposite direction, we obtain bLpd.
Dually (a,b) Ry (¢, d) implies a R c.
(ii) Suppose that (a,b) R* (¢,d) and let u,v € S be such that ua = va. Then,

u(f-a) = o(f-a) using (RLI)
= (u, f)(a,0) = (v, f)(a,b)
= (u,f)(c,d) = (v, f)(c,d) because (a,b) R* (c,d)
= ulf-o = v(f-¢
= uc = wc
Further,
= o(f-a)
= (a,b) = (v, f)(a,b)
= (¢, d) = (v, f)(c,d) because (a,b) R* (c,d)
= c = v(f-c)
= c = wec

Together with the dual, we obtain a R* c.
Dually (a,b) L* (¢, d) implies that b.L*d. O
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Chapter 5

Semigroups with inverse skeletons and

Zappa-Szép products

The content of this chapter has already appeared in a joint paper with Victoria Gould [30].

Throughout this chapter, E' denotes a set of idempotents of a semigroup S.

The aim of this chapter is to study semigroups possessing E-regular elements, where an
element a of a semigroup S is E-reqular if a has an inverse a° such that aa®, aa lie in E. In
Section 5.1, we show that where S possesses ‘enough’ (in a precisely defined way) E-regular
elements, analogues of Green’s lemmas and even of Green’s theorem hold, where Green’s
relations R, L, H and D are replaced by ﬁE, L B, ﬁE and ﬁE. With some extra conditions
on our semigroup we also have an analogue of Green’s theorem. Namely, we show that under
these conditions, if aHp a®, then ﬁ%, the H p-class of a, is a monoid with identity from F.

In Section 5.2 we show that if Hp is a congruence on a certain semigroup S, then any
right congruence on the submonoid ﬁg, where e € E, can be extended to a congruence on
S. We also have a result for two sided congruences, with some further restrictions on S. We
stress that for regular semigroups with £ = E(S) we have Kr = K* = K, so our results can
be immediately applied to maximal subgroups of regular semigroups.

In Section 5.3 we introduce the idea of an inverse skeleton U of a semigroup S. Here U
is an inverse subsemigroup of E-regular elements, such that £ C U and U intersects every
H p-class exactly once (it follows that E = E(U)). We examine some conditions under which
we obtain skeletons from monoids having a particular submonoid L of the £pg-class of the
identity. A monoid with such a submonoid L is called special. Our most complete results

are for restriction monoids in Section 5.4, where we focus on a result of Kunze [37] for the
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Bruck-Reilly extension BR(M, 0) of a monoid M, showing that BR(M,#) is a Zappa-Szép
product of N under addition and a semidirect product M x N°. Certainly BR(M,0) is
special, with L isomorphic to N°. We put Kunze’s result in more general framework and
prove in particular that a special D g-simple restriction monoid can be decomposed in an

analogous way. Again, our results apply immediately to inverse monoids.

5.1 The relations Ry, £z and analogues of Green’s lem-

mas

In this section, we will show that, under certain circumstances, Ry and L behave like R
and L. In general, however, they do not.
We remind the reader from Chapter 1 that a semigroup S satisfies the congruence condi-

tion (C) if Ry is a left congruence and Lp is a right congruence.

Lemma 5.1.1. Let S be a semigroup satisfying (C). Then if a,b € S and aRpelpb, for
some e € E, we have that aEE ba ﬁE b.

Proof. As aﬁE e and 7A€E is left congruence, we have ba kvE be = b. Dually, ba L £ Q.

&

b ba

Figure 5.1: ‘Egg box’ picture depicting behaviour of Rg and Lgin S

O
Definition 5.1.2. An element ¢ € S is E-regular if ¢ has an inverse ¢° such that cc®, c°c € F.

We emphasise that the notation ¢® will always be used with this meaning. Of course, if ¢
is E-regular, then so is ¢®. Observe that if ¢ € S is E-regular and g, h € E with g RgcLg h,
then cc® R cRp g and cclelp h, so that by an earlier remark from Chapter 1 that for
e,f € E, eRE f if and only if e R f, we have cc® R g and c°c L h. It follows from standard

results for regular elements that ¢ has an inverse ¢’ such that ¢¢ = g and c = h.

Lemma 5.1.3. Let S be a semigroup and suppose that h,k € S are E-reqular. Then hRgk
(h/jE k, hHp k) if and only if hRk (hLEk, hH k).
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Proof. As h, k are E-regular, so hh°, kk® € E. Suppose that hRp k. Then
hh® R hRek Ry kk°
so that we have hh° R kk°. Thus there exists u,v € S* such that
hh°u = kk° and kk°v = hh°.

Hence h(h°uk) = kk°k = k and k(k°vh) = hh°h = h gives h R k.
The reverse statement is clear because R C ’IAiE (L C L g, HC ﬁE) O

Next we show that analogues of Green’s Lemmas hold with R, £ replaced by Re, L

where there is a suitable E-regular element.

Lemma 5.1.4. Suppose that Lp is a right congruence and S has an E-reqular element c

such that e = cc® and f = c°c. Then the right translations
e j7 d It Ie
pC . E _> E an pco . E _> B

are mutually inverse Rg-class preserving bijections.

Pe
/\\
S SC
)\CO t Co t
c® f

Figure 5.2: ﬁ,E and £ g-class preserving bijections

Proof. Notice that eRcL f. Let s € fﬁE Since L is a right congruence, scLgec = ¢ so
there is a map p. : E% — Zg defined by sp. = sc. Now s = se = scc® R sc, so that certainly
Pe 1S R p-class preserving. Dually, pe : Eg — EQE is R p-class preserving.

For any s € L, and t € Eé we have s = se = s(cc®) = spepeo and similarly, t = tpeo pe, SO

that p. and p. are mutually inverse on the specified domains. [
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Note that we are not assuming that the Dp-class depicted above is an “egg-box”, since

as R and Lp need not commute, some of the cells may be empty.

For convenience we now state the dual of Lemma 5.1.4.

Lemma 5.1.5. Suppose that Rp is a left congruence and S has an E-regular element ¢ such

that e = cc® and f = c°c. Then the left translations
Ao : RS, — RE, and M. : Rl — R,
are mutually inverse Lp-class preserving bijections.

Corollary 5.1.6. Let S be a semigroup with (C). Let ¢ be an E-regular element of S such
that e = cc® and f = °c. Then HS = Hi.

Proof. By Lemmas 5.1.4 and 5.1.5, p, : ﬁg — Efg and Aeo : Eﬁ; — ﬁ,{; are bijections. Now

For any z,y € ﬁ}fj we have

(2Y)pedee = cxyc
= c°zec’yc  ascc® =e
= (@peAe) (YpeAce).
Thus p.Ae is an isomorphism and hence ﬁ% ~H j{; O]

If we have enough E-regular elements, then we can say much more than in Corollary 5.1.6.

Lemma 5.1.7. If every H -class contains an E-regular element, then S is weakly E-abundant.
Moreover if S has (C), then Rpolp=LpoRg (so that Dy = Rp o EE) and if a,b € S
with a Db, then |H%| = |HY|.

Proof. The first statement is clear. Suppose that a,c € S with aRgoLpe.

b°b
a bb° b
cb°a c

Figure 5.3: Picture showing that ﬁE o EE = EE o 7€E
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There exists an E-regular b € S such that aﬁE bZE c. Choose an inverse b° of b such
that bb°,b°b € E. Notice that ¢ Lpb°b and aRgbb°. Using (C), cb®aRpch’b = ¢ and
cbea L g bb°a = a. Then al E O ﬁE c. Together with the dual argument we have that

ﬁEOEE:EEOﬁE.

In view of the remarks following Definition 5.1.2, the proof of the final statement follows

easily from Lemmas 5.1.4 and 5.1.5. O

Green’s theorem, a pivot of classical semigroup theory, states that if &k € S and kH k2,
then Hy is a group. We now consider semigroups with (C) such that the analogue of Green’s
theorem holds, by which we mean, if k Hp k2, then H * is a monoid with identity an element
of E: in view of Lemma 1.2.9, this is equivalent to containing an element of F.

The set of idempotents E(T") of any semigroup 7" may be endowed with the two pre-orders
< and <, under which it has the structure of a biordered set; if T is regular, then E(T) is
a reqular biordered set. Conversely, any biordered set is the biordered set of idempotents of a
semigroup, which is regular if E is regular [55, 12]. Suppose now that S is our semigroup with
E C E(S); [55, Theorem 1.3] gives necessary and sufficient conditions such that E generates
a regular subsemigroup S’ = (E) of S such that E(S’) = E. Clearly, if these conditions hold,
and if h € S’ with hHg h? in S, then as E C S we have h Hp h% in S'. It follows that h H h?
in S’ so that hH u in S’ for some u € E(S') = E. Certainly then H? (in either S or S')
contains .

To obtain a more general result, we need to introduce the following concept.

Definition 5.1.8. We say that F C E(S) is closed under E-conjugation if for any e € E
and E-regular ¢ € S (with cc®, c°c € E), if cec® € E(S), then cec® € E.

Notice that the above definition is symmetric, since (¢°)° = c.

Lemma 5.1.9. Let S be a restriction semigroup, let ¢ € S be E-reqular and let e € E. Then

cec® (and hence also c°ec) lie in E.

Proof. Let c,e be as above. Then
cec® = (ce)tec® € E

as F is a semilattice. O
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The next lemma follows the pattern for regular semigroups, as stated in [32, Result 2].

However, we need a little care as F need not consist of all the idempotents of S.

Lemma 5.1.10. The E-regular elements of S form a subsemigroup T" with E = E(T) if and
only if ef is E-reqular for any e, f € E, and E is closed under E-conjugation.

Proof. Let T denote the set of E-regular elements of S. The direct statement is clear.

Conversely, suppose that ef is FE-regular for any e, f € E, and E is closed under FE-
conjugation. Let h,k € T and choose inverses h°, k° of h and k respectively, such that
hh°, f = h°h,e = kk°, k°k € E. Let u be an inverse of fe such that ufe, feu € E. It is easy
to check that k°uh® is an inverse of hk. We then have (hk)(k°uh®) € E(S) and

(hk)(k°uh?) = hf (kk*)uh® = h(feu)h®,

so that (hk)(k°uh®) € E as feu € E and E is closed under E-conjugation. Similarly,
(k°uh®)hk € E. Thus hk € T as required. O

Corollary 5.1.11. Suppose that ef is E-reqular for any e, f € E, and E is closed under
E-conjugation. If h € S is E-regular and hHgh?, then EE contains an idempotent of E;
hence if S satisfies (C), then HP is a monoid with identity from E.

Proof. From Lemma 5.1.10 we have that the F-regular elements of S form a subsemigroup
T with E = E(T). Certainly h,h? € T with hHgh? in T. Then hHh? in T so that as
E = E(T) we have H (in either T or S) contains an idempotent of E. O

Whereas the previous result uses Green’s theorem, the next does not, but has rather

restrictive hypotheses.

Lemma 5.1.12. Suppose that E C E(S) is a band, every Hp-class contains an E-reqular
element, Hp is a congruence and S satisfies (C'). Then for k € S with kHp k2, we have
ENHE+0.

Proof. Notice that as Hp is a congruence and kHp k2, we have that H * is a subsemigroup.

h k,ef hh® = e

hoh = f he fe

Figure 5.4: Examining the behaviour of H E
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By hypothesis there exists an E-regular element h € H 2
such that hh® = e, h°h = f € E. Then

h® = h°hh® Hp h°hhh® = fe € E.

By Lemma 5.1.1, ef € H and ef € E as E is a band. Hence E N HE +# (. O

5.2 Extending congruences

Let M be a subsemigroup of a semigroup S and let p be a congruence (respectively, right
congruence) on M. We denote by p (respectively, p) the congruence (respectively, right

congruence) on S generated by p. We briefly review the circumstances under which
p=pN(MxM)orp=pn(Mx M),

where M = HE for some e € F, in the context of the conditions discussed in this chapter.

Definition 5.2.1. A subsemigroup M of a semigroup S has the (right) congruence extension

property in S if for any (right) congruence p on M we have
p=pN (M x M) (respectively, p = p N (M x M)).

Lemma 5.2.2. Let S be a weakly E-abundant semigroup with (C'). Suppose that Hy is a

congruence. Let e € E. Then M = ﬁg has the right congruence extension property in S.

Proof. Let p be a right congruence on M. Clearly p C pN (M x M). Let a € M,b € S and

suppose a pb. Then either a = b (so that clearly a pb) or there exists a sequence
a = city, dity = cata, -+ ,dyt, = b

for some n € N, where (¢;,d;) € p, t; € S, 1 < i <n (see, for example, [36, Chapter 1]). As
a,cy,dy, -+ ,cn,d, € M, which has identity e, we have

a = city, dit] = coty, -+ ,d,t,, =b  where t; = et;.
Since Hp is a congruence we have
a=ct,Hgeth =t Hpdit) = coth Hpety = th Hp --- Hpet, =t
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We conclude that ¢, --- ¢/ € M and so b€ M and apb. Hence M has the right congruence

extension property. O

Note that what we have shown above is something a little stronger than claimed, namely

that p saturates M, where p saturates M if
apb=-(a€ M if and only if b € M),

or equivalently, M is the union of p-classes.

Corollary 5.2.3. Let S be a reqular semigroup such that H is a congruence. Then for any

e € E(S), the mazimal subgroup H, has the right congruence extension property.

Note that it was shown in [23, Lemma 6.3] that every subgroup of a semigroup has the
right congruence extension property and we are thankful to Maria Szendrei for making it
explicit for us (in a private communication). Our result is in a sense stronger that we don’t
require Hp to be a subgroup, but it is also weaker, because we need Hp to be a congruence.

Let M be a subsemigroup of S and let p be a congruence on M. We say that p is
closed under E-conjugation if for u,v € M with upv and for any E-regular ¢ € S with
cuc®, cvc® € M, we have cuc® peve®; it E = FE(S), we simply say that p is closed under

conjugation.

Proposition 5.2.4. Let S be a semigroup with (C') such that every Hp-class contains an
E-regular element, He is a congruence and if kHp k?, then ]A-I/E contains an idempotent of
E. Leteec E and M = ﬁg and let p be a congruence on M. Then

p=pn(MxM),

if and only if p is closed under E-conjugation.

Proof. Tt is clear that if p = pN (M x M), then p is closed under E-conjugation.
Conversely, suppose that p is closed under E-conjugation. Let a € M,b € S and suppose
that
a = cpd, cqd = b,

where (p,q) € p and ¢,d € S'. As p’}A—[Zq and Hp is a congruence, we see that b € M. It
follows that
a=cpd, dqd =0,
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where ¢ = ece and d’' = ede. Then
. _
a<p €<z eRgpa,

so that a Ry . Dually, alpd.

“a v° c u
uO
dov u* | g d'cd w

Figure 5.5: Congruence extension property

From the comments following Definition 5.1.2, there exist F-regular elements
u € ffﬁ; and v € ﬁg such that uu® = e,u’u = f € E and v°v = e,vv° = g € E. Now
vu € Ry N L% by Lemma 5.1.1 and vu Hg d'c’. Since

wHpdd =cded Hydpd =aHtpe

we have

vuvu Hg veu Hg vu.

By assumption, there exists an idempotent w € E N ffgd. Let u* € ffg be an inverse of u

such that uu* = e and u*u = w. Then
a = dwpwd = (du*)(upu*)(ud') and b = dwqwd' = (du*)(ugqu*)(ud").

Now u* Hp d’ gives that du* Hpdd Hy e, so du* € M and similarly uHgd gives that
ud Hpdd Hge, so that ud’ € M. Further,

upu* = e(upu)e Hp (¢u*) (upu®)(ud) = a € M,

and similarly, uqu* € M. Since p is closed under E-conjugation it follows that upu* p uqu*
and so apb.
Now consider h € M,k € S with hpk. Either h = k (so that certainly hpk), or h is
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connected to k via a p-sequence
h = caipidi, ciqidy = copads, - -+, Crgndy, =k,

for some n € N, where (p;, q;) € p, ¢;,d; € S*, 1 <i < n (see, for example, [34, Chapter 1]).
It follows from the above that c;q;d; € M and h pc;q;d; for 1 < i < n. Hence h pk and

p=pN(MxM).

Corollary 5.2.5. Let S be a reqular semigroup such that H is a congruence. Let
G = H, be the maximal subgroup with identity e € E(S). Then for any right congruence p
on G we have p = pN (G x G) if and only if p is closed under conjugation.

Note that if F is a band, then from Lemma 5.1.12, the remaining hypotheses of Proposi-
tion 5.2.4 will guarantee that H. ¥ contains an idempotent of E.

We remark here that if S is a completely semisimple semigroup, that is if J = D and the
principal factors are completely O-simple, then p is closed under conjugation. In this case if
G = H, is the maximal subgroup with identity e € E(S), then p = pN (G x G).

In the following, M is a monoid with identity e.

Example 5.2.6. Let B be a band. With E' = {e} x B, the direct product M x B satisfies
the hypotheses of Proposition 5.2.4.

The next three examples are essentially folklore, but they can all be found in [11].

Example 5.2.7. Let S = B°(M, I) be a Brandt semigroup. That is,
S=(IxMxI)u{o}
with multiplication given by
(i, m, 3)(4,n, k) = (i, mn, k),
all other products being 0. Then with

E=1{(i,1,i):iec I} u{o}
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we have that for any (i,m, j), (k,n,l) € M
(i,m,j) R (k,n,1) if and only if i = k

and
(i,m,j) Lg (k,n,1) if and only if j = I.

It follows that S is restriction with distinguished semilattice F, Hpis a congruence on S and
with
U=A{(iej):ijeltu{o}

we have that U is an inverse subsemigroup of E-regular elements, intersecting every H p-class

exactly once. In particular, S satisfies the hypotheses of Proposition 5.2.4.

Example 5.2.8. Let S = BR(M, @), where 6 : M — M is a monoid morphism. That is,
S=N"x M xN°
and multiplication is given by
(m,a,n)(h,b,k) = (m —n +u,ad" "b0" " k — h 4+ u) where u = max (n, h).

With
E ={(m,e,m):mc N°}

we have that for any (m,a,n), (h,b, k) € S,

(m,a,n) Re (h,b,k) if and only if m = h

and
(m,a,n) Lg (h,b, k) if and only if n = k.

It is then easy to see that Hp is a congruence on S and S is restriction. Moreover, with
U={(m,e,n):m,nc N}

we have that U is an inverse subsemigroup of E-regular elements of S intersecting every
Hp-class exactly once. In particular, S satisfies the hypotheses of Proposition 5.2.4. Note
that S is a monoid with identity (0, e, 0).
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Note that the assumption in [11] that the image of 6 is contained in H}, is not needed

for the above.

Example 5.2.9. Let S = BR(M,Z,0) be the extended Bruck-Reilly extension of a monoid
M. The underlying set is
S=7ZxMXxXZ

and the semigroup operation on S is defined as in Example 5.2.8. The semigroup S has the

same properties as in that example, with the exception of being a monoid.

Example 5.2.10. Let S = [Y; Sa; Xa,5) be a strong semilattice Y of monoids S,, o € Y,
with connecting morphims x, s for @ > 3. Denoting the identity of S, by e, we have that S
is restriction with

E={ey:a €Y} =Y,

and the S,s are the H p-classes. Certainly then Hp is a congruence on S and S satisfies the

hypotheses of Proposition 5.2.4.

5.3 Semigroups with skeletons

We continue to examine semigroups with ‘enough’ E-regular elements, now moving towards
decompositions of such semigroups. It is clear from Lemma 5.1.7 that if every H p-class of
a semigroup S with (C) contains an E-regular element, and e Dy a where e € E, then every
element of ﬁg has a unique decomposition as upv, where u,v are fixed E-regular elements
and p € Efg For results leading further to structure theorems, we will concentrate in this

section on the case where FE is a semilattice.

Definition 5.3.1. Let V' C W be subsets of a semigroup S such that W is a union of
H p-classes. We say that V is an H p-transversal of W if

VNHY =1 forallae W.

Lemma 5.3.2. Let E be a semilattice and let ¢ € S be E-reqular. Then there is only one
choice of ¢°. Moreover, if d € S is E-regular and cHg d, then c° Hp d°.

Proof. If ¢°, ¢ are both inverses of ¢ with cc®, e, c°c,dc € E, then we have
cLpccLpcdcand cc®RgcRpcc.

7



Since E is a semilattice, any Rp-class or Lp-class contains at most one idempotent of F,
so that ¢°c = dc = e and ¢c® = ¢ = f say. Thus ¢°,¢ € R. N Ly so that (as any H-class
contains at most one inverse of ¢) we have ¢® = ¢.

The proof of the second statement is similar. O]

Clearly the above shows that if £ is a semilattice and ¢ € S is E-regular, then (¢°)° = c.
We recall that S is said to be weakly E-adequate if S is weakly E-abundant and F is a
semilattice. In this case there is a unique idempotent in the R p-class (£~ g-class) of a € S,

which we denote by a™ (a*, respectively).

Note 5.3.3. Let S be a weakly E-adequate semigroup and let ¢ € S be E-regular. Then
cRpct Ry,

(o)

so that we must have ¢™ = cc® and similarly ¢* = c°c. Hence also (¢°)t = c°c and (¢®)* = ec®.

Proposition 5.3.4. Let S be weakly E-adequate with ﬁE o EE = ZE o ﬁE, and let e € E.
Suppose there is an Hp-transversal L of Z% such that every c¢ € L is E-reqular, and e € L.
Then:

(1) R={c°:ce L} is an Hg-transversal of R%;
(2) D = LR is an Hp-transversal of D;

(3) if S has (C), then every element of 5% has a unique decompostion as cpd®, where
c,de L andpEffg.

Proof. (1) Let c € L. As E is a semilattice and cLp e, we must have that e = ¢°c so that

e Rpgc®. From Lemma 5.3.2, clearly R intersects any H p-class at most once. On the
other hand, let a € fx}% Then aEEf € F and as ﬁE o ZE = EE o 7A€/E, we have that

f ﬁE ¢ for some ¢ € L. It follows that aﬁE c®, so that R is an ﬁE—transversal of fm’%

(2) It is clear from Lemma 5.1.1 that for any ¢,d € L we have ¢d® € Ry N L% . Since

255 =L E O 7A€E, it follows that D is an ﬁE—transversal of B?E, as required.

(3) This follows from Lemmas 5.1.4 and 5.1.5.
[

We anticipate that Proposition 5.3.4 can be used to develop structure theorems for classes

of weakly F-adequate semigroups analogous to those for inverse semigroups.
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Definition 5.3.5. Let U be an inverse subsemigroup of S consisting of E-regular elements
such that £ C U. If U is an H p-transversal of S , then U is an inverse skeleton of S.

Example 5.3.6. The semigroups of Examples 5.2.7, 5.2.8 and 5.2.10 all have inverse
skeletons, with E being the skeleton in Example 5.2.10.

Lemma 5.3.7. Let S be a semigroup containing an inverse skeleton U. Then
E = E(U) is a semilattice, S is weakly E-adequate and if in addition S has (C'), we have
ﬁEOZE :EEO??,/E.

Proof. We are given that £ C E(U). If u € E(U), then as u is E-regular, u Ruu® € E. We
are given that E(U) is a semilattice and so u = uu® € E. The remainder of the lemma is

immediate from Lemma 5.1.7. O]
Naturally, we say that S is Dg-simple if it is a single Dp-class.

Theorem 5.3.8. Let S be a ﬁE—sz’mple weakly E-adequate monoid with
75]; o ENE = EE o ﬁE Suppose there is a submonoid ﬁE—tmnsversal L of ZNL}; such that every
c € L is E-reqular and for all c € L, e € E we have cec®,c’ec € E. Let

R={c:ce L}
(1) R is a submonoid Hg-transversal of RL;
(2) RL C RLULY if and only if E is a chain;
(3) if S is restriction then U = (RU L) is an inverse subsemigroup of S with E(U) = E;
(4) if S is restriction and RL C RU L, then U = LR and U is an inverse skeleton for S.

Proof. From the condition that cec®, c®ec € E for all ¢ € L, and the fact that E is a semilat-
tice, it is easy to see that for any u,v € RU L we have uv is E-regular with suitable inverse

vou’.

(1) From Proposition 5.3.4, we know that R is an H p-transversal of RL. Let ¢,d € L so
that ¢°,d° € R. From the above, cd is E-regular with (c¢d)® = d°c°. As c¢d € L we have
d°c® € R. Clearly, 1 = 1° € R, so that R is a submonoid.

(2) Let e, f € E and let ¢,d € L be such that cc® = e,dd® = f. As above, ¢°d is E-
regular with (¢°d)° = d°c. We have ¢°d € RL if and only if 1 = ¢°dd°c, which implies
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(multiplying on the front by ¢ and the back by ¢°) that e = efe so that e < f. On the
other hand, if e < f, then ¢°d Re cef = c°e = c° Rpl. Similarly, we see that c°d € Z}E
if and only if f < e. Statement (2) follows.

Let u=x129... 2, € U, where x; € LU R for 1 < ¢ < n. We show by induction on k
that u is E-regular with u° = x}, ... 2]. Clearly this is true for £ = 1 and we commented
above that this is true for k£ = 2.

Suppose now that & > 3 and the result is true for words in U of shorter length. Our

inductive hypothesis gives that x; ... x;_; is E-regular with inverse zj_, ...xz7. Then

(@y--ap) (2 - a) (e ) = (e wp) () (23 - 27) (20 - 2|2
= (@) [(@g g - af) (- w)] (e ) o

= xl...xkfl‘rk

and

[e)

(wl...xk)(xk...xi)) :xl(xQ...xkxz...x;)mi E E

by induction and hypothesis. Together with the dual argument, we obtain that

u =12 is E-regular with u°® = x} - - - 27.

Certainly £ C E(U). To show that U is inverse, we use the fact that S is restriction.
Let e € E(U). Then

+

et = ee® = eee® = ee™

so that using the identity xy™ = (xy)*Tz we have

so that E(U) = E. Hence E(U) is a semilattice and U is inverse.

To see that U = LR, let w € U. Since R and L are submonoids, we can write
u = lLyrilyry -+ 1l,,ry, where ly,...,l,, € L and ry,...,7,, € R and m is least with
respect to such a decomposition of u. If m > 2, then either rly € R or rily € L, so

that as

u = ll(’l"llg’l“z) s lm’l“m = (llrllg)’l“g s lme

we have violated the minimality of m. Hence m = 1 and U = LR. From Proposi-

tion 5.3.4, U is an H p-transversal of S , so that U is an inverse skeleton of S.
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Example 5.3.9. Let S = BR(M,#) and put
L ={(m,e,0):m e N}

We have that L is a submonoid H g-transversal of E}E consisting of F-regular elements and
S X S:ﬁEOEE:ZEOﬁE. With

R ={(0,e,m):m € N°} = {(m,e,0)°: m € N°}

we see that RL C RU L. Then U defined as in Theorem 5.3.8 coincides with U as given in
Example 5.2.8.

5.4 Dpg-simple monoids and Zappa-Szép products

We build on the results of previous sections to show how certain Dg-simple restriction
monoids decompose as Zappa-Szép products of submonoids. In particular, we show how
Kunze’s [37] result for the Bruck-Reilly extension of a monoid may be put into a general

framework.

Definition 5.4.1. Let S be a monoid. We say that S is special if there is a submonoid

H p-transversal L of 1~L1E such that every c € L is E-regular.

Example 5.4.2. We have observed in Example 5.3.9 that S = BR(M, ) is special with
L ={(m,e,0):necN}

being a submonoid H g-transversal of LL. Moreover, Hp is a congruence on S.

Theorem 5.4.3. Let S be a weakly E-adequate monoid with (C'). Then S is Dg-simple with
RpoLlp=LpoRp and special if and only if S is the internal Zappa-Szép product of L and

RL, where L is a submonoid Hp-transversal of L.

Proof. Suppose that S is the internal Zappa-Szép product of L and R%E, where L is a sub-
monoid H g-transversal of L.
Let a,b € S and write a = Ir, b = '’ where [, € L and r,r" € E}E Then Ir',I'r € S,

a=IrRplr' Lplr' =b
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and
a=1IlrLgl'rRglr =b.

Thus ENE o ﬁE = ﬁE o /:'E = 5 x S. Finally we need to show that L consists of F-regular
elements. For this let [ € L and write [* = uv where v € L and v € RL. Then uRpl so
that u = [, since |L N H%| =1 for all a € L.

v =[°

[T = uv

Figure 5.6: E-regular elements in H p-transversal of E}E

Therefore I* = v and [ =11 = [*] = I(v]) and vl € Hs by Lemma 5.1.1. By uniqueness
of factorisation, vl = 1. Thus v = vlv and lv,vl € E, so that [ is E-regular as required. Thus
S is special.

Conversely, suppose that Lp o Rrp =Rpoly=2Sx9 and S is special. Let s € S.
Then 1 EElﬁEs for some | € L and as [ is E-regular we have s = [*ts = [I°s. Now observe
that 1°s R 1°l = 1 so that [°s € }A?}E To see that this factorisation is unique, suppose that
s =Ilr =kt where [,k € L and r,t € fi}g Now R is a left congruence, so that IR k, giving
[ = k. As [ is E-regular, we have 1 = [°] and we deduce that » = ¢t. Thus S is the internal
Zappa-Szép product of L and E}E O

We now examine the actions in the situation where the hypotheses of Theorem 5.4.3 hold.
For r € R}, and | € L we have
rl = (rl)*rl = dd°rl

where d € L. Observe now that d°rl Ry d°(rl)*t = d°dd° = d°Rg 1. Tt follows that
r-l=dand " = d°rl where rlRpd € L.

We explain these actions with the help of a picture.
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! ro | rl=d°rl

rl

Figure 5.7: Actions of E}E and L on each other

We can proceed further in Theorem 5.4.3 to decompose E}E as a Zappa-Szép product,
under the additional hypothesis that for all ¢ € L and e € E we have cec®, c’°ec € E. Recall
from Theorem 5.3.8 that this guarantees that R = {¢° : ¢ € L} is a submonoid H -transversal
of RL.

Theorem 5.4.4. Let S be a weakly E-adequate monoid with (C) such that S is Dg-simple
with /7€E ) EE = ZE o /7€E and special. Suppose in addition that for all c € L and e € E we
have cec®,c°ec € E. Then E}; is the internal Zappa-Szép product of ﬁ]{; and R.

It follows that R}E > ﬁ,{; >1 R. Further, if Hp is a congruence on S, then the action of

]A:l% on R is trivial and Ry =2 IA:T/]{J X R.

Proof. Let t € }TZ}E For r € R with r Hg t, we have rr® = 1 and r°r = f € E and certainly
fLgr. From Lemma 5.1.4, p, : HL, — Hp, is a bijection. Thus every element of RL has a
unique decomposition as hr for some h € Hy and r € R, that is, R = HLR is the internal
Zappa-Szép product of ﬁ}z and R.

It follows that R = HL s R. We now examine the mutual actions of H), and R.
Let h € ﬁ};,r € R and let t € R be such that rhHp t, so that rhﬁNEf = t°t. Then
rh = (rh)f = (rh)(t°t) and rht° € H},, again by Lemma 5.1.4. Hence

r-h=rht®and r"* =t :

horeh=rhto t=r"] gy

t° t°t

Figure 5.8: Decomposition of R}E as a Zappa-Szép product of IT[}E and R

Finally, if Hp is congruence, then rh Herl = r, so that t = r and r" = r. O
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5.5 Some applications and examples

If S is such that every Hpg-class contains an E-regular element and S has (C), then we have
noted in Lemma 5.1.7 that 7A€E ol B = L EO7A€E. Moreover, if S is special and restriction, then
we immediately see from Lemma 5.1.9 that for all ¢ € L and e € E we have cec®, c’ec € E.
In particular, if S is an inverse monoid, then certainly with £ = FE(S), S is restriction,
every ﬁE—class contains an F-regular element and ﬁE oL B = ENE o 7’23; (since I%E = IC, for
all relevant K'). We thus immediately deduce from Theorems 5.4.3 and 5.4.4 the following:

notice that we have reverted to the more usual notation of K, for the K-class of a € S.

Theorem 5.5.1. Let S be an inverse monoid. Then S is bisimple and special if and only
if S is the internal Zappa-Szép product of L and Ry, where L is a submonoid H-transversal
of L1. Moreover, in this case, Ry is the internal Zappa-Szép product of Hy and R where

R={r"':r e L}, and is a semidirect product if H is a congruence.
Now we deduce [37, Section 5.4].

Corollary 5.5.2. Let S = BR(M,0). Then with
L={(n,e,0):n €N} and R ={(0,e,n) : n € N}

we have that

S = N°>a (M x N%).

Proof. We have observed that S is restriction and special with L and R as given. Moreover,

S xS = kvE o EE = ZE o ﬁE and j—[vE is a congruence. From Theorems 5.4.3 and 5.4.4 we

have S = L < (HL, x R) and then as L = N°, HL = M and L = N°, we deduce the result.
We now consider the relevant actions. For (n,e,0) € L and (0,a,m) € R}, with

k = max(m,n) we have
(0,a,m)(n,e,0) = (k—m,ad* ™ k —n)
so that from the recipe in Theorem 5.4.3 we have
(0,a,m) - (n,e,0) = (k—m,e,0) and (0,a, m)™Y = (0,ad* ™, k —n).
Considering now the action of R on HL we have
(0,e,m) - (0,a,0) = (0,e,m)(0,a,0)(m,e,0) = (0,ad™,0).
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Using the natural isomorphisms (n,e,0) — n, (0,e,m) — m and (0, a,0) — a we have that
N® acts on S by

m-a=abf™

giving the semidirect product S x NY and then S x N° and N act on each other mutually by
(a,m)-n =k —mand (a,m)" = ("™, k —n).

[]

Of course, the above can be applied to the bicyclic monoid (with M trivial) or to bisimple
inverse w-semigroups (with M a group).

We have set up the tools for further investigation. A structure theorem for Dp-simple
restriction semigroups with w-chain of idempotents using "weakly" Bruck-Reilly extensions is
proved by S. Ma, X. Ren and Y. Yuan in [50]. Tt is proved that if S is a D g-simple restriction
semigroups with w-chain of idempotents , then S = WBR(T,0), where WBR(T,0) is a
"weakly" Bruck-Reilly extension of a monoid T where T = ﬁ% Their result generalises the

structure theorem of *-bisimple type A w-semigroups given by U. Asibong-Ibe in 1985 [3].
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Chapter 6

A-Semidirect products of restriction

semigroups

The semidirect product of two inverse semigroups is not inverse in general [60]. Billhardt
showed how to modify the definition of a semidirect product of two inverse semigroups to
obtain what he termed as a A-semidirect product [4]. The A-semidirect product of two inverse
semigroups is again inverse. This result was generalised to the left ample case, again by
Billhardt, where one component is a semilattice [5] (but he indicated that it would work for
any two left ample semigroups). Again in this special case, this was extended further to the
A-semidirect product of a semilattice and a left restriction semigroup by Branco, Gomes and
Gould [6]. Indeed [6] considers a yet more general A-semidirect product, with one component
a left regular band.

In this chapter following Billhardt’s construction, we consider the \-semidirect product of
two left restriction semigroups and prove that it is left restriction.

In the two sided case, we show that if a restriction semigroup is acting doubly on another,
then the A\-semidirect product is again restriction. We provide two proofs of this result. First
a direct proof and second, by constructing an inductive category and then equipping it with
the standard pseudo-product.

In the first section we provide background for A-semidirect products and the work done so
far regarding the A-semidirect product of inverse, left ample and left restriction semigroups.
We consider the A-semidirect product of two arbitrary left restriction semigroups in the
second section and prove that it is again left restriction. We then consider the two-sided
case and by using the notion of double action prove that the A-semidirect product of two

restriction semigroups is again restriction. In the final section of this chapter, we consider the
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A-semidirect product of two restriction semigroups and give it the structure of an inductive
category. By defining a pseudo-product on this inductive category, we obtain a restriction

semigroup in a standard way.

6.1 A-semidirect product of inverse, left ample and left

restriction semigroups

We begin by defining the notion of the A-semidirect product of two inverse semigroups.

Definition 6.1.1. [4] Let S and T be inverse semigroups and suppose that T acts on the
left of S by endomorphisms. Put

Sx T ={(a,t) € SxT:tt7"-a=a}.
Define a binary operation on S x* T by

(a,1)(b, ) = (((tu)(tw) ™" - a)(t - ), tu).
We say that S x* T is the A-semidirect product of S by T.

We will see later that this is a special case of the A-semidirect product of left restriction

semigroups. The following result is the consequence of Definition 6.1.1

Proposition 6.1.2. [4] Let S and T be inverse semigroups such that T acts on the left of
S by endomorphisms. Then S x* T is an inverse semigroup. If in addition, S and T are

monoids, then S x* T is an inverse monoid with identity (1,1).
The following proposition provides two special cases of this construction.

Proposition 6.1.3. [45] Let S and T be inverse semigroups such that T' acts on the left of
S by endomorphisms.

(1) If T is a group, then S x* T = S x T is the semidirect product of S by T.

(2) If S and T are both groups, then S x*T =S x T is a group.

In [77], Wazzan gave an alternative proof of Proposition 6.1.2, by using the correspondence
in the Ehresmann-Schein-Nambooripad Theorem [Chapter 1] between inverse semigroups and

inductive groupoids.
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Theorem 6.1.4. [77] Let S and T be inverse semigroups and let P = S xT be the semidirect
product of S by T'. Then

B(P)={(a,t) e SxT : ' a=a}
s an inductive groupoid under the restriction of binary operation in P where
d(a,t) = (aa ', tt7 ), r(a,t) = (t - a ta, t7't)
and with partial order on B(P) defined by for (a,t), (b,u) € B(P),
(a,t) < (b,u) if and only if a < tt™' - b and t < u.
The set of local identities is then

EB(P):{(e7f)EP262:67f2:f7f'e:6}

and for (a,t) € B(P),
(a,t)_l — (t—l . a_l,t_l).

The restriction and co-restriction are defined for (a,t) € B(P), (e, f) € Epp) by

@pllat) = (e(f - a), ft)

and
(@,)]e.py = (LFE" - a)(tf - e),tf).
Further, under the standard pseudo-product, B(P) = S x* T.

Billhardt later extended his construction, in the case where one component was a semi-
lattice, to left ample semigroups [5]. This was extended further to the A-semidirect product

of a semilattice and a left restriction semigroup by Branco, Gomes and Gould [6].

Definition 6.1.5. Let T be a left restriction semigroup. Suppose 1" acts on a semigroup S

by endomorphisms. Put

Sx T ={(a,t) € SxT: t"-a=a}.
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Define a binary operation on S x* T by

(a,)(b,u) = (((tw)* - @)t - ), tu).
We say that S x* T'is the A-semidirect product of S by T.

Lemma 6.1.6. Let T be a left restriction semigroup such that T acts on a semigroup S on

the left by endomorphisms. Then
Sx T ={(a,t) € SxT:t" a=a}

1S a4 Semigroup.

Proof. Let (a,t), (b,u) € Sx*T. We first show that (a,t)(b,u) = ((tu)*-a)(t-b),tu) € S=x T,
We see that

(tu) - (((tu)" - a)(t- D)) =

tu™ - b) using the left ample condition

Thus multiplication is closed.
Now to check associativity, let (a,t), (b,u), (c,v) € S x* T. Then

(@ )bw)(e,v) = (((tw)" - a)(t-b), tu)(c,v)

= (((tw)™ - ((tu)* - a)(t b)) (tu- o), (tu)o)
((Cuvy™ - () * - @) ((tuv)* - (¢ b))(tu ), t(uv))
(((tuv)Jr(tu)Jr a)((t(uwo) )Tt -b)(tu - ¢), t(uw)
(((tuv)+ a)(t(uv)™ - b)(tu-c),t(uv))

= ()t - a)(t- (((wo)* - b)(u - 0)), H(uv))
(a, ) (((w0)* - b)(u - ¢), uv)

= (a,t)((b,u)(c,v)).

Thus the associative law holds and hence S x* T is a semigroup. O

Proposition 6.1.7. [6] Let E be a semilattice and T be a left restriction semigroup such that
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T acts on the left of E by endomorphisms. Then E x T is a left restriction semigroup with
(e, )" = (e, t7).

Then
Egor={(e,t")EEXT:t"-e=¢e}

is the semilattice of projections of S x* T.

We extend the above in two ways. First, we consider the A-semidirect product of arbitrary
left restriction semigroups and prove that it is again left restriction. Using the notion of
double actions taken from [24], we then introduce the A-semidirect product of (two-sided)
restriction semigroups. We give a direct argument that our construction yields a restriction
semigroup. Then following Wazzan’s technique we construct an inductive category and obtain

the corresponding restriction semigroup.

6.2 A-semidirect product of restriction semigroups

In this section we first consider the A-semidirect product of two left restriction semigroups.

Theorem 6.2.1. Let S and T be left restriction semigroups such that T' acts on the left of

S by endomorphisms of S regarded as a left restriction semigroup. Then
Sx*T ={(a,t) € SxT:t" a=a}
is left restriction under the binary operation defined by
(a,8)(b, w) = (((tu)" - a)(¢ -b), tu)
where (a,t)™ = (a*,t") and
F={(at,t"):t"-a" =a"}.
is the semilattice of projections of S x* T.

Proof. Note that by hypothesis,
t-at=(t-a)t foranyteT anda € S.
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Now if (a,t) € S x* T, then

t+-a+:(t+-a)+ +

so that FF C S x*T. From Lemma 6.1.6, we know that the binary operation is associative.
We now check the four identities that define a left restriction semigroup hold. For this let
(a,t) € S x*T. Then

(a,t)"(a,t) = (a+ t*)( t)

(t+ a+) t) because tT - a =a

because tT -a™ = at

—~ o~
@
\_/

Next let (a,t), (b,u) € S x* T. Then

(@t (bt = (a6, u)
((t*u* yeat) (et bt), t+u+)
((tJruJr at)(tt o), t*u*)

= ((u (tt-ah))(t" - b*),t*u*)

= ((uJr at)(tt - b)), t+u+> because t - at = a™
(b

yu)(a, )7,

the last step by symmetry.

Next we see that

((a.t) (bw)” = (@t b)) )
(@ u)+ a+ )(t+-b), ¢+ )

= ((trut-ah)(tt bt )
(((#rut - a+ (- D), (tFu)*)
((t ut -a®)(tT-bh), t*u*)

(@, t7) (0", u’)

(

a,t)* (b, u)".
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Finally we show that the left ample condition holds. For this we see that

((a.t)(b.w) (@) = (((tw)* - a)(t-b),tu) (a,1)

= ((((tw)* - a)(t-b)* (tu)*) (a.1)
((w)y =)t - (((tu)* - a)(t-5)* ) ((tu)* - a), (tu) 1)
((w)* - (Gw)* - a)(t- )" )(tu)* - a), tu*) as (tu)tt =tu® in T
()™ - ()™ - a)(t- b)) * ((tu)* - a), tu*) using ¢t - at = (t-a)*
()™ - () - @) ((tu)t - (- ) * ((tu)* - a), tu*)
((((tu)* - a)((tu) "t ) ((tw)* - a), tu”)
()" - a)(tut - b)) ((tu)* - a), tu®) as (tu)tt =tu® in T
(((tu)+ ~a)(tut - b)T, tu+) as (rs)Tr=rstin S
(((tw)* - a) (bt - bF), tut)
(a,t)(bF,u™) because u™ - bt = b

= (a,t)(b,u)*.

Thus all the four identities hold and hence S x* T is left restriction with (a,t)* = (a™,t").
It is clear that
F={(a",t"):t"-a" =a"}

is the semilattice of projections of S x* 7. [

Notice that in the above result,

(@ )b ) = () at) (b, )
= ((tTut-a™)(tt - (ut - 01)), tTu) because b =wut - bT
((tTu® - at)(tTut - b7, tTut)
(t

tut-atbt ttut),
so that (a™,¢t") < (b*,u™) if and only if

(@) ut) = (a",t7)

(ttu® - a®™dt tTut) = (at,th)
ttut -a™bt =at and ttut =t
tt-atht =at and ttut =t"
(tt-a™)(tT-bT)=a" and ttut =+¢"
at(tt-bt)=at and ttut =t

at <tt.bt and tt <ut.

SRR R
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In Theorem 6.2.1, we notice that F' has an alternative description as
F={(f-ef):f€ErecFEs}
for, if (a™,t") € F, we have t* - a* =a™. So
(at,tT) = (T -a™,t").
On the other hand, for f = f* € T and e = ¢t € S, we have

fre=fT-et=(f"-e)"

and clearly f*-(f-e)=f-e. Hence (f-e,f)€F.

6.2.1 Two sided case

We now consider the A-semidirect product of two restriction semigroups. We have seen that
the A-semidirect product of two left restriction semigroups is again left restriction, but in
general it is not easy to check that the A-semidirect product of two restriction semigroups
is also right restriction. We use the notion of double action introduced in [24] to determine
the structure of the free ample monoids to obtain a right restriction semigroup from the

A-semidirect product of two right restriction semigroups,.

Definition 6.2.2. Let S and T be restriction semigroups. Then T' acts doubly on S if T
acts by restriction semigroup morphisms on the left and right of S satisfying the following
compatibility condition:

(t-s)ot=so0t" =t"s
(CP1)
t-(sot)=sott =tt-s

forallse SandteT.

We notice that for all s € S and for all f € Ep,

f-s=sof.
Theorem 6.2.3. Let S and T be restriction semigroups. Suppose T acts doubly on S. Then

Sx*T ={(a,t) € SxT:tt -a=a}
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s a restriction semigroup where
(a,t)" = (a¥,t") and (a,t)* = (a* ot,t*);

further,
F={(a"t"):t"-a"=a"}

is the semilattice of projections of S x* T.

Proof. From Theorem 6.2.1, we know that S x* T is a left restriction semigroup with
(a,t)" = (a",17).

We now prove that S x* T is also right restriction.
We first notice that for (a,t) € S x* T, (a* ot,t*) € F as

t*-(a*ot) = (a*ot)ot* because f-s=so fforall se Sand f € Er
= a*ott”

= a*ot.
Also we note that ((a,t)™)* = (a,t)" and ((a,t)*)" = (a,t)*, as

((aat)+)* = a+7t+)*
(@) o t™, (7))

(
(
= (atot™ th) because S and T are restriction
(
(
(

tt-at th) using (CP1)

at,th) because t* - at =at

and

a* ot t") because a* ot € Eg and t* € Ep

Next we check that the four identities that define a right restriction semigroup hold.
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(a,t) € S x*T. Then

(a,t)(a,t)* = (a t)(a ot t)

Next let (a,t), (b,u) € S x*T. Then clearly (a,t)*(b,u)* =

semilattice.

Next we see that

(@, t)(b,u))" =

*((a*ot)ou®))(t

u))*
* u))*> o tu*, t*u*)

(a* o t), 1t")
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“otu”, (tu*)”)

using (CP1)

because action preserves *

(b,u)*(a,t)*, because F' is a

D))" o tu*, tu”)
( )" o tu*, tut)
( - (b o)) o tu”, tut)
tu* - (u* - (a* ot))(tu* - (b* ow)))* o tu*, t*u*) using (CP1)
(
(
(

using (CP1)

because action preserves *
using (CP1)

using (CP1)



Finally to check the right ample condition, let (a,t), (b,u) € S x* T. Then

(a,1)((b,u)(a, 1)) = ut
= (a,t)((((ut)* - b)(u-a)) out, (ut)*)
ut) )" a) (- ((((ut)* - b)(u-a)) out)), t(ut))
£t (

~— ~
4+~
Q

~—

/N

<~

/
—~

—~

—~

I

)T -b)(u-a))*ou)o t)),u*t) because T is
right restriction

(wt* - a) (t+ - ((((ut)* - b)(u-a))* o)), u*t) using (CP1)

(- (¢ @) ((((ut)* - b)(u-a))* ou) ot+),ut)  using (CP1)

(

(

right restriction
(w*t)™ - (b* o w)*)(u* - a), u*t)

=
(
(
= (
= (- a)((((ut)" - b)(u-a))* outt), u't)
= ( u*-a) ((((ut)+ “b)*(u-a))*o ut*),u*t) because S is
right restriction
= ((u* -a) ((((ut)+ -b*)(u-a))*o ut*),u*t) because action
preserves *
= ((u* -a) (((ut ~(b*out))(u-a))*o ut*),u*t) using (CP1)
= (- a)(((u- @ (O ou)ot))(u-a)) out”),ut)
= ((u* : a)(((u (T (b*ow)))(u-a))*o ut*),u*t) using (CP1)
= (- a)(((u- (0" out™))(u-a))* outt),u't)
= ((u* -a) (((u ~((b* out™)a))* o ut*),u*t)
= ((u* -a) ((u ~((b* out™)a)*) o ut*),u*t)
= ((u* -a) (((u ~((b* out™)a)*) ou) o t+),u*t)
= ((u* : a)((u* ~((b* out™)a)*) o t*),u*t) using (CP1)
= ((u* -a) (t+ (- ((b* o ut+)a)*)),u*t) using (CP1)
= ((u* -a) (t*u* ~((b* o ut*)a)*),u t)
— ((u* : a)(u*ﬁ ((b* out™)a) " t)
= ((u* -a) ((u*t+ (b* out™))(u*tt a)>*, u*t)
= (- a) ()t o outh))(w - (t* - a))) ,u't)
= ((U* -a) (((U*t+ (b* out™))(u* - a))*, u*t) because tT - a =a
= ((w - a)(((utr - ((b* ou) o 7)) (u* a)) u't)
= (- a)(((wtr- (- (b ow))(u*-a)) , u't) using (CP1)
= (@t ¢ ow)w - a)" w)
= ((u*t+ (0% ow))*(u* - a), u*t) because S is
(
= (

b* ou,u*)(a,t) 96



Thus all the four identities hold and hence S x> T is restriction. O
Now we check that (CP1) holds in the following example.

Example 6.2.4. Let T be a restriction semigroup and let S = Er = E. Suppose T acts on
the left and right of S by
t-e=(te)"

and
eot = (et)"

It is shown in [24] that T" acts on £ by morphisms. We check that (CP1) holds. For this let
t €T and e € E, then
(t-e)ot=(te)T ot = ((te)™t)" = (te)".
Also
eot™ = (et")" = (t'e)* = (te)*

and
t e = (t'e)t = ((te)")* = (te)".

Hence we see that
(t-e)ot=cot*=t"-e.

Dually it is easy to check that
t-(eot)=cott =t"-¢

and hence (CP1) holds.

6.3 Inductive categories and restriction semigroups

In this section we provide another proof that S x* T is a restriction semigroup. We consider
the semidirect product of two restriction semigroups and from the underlying set of S x* T
we construct a category C. We then order this category so that it becomes inductive which
yields a restriction semigroup via the use of the standard pseudo-product.

We first prove a result that is needed later to show that C is an inductive category.
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Lemma 6.3.1. Let T' be a semigroup acting on the left of a left restriction semigroup S by
endomorphisms of S regarded as a left restriction semigroup. Then the action of T preserves
< on S (and hence on Eg).

Proof. Let a,b € S and t € T and let a <b. Then a = a™b, so that

t-a t-(a™d)
= t-a = (t-a")(t-b) because action is by morphisms
(t-a)t(t-b) because action preserves T
= t-a < t-b

]

Theorem 6.3.2. Let S and T be restriction semigroups. Suppose T acts doubly on S satis-
fying (CP1) and let U =S xT. Let

C=8x*T={(a,t) e SxT:t" a=a}.

Then C = (C,e,d,r) is a category under the restriction of the binary operation in U with

set of local identities
EC:{(f'e7f):f€ET7€€ES}

where
d(a,t) = (a*,t") and r(a,t) = (a* ot t*).

Proof. We refer to e as the restricted product in C:
(a,t) ® (byu) = (a(t-b),tu) if r(a,t) =d(b,u).

We first check that e is a closed binary operation. For this let (a,t),(b,u) € C such that
(a,t) ® (b,u) is defined. Then
(a*ot,t*) = (b",u").

We see that

(tu)™ - (a(t-0)) =

because t* = u™

NN
—~
4~
~+
*
~—
+
S
\-/\_/
VS
—~
~+
S
~—
+
~+~
=
~—~
N—

= (tT-a)(tut - b) because T is restriction
= a(t-(ut-b)) because tT-a =a
= a(t-b) because u™ - b = b.
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Hence (a,t) o (b,u) € C.
Next we note that C' is closed under d and r, for if (a,t) € C, then

so that d(a,t) = (a™,t") € C;

further,
t*-(a*ot) = (a*ot)ot* becausee-s=soeforall s€ Sandec Er
= a*ott”
= a*ot,

so that r(a,t) = (a* o t,t*) € C.
It is easy to check that for any (a,t) € C,

d(r(a,t)) =r(a,t) and r(d(a,t)) = d(a,t)

and
imd=imr={(f-e,f): f€ Er,e € Es}.

Now we show that C' satisfies the axioms of a category.
(C1) Let (a,t), (b,u) € C and suppose 3 (a,t) ® (b,u). Then r(a,t) = d(b,u) so that

(a* ot t*) = (b*,u™).
Therefore
d((a,t) e (b,u)) =
s )
t-b)*, (t)F)  because t* = ut

t-(a*o t)))*,t*) because a* ot = b

(tt-a)(tt- a*))*,t*) using (CP1) and the fact t*-a=a
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and thus d((a,t) e (b,u)) = d(a,t). Now

r((a,t) e (b,u) = r(alt-b),tu)
= ((at-b))* o tu, (tu)*)
(a*(t-b))* o tu, (t'u)")

—~
—~
~

~a)*(t-b))* otu, (t* u)*) because t7 - a = a and t* = u*
t+a?)(t b)) otu, (utu)")

N NN
—~

(
= (
= (
= < *
= (((t- (@ ot)(t-b)) otu,u*) using (CP1)
= ( t-((a*o t)b))* o tu, u*)
= ((t - (b%h))* o tu, u*) because a* ot = b
= ((t - b)* o tu, u*)
= ((t - b*) o tu, u*)
= (((t~b*)ot)ouu)
= ((t* - b*) o u, u*) using (CP1)
= ((uJr - b*) o u, u*) because t* = u™
= ((u+ b)* ou,u
= (b* o u, u*) because u™ -b="bas (b,u) € C
= r(bu)

and hence r((a,t) o (b,u)) = r(b,u).

(C2) This directly follows from (C1) and the fact that multiplication in a semidirect
product is associative.

(C3) Let (a,t) € C. Then r(d(a,t)) = d(a,t). Thus 3 d(a,t) e (a,t) and

d(a,t) e (a,t) = (at,tT)e(a,t)
= (a™(tT-a),tTt)
= (a'a,t)

(a,1).
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Also d(r(a,t)) =r(a,t). Thus 3 (a,t) er(a,t) and

(a,t) e r(a,t)

Hence C = (C, e,d, ) is a category.

a,t) e (a* ot,t*)
a(t- (a*ot))),tt*)
a(tt - a*),t)

a(tt - a)*t)
aa*,t)

a,t).

(
(
( using (CP1)
(
(
(

Now we order our category C to obtain an inductive category.

Theorem 6.3.3. Let S and T be restriction semigroups. Suppose T acts doubly on S satis-

fying (CP1) and let U =S xT. Let

C=8x*T={(a,t) e SxT:t" a=a}.

Then C = (C,e,d,r, <) is an inductive category under the restriction of the binary operation

in U with set of local identities

EC:{(f'e,f)leET,(EEEs}

where

d(a,t) = (a*,t") and r(a,t) = (a* ot t*)

The partial order < on C s defined by

(a,t) < (b,u) if and only if a<tt-b, t <u.

For (a,t) € C and (f - e, f) € Ec, the restriction is defined by

(renllat) = ((f-e)(f-a), ft) = (f - ea, f1)

where (f - e, f) < d(a,t) and co-restriction is defined as:

()| ey = (BN @)t (- €)),1f)

where (f - e, f) <r(a,t).
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Proof. From Theorem 6.3.2, we know that C is a category. We now show that C is an

inductive category.

We first check that < is a partial order on C. It is clear that < is reflexive.

Let (a,t), (b,u) € C' and suppose that
(a,t) < (b,u) and (b,u) < (a,t).
Then a <ttt b, t<wuand b<u'-a,u<t,so that
t<u,u<t=1t=u,
and a < t* - b implies
a = at(tT-b)

at(ut-b) because t =u

= a'b

and so a < b. By symmetry b < a and so a = b. Thus (a,t) = (b,u) and hence < is

antisymmetric.
Next let (a,t), (b,u), (c,v) € C be such that

(a,t) < (b,u) and (b,u) < (c,v).
Thena <tt-b,t<uwand b<u'-c, u<v. Now
t<u,u<v=1t<wv,
and a < tt-b, b < ut - cimplies

+t+,b)

S
Il
S

_l’_

Q

AT (- (uh - 0)))

(
(

Tt b)(Erut - o)
(

|
S

s}

t(t

|
IS
+

Thus a < t' - c and
t§vz>t+§v+,

giving (a,t) < (¢,v). Hence < is a partial order on C.
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(IC1) Let (a,t),(b,u) € C and let (a,t) < (b,u). Then
a<tt.b andt<u

To show that
d(a, 1) < d(b,u),

we see that
a < tt-b
= at < (tt-b)T using Lemma 2.1.7
= at < tT-bT.

Also t < u implies that 7 < u™'. Thus
(a®,th) < (bF,ut).

Hence d(a,t) < d(b,u). Next we show that

r(a,t) <r(b,u), that is, (a*ot,t*) < (b* ou,u”),
we need to check that

a*ot <t*-(b*ou) and t* <u’.

Now t < w implies t* < u* by Lemma 2.1.7. Also
ttb
(tt-b)* ot using Lemma 6.3.1
(tt-b*)ot
(b*ott)ot using (CP1)

b* ottt
= b*ot.

IA A

Hence
(a*ot)(t"- (b*ou)) = (a*ot)((b*ou)ot*) using (CP1)
= (a*ot)(b* out*)
= (a*ot)(b*ot) because t < u

*

= a*ot.
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Thus
(a*ot,t") < (b* ou,u”),
and hence r(a,t) < r(b, u).

u
(IC2) Let (a,t), (b,u), (c,v),(d,p) € C be such that

(a,t) < (b;u), (c,v) < (d;p)

so that
a<tt-b,t<u and c<v'-d, v<p.

Suppose also 3 (a,t) ® (¢,v) and 3 (b,u) ® (d,p). Then
r(a,) = d(e,) and r(bu) = d(d,p),
so that
(a*ot,t*) = (ct,v") and (b* ow,u*) = (d*,p").

To show that
(a,t) o (c,v) < (b,u) e (d,p),

we need to check that
(a(t -c), tv) < (b(u -d), up).

Now t < u, v < p implies that tv < up. Also

a(t-¢) = at(tt-b (t (et (vt d))) because a <t -band ¢ <v'-d

VAN

= a(t-c)
Hence (a(t - ¢),tv) < (b(u - d), up) giving

(a,t) e (c,v) < (b,u)e(d,p).
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(IC3) Let (f - e, f) € Ec and (a,t) € C be such that
(f-e f) <d(at) = (a+’t+)

so that
f-e<f-a" and f<t'.

We show that (f - (ea), ft) is the unique element of C' such that
(f - (ea), ft) < (a,t) and d(f - (ea), ft) = (f - ¢, f).
We first check that (f - (ea), ft) € C. For this we see that

(fO)7-(f-(ea)) = [ft7f(ea)
= f- (ea) because f = ftT as f <t*

Thus (f - (ea), ft) € C. Now

f<th= ft<tht= ft<t.

Also
f-(ea) = (f-e)(fa)
< (f-a")(f-a)
= f-a
= ftt-a
(ft)"-a

Thus (f - (ea), ft) < (a,t). Also

d(f - (ea), ft) = ((f-(ea))", (f1)*)
= (/- (ea)*, f1¥)

= (f-(eat), ) because f = ftT as f < tT
= ((f-e)(f-a"),[)
= (f-elf) because f-e < f-aT.

Next suppose that (r,s) is another element such that

(r,s) < (a,t) and d(r,s) = (f-e,f).
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Then

r < st.a
= r < f-a because st = f
= r = r*(f-a)
= r = (f-e)(f-a) asrt=f-e
= r = f-(ea).

Also
s<t=s=s"t=ft.

Hence (f - (ea), ft) is the unique element such that
(f - (ea), f1) < (a,t) and d(f - ea, ft) = (f -, [).

Hence (f - (ea), ft) = (se.pl(a,t).
(IC4) Let (a,t) € C, (f - e, f) € Ec be such that

(f-e f)<r(at)=(a"ot,t"),

so that
fre<f-(a"ot) and f <t*.

We will prove that (((tf)Jr ca)(t-(f-e)), tf) is the unique element such that

() a)t-(f-e))tf) < (a,t) and v(((tF)*-a)(t- (f-e),tf) = (f-e,f).

We first check that (((tf)Jr ~a)(t- (f - e)),tf) € C. For this we see that

(N () a)t-(f-e) = ((HT( tf ca)) (L) - (tf - €))
= L) (tf) - e)

Hence (((tf)+ ~a)(t- (f- e)),tf) € C. Now

f<t=tf<ttr=tf <t.
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Also since t- (f -e) =tf - e € Eg, therefore

()T a)(t-(f-e) < (tf)"-a

using (CP1) and f < t*

)))(tf-e)otf,f) using (CP1)

using (CP1)

because f < t*

because f-e < f-(a*ot).

Hence

(@) - a)t-(f-e)tf) < (a,1).
Also
r((@)* )t (Fe)tr) = (N a)f-e) otf (tf))

= (((enT-a)y(tf-e)) otf,t°f)

= ()T -a)(tf-e)otf, ft)

= ((tf- (a7 oth))(tf ) otf, [)

= ((tf- ((a*ot)o ))(tf - €) otf, f)

= ((tf(f (a* ot

= (((tf- (a0 0))(tf-€)) o tf, [)

= ((tf-((a*ot)e)) o tf, f)

= () ((a o t)e), f)

= () ((a* o t)e), f)

— (f- (@ ot)e),

= ((f-e)(f-(a* o), f)

= (f - € f)
Thus r(((tf)+ ca)(tf - e),tf) = (f e, f). Next suppose that (m,n) is another element such
that

(m,n) < (a,t) and r(m,n)=(f"-e,f),
so that
m<nt-a,n<t,m*on=f-e and n* = f.

Then n <t implies
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Also m < n™ - a implies

m = (n*-a)m*
= (tHt-a)ym* because n = tf
= (tHt-a)(nt-m") because m* = (nt-m)* =nt .- m*
= ((tNH)T-a)(n-(m*on)) using (CP1)
= (tNHT-a)tf-(f-e) Dbecausen=tf and m*on=f-e
= ((tN)"-a)tf-e).

is the unique element such that

Hence (((tf)* - a)(t- (f-e)),tf)
((@)F-a)(E-(f-e)stf) < (a,t) and x(((tf)*-a)(t-(f-€)tf) = (f e, [)

and so we write (((tf)" - a)(t- (f-€),tf) = (a,)](e.p)-
(IC5) To show that (Eg, <) is a meet semilattice, let (f - e, f), (h-g,h) € Ec. We show
that (f-e, f) A (h-g,h) exists and

(f-e,f)/\(h-g,h):(fh-(eg),fh).

Clearly (fh- (eg), fh) € Ec and fh < f,h. Also as eg < e, so

fh-(eg) < fh-e using Lemma 6.3.1
= fh-(f-e).
Thus
(fh-(eg), fh) < (f-e f).
Similarly

(fh-(eg), fh) < (h-g,h).

Next let (m -1,m) € Ec be such that
(m-Lm) < (f-e.f) and (m-L,m)<(h-g,h).
This implies that
ml<m-(fe),m<f and m-1<m-(h-g), m<h
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Now m < f, m < h implies that m < fh and

m-l < (m-(

so that (m-1,m) < (fh-(eg), fh). Hence (f - e, f) A (h-g,h) exists and

Thus Ec ={(f-e,f): f € Er,e € Eg} is a meet semilattice.
Hence C = (C, -, d, r, <) is an inductive category. ]

We now consider the pseudo-product on C and show that it coincides with the \-

semidirect product.

Theorem 6.3.4. Let C = (C,e,d,r,<) be the inductive category as defined in Theo-
rem 6.3.3. Let (a,t),(b,u) € C and define ® by the rule

(CL, t) ® (bv U) = (((I, t) |r(a,t)/\d(b,u))(r(a,t)/\d(lyu) | (b, u))

Then as a restriction semigroup, (C,®) = S x*T.

Proof. We first compute r(a,t) A d(b,u). We have

r(a,t) ANd(b,u) = (a*ot,t*) A (bjL u+)

= ((t*u+ a*ot)(t*-bh), t*u*)
(RGRGE t>>><t* b, )
= ((u+ a*ot))(t*-bh), t*u+).

Now

<<a’t)|r(a»t)/\d(b,u)) = ((a, t)|((u+ a*ot))(t*- b+)t*u+))
(e e 0y )
((tu a) (t (a* o t))) (t (- b*)),tu*)

((tw)* - a)(tu™ - (a* ot))(t-m),uﬁ).

—~
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Hence ® coincides with the A-semidirect product. Also note that ™ and *

[]

well.

110



Chapter 7

Monoids and left restriction
semigroups decomposed into
products: an analogue of the approach

for F-unitary inverse semigroups

A remarkable structure theorem for proper (FE-unitary) inverse semigroups, now known as
the ‘P-theorem’ was given by McAlister [52], which is important due to McAlister’s other
major result that every inverse semigroup has a proper cover [51]. The P-theorem determines
the structure of all proper inverse semigroups and has many important consequences such as
O’Carroll’s embedding theorem [59], which states that any proper inverse semigroup can be
embedded into a semidirect product of a semilattice by a group.

In this chapter, we aim to generalise O’Carroll’s embedding theorem [59] for certain
monoids and left restriction semigroups. We consider a monoid S such that S = AT for
submonoids A, T, where T acts on A (as a semigroup) satisfying a condition analogous to
the left ample condition. We then introduce the notion of (A, T')-properness for S and prove
covering and embedding theorems analogous to those of McAlister.

To prove the corresponding results for left (right) restriction semigroups is not so easy.
The semidirect product of two left (right) restriction semigroups need not be left (right)
restriction in general as we explained in Chapter 6. We therefore consider A-semidirect
products of left restriction monoids to obtain covering and embedding theorems analogous
to the monoid case. We consider a left restriction monoid S with submonoids A, T and use

the notion of (A, T)-properness defined for the monoid case to prove that a left restriction
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monoid has an (A, T')-proper cover and that every (A, T')-proper left restriction monoid can

be embedded in the A\-semidirect product of two left restriction monoids.

7.1 Inverse semigroups: coverings, P-theorems and con-

sequences

We start this section by giving the definitions of proper and proper covers in the context of

inverse semigroups. We first give the definition of an F-unitary semigroup.

Definition 7.1.1. Let S be a semigroup and let F = E(S) be the set of idempotents of S.
Then S is E-unitary if for all e € E and for all s € S

ese F=sekF.

This definition is two sided due to the following proposition, which is true for regular

semigroups (see [34]), but we prove it for an arbitrary semigroup.

Proposition 7.1.2. Let S be a semigroup with set of idempotents E = E(S). Then S is
E-unitary if and only if for s € S ande € E,

see = se L.
Proof. Suppose that S is E-unitary. Let s € S, e € E and suppose that se € E. Then
(ese)? = (ese)(ese) = e(se)(se) = ese
and so ese € E. Next we see that (es)? € E as

(es)*(es)?> = (eses)(eses)
= e(se)3s
= eses because se € F

= (es)?,

and hence (es)* = (es)?> € E. Thus ese € E and (ese)s € F implies s € E because S is
E-unitary.

The converse argument is dual. O
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Now we give the definition of a proper inverse semigroup.

Definition 7.1.3. Let S be an inverse semigroup with semilattice of idempotents E. Let o

be the minimum group congruence on S. Then S is proper if and only if RNo = 1.

We remind the reader from Chapter 1 that if S is inverse, the least group congruence o

is given by the rule for all s, € S:
sot < es = et for some e € E(S).

Proposition 7.1.4. [34]. Let S be an inverse semigroup and let o be the least group congru-
ence on S. Then the following are equivalent:

(i) S is proper;

(i) LNo =1,

(iii) S is E-unitary.

Definition 7.1.5. Let S be an inverse semigroup. A proper cover of S is a proper inverse

semigroup U together with an onto, idempotent separating morphism ¢ : U — S.
We comment in the above definition that ¢|gw) : E(U) — E(S) is an isomorphism.
McAlister’s Covering Theorem. [51] Every inverse semigroup S has a proper cover.

To define a P-semigroup and state McAlister’s P-theorem and its consequences, we first

have a look at some ideas needed for our purpose.

Definition 7.1.6. Let G be a group and (X, <) be a partially ordered set. Then G acts on
X by order automorphisms if G acts on X and for A, Be€ X, g€ G

A<B&g-A<g-B.

Definition 7.1.7. Let (X, <) be a partially ordered set and ) be a subset of X. Then ) is
an order ideal of X if for all A, B € X,

AeYand B< A= Be).

To give the definition of a P-semigroup, we first need to define a McAlister triple.

Definition 7.1.8. Let G be a group acting on a partially ordered set (X, <) by order
automorphisms. Let ) be a subset of X and suppose that the following conditions hold:
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P1) Y is a semilattice with respect to <;

P2) GY = X; that is, for every X € X there exists g € G and Y € Y such that g-Y = X;
P3) Y is an order ideal of X’;

P4)forallge G, g-YNY #0.

Then (G, X,)Y) is called a McAlister triple.

(
(
(
(

We now give the definition of a P-semigroup.

Definition 7.1.9. Let (G, X,)) be a McAlister triple and let
PG, X, Y)={(A,9) €Y xG:g ' - Ac Y}
Define a binary operation on P(G,X,)) by the rule
(A, 9)(B,h) = (ANg- B, gh)

for (Aag)7<B7h) < P(GMX?J})
Lemma 7.1.10. If (G, X)) is a McAlister triple, then P(G,X,)Y) is a semigroup.

We call the semigroup P(G, X,)) in Lemma 7.1.10 a P-semigroup.
We now state McAlister’s P-theorem which determines the structure of all proper inverse

semigroups.

McAlister’s P-Theorem. [52] Let P be a P-semigroup. Then P is a proper inverse semi-

group. Conversely, any proper inverse semigroup is isomorphic to a P-semigroup.

An important consequence of McAlister’s P-theorem is O’Carroll’s embedding theorem
which tell us that any proper inverse semigroup can be embedded into a much simpler struc-

ture than a P-semigroup.

O’Carroll’s Embedding Theorem. [59] Let S be an inverse semigroup. Then S is proper

if and only if S can be embedded into the semidirect product of a semilattice by a group.

The McAlister’s P-theorem for proper inverse semigroups prompted work for larger classes
of semigroups, see for example [22, 70, 75]. McAlister’s work has been extended in several
directions, we mention here two of these, one to keep the condition of S being regular but
weaken the condition that E(S) forms a semilattice. The other direction is to drop the

regularity of S but retain commutativity of idempotents.
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7.2 Left restriction semigroups: coverings, P-theorems

and consequences

A theory analogous to that for inverse semigroups has been developed for left ample, weakly

left ample and left restriction semigroups.

Definition 7.2.1. Let S be a left restriction semigroup with semilattice of projections E.

The relation og on S is defined by
op = {(a,b) € S x S:Je € E such that ea = eb}.

This relation is the least congruence on S identifying all the elements of E [28]. It is
explained in [28] that o can be regarded either as a semigroup congruence or a congruence
in the augmented signature. When E = E(S), we just write o for og. If S is inverse, then
o = og is the least group congruence on S. If S is left ample, then it is known that o = og
is the least right cancellative monoid congruence on S [16] and if S is a weakly left ample
monoid, then o is the least unipotent congruence on S [27].

Dually, if S is right restriction, then a og b if and only if af = bf for some f € E. Thus
og is again the least congruence identifying all the elements of E. Hence if S is restriction,

then either characterisation of o will suffice.

Definition 7.2.2. A left (right) restriction semigroup is proper if
ﬁEﬂUE:Z (EEQUE:Z).

A restriction semigroup is proper if it is proper as both a left and as a right restriction

semigroup.

If a restriction semigroup Sies is obtained from an inverse semigroup S by putting

* = aa"!, a* = a'a, then we have observed that o is the least group congruence on

a
S, ﬁE = R and so S, is proper if and only if S is F-unitary. Thus the relation og
generalises the least group congruence on an inverse semigroup and the notion of a proper
restriction semigroup generalises that of an FE-unitary inverse semigroup. Moreover, the
role played among inverse semigroups by groups is taken over among restriction semigroups
by monoids, because groups are inverse semigroups with one idempotent and monoids are
reduced restriction semigroups, that is, restriction semigroups in which a™ = 1 = «* for all

elements a. For inverse semigroups, we know that each inverse semigroup has a proper cover
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and proper inverse semigroups are just the inverse subsemigroups of the semidirect products
of semilattices by groups [51, 52, 34]. There is an analogous theory for restriction semigroups
where groups are replaced by monoids. This theory was developed in [20] for left ample

semigroups.
Definition 7.2.3. Let S be a left restriction semigroup with semilattice of projections E. A
cover of S is a left restriction semigroup U together with an onto morphism

.U — S,

which separates idempotents of F.

Corresponding to McAlister’s covering theorem, a covering theorem has been given for

left restriction semigroups in [24, Lemma 6.6] and [6, Theorem 6.4].
Theorem 7.2.4. [6] Every left restriction semigroup has a proper cover.

A structure theorem analogous to McAlister’s P-theorem has been given for left restriction
semigroups in terms of monoids (regarded as left restriction semigroups) acting on semilattices
[6].

Definition 7.2.5. Let M be a monoid acting by morphisms on the left of a semilattice X.
Let ) be a subsemilattice of X and suppose that ) has an upper bound ¢ € X such that the
following hold:

(a) for all m € M, there exists e € ) such that e < m - ¢;
(b) for all e, f € Y and all m € M,

e<m-e=eAm-fel.

Then the triple (M, X)) is called a strong left M-triple.

Given a strong left M-triple (M, X’;)), define
M=MMX,Y)={(e;m)eYXM:e<m-e}
with binary operation defined by
(e,m)(f,n) = (e Am- f,mn)
for (e,m), (f,n) € M. Then M(M, X)) is a semigroup and is called a strong M-semigroup.
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Lemma 7.2.6. [6, Lemma 7.1] Let (M, X)) be a strong left M-triple. Then M(M, X))

s a proper left restriction semigroup with
(e;m)t =(e,1), E={(e,1): e €Y} =Y and M(M,X,Y)/or = M.

Moreover, if e € Y, then M(M,X,)Y) is a monoid with identity (e, 1).

Theorem 7.2.7. [6, Theorem 7.2] A semigroup (monoid) S is proper left restriction if and
only if it is isomorphic to a strong M-semigroup (monoid) of the form M(S/og, X,)) where
Yy = FEs.

The above results are specialised to (weakly) left ample semigroups because a left re-
striction semigroup with F = E(S) is weakly left ample and if /7€E(S) = R*, then S is left
ample. In Lemma 7.2.6 M is unipotent for weakly left ample semigroups (monoids) and is
right cancellative for left ample semigroups (monoids). In Theorem 7.2.7 S/o g is unipotent
if S is weakly left ample and right cancellative if S is left ample.

We notice that the above results present a theory analogous to McAlister’s theory and
O’Carroll’s work for inverse semigroups, but the order in which things were done in the
inverse case is different. Namely, in inverse semigroups we start with a partially ordered set
as, an inverse semigroup is proper if and only if it is isomorphic to a P-semigroup P(G, X,})),
where G is a group, X is a partially ordered set containing a semilattice ) as a sub-partially
ordered set, subject to certain conditions. We also note that if S is proper inverse, then
S = P(S/o, X, E(S)), where E(S) is the set of idempotents of S and o is the least congruence
identifying idempotents of E(S). In the left restriction case we start with a semilattice and
we notice that, though we take X’ to be a semilattice, we lose the condition GX = ), which

appears in McAlister’s result.

7.3 (A, T)-proper monoids

In this section we consider semidirect products of monoids A and T" and introduce the notion
of (A, T)-proper monoids. We aim to find an (A, T')-proper monoid U and an onto morphism
from U to S, where S is the internal product of A and T

Let A and T be monoids with identities 14, 17 (we drop the subscripts where convenient)

and suppose that A x T is the (external) semidirect product of A by T" where T is acting on
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the left of A by semigroup endomorphisms, that is, we do not insist that t-1 = 1. Let
A'={(a,1):a€ A} and T'={(t-1,t): t € T}.

Clearly, A’ is a submonoid of A x T" with identity (14,17) and A = A’. To check that 7" is
a submonoid of A x T', let (¢-1,t),(u-1,u) € T". Then

t-1,t)(u-1,u) = ((t-l)(t (u 1)), tu)
= (t- (- 1), tu)
= (t-(u- ) )
(

tu-1,tu) € T".

Clearly (14, 17) is an identity of 7" and hence T is a submonoid of A x T' which clearly is

isomorphic to T

Example 7.3.1. Let S be a left restriction semigroup and let £ = Eg. Then S acts on E
by semigroup morphisms by s-e = (se)™. We check that this is an action by morphisms.
For this let s, € S and e € E. Then

st-e=(ste)t = (s(te) )t =s-(te)" =s-(t-e).

Also for s€ Sande, f € FE

s-(ef) = (s(ef))" = (sef)" = ((se)"sf)" = (se)"(sf)" = (s-€e)(s- f),

and hence S is acting on E by semigroup morphisms.
Note that if S (and hence F) is a monoid, then this is not a monoid action unless S is

reduced.

We cannot immediately call upon the results of Chapter 3 to write A x T" as an internal
semidirect product, since T" does not necessarily act on A by monoid morphisms. We therefore

show that U = A’T" is a monoid subsemigroup of A x T

Lemma 7.3.2. Let S = A x T be the semidirect product of monoids A and T, where T acts

on A by semigroup endomorphisms, and let

U={(a,t) e AxT:a(t-1)=a}.
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Then U is a subsemigroup of S. Further, U is a monoid with identity (14, 17) containing
the submonoids A’ and T', U = A'"T" and each element u € U can be uniquely written as a

product of an element of A and an element of T.

Proof. First we observe that ¢ - 1 is an idempotent, as
t-1=t-(11)=(t-1)(¢t-1).
Next let (a,t), (b,u) € U. Then
a(t-1)=a and b(u-1) =0b.

We see that

a(t-b)(tu-1) = a(t-b)(t-(u-1))

= a(t- (b(u-1)))
= a(t-b) because b(u - 1) = b.

Hence (a,t)(b,u) € U. Also
(1,1)(a,t) = (a,t) and (a,t)(1,1) = (a(t-1),t) = (a,t).

Thus U is a monoid. Clearly A’,T" are submonoids of U as t - 1 is idempotent for all t € T'

and each element (a,t) € U can be written uniquely as
(a,t) = (a,1)(t-1,t) where (a,1) € A"and (t-1,t) € T".

Hence U = A'T". O]

Example 7.3.3. If S is a left restriction monoid, A = Fg, T = S with action as in Exam-
ple 7.3.1, then
U={(e,s):e=¢c(s- 1)} ={(e,s) :e < st}

Lemma 7.3.4. Let S = AT be a semidirect product of monoids A and T where T acts on
A by semigroup endomorphisms. Then T" acts on A" by (t-1,t) ® (a,1) = (t-a, 1) such that
the action satisfies

(t-1,)(a,1) = ((t-1,8) © (a, 1)) (¢t 1 ).

Proof. We first check that the action of 7" on A’ is a monoid action. For this let

119



(t-1,t),(u-1,u) € T" and (a,1) € A’. Then

(t 1,0 (W 1Luo @) = ¢ 116w al)
= (t-(u-a),1)
= (tu-a,l)
= (tu-1,tu) ® (a,1)
= (t-1L1)(u-1,u) o (a,1).

Also
(1a,17) ® (a,1) = (17 - a, 17) = (a,1).

Hence action of 7" on A’ is a monoid action. Also it is easy to check that the action of 7" on

A’ is by homomorphisms. Next we see that

(t-1,0)(a1) = ((t-1)
= (t-a,t

I
—~
~
IS
—_
SN—
~
N—

Hence the action of 7" on A’ satisfies (¢ - 1,t)(a, 1) = ((t -1,t) © (a, 1)) (t-1,t). O

We now consider a monoid S with submonoids A,T such that S = AT and we are

supposing that T" acts on A (as a semigroup) satisfying

ta=(t-a)t (LAC)

Then for any ¢ € T" we can write ¢t = (¢ - 1)¢, so that at = a(t - 1)¢. Since ¢ - 1 is idempotent
for any t € T', we have for any s € S

s =at wherea=a(t-1).

Example 7.3.5. If S is left restriction, then S = ES, and with action as in Example 7.3.1,
forse Sandee E

(s-e)s = (se)'s=se.

Definition 7.3.6. Let .S be a monoid with submonoids A, T such that S = AT where T acts
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on A (as a semigroup) satisfying (LAC). Let E ={t-1:t € T} so that £ C E(S). Define
o4 on T by

toau < et = fu for some e, f € (E).
It is clear that o4 is reflexive, symmetric and right compatible. To check that it is also
left compatible let t o4 u. Then
et = fu wheree= (u;-1)---(up-1)and f=(vy-1)--- (v - 1).

Forw e T

w(up - 1) (up- Dt = w(vy 1)+ (v - Du
= (w-(up-1)w(ug-1)---(up- 1)t = (w-(vy-1)w(ve-1)---(vg-1)u
(

= (wuy - D)(wug - Dw---(up - 1)t = (woy - 1)(wvg - Dw -+ (vg - Du

= (wuy - 1)(wug - 1) -+ (wup, - Nwt = (woy - 1)(wvg - 1) - -+ (wog, - Dwu.

Hence o 4 is left compatible. Thus oy, where o' is the transitive closure of o 4, is a congruence.

If idempotents in F commute, then o4 = oy. For if t,u,v € T and t 64 u o4 v, then
et = fu and gu = hv,
so that

get = gfu= fgu = fhv

and hence to 4 v.

Example 7.3.7. If S is left restriction, A = F and T' = S, then op (as 04) is the same op

as usual because F is a semilattice.

Now we give the definition of an (A, T)-proper monoid. We will see later in this chapter

that this definition can be adopted for left restriction monoids with an extra condition.

Definition 7.3.8. Let S = AT, where S is a monoid with submonoids A, T such that T acts
on A (as a semigroup) satisfying (LAC). Suppose the idempotents in £ = {t-1:¢ € T}
commute. We say that S is (A, T)-proper if for a,b € A, t,u € T

where a = a(t-1), b="0b(u-1),

at=bu<a=>band to,u.
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Note that if S is (A, T)-proper, and t o4 u, then putting a = b = (¢t-1)(u- 1) we deduce
that
(t-D(u-)t=(t-1)(u-1)u,

so that (u- 1)t = (¢ - 1)u because idempotents in F commute.
The following Lemma shows that our notion of (A, T)-properness generalises the notion

of a proper left restriction semigroup.

Lemma 7.3.9. Suppose S is a left restriction monoid with semilattice of projections E. Then

S is proper if and only if S is (E,S)-proper.

Proof. Suppose that S is (F,S)-proper and let s,t € S be such that s(ﬁE Nog)t. Then

st =t" and sogt. Now by the above remark, as S is (F, S)-proper,
sopt =1t"s =sTt,

so that s =t as s* = ¢+ and hence S is proper.
Conversely we suppose that S is proper. Let e, f € E and t,s € S with e < s' and
f < tt. To prove that S is (F, S)-proper, we need to show that

es= ftee= fand sogt.
First we suppose that es = ft. Clearly sogt by definition. Further,
e=esTRpes= ftRp ft™ = f.

Thus e = f.

Conversely, let e = f and sogt. Then

+ +
t"sogs't,

and

tTsRpttst = sttt Ry stt.

122



Therefore t+s (R Nog) st giving t+s = stt, because S is proper. Now

tts = s't
= etts = estt
= ftts = es™t because e = f
= fs = et because ¢ = es™ and f = ftT
= es = ft because e = f.
Hence S is (E, S)-proper. ]

7.4 Covering and embedding theorems for monoids

We now see in the following lemma how to construct an (A, T')-proper monoid.

Lemma 7.4.1. Let S = A x T, where A and T are monoids such that T is acting on A (as
a semigroup) and let E ={t-1:t € T} be a set of commuting idempotents. Then T" acts on
A by (t-1,t) ® (a,1) = (t-a,1) and satisfies (LAC). Let

U={(a,t) e AxT:a(t-1)=a},

so that U = A'"T" and U is a monoid subsemigroup of A xT. Moreover, o = 1p and U 1is
(A", T")-proper.

Proof. From Lemma 7.3.2 and 7.3.4, we need only to show that o4 =1 and U is (A, T")-
proper.

Clearly E' = {(t-1,1) : t € T'} is a set of commuting idempotents, because idempotents in
FE commute. It is easy to check that 04 = 11 as for (¢-1,¢), (u-1,u) € T"if (t-1,t) oar (u-1,u),
then

(pl'lyl)"'(pm'171)(t'1vt) = (ql'171)"'((]71'171)(“'17“)
= (- (pm-DE-1)0) = (@) (g D(u-1),0)
= p1-1)Pm-1)E-1) = (1-1)-(¢gn-1)(u-1) and t = u

and thus (t-1,t) = (u- 1,u).
Now to show that U is (A’,T")-proper, let (a,1),(b,1) € A" and (¢t - 1,t), (u - 1,u) € T
such that

(a,1) = (a,1)((t-1,) © (14, 1)) and (b, 1) = (b, 1)((u-1,u) © (14, 17)),
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that is,
(a,1) =(a,1)(t-1,1) = (a(t-1),1) and (b,1) = (b,1)(u-1,1) = (b(u-1),1).

Suppose (a,1)(t-1,t) = (b,1)(u- 1,u). Then

(a(t-1),t) = (b(u-1),u)
= a(t-1) = blu-1) and t = u
= a = b and t = u
= (a,1) = (b,1) and (t-1,t) = (u-1,u).

Hence (t-1,t) 04 (u-1,u). On the other hand if
(a,1) = (b,1) and (t-1,t)on (u-1,u)

then clearly (a,1)(t-1,t) = (b,1)(u - 1,u) because o4 = 1. Hence U is (A’,T")-proper. [

From Lemma 7.4.1, we see how to construct a monoid U which is (A’, T")-proper. Now

we can state our covering theorem.

Theorem 7.4.2. Suppose S is a monoid. Let A, T be submonoids of S such that S = AT,
where T acts on A (as a semigroup) satisfying (LAC) and E = {t-1:t € T} is a set of
commuting idempotents. Then there is an (A, T")-proper monoid U and an onto morphism
0:U — S such that 0|4 : A — A is an isomorphism.

Proof. From Lemma 7.4.1, we know that U = {(a,t) € AxT :a(t-1) = a} is (A’, T")-proper.
Define
0:U—S

by (a,t)f = at. We need to check that 0 is a morphism. Let (a,t), (b,u) € U. Then

((a, £)(b, u))0

(a(t-b),tu)d
a(t - b)tu
atbu

= (a,t)0(b,u)b.

Let s € S. Then there exists a € A,¢t € T such that s = at = (a,t)f. Hence 6 is an onto
morphism.

Finally, it is easy to check that 6|4 defined by (a,1)0|4 = a is an isomorphism. O
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If S'is a left restriction monoid, A = EFg = Fand T = S, then from Examples 7.3.1, 7.3.3, 7.3.5

and 7.3.7 we know that S acts on E by semigroup morphisms where s-e = (se)™

U={(e,s):e=¢e(s-1)} ={(e,s) : e <sT},

fors € Sande € E, (s-e)s = seand og (as 04) is the same as that defined in Definition 7.2.1,

since
{s-1:s€S}={s":5€ S}
Also from Lemma 7.3.9, we know that S is proper if and only S is (E, S)-proper. Hence we

deduce the following from [6]

Corollary 7.4.3. [6, Theorem 6.4] Let S be a left restriction monoid with semilattice of
projections E. Suppose that S = ES where S acts on E by semigroup morphisms by

s-e = (se)t. Then there is a proper left restriction monoid U and an onto morphism

6:U— S.

We now show that for an (A, T')-proper monoid, there exists a semidirect product in which

S embeds.

Lemma 7.4.4. Suppose S is an (A, T)-proper monoid, where S = AT, A, T are submonoids
of S, T acts on A (as a semigroup) satisfying (LAC) and E = {t-1:t € T} is a set of
commuting idempotents. Then fore, f € E and t,u €T

et=fu=e(t-a)= f(u-a) foralla e A.

Proof. Let e, f € E'and t,u € T. Then

et = fu
= eta = fua
= e(t-a)t = f(u-a)u using (LAC)
= e(t-a)(t-1)t = f(u-a)(u-1)u because t = (t-1)t and u= (u-1)u
= e(t-a)(t-1) = f(u-a)(u-1) because S is (A4,T)-proper
= e(t-a) = f(u-a)

]

Theorem 7.4.5. Let S = AT where S is a monoid with submonoids A, T such that T acts
on A (as a semigroup) and let E = {t-1:t € T}. Suppose that S is (A, T)- proper and E
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s central in A, so that, idempotents in E commute . Then there exists a semidirect product
U=AxT/oy where A contains a submonoid A’ = A and an embedding 6 : S — U such
that 0)4 : A — A" x {1} is an isomorphism.

Proof. Let I = {H C A: H(E) = H}. Then I is a subsemigroup of subsets of A. Let
A = I"°4 = {f . T/o, — I} be the set of all maps from T/o4 to I with pointwise

multiplication, that is,

11(f9) = ([11)([tlg)

for all [t] € T'/o4 and f, g € A, which is clearly associative. Define an action of 7'/o4 on the
left of A by setting
[u]([t] % f) = [ut]f for all [u] € T/o4.

We show that this action is a monoid action. For this let [t], [u], [v] € T//o4 and f € A. Then

[l ([6] % ([o] /) =

so [t] x ([v] * f) = [t][v] x f. Also,
([ > f) = [Wl]f = [ulf,

implies [1] x f = f. Hence the action is a monoid action.
Finally, we check that the action is by homomorphisms. For this let [t], [u] € T//o4 and
f,g € A. Then
[u]([t] * f9)

I
=
S
-
S

= [ul([t] % Aul([t] * 9).

Thus [t] x fg = ([t] > f)([t] * 9).
For any a € A, we define a map f, : T/oa — I by

[u]fo={u-a:u cau}(E).

Then f, € A. Now define ¢ : A - A" = {f, : a € A} by ap = f,. This map is clearly well
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defined. We check that it is an isomorphism. For this let a,b € A. Then

ap = by
= fa = fb
= [Ufe = [Lf.

Now as [1]fo ={k-a:kos1}{E), so
a=(1-a)l €[l]f,
which implies a € [1]fy, so that we can write a = (k - b)e where ko4 1 and e € (E). Now
koal= (k- D)1=(1 Dk=k 1=k
and so k € (E). Further
k-b=(k-b)(k-1)=(k-b)k = kb.

Thus a = kbe = hb, where h = ke € (E), because E is central. Similarly b = h'a for some
R € (FE). Hence
a=hh'a=hh'h'a=nhha=h'hb="Na=0.

It is clear that ¢ is onto. To see that it is a homomorphism, let a,b € A and [u] € T'/o 4.
Then

[u]((ab)) = [u]far = {v' - ab: wosu'}E)
and
[ul(apbp) = ([ul(ap))([u](bp))
([ul fa) ([ulfs)
= {u a:uos ' H{EYu" - b:uoyu"}{E)

{(t -a)(W"-b) :ucsu' osu"}{E) as E is central.

We need to show that
{u -ab:ucpu'HE) ={(u" - a)(u"-b):uosu' cau"}{E).
Clearly,

{u-ab:uocau'}{E) C{(u - a)(u"-b):uoau' cau"}{E).
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To check the reverse inclusion, let (v - a)(u”-b)g € {(v' -a)(u”-b) :uoasw cau”"}{E). Then
as uosu' oqu”, we have

(ul . 1)u// _ (u// . 1)u/’

by the comment succeeding Definition 7.3.8, so that (v’ - 1)(u” -b) = (u” - 1)(v’ - b) using
Lemma 7.4.4. Thus

(W -a)(u"-b)g = (u"-a)(u-1)(u"-b)g
= (v -a)(u"-1)(u -b)g because (v’ - 1)(u”-b) = (v’ - 1)(u - b)
= (W-a)(u-b)(u"-1)g because E is central
= (u-ab)(u"-1)ge{u -ab:uosu'}(E)

Thus (ab)y = fu = fufo = (ap)(bp). Hence ¢ is an isomorphism.
Next define 6 : S — A xT/oa by

(at)0 = (fa,[t]) where a =a(t-1).
Clearly, 6 is well defined because S is (A, T')-proper. Let at,bu € S. Then
(at)(bu) = a(tb)u = a(t - b)tu,
where a(t - b)(tu-1) =a(t- (b(u-1))) = a(t-b), so that

((at)(bu))0 = (a(t-b)tu)o
= (face), [tu]).

To prove that (fows), [tu]) = (fa, [t])(fe, [u]) we need to show that fo) = fo([t] * f5). We see
that for any [u] € T//oa

w(Ful* ) = Dlfuludly
= {v-a:vorul(EYw-b:wosutH{E)
— {u’.a;u’gAu}{w~b:waAut}(E)

= {( a)(w-b):wosut and v o4 ul(E),

and
(U] faery = {v-a(t-b):voau}(E)
= {(v-a)(v-(t-0): voau(E)
= {(v-a)(vt-b):vosu}(E).

128



Clearly [t fueny € [u](fo((11f3)).
To check the reverse inclusion, let (u' - a)(w - b)g € [u] ( fa([t] % fb)>, where w o4 ut and

u' o4 u, so that ut o4 u't. Now
wosu't = (w-1)u't = (u't-1)w by the comment succeeding Definition 7.3.8
which further implies that

(w-1)(u't-b) = (ut-1)(w-b) using Lemma 7.4.4.

Now
(v -a)(w-b)g = (u-a(t-1))(w-b)g because a = a(t - 1)
= (v-a)(W't-1)(w-b)g
= (v -a)(w-1)(ut b)g because (u't - 1)(w - b) = (w - 1)(u't - b)
= (u-a)(u't-b)(w-1)g C [u]fasusy by our assumption that £ is central.

Thus fows) = fa([t] * fp) which implies that (fa.p), [tu]) = (fa, [t])(fo, [u]). Hence
((at)(bu))f = (at)d(bu)b.
Next to show that 6 is one-one, let s = at,s’ = bu € S where a = a(t-1),b = b(u-1). Then

(at)) = (bu)d
= (o lt) = (f[u])

= a=b and tosu

= at = bu because S is (A, T)-proper.

Hence 6 is an embedding.
Finally, as A’ = {f,:a € A} = A, so clearly 0|4 : A — A’ x {1} given by af|s = (fa, [1])

is an isomorphism by above. [

We specialise Theorem 7.4.5 to the following result which appeared in [26] in the context
of proper weakly left ample semigroups but can be adapted for left restriction semigroups as

decomposed in Theorem 5.3 and the comments in Theorem 7.2 of [6].

Corollary 7.4.6. [6, 26] Let S be a left restriction monoid with semilattice of projections E
and suppose that S = ES where S is acting on E by s-e = (se)™. Suppose that S is proper.
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Then S is embeddable into a semidirect product of a semilattice by a left restriction monoid.

7.5 Covering and embedding theorems for left restric-

tion monoids

In this section we give covering and embedding theorems for certain left restriction monoids.
We consider the A-semidirect product of left restriction monoids and define the notion of
(A, T)-properness to prove covering and embedding theorems for left restriction monoids
analogous to those in Section 7.4. We comment here that the techniques to prove embedding
theorem for left restriction monoids will be little different from those used to prove the
embedding theorem (Theorem 7.4.5) for monoids. In Theorem 7.4.5, we chose I to be the
set of all subsets of A closed under multiplication with (E) (on the right). But in the left
restriction case, the elements of I have to satisfy an extra condition.

Let S be a left restriction monoid and A,T be left restriction submonoids of S with
identities 14, 17, respectively (we drop the subscripts where convenient). Suppose that 7" acts
(as a monoid) on the left of A by (2,1)-endomorphisms. As action is by (2,1)-endomorphisms,
so it preserves *, that is for a € A, t € T, we have (t-a)" =t-a™.

We know that ¢ - 1 is an idempotent for all t € T. Now we notice that t -1 € E,4 as
(t- D) =t-1"=t¢-1.

Therefore {t-1: t € T} C E4 and thus idempotents in £ commute. Moreover, (¢-1)(u-1) € Ex
for any t,u e T.

From now on in this chapter, whenever we say that a left restriction semigroup acts on
another one, then we mean that the action must preserves *.

From Chapter 6, we know that A x* T = {(a,t) € A x T :t* - a = a} is left restriction
with semilattice of projections Eyap = {(a™,t) : t7 - a™ = a™}. Multiplication in A x* T
is defined by the rule

(a,8)(b,u) = (((tu)* - a)(t-b), tu).

Now let
A'={(a,1):a€ A} and T'={(¢t-1,t): t € T}.

It is easy to check that A’ = {(a,1) : a € A} is a left restriction submonoid of A x* T
with identity (14,17) and A’ = A. We now check that 7" = {(t - 1,t) : t € T'} is also a left
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restriction submonoid of Ax*T with T' = T". Clearly T' C Ax*T. Let (¢t-1,t), (u-1,u) € T".

Then
(t-L)(u-1u) = (((tu)*-

= (
= (
= (

(
= (tu-1,tu) € T".

It is clear that t + (¢-1,¢) is an embedding, so that 7" is a monoid subsemigroup of A x*T.
Now we are going to prove a result analogous to Lemma 7.3.2, where we show that

U = A'T" is a monoid subsemigroup of A x* 7.

Lemma 7.5.1. Let A, T be left restriction monoids and let
Ax*T ={(a,t) € AT :t"-a=a}

be the A\-semidirect product of A and T where T acts (as a monoid) on A by (2,1)-endomorphisms.
Then
U={(a,t) € Ax T :a(t-1)=a}

is a left restriction subsemigroup of A x* T. Also U is a monoid with identity (14, 17)

containing the submonoids A','T". Moreover U = A'T".

Proof. We first check that U is a left restriction submonoid of A x* T'. For this let
(a,t),(b,u) € U. Then
a(t-1)=a and b(u-1)=0».

We need to check that (a,t)(b,u) = (((tu)Jr -a)(t-b), tu) € U. For this we see that
((tu) ™ -a)(t-b)(tu-1) = ((tu)"-a)(t-b)(t- (u-1))

((tu) ™ a)(t - (b(u-1)))
= ((tu)* - a)(t-b).

~
Q

Hence (a,t)(b,u) € U.

Next let (a,t) € U. Then as a =t - a and action preserves T, so a™ = ¢+ - at. Thus

at(tt- 1) =0T -aH)(tt- 1) =t (a™1)=tT-at =a"
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and hence (a,t)* = (a™,tT) € U.
Also for (a,t) € U

(a,0)(1,1) = ((t7 - a)(t - 1),t) = (alt - 1), 1) = (a,1)

and
(1, 1) (a,t) = ((t" - Da,t) = (tT- 1)t -a),t) =t -a,t) = (a,t).

Hence U is a submonoid of A x*T. Clearly A’ and T" are contained in U. Now for (a,t) € U,

we see that
(a,t) = (a(t-1),1) because a = a(t - 1)

= ((t"-a)(t-1),1)
= (a, 1)t 1,1).

Thus each element in U can be written as a product of an element of A" and an element of
T ]

Lemma 7.5.2. Let A, T be left restriction monoids and let

Ax*T ={(a,t) € AT :t"-a=a}

be the A-semidirect product of A and T where T acts (as a monoid) on A by (2,1)-endomorphisms.

Then T" acts on A" by (t-1,t) ® (a,1) = (t - a,1) such that the action satisfies (LAC).

Proof. The proof that T" acts on A’ is similar to Lemma 7.3.4. We now show that the action
satisfies (LAC). For this let (a,1) € A" and (¢-1,t) € T". Then

(t-1,8)(a, 1) = ((¢7- (- 1)(t-a),t)
(- 1)(

Hence the action satisfies (LAC).

Definition 7.5.3. Let S be a left restriction monoid with submonoids A, T such that
S = AT, where T acts (as a monoid) on A by (2,1)-endomorphisms satisfying (LAC). Define
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o4 on T by
togu < et = fu for some e, f € Ey.

We notice that the above definition is different from Definition 7.3.6 for monoid case in
the sense that in Definition 7.3.6, we defined o4 using (E) where £ = {t-1:t € T'}. But
in the above definition we define o4 on £ 4 because we need E to be semilattice later in this
section.

It is clear that o4 is reflexive, symmetric and right compatible. Transitivity of o4 follows
from the fact that idempotents in E4 commute. To check that o4 is left compatible, let
tosuw. Then

et = fu for some e, f € F4.

ForveT
vet = vfu
= (v-e)ut = (v-flou using (LAC)
= (v-e)Tvt = (v-f)Tvu because action preserves *

and thus vt o4 vu. Hence o4 is a congruence. We now check that o4 preserves *. For this

let t,u € T and suppose that t 04 u. Then
et = fu for some e, f € F4.

Now et = fu = et™ = fu™, because S is left restriction and thus, t* o4 u’. Hence o4
preserves .
To prove covering and embedding theorems for left restriction monoids, we need to sup-

pose that if s =at € S for a € Aand t € T, where a = a(t - 1), then
a(t-1)=t*-a. (P)

We see that Condition (P) holds in the following example.

Example 7.5.4. Let S be a left restriction monoid, A = Eg, S = T. Then S acts on A
by s-e = (se)T. From Example 7.3.1 we know that this action is by semigroup morphisms.
Now let e € Eg and s € S. Then

e(s-1)=est =sTe=(sTe) =5t -c.

We now define the notion of (A, T')-properness for left restriction monoids.
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Definition 7.5.5. Let S be a left restriction monoid with submonoids A,T" such that

S = AT, where T acts (as a monoid) on A by (2,1)-endomorphisms satisfying (LAC). Suppose
that S satisfies condition (P). We say that S is (A, T)-proper if for a,b € A, t,u € T where
a=ua(t-1)and b =b(u-1)

at =bu< a=>bandtosu.
As S satisfies condition (P), we have
a=a(t-1)=t"-a and b=>b(u-1)=u"-b.
We notice that if S is (A, T')-proper and t 04 u, then putting a = b = (¢-1)(u- 1) we see that
a=t-Du-)=>¢t-Dt-Du-1)=>t-Du-1)t-1)=at-1)=t"-a.
Similarly b = b(u - 1) = u™ - b. Thus
(t-D(u-)t=(t-1)(u-1u

and hence (u- 1)t = (¢t - 1)u.

Lemma 7.5.6. Let A, T be left restriction monoids and let
Ax*T ={(a,t) € AXT :t"-a=a}

be the A\-semidirect product of A and T where T acts (as a monoid) on A by (2,1)-endomorphisms.
Then T acts on A" by
(t-1,t)© (a,1) = (t-a,l)

satisfying (LAC). Let
U={(a,t) € Ax T :a(t-1)=a}.

Then U = A'T" and U is a monoid left restriction subsemigroup of Ax*T. Moreover o4 = 17
and U is (A',T")-proper.

Proof. From Lemma 7.5.1 and 7.5.2, we only need to show that o4 = 1 and U is (A, T")-

proper.
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We know that E = {t-1:t € T} C Ey, therefore as A = A’| it is easy to check that
E'=(t-1,1):teT}

is a set of commuting idempotents, because idempotents in E4 commute. To check that
oa =1, let (t-1,1), (u-1,u) € T" and suppose that (t-1,¢) o4 (u-1,u). Then

(e, (t-1,t) = (f,1)(u-1,u) for some (e, 1),(f,1) € Ex

= ((tT-e)t-1),0) = (" f)(u-1),u)
= (tt-e)t-1) = (ut- f)lu-1) and t = u

and thus (t-1,t) = (u- 1,u). Hence o4 = 7.
To show that U is (A’, T")-proper let (a,1), (b,1) € A" and (¢ - 1,t), (u-1,u) € T" such
that
(a,1) = (&, )((t- 1,0) © (1a, 17)), (b,1) = (b, ) ((u-1,u) © (14, 17))

and
(a,1)=(t-1,)" ®(a,1), (b,1)=(u-1,u)" ® (b,1)
so that
(a,1) = (a,1)(t-1,1) = (a(t-1),1), (b,1)=(b,1)(u-1,1) = (b(u-1),1)
and
(a,)=(t-1,t")® (a,1) =t -a,1), (b,1)=(u-1,u")®(b1)=(u"-b1).
Thus
a=a(t-1)=t"-a and b=>b(u-1)=u"-b.
Suppose

(a,1)(t-1,t) = (b, 1)(u-1,u).
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Then

(" -a)(t-1),1) = ((w"-b)(u-1),u)
= (a(t-1),t) = (blu-1),u) because a = t* - a and b = u™ - b by above
= a(t-1) = bu-1) and t = u
= a = b and t = u
= (a,1) = (b,1) and (t-1,t) = (u-1,u).

Hence (t-1,t) 04 (u-1,u). On the other hand if
(a,1) = (b,1) and (t-1,t)oa (u-1,u)

then clearly (a,1)(t-1,%) = (b,1)(u - 1,u) because o4 = 17v. Hence U is (A’,T")-proper. [

Now that we know how to construct a left restriction monoid which is (A’, T")-proper, we

are in a position to state our covering theorem for left restriction monoids.

Theorem 7.5.7. Suppose S is a left restriction monoid. Let A, T be submonoids of S such
that S = AT where T acts (as a monoid) on A by (2,1)-endomorphisms satisfying (LAC).
Let Ax*T = {(a,t) € Ax T :t"-a=a} and suppose that ea = ae for all a € A,e € Ep.
Then there is an (A, T")-proper left restriction submonoid U of AX T and an onto morphism
0:U — S such that 0|4 : A" — A is an isomorphism.

Proof. From Lemma 7.5.6, there is a left restriction submonoid
U={(a,t) e AxT:a(t-1)=a}

of A x*T which is (A’, T")-proper.
Now define 6 : U — S by (a,t)0 = at.
To check that 6 is onto, let s € S, where s = at for a € A and t € T. We see that

at = attt
= that by supposition that ea = ae for all a € A,e € Ep
= (tt-a)t't using (LAC)
= (tt-a)t

(
= (tT-al)t
(tT - a)(tt - 1)(t- 1)t
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We notice that at = bt, where b = (t* - a)(¢t™ - 1)(¢ - 1). We see that

tb = (T a)t - 1)(¢E-1)
(- (T a)(er - (- 1) - (t-1))
= (tt-a)(tt 1)t 1)

and thus t7 - b =b. Also

b(t-1) =@t -a)tT-1)t-1D)(t-1) = -a)tT-1)(t-1)=b.

Thus we can assume that s = at where a = t* -a = a(t-1). Hence (a,t) € U and
s = at = (a,t)0 and thus 6 is onto.
To check that 6 is a morphism, let (a,t), (b,u) € U. Then

(@ )(b,u)0 = (((tw)* - a)(t-b),tu)0
((tu)™ - a)
((tu)™ - a)tbu

= ((tu)™ - a)tuTbu as uth = (u - b)ut = but
((tu)™ - a)

(tu) T atbu

= a(tu)*tbu by supposition that ea = ae for all a € A,e € Er

= atuTbu

= atbu

= (a,t)0(b,u)0.
Hence 6 is an onto morphism. Also it is clear that A" & A. n

We now give a result that is needed in the proof of the embedding theorem which is

analogous to Lemma 7.4.4.

Lemma 7.5.8. Let S = AT, where S is a left restriction monoid with submonoids A, T such
that T acts (as a monoid) on A by (2,1)-endomorphisms. Suppose that S is (A, T)-proper.
Then fore, f € E4, and t,u € T

=fu=e(t-a)= f(u-a) foralla€ A.
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Proof. Let e, f € E4 and t,u € T. Then

R

e(t-a)
e(t-a

- a

)
.a)
)
)

u using (LAC)
(u-1)u because t = (t-1)t and u = (u-1)u
(u-1)  because S is (A, T)-proper

S

S

]

Next we give the main theorem of this section, that is, the embedding theorem for left

restriction monoids.

Theorem 7.5.9. Let S be a left restriction monoid with submonoids A, T such that S = AT
where T acts (as a monoid) on A by (2,1)-endomorphisms. Suppose that S is (A, T)-proper.

Assume that E4 and Er are central in A. Then there exists a A-semidirect product

U=Ax*T/oy

where A contains a submonoid A’ = A and an embedding 0 : S — U such that

0la: A— A" x {1} is an isomorphism.

Proof. Let

I={UCA:E,U=Ua"b=btaforalla,becU }.

We first check that [ is left restriction with semilattice of projections

and for U € 1

E;={F:Fisanideal in E5}

Ut ={ut:uel}

First we show that E} is a semilattice. For this let F' € E;. Then clearly E4F = F' because
F is an ideal in E4. Also for any f,g € F

ffa=9g"f
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Thus E; C I. Next let F, F' € E;. Then
EA(FF')= (EsF)F' =FF'
because F' is an ideal in F4. Next for any e, f € F and g, h € F’, it is clear that

(ef)Tgh = (gh)Tef.

Hence E; is a semilattice.
Next let U,V € I. Then
EA(UV) = (EAU)V =UV.

Let ab,cd € UV where a,c € U, b,d € V. Then

(ab)ted = (ab)ta™ecd
= (ab)*cTad because atc=cta
= c¢"(ab)Tad
= ctabtd
= ctad®h because b*d = d*b
= c¢"(ad)Tab
= (ctad)Tab
= (a*ed)Tab
= a’(ed)Tab

= (cd)*ab.

Thus UV € 1.
Next let UT = {u" : w € U}. Then

eut = (eu)t € UT,
and so E,UT CU™T. Also for u™ € UT, we have
ut = (ut-Dut € EpUT

so that Ut C EAUY. Thus E,UT =U". Also et f = ffeforalle, f € UT. Hence UT € I.
Now we see that
UtU ={utv:u,ve U} C E U =U.
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Clearly U CUYU. Thus U = U"U.
Now if F € Ef and FU = U, then fu € U for all f € F,u € U. Therefore

(fu)* = fut e Ut = FUT CU™.

Next let w € U. Then u = fv for some f € F and v € U, so u™ = fv* € FU" and hence
Ut =FU".
It is easy to see that the left congruence condition holds in I. We check that the left

ample condition holds. For this we see that
(UV)TU ={(w) z:u,ze U veV}.

Then
(w)Tz = (wv)Tutz

= (w)tztu
= zH(uv)tu
= ztuv™

Uuv.

N

It is easy to check that UV* C (UV)*TU. Hence (UV)TU = UV*. Thus I is left restriction.
Let A = [7/74 = {f : T/oq — I}. Then A is a left restriction monoid with identity
defined by [t]1 = 1 and for all [t] € T//o4 and for all f,g € A,

[t](f9) = ([t1£)([tlg) and [t]fT = ([t]f)".
Define the action of T'/o4 on A by
[u]([t] % f) = [ut]f for all [u] € T/oa .

Similar by the proof of Theorem 7.4.5, it is easy to see that this action is a monoid action.
We check that the action preserves T. Let f € A and [u],[t] € T/o4. Then

()% ) = ([l )" = (il )" = [utlf* = [W)(i]* ).

Thus [t] x f+ = ([t] x f)*. Also [u]([t] x1) = [ut]l = 1 = [u]l implies [t] x 1 = 1. Thus the
action of /o4 on A is by (2,1, 0)-morphisms.
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Let fo: T/oa — P(A), where P(A) is the power set of A, be defined by
fo:[tlfa=Ea{t' -a:t' ot}
where [t] € T'/o4. We want to show that f, € A, that is, [t]f, € I for all t € T'. For this let
toat oat”.

Then
- -nt" = "t because S is (A, T)-proper

= (t'-1)({t"-a) = (t"-1)(t'-a) using Lemma 7.5.8.
We want (e(t' - a))T(f(t" - a)) = (f(t"-a))Te(t' - a), where e, f € E4. For this we see that

t"-a)) et -a)T(t' - a)
Yre(t' - a)t(t' - a)
Tea)yte(t' - a)t(t - a)
MG 1)€(t’ ) (t’ )

(f(t"-a))Te(t -a) =

+(t’ 1)(t” a

a)

) because (t"-1)(t'-a) = (t'-1)(t" - a)
-a)

)

R TR

Q@ 2
. — ~—
~— ~—
+ +
—~
%

Q 2

Thus f, € A. Define 0 : S — A x*T/o 4 by
(at)d = ([t]" % fa,[t]) where a=a(t-1)=t"-a.

Clearly 6 is well defined because S is (A, T)-proper. Now to show that @ is one-one, let

(at)d = (bu)d wherea =a(t-1)=tt-a, b=>blu-1)=u’-b
= ([~ fa, [t) = ([W]™ * fo, [u])
= [t x fo = [u]t % fp and [t] = [u] .
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As [1]([t]" * fa) = Ea{s-a:soatT}, we have

a = a(t-1)

~

a by condition (P) as S is (A, T')-proper
t* - a) € ({7 * fa)
S 0 e [+ )
= a = g(s-b)

|
—

where sosut and g € E4. Now
soaut = (s-1)u" = (u"-1)s because S is (A, T)-proper
so that (s-1)(ut-b) = (u™ - 1)(s-b), by Lemma 7.5.8. Also
+

soqut = sToqutogs,

so that

(s-1)st =(sT-1)s=(s"-1)sts=sTls =sTs =35

implies s = (s - 1)st € Eg, so that s € Ep. Therefore

= 9
=9

gives a = eb for some e € F4 and similarly b = fa for some f € E4. Hence
b= fa= feb=cefeb=cefa=eb=a.

Now as S is (A, T)-proper, so a = b and t 04 u implies that at = bu. Hence 6 is one-one.

Next to show that 6 is a morphism, let at,bu € S where a = a(t-1) =t* - a and
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b="b(u-1) =wu"-b. Then by the proof of Theorem 7.5.7 we know that (at)(bu) = ((tu)" -
a)(t - b)tu. Also

(tw)™-a)(t-b)(tu-1) = ((tw)*-a)(t-b)(t- (u-1))
= ((tu)™-a)(t-blu-1))
= )T oa)(t-b) because b = b(u - 1).

Thus
((at)(0))6 = (((tu)* - @) (¢ - b)) = (] % Fiuy ooy [ru])- (A)
On the other hand,

(at)0(bu) = ([t]" * fo, (L) ([] " * fo [u])
([ *fa))([] ([u)* % £3)): [t][u])

= (([u)* =
= (a1 * £ * fo), 0],
so that
(at)0(bu)0 = (([tu]* * fa)([tu] * £), [tul]). (B)

We want to show that (A)= (B). For this let [v] € T/o4. Then

]([tu]* * furayer) = [0 ] figu+

Eafk - (((tu) )( b))t koav(tu)*}
E{(k(tu)® -a)(kt-b): kosv(tu)™}

Ea{(k(tu)* - a) : ko o(tu) Ykt - b) : koav(tu)t).

N

Now
[W]([tu] ™ % fo) = Ea{k-a:kosv(tu)™}
and
[W]([tut] * fy) = Ea{h-b: hosv(tu™)}.
Also
koav(tu)t = k(tu)T oav(tu)t oa k
and

hoav(tu)t = htoav(tu)tt = v(tu™).

Thus [v]([tu]t * ftw+a) @) S [v](([tu]Jr * fo)([tut] *fb)).
To prove the reverse inclusion, let w € [v] (([tu}**fa)([tuﬂ *fb)). Then w = g(k-a)(h-b)
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where

koav(tu)® and hoav(tu').

Now hoav(tu™) = v(tu)Ttoa kt, so that

(h- 1)kt = (kt - 1)h because S is (A, T)-proper
which further implies

(h-1)(kt-b) = (kt-1)(h-b) using Lemma 7.5.8.

Also
k-a=k-(a(t-1))=(k-a)kt-1).

Thus

Now

(

(F(tu)™ - (tu - 1))
) (k(tu)™ - (1(tu - 1)))

(k(tu)™ - 1) (k(tu) " - (tu - 1))
-b)(kt - (u-1))
b(u-1)))
)

(
kt - b

Also as
koav(tu)t = k(tu)T oak,

therefore
(k(tu)* - 1)k = (k- 1)k(tu)® because S is (A, T)-proper
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which implies (k(tu)™ - 1)(k-a) = (k- 1)(k(tu)" - a) using Lemma 7.5.8. Thus

w = ¢(k-a)kt-b)
= ¢(k-a)(k(tu)t - 1)(kt-b) because kt - b= (k(tu)™ - 1)(kt-b)
= ¢(k-1)(k(tu)t -a)(kt-b) because (k(tu) - 1)(k-a) = (k- 1)(k(tu)" - a)
S [ol(ftul* * fiew ayen)

Hence ((at)(bu))d = (at)f(bu)d. To finish the proof that 6 is an embedding, finally we want
to show that 0 preserves *. For this let s = at € S, where a = a(t-1) =t* - a. Then

at = (a(t-1))"

(t-1)a)™ because E, is central in A
(t-1)a™)"

t-1at

= a'(t-1)

(
(
=
(

and at = (a(t-1))" =t -a)" =tT-a*. Now

((@)0)* = ([t * fa, [t])"
= ([ > fa) ™ [17)

Also
(at)™0 = (a(t-1)t)"0
= ((t*-a)t)*0 because a(t-1) =t*-a
= ((tT-a)tt)*o
= (tta)™o using (LAC)
= (tta™)b
= (a™th)0
= () * fee 1)

Now to show that ((at)d)* = (at)T6, we need to check that

(1" fa =t far
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For this we see that
[W]((t]" fo) = [ut™]fy
([wt*]fa)*
(Ea{g-a:goqutt™})*
= Ea{g-a":gosutt}
[u] ([¢]* * far)-

Hence ((at)d)™ = (at)™0 and thus 6 preserves *. Hence 6 is an embedding. O

The work in this chapter is not polished but forms the basis for further investigations.

We are still in process of developing this theory and trying to find some natural examples.

146



Chapter 8

A-Zappa-Szép products of restriction

semigroups

The Zappa-Szép product of two inverse semigroups is not inverse in general. This is even the
case for semidirect products as we have mentioned in Chapter 6. Gilbert and Wazzan gener-
alised the concept of A-semidirect product to A\-Zappa-Szép products [25, 77]. They found a
subset of the Zappa-Szép product S <1 T of two inverse semigroups S and 7" with a modified
binary operation such that the resulting subset is a groupoid. In the special case where
S = FE asemilattice and T" = G a group, they ordered this groupoid to become inductive and
hence obtained an inverse semigroup. In order to define new modified binary operation on
this subset, they used the equivalence of categories between inverse semigroups and inductive
groupoids. This equivalence is established by the Ehresmann-Schein-Nambooripad Theorem
[45].

In this chapter we consider A-Zappa-Szép products of restriction semigroups. The Zappa-
Szép product of two restriction semigroups S and T need not be restriction in general.
By taking a certain set of pairs of S x T, we construct a category. In case where S is a
semilattice and T' is a monoid, we order this category so that it becomes inductive, yielding
thus a restriction semigroup via the use of the standard pseudo-product. Our constructions

specialise to those of Gilbert and Wazzan [25] in the inverse case.

8.1 AM-Zappa-Szép product of inverse semigroups

We begin this section by discussing the A-Zappa-Szép products of inverse semigroups. For

convenience of the reader, we give results for \-Zappa-Szép products of inverse semigroups
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from Wazzan’s Thesis [77], although they can be found in a joint paper of Gilbert and Wazzan
[25]. We first see that by considering a special subset of the Zappa-Szép product of any two

inverse semigroups S and 7' we can construct a groupoid.

Theorem 8.1.1. [77, Theorem 4.5.6] Let Z = S < T be a Zappa-Szép product of inverse
semigroups S and T. Put

-1

Bou(Z) ={(a,t) € SxT :tt 7 "a ' =a ", tt ata=a"a, (N =71 (17 =41}

Then Buy(Z) is a groupoid under the restriction of the binary operation in Z with set of local
identities

E(Bwx(2)) = {(e, f) € E(S) x E(T) : f-e=¢,["= [},
where for (a,t) € Bu(Z)

d(a,t) = (aa ", (tt™H)* ), r(a,t) = (t7" - (a 'a),t '),

and
—1

(a,t) =" () ).

In this general case, it is not possible to order this groupoid to become inductive because
the partially ordered set of identities do not form a meet semilattice. Thus the construction
does not proceed any further. However Gilbert and Wazzan made this process work in a
special case where S = E is a semilattice and 7" = G is a group. In this case E(Bx(Z)) = E
and by extending the ordering on E to an ordering on B, (Z), they obtained an inductive

groupoid and hence an inverse semigroup.

Theorem 8.1.2. [77, Proposition 4.5.19] Let Z = E < G where E is a semilattice and G is
a group. Then

Bu(Z) ={(e,9) e EXG: (g7 ) =g}

is an inductive groupoid under the restriction of the binary operation in Z with set of local
identities
E(Bw(Z)) ={(e,1) : e € E}

where
d(e,g) = (e,1), r(e,9) = (¢ " - e, 1) and (e,g) ' = (97" -e,g7").
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Also the partial order on By (Z) is defined by the rule
(e.9) < (f.h) @ e < fand g=h"""

and as a semilattice, E(Bw(Z)) = E. For (e,g) € Bu(Z) and (f,1) € Ep_(z), the restriction
1s defined by
-1,
(f,1)|(e>g) = (f7gg f)

and co-restriction is defined by

(e, 9y = (elg- f), 7).

By defining a pseudo-product on B (Z) we obtain an inverse semigroup which follows

from its construction as a pseudo-product on an inductive groupoid.

Theorem 8.1.3. [77, Theorem 4.5.20] Let E be a semilattice, G be a group and Z = E < G.
Then

Bu(Z) ={(e,9) e EXG: (g7 ) =g}

is an inverse semigroup with multiplication defined by

(e;9)(f.h) = (elg - £),g"W* 717",

8.2 Comparing the inverse and restriction cases

We want to extend the above ideas to Zappa-Szép products of restriction semigroups. For

this we need to use the notion of double action.

Definition 8.2.1. Let S and T be restriction semigroups and suppose that Z = ST is a
Zappa-Szép product of S and T. We say that S and T act doubly on each other if we have

two extra maps
SxT =T, (s,t)—~ tand S xT — S, (s,t) = sot
such that for all s,s" € S,t,t' € T

(1) =t = 5(¥t); (2) sott' =(sot)ot
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and the actions satisfy the following compatibility conditions:

(t-s)ot= sot*=t"s

t-(sot)= sott =tt.s

(CP1)

and

*

(st)s —_ ts* _ s t

CP2
() =t*" = 't (CF2)

We will consider the Zappa-Szép product Z = S 1 T' of two restriction semigroups S
and T where S and T are acting doubly on each other. By choosing a certain set of pairs of

S x T, we will construct a category. Let
Vi Z) ={(a,t) € Sx T :tt.a* =a*,(tN)" =t7, %" a=a, 1" =t}

We first prove that if S and T are inverse semigroups and are regarded as restriction semi-

groups in the usual way, then By (Z) = Vii(Z2).

Lemma 8.2.2. Let S and T be inverse semigroups regarded as restriction semigroups in the

usual way. Suppose Z = ST is a Zappa-Szép product of S and T'. Define two extra maps
SxT =S, (s,t)—=>sotand SxT =T, (s,t) —

bysot=1t"1-s, %=1, respectively. Then (CP1) and (CP2) are satisfied. Moreover

Proof. We first check that (CP1) is satisfied. Let s € S and ¢t € T. Then
(t-s)ot=t"1-(t-s)=t"t-s=t"-s=s0t"

and
t-(sot)y=t-(t7'-s)=tt"-s=tt-s=s0t".
Hence (CP1) is satisfied. The proof for (CP2) is dual. By definition

-1

Bou(Z) ={(a,t) € SxT :tt Va ' =a ' tt ata=a"la, )" =t (@) =11}
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and
Vie(Z) ={(a,t) € SxT :tt ata=a"a, ()" *=tt"", (t(t)* ca=a,t' =1t}

Let (a,t) € Bw(Z). From [77, Lemma 4.5.3], we know that

-1 1

e = ¢ and (1Y) ca=a.
Thus (a,t) € Vie(Z), so that Buy(Z) C Vi(Z).

Conversely, let (a,t) € Vio(Z). We want to show that tt~'-a™' = ¢ and (t71)* '@ =1,
We see that

a = aa'a

= a(tt ' -a ta) astt™'-ala=a"ta

= a(tt™' - a ) ((tt7")* - a) using (ZS2)

= a(tt™'-aYa because (tt1)* - a = a,

and
(tt'-a NDatt™ - a™) = (@t -a ) (@) ca)(tt a7t because ()Y ca=a

= (tt7t-ata)(tt7t - ah) using (ZS2)
= (e ta) (i) e 0 because 1~ = (tt~1)* e
= (tt7'-ataa™t) again using (ZS2)
= tt'-a’!

—1

Hence tt7! - a=' = a~!. By left-right duality we must also have (t71)* ¢ = ¢~!. Checking,

t o=ttt
— (tt_l)aflat
= e le(p e e uging (ZS4)
=ttt because '@ = ¢
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and

1

(t—1>a*1at<t—1)a*1a (t~ 1)a tagt~ta 1a(t—1)a*1a because tt 0 e — ¢
= () e(g e te using (ZS4)
= (tHr e (g e because tt~!-a7la = a"la
= (t7'tt 1)@ ‘a using (ZS4)
— (t 1)(1

Thus (t71)* ' = ¢~ and hence (a,t) € Bu(Z), so that Vi (Z) C Bu(Z).
[

Hence in the inverse case, the set of pairs chosen by us are the same as those chosen in

[25] and [77]. The following lemma was an important tool to prove that B.(Z) is a groupoid.

Lemma 8.2.3. [77, Lemma 4.5.2] Let S and T be inverse semigroups and Z = ST be a
Zappa-Szép product of S and T.

(i) IF " = ¢, then t-b)yt=t-b7Y;
(i) If £ b= b, then (1)1 = (1)1,

Lemma 8.2.3 gives us the following lemma which was used frequently by Wazzan to prove

that Bw(Z) is a groupoid, though she did not mention it explicitly.

Lemma 8.2.4. Let S and T be inverse semigroups and Z = ST be a Zappa-Szép product
of S and T. Then

(tb)_ltb _ (t_lt)b

tb(tb)_l _ (tt_l)t'b.

g {(t )7t b) =17 b1
(t-0)(t-b)"t=t-bb!

and tlt-bb:{

Proof. Let t* " = ¢. We show that (£-b)~'(t-b) = t*- b~ 'band (t-b)(t-b)"' =¢-bb~'. From
Lemma 8.2.3 we know that (¢-b)~' =" b~1. Thus

(t-b)7L(t-b) = (t°-b7H(t D) because (t-b)~! =" b1
= (- bt - b) because t* =1t
b7t using (ZS2),
and
(t-0)(t-b) = (t-b)(t°*-b7!) because (t-b)"t=t"-b!
= t-bb? using (ZS2).
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Dually, we can show that

(tb)*ltb _ (tilt)b
tb(tb)_l — (tt_l)t'b.

t't-b=b=

]

Although Lemma 8.2.4 could be reformulated in the restriction case, its proof involves
writing an element s € S as ss™'s and uses (ZS2) on this decomposition, and similarly
for elements of 7" uses (ZS4). Therefore unlike in the inverse case, we cannot get these
results in our case, because we are considering Zappa-Szép products of restriction semigroups
and in restriction semigroups we do not have inverses, so we cannot make use of these
decompositions.

We can show that if " = ¢, then

t-bt=t-btbt = (¢ b)) = (¢ b)) (¢ b

and
t-b=t-btb=(t-bT)(t" -b) = (t-b)(t-b).

Ift-bt € Eg, then t-b" > (t-b)", but we cannot deduce equality. Thus it is reasonable to
suppose

t-b)r =t b
Mot (t:5) (8.1)
(t D) =t bF

t

and
tb o (pF b
popmps =) (8.2)
(7)) = (£,
as extra conditions to prove that V. (Z) is a category.
We notice that in the inverse case, if (a,t) € Bu(Z), then t7! - (a7ta) € E(9), as

t ' (ala)(t - (ata) = (- (@) () - (aa)) because (1) =t
= ¢t ((a‘la)(a_la)) using (ZS2)
= t 1. (ata)

Dually (1t € E(T).
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8.3 A-Zappa-Szép product of two restriction semigroup

In this section we define a partial binary operation on V4(Z) such that under certain extra

conditions, it becomes a category.

Theorem 8.3.1. Let S and T be restriction semigroups and suppose that Z = ST is the
Zappa-Szép product of S and T where S and T are acting doubly on each other satisfying
(CP1) and (CP2). Let

V=Vu(Z)={la,t) €SxT:t"-a*=a*,(tN)" =tT, %" .a=a,t"" =t}.

For (a,t) € V, we suppose that a* ot € Eg and %+ € Ep. Also suppose that (8.1) and
(8.2) hold. Then V' is a category under the restriction of the binary operation in Z with set

of local identities
By ={(e,f) € Esx Er: f-e=e,f"= [}

where
d(a,t) = (a*, ") and r(a,t) = (a*ot,t*).

Proof. We denote the restricted product in V by e. We first note that for any (b,u) € V
u+ . b* — b*, (qu)b* —_ qu? bu+ b= b, ub*ou — .

Now we prove some preliminary results needed to show that V' is a category.

Lemma 8.3.2. Let (a,t), (b,u) € V be such that (a,t) e (b,u) is defined. Then
(1)t =t and t* - b=b;
(2) a* =t-b" and (t*)° = ut;
(3) (tu)™ = ()"
(4) a(t'b)(tbu)+ — “t+;
(5) (a(t-b))" = a™;
(6) (alt D))" = (¢ )"
(7) (a(t - ))*otbu—b*ou
(8) (thu)* =

Proof. As (a,t) e (b,u) is defined, r(a,t) = d(b,u), so that (a* ot,t*) = (b*, bu™) gives

a*ot=">0" and " = ™.
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(1) We have
="t =¢ and ¢*-b= ut-b=0b, because (a,t),(bu) € V.
(2) From a* ot = b*, we have

t-(a*ot) = t-bt
= tt-a* = t-bt using (CP1)

= a* = t-bt because tt -a* =a*

and t* = %™ implies
@ = (uhy
= ()" = (u")” using (CP2)
= ()" = ut.

(3) From (1) and (2) proved above , we have that t* - b = b and (t*)® = u™. Hence

(tu)* = (Put)" = (070@)) " = (@)) " = (@)
(4) We see that
altd)(thy)+ = altd)(gh)+ by (3) proved above
t4)"))  using (8.2)

_ a((t+)(t‘b)+) using (CP2)
= A(()") using (8.1)
(

= Y(tN)Y) from (2) proved above
= () using (CP2)

_ aapt

= ot

(5) From (8.1), we know that (¢-b)" =t -b" and from (2) proved above, we have that

t-b" = a*. Hence
(a(t-0))" = (a(t-0)")" = (a(t-b"))" = (aa")" =a".

Conditions (6), (7) and (8) are dual of (3), (4) and (5), respectively.
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Now we give the proof of Theorem 8.3.1.
We first check that e is a closed partial binary operation. For this let (a,t), (b,u) € V
such that (a,t) e (b,u) is defined. We have to show that

(a,t) o (b,u) = (a(t-b),t’u) € V.

For this we need to check that

(tu)* - (a(t-0))* = (alt - b))", ((thu) )@t = (thu)*,
alt) (b))t - (a(t- b)) = a(t-b) and  (tbu) et ot — ¢by,

We now calculate

(tPu)* - (a(t-b))* = (t°)T-(t-b)* from Lemma 8.3.2 ((3) and (6))
= ()" - (#*-b*) from Lemma 8.3.2 (1) and (8.1)
= ()t v using (ZS1)

— tb . b*
= (t-b) by (8.1)
= (a(t-b))* from Lemma 8.3.2 (6).
Also, . )
((tbu)+)(a(t L ((tb)J“)(t'b) from Lemma 8.3.2 ((3) and (6))
= ((t+ t'b)(t.b)* from Lemma 8.3.2 (1) and (8.2)
(t+)t-b
(o) using (8.2)
= (thu)* from Lemma 8.3.2 (3).
Next,
o) (b))t - (a(t-b)) = 4 - (a(t-D)) from Lemma 8.3.2 (4)
= (%" -a)((*T)*- (t-b)) using (ZS2)
= a((tH)* - (t-b)) as (a,t) € V and using (CP2)
= a(tt-(t-b)) as (a,t) €V
= a(t-b).
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Finally,

(o) (@(Eb) P u  — (gby )b ou from Lemma 8.3.2 (7)
(t0)wtrowy b ou ysing (ZS4)
(GO KAREY by (CP1) and as (b,u) € V
() as (b,u) € V
= thu.

Hence (a(t - b),t%u) € V.
Next for e € Es and f € Er, we show that

e,/ eVefe=e fo=F
For this let (e, f) € V. Then clearly
fre=e o=
Conversely, if f-e=e¢e and f¢ = f, then
‘fe=f-e=f-e=ce

and
fel=fre=ro=1.

Thus (e, f) € V.
Now let (a,t) € V. By definition, d(a,t) = (a™, %) and by our assumption, %t € Er.
Thus to show that d(a,t) € V, we need only to show that

(41 = %t and 4t .ot =at.

We see that
(at+)a+ — a*(at+) — a+a<t+) — atJr
and thus
ayt gt — (at-i- ] a)+ —at,
using (8.1).
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Dually, r(a,t) = (a* ot,t*) € V. Next we see that
d(e, f) = (e, °f) = (e, f) = (e, f)

and

Thus

where (e, f) € Ey, e € Eg and f € Er. Hence Ey is the set of local identities of V.

We now prove that V' satisfies the axioms of a category.
(C1) Let (a,t), (b,u) € V and suppose I(a,t) e (b,u), so that (a*ot,t*) = (b*, bu™). Thus
d((a,t) e (b,u)) = d(a(t-b),t'u)
= ((aft- b))+, «CO(tbu)*)
= (a*, %T) from Lemma 8.3.2 ((5) and (4))
= d(a,t),
and

r((a,t)e(bu)) =

= (b*ou,u*) from Lemma 8.3.2 ((7) and (8))

Hence (C1) is satisfied.

(C2) This directly follows from (C1) and the fact that multiplication is associative in a
Zappa-Szép product.

(C3) Let (a,t) € V. Then

r(d(a,t)) = d(a,t) because d(e, f) = (e, f) =r(e, f) for all (e, f) € Ey.
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Hence there exists d(a,t) e (a,t) and then

Dually,

d(a,t)e (a,t) = (ab, %) e (a,t)
= (a" (1" -a), (7))
= (a*ta,(t")¥t) using (CP2)
= (a,t™t) because (a,t) € V
= (a,1)

d(r(a,t)) = r(a,t) because d(e, f) = (e, f) =r(e, f) for all (e, f) € Ey.

Hence there exists (a,t) e r(a,t) and then

(a,t) er(a,t)

(a,t) ® (a* ot t*)

(a(t- (a*ot),t7 o)

(a(t™ - a*),tt*) using (CP1) and because (a,t) € V, so t%° =1t
(aa*,t) because (a,t) € V

(a,t).

Hence V = V((Z) is a category.

8.4 \-Zappa-Szép product of a semilattice and a monoid

We now specialize Theorem 8.3.1 to the case where we consider the Zappa-Szép product of

a semilattice and a monoid. We suppose that in this case (ZS7) 1-e = e and (ZS8)1¢ = 1

hold. As a monoid T is a reduced restriction semigroup with

tt=1=1¢" forallteT,

we note that in this special case (8.1) and (8.2) are satisfied trivially.

The existence of the additional actions

ExT—E, (e,t)~eot
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and
ExT =T, (e,t)—~

satisfying (CP1) and (CP2) is equivalent to the action of T' on the left of E being by
bijections (so that we may define eot = f where t- f = ¢) and “ being equal to t¢. Thus in
this case, it is not strictly necessary to introduce the two new actions. However, we retain

the action o for convenience. We therefore suppose that
e=(t-e)ot=t-(eot) (CP3)
foralle € F and t € T. Now
V =Vu(Z)={(a,t) € Sx T :t"-a* =a, (t+)a* =T, 4t a=q, v = t}

reduces to
V =Vu(Z)={(e,t) € ExT:t=1t°"}.

We now prove that in this special case, V' can be made into an inductive category if the extra
condition
e<f=th-e=t-e (D)

holds, where e, f € E and t € T.

Theorem 8.4.1. Let Z = E T be a Zappa-Szép product of a semilattice E and a monoid
T. Suppose that 1-e = e, 1° = 1 and the action of T on E satisfies (CP3). Also suppose
that the condition (D) holds. Then

V=Vi(Z)={(e,t) € Ex T :t =1t

is an inductive category under the restriction of the binary operation in Z with set of local
identities By = {(e,1) : e € Eg}, where

d(e,t) = (e,1) and r(e,t) = (eot,1).
The partial order < on V is defined by

(e,8) < (f,t) if and only if e < f and s = t*".
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Also for (e,1) € E, (f,t) € V where (e,1) < d(f,t), the restriction is defined by

enl(fit) = (e,t°)

and where (e,1) < r(f,t), the co-restriction is defined as:

(fa t)|(e,1) = (f(t . 6)7te)'

Proof. Before giving the proof of Theorem 8.4.1, we record some preliminary computations.

Lemma 8.4.2. Let (e,s),(f,t) € Via(Z), then;
(1) efos=(eos)(fos);
(2) if (e,s) < (f,t), theneos=cot andeot < fot;
(3) fore,f € EandteT,ife< f, thent-e<t-f.

Proof. (1) We have.

(eos)(fos) = (s-((eos)(fos))) oS using (CP3)
= ((s ~(eos))(s-(fo s))) os using (ZS2)
= (e(s (fos) ) s because s = s°°° and using (CP3)
= efos using (CP3).

(2) Suppose that (e,s) < (f,t). Then e < f and s = t**. To prove that e o s = e o ¢, we see
that

(eos)(eot) = (s “((eos)(eo t))) os using (CP3)
= ((s-(e0s))(s* - (eot))) o5 using (ZS2)
(e(s (eo t))) o8 using (CP3) and s = s°°*
((t “(eot))(t*t - (eo t))) os using (CP3) and s = ¢!
(t ((eot)(eo t))) oS using (ZS2)
= eos using (CP3)

= eos < (eot).
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and

(eot)(eos) = (t “((eot)(eo s))) ot using (CP3)
= ((t-(eot))(t*" - (cos))) ot using (252)
= (e(s (eo s))) ot because s = t*°" and using (CP3)
= eot using (CP3)
= eot < eos.

Thus eot = e o s. Next we see that

(eot)(fot)

ef ot from (1) above

= eot Dbecause e < f.

Hence eot < fot.
(3) Suppose e < f. Then e = ef, so that

-(ef)
-(fe)
t-f)(t-e) using (ZS2)

—~ 4

and hence t-e <t- f. O]

We now give the proof of Theorem 8.4.1.

From Theorem 8.3.1, V' is a category with set of local identities Ey = {(e,1) : e € Eg}
where
d(e,t) = (e, 1) and r(e,t) = (eot,1).

We notice that for (e, 1), (f,1) € Ey
(e, )< (f,)=e<f

Now we show that V' is an inductive category. First we prove that < is a partial order. It is
clear that < is reflexive. Let (e, s), (f,t) € V and suppose that

(e,s) < (f,1) and (f,1) < (e,s).
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Then e < f < e implies e = f and
s =t =t/ =1,

Hence < is antisymmetric.

To check transitivity, let (e, s), (f,t), (g,u) € V and suppose that

(e,s) < (/1) and (f,t) < (g,u).

Then e < f < g, s =t and t = u/°*. Now e < f < g implies that e < g and

s = teot
= (ufou)leon’™) because t = u/°
_ Ueweouton)
w-((fou)(eoufor)) Jou .
= u( (Jou ))> using (CP3)
w-(fou)) (uf°¥-(eoufo")) Jou .
_ (e wsing (252)
ufeou using (CP3)
— ueO'LL‘

Hence (e, s) < (g,u) and thus < is a partial order on V.

We now show that V' satisfies the axioms of an inductive category.

(IC1) Let (e,s), (f,t) € V and suppose that (e,s) < (f,t). Then e < f and s = t*".
Clearly d(e, s) < d(f,t). Now to show that r(e, s) < r(f,t), we need to check that eos < fot.

From Lemma 8.4.2, we see that
eos=ecot< fot,

as required.
(IC2) Let (e, ), (f.), (g9, ), (h,v) € V and (e, ) < (f.?), (9,u) < (h,v). Then

e<f,s=t* and g <h, u=1v9".
Suppose that 3(e, s) @ (g, u) and 3(f,t) @ (h,v). Then

r(e,s) =d(g,u) and r(f,t) =d(h,v),
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so that
(cos,1)=(g.1) and (fot,1) = (h,1),

To prove that (e, s) e (g,u) < (f,t) e (h,v), that is, (e(s-g),s%u) < (f(t-h),t"v), we need to
show
e(s-g) < f(t-h) and s%u = (thv)e(&g)othv‘

We see that

e(s-g)=e(s-(eos)) =ee=ce,

and
f-h)=ft-(fot))=[ff=1,
so that e(s-g) < f(t-h). Now

sI9u = s°%u
= su because s = s°°
= eoly9eY because s = t¢!, u = vI°?

= tulleat)ov)yleos)ov yging (CP3) and g = e o s

= tulleat)ov)ylectiov hocause eo s = e ot from Lemma 8.4.2 (2)
(tv)(eet)ov using (ZS4)
(tfoty)eot!*"v because t = t/°

= (tho)e=a)e" pecause h= fotand e = e(s - g).

Hence (¢,5) o (g,u) < (£,2) » (h,v).
(IC3) Let (e,1) € Ey and (f,t) € V be such that (e, 1) < d(f,t). Then (e,1) < (f,1), so
e < f. We first note that (e, t*) € V as

(teot ) (eotet)  _ t(eot)(eotwt)

_ t(t.((eow(eote“)))"t using (CP3)
R ) s

teot

Clearly d(e, t*") = (e, 1) and (e, t*°") < (f,1).
We show that (e, ") is the unique element with these properties. Let (g,u) be another
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element such that (g,u) < (f,¢) and d(g,u) = (e, 1). Then
g < f,u=1t"" and (g,1) = (e, 1).
Thus g = e and u = t9°" = t*°*. Hence (e, t*") is unique and we thus define the restriction

e (f, 1) = (e, t").

(IC4) Let (e,1) € E and (f,t) € V be such that (e,1) <r(f,t). Then
(e,1) < (fot,1),sothat e < fot. We want to show that (f(¢-e),t°) is the unique element
in V such that

(f(t-e),1%) < (f,) and r(f(t-e),1%) = (e, 1).

We first check that (f(t-e),t¢) € V. First we notice that as e < fot,sot-e <t-(fot)=f,
by Lemma 8.4.2 (3). Next we see that

(te)(f(t-e)ote (t°)Ft  because t-e < f,s0 f(t-e)=t-e
= (t)9°* gince e < e, then t¢ - e = t - e by our assumption
(

t)e using (CP3)
= t°

Hence (f(t-e),t°) € V. Clearly f(t-e) < f and

tee)et - — ¢lte)ot  hocause t-e < f
= t°.

Hence (f(t-e),t%) < (f,t). Also

r(f(t-e),t) = ((f(t-e))ot1)
= ((t-e)otc 1) because t - e < f
= ((t°-e)ot1) since e < e, then t¢ - e =t - e by our assumption
= (e 1).

Next to prove the uniqueness of (f(t - e),t¢), let (g,u) be another element in V' such that
(g,u) < (f,t) and r(g,u) = (e,1). Then

g< f,u=1t"" and gou=e.
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Now
f(t-e) = f(t-(gowu)) becausee=gou
= f(t-(got)) because gou = got from Lemma 8.4.2 (2)
= Jyg
= 9
and

u = 2fgot — tgou — te.
Hence (f(t - e),t°) is unique and we thus define co-restriction
<f7 7f)|(e71) - (f(t : 6), te)'

(IC5) It is clear that Ey = {(e,1) : e € E} is a meet semilattice with

(e, YA(f,1) = (ef, 1).

Hence V' is an inductive category.
O

Next we define a pseudo-product on our inductive category to obtain a restriction semi-

group.

Theorem 8.4.3. Let E be a semilattice and T be a monoid and Z = E 1 T. Suppose that
1-e=¢e, 1° =1 and the action of T on E satisfies (CP3). Also suppose that the condition
(D) holds. Suppose that (V, e, d,r, <) is the inductive category as defined in Theorem 8.4.1.
Let (e, s),(f,t) € V. Defining the pseudo product on V by the usual rule

(e;8) @ (f,t) = ((€, 8)le(e,s)nd(r.0)) (x(e,s)nd(r) | (f5 1)),

V' is a restriction semigroup. Here the multiplication simplifies to

(e,5) e (f 1) = (e(s 1), sft(605t)).

Proof. We first see that

r(e,s) Ad(f,t) = (eos, ) A (f,1) = ((e0s)f,1).
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Now

(€, 8)|r(espnd(r) = (€ 8)|((eos)£,1)
= ( s((e0s)f)), s )
(6((3 (e08))(s - f), Sf)

and
r(e,s)/\d(f,t)|(f7 t) - ((eos)f,1)|(f7 t)
= ((e 1) S)f, t((eos)f)ot>.

Thus

)8 )(e 0 5)f, ety

(s (e o 8)f)), (Sf)(eos)ft((eos)f)ot>

(f*(eo0s)), s(eos)ft((eos)f)"t) using (ZS2)

(fleos)), S(eos)ft((eos)f)ot>

((eos)f), s(eos)ft((eosmot)

(eos))(seo - f), sTllcos)n)et) using (ZS2) and (CP3)
,sft((eos)Ot)(fOt)) from Lemma 8.4.2 (1)
7Sf(tfot)(eost)>

,sft(e“t)> because t/°t =t .

(e,s) @ (f,1) =

—~
o

—~
VA

s
»

D
»

[N
VA

o
»

s
»

D

/\/‘\f\/\?/\/‘\/—\
o e e N e T N o
V2)
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»
===

Hence the fact that V' is a restriction semigroup follows from its construction as the pseudo-

product on an inductive category. O

From Lemma 8.2.2, we know that the map
SxT =S, (s,t)—sot
is defined by sot =t"1.s. Thus we see that

(e,s)® (f.t) = (e(s f), Sft(eost))

(e(s 1), Sft((“)_l'e)> because sot =t"!-s

= (e(s 1), sfttflsfl'e).

Which is the same multiplication as we have seen in Theorem 8.1.3 for inverse semigroups.

Now we consider the usual Zappa-Szép product E < T of a semilattice £ and a monoid
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T. By defining two new actions we construct a Zappa-Szép product T 1 E.

Lemma 8.4.4. Let E > T be a Zappa-Szép product of a semilattice E and a monoid T.

Suppose that there are two extra maps

ExXT =T, (e,t)— “tand ExT — E, (e,t) —eot

and suppose that the action of T on E satisfies (CP3). We define a new action of E on T

by the following.

eot =t

Then the actions (e,t) — e ot and (e,t) — e ot satisfy (Z51)-(ZS4}) and we can form a
Zappa-Szép product T <1 E.

Proof. We show that these actions satisfy the Zappa-Szép axioms.
(ZS1) Let e, f € E'and t € T. Then

eo(fot)

eo (t/°h)
) (eot/)

-((fot)(eotfot o
t(t((f Dleet ))> ' using (CP3)

((t-(fot))(tht-(eotht)> ot

t using (ZS2) as £ 1T is a Zappa-Szép product
theet using (CP3)

tefot

ef ot.

Hence (ZS1) is satisfied.
(ZS2) Let e € E and t,u € T. Then

ectu

(tu)eot
fu-(eotu) , eotu using (ZS4) as E 1T is a Zappa-Szép product
fu-((eot)ou) , (eot)ou

peoty,(eot)ou using (CP3)

(eot)((eot) o).
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(ZS3) Let e € F and t,u € T. Then by assumption,
eotu=(eot)ou.

(ZS4) Let e, f € E and t € T. Then

efot = feot
= ((t- (fot))(t/ (eot/))) ot using (CP3)
= (t-((fot)eot/h))) ot using (ZS2)
= (fot)(eot/) using (CP3)
= (eot!*)(fot) because E is a semilattice
= (eo(fot))(fot).

Hence T 1 F is a Zappa-Szép product with multiplication defined by

(t,e)(u, f) = (tu™", (e o u)f)

for all (¢,e), (u, f) €e T =< E.
[

The results in this chapter can be specialised to inverse semigroups but we are looking

for some more concrete examples.
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