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ABSTRACT

In this thesis we prove the following:

e The semigroup which is a disjoint union of two or three copies of a group
is a Clifford semigroup, Rees matrix semigroup or a combination between
a Rees matrix semigroup and a group. Furthermore, the semigroup which
is a disjoint union of finitely many copies of a finitely presented (residually

tinite) group is finitely presented (residually finite) semigroup.

e The constructions of the semigroup which is a disjoint union of two copies of
the free monogenic semigroup are parallel to the constructions of the semi-
group which is a disjoint union of two copies of a group, i.e. such a semi-
group is Clifford (strong semilattice of groups) or Rees matrix semigroup.
However, the semigroup which is a disjoint union of three copies of the free
monogenic semigroup is not just a strong semillatice of semigroups, Rees
matrix semigroup or combination between a Rees matrix semigroup and a
semigroup, but there are two more semigroups which do not arise from the
constructions of the semigroup which is a disjoint union of three copies of
a group. We also classify semigroups which are disjoint unions of two or
three copies of the free monogenic semigroup. There are three types of semi-
groups which are unions of two copies of the free monogenic semigroup and
nine types of semigroups which are unions of three copies of the free mono-
genic semigroup. For each type of such semigroups we exhibit a presentation
defining semigroups of this type.

e The semigroup which is a disjoint union of finitely many copies of the free
monogenic semigroup is finitely presented, residually finite, hopfian, has sol-

uble word problem and has soluble subsemigroup membership problem.
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PREFACE

Unlike the ’classical’ algebraic structures, such as groups and rings, it is well-
known that a semigroup may decompose into a disjoint union of subsemigroups.
Indeed many structural theories of semigroups have such decompositions at their

core. For example:

e Every completely simple semigroup is isomorphic to a Rees matrix semi-
group over a group G, and is thus a disjoint union of copies of G; see Theorem
1.54.

e Every Clifford semigroup is isomorphic to a strong semilattice of groups, and

is thus a disjoint union of its maximal subgroups; see Theorem 1.5.6.

e Every commutative semigroup is a disjoint union (indeed a semilattice) of

archimedean commutative semigroups; see ([Gri95], Theorem 4.2.2).

It is therefore natural to ask how properties of a semigroup S which can be de-
composed into a disjoint union of subsemigroups S = T Ll --- L T, depend on
properties of the T;. For instance, it is obvious that if all T; are finitely generated
then so is S (Proposition 1.2.1). Araujo et al. [ABF*01] discuss finite presentabil-
ity in this context, and show that there exists a non-finitely presented semigroup
which is a disjoint union of two finitely presented subsemigroups. On the other
hand, it can be shown that in many special instances finite presentability of the
T; implies finite presentability of S. For example, this is the case when all T; are
groups (i.e. when S is a completely regular semigroup with finitely many idem-
potents; see Corollary 1.5.3; this follows from ([Rus99],Theorem 4.1). Further such
instances are discussed in [ABFT01].

Turning to the finiteness condition of residual finiteness, we have a similar land-

scape. It is easy to construct a non-residually finite semigroup which is a disjoint

11



union of two residually finite subsemigroups. One such example, consisting of a
free group and a zero semigroup, can be found in ([GR10], Example 5.6).

On the other hand, it follows from Golubov [Gol75] that if all T; are residually fi-
nite groups then S is residually finite as well.

The thesis is divided into two parts. The finiteness conditions as finite pre-
sentability and residual finiteness for the semigroup which can be decomposed
into small numbers (two or three) copies of a (semi)group, and the constructions
of such semigroups, are considered in the first part. The finiteness conditions as
finite presentability, residual finiteness, word problem, membership problem and
hopficity for the semigroup which can be decomposed into any number of copies

of the free monogenic semigroup, are considered in the second part.

Preliminary and basic materials are presented in the next chapter. The first
two results are given in Chapter 2, which play a significant role in proving some
theorems about rectangular band semigroups in Chapter 7. Chapter 2 has many
counterexamples of some provided questions related to finite presentability. The
ideas of these examples are based on finding a semigroup which is a direct product
of a finite semigroup and an infinite finitely presented semigroup as in [AR00] and
[RRW9S8].

Semigroups which are disjoint unions of groups are considered in Chapter 3.
Working on such semigroups is more flexible than disjoint unions of semigroups
since we have well-known theorems in [How95] and [CP61] which provide us with
some constructions as Clifford and Rees matrix semigroups. We initially start with
the semigroup which is a disjoint union of two copies of a group which implies
that such a semigroup is completely regular since every element in the semigroup
lies in a subgroup, so by knowing the size of the semilattice, we can classify this
semigroup as in Theorem 3.2.2. Analogously, we classify the semigroups which
are disjoint unions of three copies of a group as in Theorem 3.3.2. After classifying
these semigroups we simply prove the finite presentability and residual finiteness
for these semigroups in Section 3.4 by [Rus99] and [Gol75].

In Chapter 4 we study the semigroups which are disjoint unions of two copies
of the free monogenic semigroup. We find interestingly that such semigroups be-
have in parallel with the semigroups which are disjoint unions of two copies of
the infinite cyclic group and it has three constructions, strong semilattice of semi-

groups and Rees matrix semigroup of two types (Theorem 4.3.1) which is the same

12



constructions that have been obtained in the group case (Theorem 3.2.2).

The semigroups which are disjoint unions of three copies of the free mono-
genic semigroup is the subject of Chapter 5. After classifying these semigroups
and proving that there are just nine types, each type of such a semigroup is defined
by a certain presentation see Table 5.1, we end up with a result which says that the
construction of such semigroups is not just a strong semillatice of semigroups, Rees
matrix semigroup or a combination between a Rees matrix semigroup and a semi-
group -the constructions of three copies of the infinite cyclic group- but there are
some others which do not lie under any of the mentioned constructions (Remark
5.4.1). Chapters 4 and 5 have been submitted to publication [AGMRed]

The last type of semigroups in this thesis which are disjoint unions of small
number (two copies) of a semigroup are presented in Chapter 6. We classify -after
some long proofs- balanced semigroups which are disjoint unions of two copies of
the free semigroup of rank two. Although, a strong condition is provided on these
semigroups, they are quite tricky to be classified. The main theorem in this chapter
is Theorem 6.4.2 which states clearly that there are just six balanced semigroups,
each of which has a certain finite presentation. This implies that every balanced
semigroup is finitely presented. In Section 6.5, we prove that such semigroups are
residually finite since the relations in each presentation preserve length and this is
the end of Part I.

In Part II of the thesis we consider semigroups which are disjoint unions of
finitely many copies of the free monogenic semigroup (i.e. natural numbers under
addition). We show that even though there is no general structural theory for such
semigroups, which would yield positive results of the above type ‘for free’, they
nonetheless display the same behaviour as unions of groups.

We start Part II with a rectangular bands of finitely presented semigroups,
which is a nice case of disjoint unions of semigroups. A general result of finite
presentability is provided by Theorem 2.3.1 as we have mentioned before. In ad-
dition, there is a theorem for residual finiteness but in the case that the rectangular
band is just blocks of copies of the free monogenic semigroup.

The strongest results of this thesis are in Chapters 8 and 9 which have ap-
peared in the work of Abu-Ghazalh and Ruskuc ([AGR13], [AGRin]). There are
6 open problems which have been proved in these two chapters. and it has a
strong result on finite presentability. The finiteness conditions theorems for the

semigroup which is a disjoint union of finitely many copies of the free monogenic

13



semigroup are Theorems (8.2.1, 8.3.4, 8.4.2, 9.2.2, 9.3.9) which state respectively
that every semigroup which is a disjoint union of finitely many copies of the free
monogenic semigroup is finitely presented, residually finite, hopfian, has a soluble
word problem and has a soluble subsemigroup membership problem. Moreover,
we have Theorem 8.5.2 on commutative semigroups which are disjoint unions of
tinitely many copies of the free monogenic semigroup, says that every commuta-
tive semigroup is a finite disjoint union of copies of the free monogenic semigroup
if and only if it is a strong semilattice of copies of the free monogenic semigroup.

14



CHAPTER
ONE

SEMIGROUP THEORY PRELIMINARIES

1.1 Introduction

In this chapter all the basic semigroup theory needed to understand the results of
the thesis are covered and mostly taken from [Hig92], [How95], [Rus95], [Har96],
[RT98] and [Gal05]. For further background information on semigroup theory see
[CP61], [Lal79], [Hig92], [Gri95] or [How95].

1.2 Basics and monogenic semigroups

A semigroup is a set S equipped with an associative binary operation, usually
called multiplication, which means (xy)z = x(yz) for all x,y,z € S. For instance,
the set of natural number IN forms a semigroup under addition.

A subsemigroup of S is a subset T C S which is closed under the same mul-
tiplication, that is, if (Vx,y € T) xy € T. We abbreviate T is a subsemigroup of S
as T < S. A proper subsemigroup of S is a subsemigroup which is not equal to S.
Suppose that S is a semigroup and T; < S for all i € I. Then

NierT; #7© = NieT; < S.

Let A be a non-empty subset of S. The intersection of all the subsemigroups of S
that contain A is non-empty and is a subsemigroup of S. We use (A) to denote this
subsemigroup and call it the subsemigroup of S generated by the set A. Equiva-
lently, the subsemigroup (A) can also be described as the set of all elements in S

15



that can be written as finite products of elements of A.

Proposition 1.2.1 ((ABF*01], Proposition 3.1). Let S be a semigroup which is a disjoint
union of a family (S;);cy of its subsemigroups. If each S; is generated by a set X; (i € I),
then S is generated by U;c1X;.

If A= {ay,a,...,a,} then we shall write (A) as (ay,4a,,...,a,) and if A =
{a}, a singleton set, and (a) = {a,a?,a’, ...}, then we refer to (a) as the monogenic
subsemigroup of S generated by the element a. The order of the element a is de-
fined, as in group theory, as the order of the subsemigroup (a). If S is a semigroup
in which there exists an element a such that S = (a), then S is said to be a monogenic
semigroup as in [How95] and a cyclic semigroup as in [CP61].

Assume that a is an element of a semigroup S and (a) = {a, a%,a’ ... }, if there
is no repetition in the list 4, a%,a3,..., which means

a" =ad"=m=n,
then the semigroup (a) is isomorphic to the semigroup IN (natural numbers with
respect to addition). Note that we use the notations N and IN to mean, respec-
tively, the monogenic semigroup and the natural number semigroup throughout
the thesis and No = IN U {0}.

We say that e € S is an identity element (or identity, usually denoted 1) of S
ifes =se =sforalls € S. If e € S then S is a monoid and e is the only identity
in S. For any semigroup S we may form a monoid S! as follows. If S is not a
monoid then, we adjoin the symbol 1 to S, we let S! = SU {1} and we extend the
multiplication on S by defining 1s = s1 = s for all s € S'. If S is a monoid then
st=s.

1.3 Relations, congruences and homomorphisms

Let X and Y be two non-empty sets. Then the set X x Y is defined as
{(x,y):xe X,y e Y}
A binary relation on X is a subset R C X x X. We call the relation

1x ={(x,x) : x € X}

16



the diagonal relation on X and
R1={(x,y) e Xx X : (y,x) € R}

the converse of R. If R and Q are two binary relations on X then we may define the
composition R o Q as

{(x,2): By € X)((x,y) € R, (y,2) € Q)}-

Let R be a binary relation on X. Then, R is reflexive if xRx, for all x € X. R
is symmetric if xRy implies yRx, for all x,y € X. R is anti-symmetric if xRy and
yRx implies that x = y. Ris transitive if xRy and yRz implies xRz. If R is reflexive,
anti-symmetric and transitive then it is an order relation. If R is reflexive, symmetric
and transitive then it is an equivalence relation.

Let R be a reflexive relation on X. Then we have
RCRoRCRoRoRC...,
which we can write in simpler notation as
RCR*CR3C...

The relation
R® = J{R" : n>1} (1.1)

is called the transitive closure of the relation R.

Lemma 1.3.1 ([How95], Lemma 1.4.8). For every reflixive relation R on a set X, the
relation R* defined by (1.1) is the smallest transitive relation on X containing R.

Now we can introduce the relation R® which is the smallest equivalence on X
containing R and it is defined as

R®=[RURtU1x]™.

The number of the equivalence classes is called the index of R in X and is denoted
by [X : R]. An equivalence relation R on a semigroup S is a right congruence if xRy
implies xzRyz for all x,y,z € S. Left congruences are defined analogously and a

relation is a congruence if it is both a left congruence and a right congruence. For

17



an arbitrary relation R on a semigroup S we define
R¢ = {(xay,xby) : x,y € S%, (a,b) € R}.

Thus, the smallest congruence generated by R is (R°)¢, see ([How95], Proposition
1.5.8).

Let S and T be semigroups. A homomorphism from S into T is a mapping
¢ : S — T which satisfies ¢(s152) = ¢(s1)¢p(s2) for all s1,s, € S. An epimorphism is
a surjective homomorphism, a monomorphism is an injective homomorphism and
an isomorphism is a bijective homomorphism. We say that T is a homomorphic
image of S if there is an epimorphism ¢ : S — T.If ¢ : S — T is a homomorphism
then the kernel

ker(¢) = {(51,52) | 51,52 € S, P(51) = P(s2) }

~

of ¢ is a congruence on S and S/ker(¢) = Im¢. We say that S and T are isomorphic

if there is an isomorphism ¢ : S — T.

Theorem 1.3.2 ([How95], Theorem 1.5.3). Let p be a congruence on a semigroup S,
and let ¢ : S — T be a homomorphism such that p C ker¢. Then there is a unique
homomorphism B : S/p — T such that imp =imd¢.

An anti-homomorphism from the semigroup S into the semigroup T is a map-
ping ¢ : S — T which satisfies ¢(s152) = ¢(s2)¢(s1) for all 51,5, € S. An anti-
isomorphism is a bijective anti-homomorphism. We say S is anti-isomorphic to T if ¢
is anti-isomorphism.

An endomorphism is a homomorphism S — S and an automorphism is an
isomorphism S — S.

Let S be a semigroup, and let T is a subsemigroup of S. Let 7t be the relation

(Tx TYU ((S\T) x (S\T)).

Let X,(7), X;(7), respectively, be the largest right congruence and largest left con-
gruence contained in 7t as follows:

¥, (m) = {(x,y) € SxS: (xs,ys) €  forall s € S'},

Y () = {(x,y) €S xS: (sx,sy) € forall s € S'}.

18



And then the largest congruence which contained in 77 is
Y () = {(x,y) €S x S: (s1xs2,81ys2) € 7 forall s1,8, € S}

Notice that
() = Zy(E (7)) = (7).

We shall call £, (77), X;(71), respectively, the right, left syntactic congruence, and X.(71)
the syntactic congruence.

Theorem 1.3.3 ([RT98], Theorem 2.4). Let S be a semigroup. If p is a right congruence
of finite index in S, then the congruence X(p) also has finite index in S. In particular, for
any equivalence relation 7t on S, [S : X,(7)] is finite if and only if [S : X(7)] is finite if
and only if [S : £;(7r)] is finite.

1.4 1Ideals and Green relations

A right ideal R of a semigroup S is a non-empty subset of S such that r € R and
s € Simply rs € R. Equivalently, RS C R. Analogously, a left ideal of S is a non-
empty subset L satisfying SL C L. A two sided ideal I is a subset which is both a left
and right ideal. It satisfies IS U SI C I. Any of these sets is called proper if it does
not equal to S.

We say that a (left, right, two-sided) ideal I of a semigroup S is minimal if it
contains no other (left, right, two-sided) ideal of S. The existence of a minimal (left,
right) ideal is not necessary, we may find a semigroup with no minimal (left, right)
ideal and a semigroup with several minimal left and right ideals or with several
minimal left (right) ideals. However, there is no semigroup with more than one
minimal two-sided ideal because if I; and I, are minimal two-sided ideals in S
then [1I, C I} N I. Notice that I, is an ideal that would otherwisw be strictly
contained in each of the (distinct) ideals I; and I».

Let S be a semigroup. Define the following relations on S:

xLy < s, €S' : x=syandy =s'x,

xRy <= 35,8 €S' : x=ysandy = x5,
xJy < 3s,8,t,' €S x =sys’and y = tat’.
The relations £, R and J are equivalence relations and furthermore the relations
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L and R are respectively a right congruence and a left congruence. The relations
L and R commute i.e: Lo R = R o L and then we have the equivalence relation
D = LoR. D is the smallest equivalence relation on S which contains both £
and R. Let H = LN R and then H is the largest equivalence relation of S that
is contained in both of £ and R. The inclusion diagram of the Greens relations is
given below.

J

£/ \R
NS

Figure 1.1: Inclusion diagram of the Green’s relations

1.5 Classes and constructions

We say that the semigroup S is commutative if for every a,b € S : ab = ba.
The element e € S is idempotent if e = e. A semigroup where all elements are
idempotents is called a band.

Let E be a semigroup of idempotents. We define a relation < on E by
(Vx,y€ E)x <y < xy=yx =x.

It is an easy exercise to show that < is a partial order (reflexive, anti-symmetric
and transitive) relation on E. If x < y in S we say x is under y and y is over x. We
say the element b of a partially ordered set X is a lower bound of a subset Y of X if
b < y for every y in Y. The lower bound b of Y is called a greatest lower bound or
meet of Y if b > ¢ for every lower bound c in Y. Upper bound and least upper bound
or join are defined analogously.
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If S is a commutative semigroup and all its elements are idempotents, then S
is called a semilattice. Hence, in this case, for all x,y € S : x> = x and xy = yx.

The element x € S is regular if there exists y € S such that xyx = x. We say that
S is a reqular semigroup if all of its elements are regular and we say that S is simple
if it has no proper ideals. The semigroup S is completely simple if it is simple and
contains a primitive idempotent (that is, an idempotent which is minimal within

the set of all idempotents of S).

Theorem 1.5.1 ([How95], Theorem 3.3.2). Let S be a simple semigroup (without zero).
Then S is completely simple if and only if S contains at least one minimal left ideal and at

least one minimal right ideal.

Lemma 1.5.2 ([CP67], Lemma 8.13). let S be a simple semigroup containing a minimal
left (right) ideal. Then S is the disjoint union of its minimal left (right ) ideals.

We say that S is completely regular if for every x € S there exists y € S such that
xyx = x and xy = yx.

Corollary 1.5.3 ([How95], Corollary 2.2.6). If e is an idempotent in a semigroup S, then
H, is a subgroup of S. No H—class in S can contain more than one idempotent.

Let G be a group and let I and A be non-empty sets. Let P be a matrix, indexed
by A and I, respectively, with entries from G. We denote this by P = (pai)aca ic-
Let S be the semigroup with elements (I x G x A) and multiplication defined as
(1,5, M), hp) = (i,gijh,y) foralli,j € I, ggh € Gand A,y € A. Then Sis a
Rees matrix semigroup of the type |A| x |I| with respect to G, I, A and P. We write
S = MIJG; I, A; P]. The Rees matrix construction M|S; I, A; P] works even if S is
just a semigroup.

The near Rees matrix semigroup (NRMS) construction is defined as follows, at
first we have a semigroup S, and then we adjoin the identity element to form S!
and we have the |A| x |I| matrix P with the identity entries. Thus if

S=MISY 1, A;P)

and

S={(i,s,A):s#0,5€S} <8§
then S is a NRMS and we will call it briefly Rees matrix semigroup of the type
(AL {I]
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Theorem 1.5.4 ([Lal79], Theorem 2.7). A semigroup S is completely simple if and only
if it is isomorphic to a Rees matrix semigroup M([G; I; A; P] where the matrix P is normal,
iepi =pip = lgforalli € Iandall A € A.

A semigroup S is said to be a semilattice of semigroups Ty, « € Y if Y is a semilat-
tice, S=LI,cy T, with multiplication defined naturally within each T, and globally
obeying the rule T, Tg C T,. The set of natural numbers IN forms a semilattice un-
der the natural partial order <. Strong semilattices of semigroups T, if, in addition,
there is a family of homomorphisms {¢, 5 : &, 8 € Y, « > B} where each ¢, g maps
from Ty to Tg, ¢u« is the identity mapping on Ty and ¢u gPpy = Pa,y. The semi-
group has elements L,y T, and multiplication is defined, for x € T, and y € Tg,
as Xy = Paap(X)Ppap(y). We denote this semigroup as

SIY{Tu : a €Y} {pup : 0,p€Y, x> B}].
For instance, if Y is small, e.g Y = {0, 1}, we may write S as S[Y; {To, T1 }; {¢1,0}]-

Theorem 1.5.5 ([How95], Theorem 4.1.3). Every completely reqular semigroup is a
semilattice of completely simple semigroups.

A Clifford semigroup is defined as a completely regular semigroup in which
the idempotents are central (c is central if cs = cs Vs € S). Strong semilattices of
semigroups provide one of the main tools for the structure theory of semigroups
as in the following theorem.

Theorem 1.5.6 ([How95], Theorem 4.2.1). Let S be a semigroup with set E of idempo-
tents. Then the following statements are equivalent:

(1) S is a Clifford semigroup;
(2) S is a semilattice of groups;
(3) S is a strong semilattice of groups;

(4) S is reqular, and the idempotents of S are central.
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1.6 Free semigroups and presentations

An alphabet A is a non-empty, but finite, set of symbols or letters. Any finite se-
quence of letters is a word (or a string) over A. The set of all words over A, with
at least one letter, is denoted by A™. For clarity, we shall often write u = v, if
the words u and v are the same (letter by letter). The set AT is a semigroup, the
word semigroup over A, when the product is defined as the concatenation of words,
that is, the product of the words wy = ayay - --an, wy = biby -+ -by(a;, b; € A) is
the word wy.wy, = wywy = ajay - - - a,biby - - - by,. When we join the empty word
1 (which has no letters) to A", we have the word monoid A*,A* = AT U {1}.
Clearly, l.w = w = w.l for all words w € A*. For example, let A = {a,b}
be a binary alphabet. Then a,b,aa,ab,ba,bb,aaa,aab,--- are words in AT. Now,
ab.bab = abbab. As usual, w* means the concatenation of w with itself k times and
so for instance, v = ab>(ba)? = abbbbaba = ab*aba.

Let S be a semigroup. A subset A C S generates S freely, if S = (A) and every
mapping i : A — P (where P is any semigroup) can be extended to a unique
homomorphism ¢ : S — P such that ¢ [ 4= ¢. Here we say that ¢ is a homomorphic
extension of the mapping . If S is freely generated by some subset, then S is a free
semigroup.

Example. (IN, +) is free since the generating setis A = {1} andifp: A — Pisa
homomorphism, and we define ¢ : N — P by ¢(n) = ¢(1)". Now ¢ [4= ¢p and ¢

is a homomorphism:

¢(n+m) =p(1)"" = p(1)" . p(1)" = ¢(n) . ¢(m).

Proposition 1.6.1 ([Rus95], Proposition 1.1). Let A be a set, and let S be any semigroup.
Then any mapping ¥ : A — S can be extended in a unique way to a homomorphism

¢: AT — S, and AT is determined up to isomorphism by these properties.
Thus, for any alphabet A, A™ is a free semigroup, and it is freely generated by A.

Proposition 1.6.2 ([Rus95], Proposition 2.1). Let (A| R) be a presentation, let S be the
semigroup defined by this presentation, and let T be a semigroup satisfying R. Then T is a
natural homomorphic image of S.

Since A is a generating set for S, the identity mapping on A induces an epi-
morphism 77 : AT — S. The kernel ker(7) is a congruenceon S;if R C AT x AT is

a generating set for this congruence we say that (A|R) is a presentation for S. We
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say that S satisfies a relation (u,v) € AT x AT if m(u) = 7(v); we write u = v in this
case. Suppose we are given aset R C AT x AT and two words u,v € A*. We say
that the relation u = v is a consequence of R if there exist words wy, - - -, wy (k > 1)
such that for each i = 1,--- ,k — 1 we can write w; = a;u;p; and w;11 = a;0;B;
where (u;,v;) € Ror (v;,u;) € R.

It is well known that the following are equivalent:

(P1) (A | R) is a presentation for S.

(P2) S satisfies all relations from R, and every relation that S satisfies is a conse-

quence of R.

(P3) There exists a set W C A™ such that 7 maps W bijectively onto S, and for
every u € AT there exists w € W such that u = w is a consequence of R.

(P1)<(P2) is ([Lal79], Proposition 1.4.2). (P2)=-(P3) is proved by choosing a single
preimage for every s € S, and letting the resulting set be W. (P3)=-(P2) is obvious.
The set W in (P3) is referred to as a set of normal forms for elements of S. We say that
S is finitely presented if A and R were chosen to be finite. For further information
see [Rus95].

1.7 Residual finiteness

A semigroup S is said to be residually finite if for any two distinct elements s, t € S
there exists a homomorphism ¢ from S into a finite semigroup such that ¢(s) #

¢(t). It is well-known that the following are equivalent:
(RF1) S is residually finite.

(RF2) There exists a congruence p of finite index (i.e. with only finitely many equiv-
alence classes) such that (s, t) & p.

(RF3) There exists a right congruence p of finite index such that (s, t) € p.

(RF1)<(RF2) is an immediate consequence of the connection between homomor-
phisms and congruences via kernels. (RF2)=-(RF3) is trivial. (RF3)=-(RF2) follows
from the fact that for a right congruence p of finite index, the largest two-sided
congruence contained in p also has finite index; see Theorem 1.3.3, it is sufficient
to prove residual finiteness by the existence of a right congruence of finite index
(RF3).
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Residual finiteness is one of the more important finiteness conditions (the
properties of semigroups which all finite semigroups have). Every finitely pre-
sented residually finite semigroup has solvable word problem ([Eva69], Theorem
2) and so it is closely connected with algorithmic problems.
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Part 1

DISJOINT UNIONS OF A SMALL
NUMBER OF COPIES OF A
(SEMI)GROUP
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CHAPTER
TWO

GENERAL DISJOINT UNIONS OF TWO SEMIGROUPS

2.1 Introduction

In this chapter, most of the examples are based on the paper [AR00], Aratjo and
Ruskuc investigated finite generation and finite presentability of the direct product
S x T of a finite semigroup S and an infinite semigroup T. So first we introduce
the necessary definitions and theorems. We use Gap in this Chapter and Chapter
5 to prove that the given set which defined by a multiplication table is basically a

semigroup.

Definition 2.1.1. A (finite) semigroup S preserves finite generation (resp., finite pre-
sentability) in direct products if it satisfies the following property: for every infi-
nite semigroup T, the direct product S x T is finitely generated (resp., finitely pre-
sented) if and only if T is finitely generated (resp., finitely presented). Also, we say
that S destroys finite generation (resp., finite presentability) in direct products if S x T

is not finitely generated (resp., finitely presented) for some infinite semigroup T.

In addition, two relations <, and <; have been defined on an arbitrary semigroup
S as follows:
t<;s < s=tor(IxeS)(sx=t),

t<;s <= s=tor(dxeS)(xs=t).

These relations are pre-orders (reflexive and transitive). And then the sets of all

maximal elements with respect to <, and <; were denoted by

RS)={se€S: (VteS)(s=<rt=1t=<5s},
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L(S)={seS: (VteS)(s=<t=1t=<;s}.

For an arbitrary s € S, defined a graph I'(s) as follows. The set of vertices is
{(a,p,w) : «a € R(S), pes, we L(S), apw = s}.
Two vertices (a1, i1, w1 ) and (ay, pp, wy) are joined by an edge if

(a1 =y & prwi = ppwy) or (aqpy = appy & w1 = wy).

We say that an element e € S is a relative left (resp., right) identity for an element
s € Sifes = s (resp., se = s). If e is a relative left (resp., right) identity for every s € S
we say that e is a left (resp,. right) identity.

Theorem 2.1.2 ([ARO0], Theorem 1.2). The following two conditions are equivalent for
a finite semigroup S:

(i) S preserves finite presentability in direct products.
(ii) S*> = S and all the graphs T(s) (s € S) are connected.
Corollary 2.1.3 ([AROO]). If S satisfies one of the following conditions:
(i) Every element of S has a relative left identity and a relative right identity,
(i) S has a left identity or a right identity,
then S preserves finite presentability in direct products.

We address the following question when we start to look at the semigroups
which can be decomposed into two subsemigroups. Let S be a semigroup which is
a disjoint union of two subsemigroups A, B, where A and B are finitely presented.
Is S finitely presented? The answer to this question is negative by the following
counterexample.

Example([ABF'01], Example 3.4). Let T be the semigroup defined by the following
multiplication table:

a b c O
ala a ¢ O
b|b b ¢ 0
c|l0 0 0 O
0/|0 0 0 O




and let U be any finitely presented infinite semigroup. Then we have the semi-
group S = T x U and the two subsemigroups S; = {a} x Uand S, = {b,¢,0} x U.
Itis clear that S = S; U S;. The semigroup S is finitely presented since it is isomor-
phic to U, and S, is finitely presented because the subsemigroup Q = {b,¢,0} of
T has a left identity b and then by Corollary 2.1.3, Q preserves finite presentability

in Sp. However, S is not finitely presented since
I'(c) ={(a,a,c),(a,b,c), (b,ac) (bbc)},

and the two vertices (a,b,¢), (b, a, c) are not connected since ¢ = ¢ and ab # ba.

Consequently, we try to add some conditions to these subsemigroups to obtain
a finitely presented semigroup. For instance, if we define a syntactic congruence on
S and each class of this congruence is finitely presented, does this lead to a positive
answer (S is finitely presented)? or, if we add another condition that is related to
(left,right) ideals, is this enough for S to be finitely presented? The answer to all

these questions is in the following two sections.

2.2 Syntactic congruence condition

Question. Suppose that S is a semigroup which is a disjoint union of two sub-
semigroups A, B and let 7t be the relation (A x A) U (B x B). Let ,(m), X;(m),
respectively, be the right syntactic congruence and left syntactic congruence con-

tained in 7t as follows:
¥, () = {(x,y) € SxS:(xs,ys) €  forall s € S},

¥ () = {(x,y) €S xS:(sx,sy) €  forall s € S'}.

And then the the syntactic congruence which contained in 77 is
() = {(x,y) €S x S: (s1x52,51ys3) € 7 forall sy,5, € S'},

where
Zr(Ei(m)) = % (E () = E().

i) Are the X—classes necessarily subsemigroups?
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ii) If all the X —classes were finitely presented subsemigroups, is S necessarily
finitely presented semigroup?

The answer to these two questions is negative by the following counterexamples.
Counterexample to i. Let S be the semigroup defined by the following multiplica-

tion table:

012 3 45
0|0 OO O OO
110 1 2 3 4 5
2/0 2 2 0 0 5
3/0 3 4 3 4 3
410 4 4 0 0 3
5/0 5 2 5 2 5

Hence the semigroup S = A U B where A = {0,3,4} and B = {1,2,5}. Then

= {(0,0),(1,1),(2,2),(3,3),(44),(55),(0,3),(3,0),(0,4),(40),(3,4), (43),
(1,2),(2,1),(1,5),(51),(2,5),(52)},

%y () = {(0,0),(1,1),(2,2),(3,3), (44),(55),(0,3),(3,0),(0,4), (4,0), (3,4),
(4,3),(1,2),(2,1)},
%z () = {(0,0),(1,1),(2,2),(3,3),(4,4),(55)},

and thus 4/%,%, = {4} which is not a semigroup.

Counterexample to ii. Let T be the semigroup defined by the following multipli-
cation table:

a b c d
ala a a d
bla b a d
cla a c d
d|d d d d

and let U be any finitely presented infinite semigroup. Then we have the semi-
group S = T x U and the two subsemigroups S1 = {a,b,c} x Uand S; = {d} x U.
It is clear that S = S; U Sp. Now we define the relation 71 = (S7 x S1) U (S2 X S»)
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and then we have the following:

Now we have precisely two classes

(a,u;) /%% = | J {(a,u;), (buj), (c,uj)} = {a,bc} x U,

ujujel

(d,u) /5% = | {(d,u;)} ={d} x U.

u;el

It follows that (a, u;) /X%, = S1 and (d, u;) /L%, = Sy are finitely presented since
every element in the subsemigroup Q = {a,b,c} of T, has a relative left identity
and a relative right identity and by Corollary 2.1.3, Q preserves finite presentability

in S1, and Sy is isomorphic to U. However S is not finitely presented because of
the following, R(S) = {b,c} = L(S) and then

I'(a) = {(ba,b),(bac) (bbc),(becb)(bcc)(cab)(cac) (cbb),(cbrc),
(c,c,b)},

but there is no edge which joins the two vertices (b, c,b), (b,¢,c) where b = b, cb #
c?. Therefore, T'(a) is not connected and hence T destroys finite presentability in S.

2.3 (Left,Right) ideals conditions

Now we list the ideals cases and there are four cases two of which give us inter-
esting theorems. We start with the cases which give us negative results. So the
question is as follows:

Question. If the semigroup S is a disjoint union of the two finitely presented sub-

semigroups A, B and one of the following holds,

i) Ais aleftideal and B is a right ideal in S.
ii) Ais aleft (right) ideal in S and no assumption on B.

iii) A and B are left (right) ideals in S.
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iv) Aisanidealin S.

then is S finitely presented?

Firstly, notice that in (i) we have BA C A as A is a left ideal and BA C B as B
is a right ideal. Therefore, AN B # @ which is not our case. In (ii) the answer
is negative by the following counterexample ([AR00], Example 3.2). Let T be the
semigroup defined by the following multiplication table:

a b c 0
a0 0 0 O
bla b b 0
cla c ¢ 0
0/j0 0 0 O

and let U be any finitely presented infinite semigroup. Then we have the semi-
group S = T x U and the two subsemigroups of S, S; = {4,¢,0} x U and S, =
{b} x U. Notice that S; is a right ideal in S (S1S, C S;). It follows that S; and
S, are finitely presented since in S; we have the subsemigroup Q = {a,c,0} of T,
which has a left identity ¢ and by Corollary 2.1.3, Q preserves finite presentability.
Also S; is isomorphic to U. However S is not finitely presented because of the
following, R(S) = {b,c} and L(S) = {a,b,c} and then

['(a) ={(bb,a),(b,ca),(cb,a),cca)},

but there is no edge which joins the two vertices (b,c,a) and (c,b,a) where a =
a,bc # cb. Therefore, I'(a) is not connected and hence T destroys finite presentabil-
ity. Analogously if S; is a left ideal.

Now the answer to (iii), (iv) is in the two following theorems which prove

some other theorems about rectangular band semigroups in Chapter 7.

Theorem 2.3.1. Suppose that S is a semigroup which is the disjoint union of two sub-
semigroups A, B. Assume that A, B are finitely presented left (right) ideals in S. Then S is
finitely presented.

PROOF. Suppose that A and B are defined by the presentations (X, R) and (Y, Q)
respectively and they are left ideals in S. S is generated by the set X U Y by Propo-
sition 1.2.1. For every x € X,y € Y the product yx € A and the product xy € B.
Therefore, there exist words By, € Y*,'yyx € X' such that xy = Bxy, Yx = Yyx

hold in S. Now we claim that S has the presentation

<XUY|R,Q,.X]/: ,Bxy /yx: ')’yx> (21)
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It is obvious that S satisfies all the relations in the presentation (2.1). Let u, v be two
words in (X UY)™ such that u = v holds in S. We want to show that u = v can be
deduced from the relations in the presentation (2.1). First notice that # = v holds in
A or B. Suppose that u = v holds in A. Notice that there is no word in A that ends
with y € Y because A is aleftideal in S. If u, v do not have any letters from Y, then
u,v € X and so u = v holds in A. Thus u = v is a consequence of R. Now if u, v
have letters from Y then we use the relation yx = 7, to eliminate all occurrences
of letters of Y from u,v. We get two words 1,7 € X" such that u = il, v = @
are consequences of our presentations (2.1) and #, @ represent the same element
from A. Thus # = 0 is a consequence of R. Hence u = v is a consequence of our
presentation. Analogously if u = v holds in B. Similarly, if A and B are right ideals
in S. O]

Theorem 2.3.2. Suppose that S is a semigroup which is the disjoint union of two sub-
semigroups A, B. Assume that A, B are finitely presented and A is an ideal in S. Then S
is finitely presented.

PROOF. Suppose that A and B are defined by the presentations (X, R) and (Y, Q)
respectively. S is generated by the set X U Y by Proposition 1.2.1. For every x &
X,y € Y the products xy, yx € A. Therefore, there exist words By, Byx € X* such
that xy = By, yx = Byx hold in S. Now we claim that S has the presentation

(XUYIR,Q,xy = Bxy ,yx = Byx)- (2.2)

It is obvious that S satisfies all the relations in the presentation (2.2). Let u,v be
two words in (X UY)" such that u = v holds in S. We want to show that u = v
can be deduced from the relations in the presentation (2.2). First notice that u = v
holds in A or B. Firstly suppose that u = v holds in B. Then u,v € Y since A
is an ideal. Hence u = v is a consequence of Q. Secondly suppose that u = v
holds in A. If u, v do not have any letters from Y then u = v is a consequence from
R. Now if u,v have letters from Y then we use the relations xy = By, yx = Byx to
eliminate all occurrences of letters of Y from u, v. We get two words i1, 7 € X such
that u = i, v = 0 are consequences of the presentations (2.2) and i, ¥ represent
the same element from A. Thus i = 7 is a consequence of R. Hence u = v is a

consequence of the presentation (2.2). O
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After the two previous theorems we came across the following question, which
is a weaker condition than Theorem 2.3.1 but with a negative result. Let S be a
semigroup which is the disjoint union of two subsemigroups A, B and let ABA C
A, BAB C B. If A, B are finitely presented, is S finitely presented? The answer is
negative by the following counterexample.
Counterexample. Let T be the semigroup defined by the following multiplication
table:

o
M)

QO LY XN DD
e T e T ST . S S
SN 0 [N DX
SN 0 LS Y
S0 N a0
e T TR S W~ VR~ DR~ O

0Q Y 0 Lo S
S N 8

00 & & ™o S 2
I e R s I S W S U~ SN

and let U be any finitely presented infinite semigroup. Then we have the semi-
group S = T x U and the two subsemigroups S1 = {a,b,¢,d} x U and S, =
{e,f,g,h} x U. Itis clear that S = S1 U Sy. It follows that S; and S, are finitely
presented since the subsemigroup Q1 = {a,b,c,d} of T, has a left identity ¢ and
the subsemigroup Q> = {e, f, g, h} of T, has a left identity f and by Corollary 2.1.3,
Q1, Q2 preserve finite presentability in S1, Sy respectively. Notice that 515,51 C 51
and 5,515, C S,. In spite of all this, S is not finitely presented because of the fol-
lowing:

R(S) =A{b,c f,8} = L(S),

and the graph I'(a) has the two non-connected vertices (b, f,b), (b,a,c) where b =
b, fb # ac. Therefore, I'(a) is not connected and hence T destroys finite presentabil-

ity.
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CHAPTER
THREE

CLASSIFICATION OF DISJOINT UNIONS OF TWO
AND THREE COPIES OF A GROUP

3.1 Introduction

In this chapter we consider semigroups which can be decomposed into two or
three groups G. Notice that dealing with disjoint unions of groups is much easier
than disjoint unions of semigroups since in this case we have well-known theorems
[CP61] and [How95] which help to classify such semigroups. For instance every
completely regular semigroup is a semilattice of completely simple semigroups
(Theorem 1.5.5), and if the semigroup S is a finite disjoint union of copies of a
group, then S is a completely regular semigroup. So by knowing the size of the
semilattice, we can classify S and study the finiteness conditions such as finite
presentability and residual finiteness for S. We use the notation U to indicate to

disjoint union of (semi)groups.

3.2 Unions of two copies of a group

Theorem 3.2.1. Let Sy and Sg be two copies of a group. For every semigroup S, which is

a disjoint union of S, and Sg, one of the following cases must hold:
i) One of Sy or Sg is an ideal in S.
ii) Each Sy and Sg is a left ideal in S.

iii) Each Sy and Sg is a right ideal in S.
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PROOF. Since S is a completely regular semigroup, S is a semilattice Y of completely
simple semigroups by Theorem 1.5.5. Furthermore, S is a disjoint union of just two
groups. Thus, the semilattice Y must have at most two elements. Therefore, we
have the following two cases:

Casel: Y has two elements «, §, that means af = Ba = B and that leads us to
SaSl; = SﬁS“ C Slg. Hence, Sﬁ is an ideal in S.

Case2: Y has just one element, that means S is a completely simple semigroup and
it has minimal left (right) ideals by Theorem 1.5.1. Then by Lemma 1.5.2, S is a

disjoint union of all minimal left (right) ideals which are S, and Sg. O

Theorem 3.2.2. Every semigroup which is a disjoint union of two copies of a group has
one of the following forms:

i) Clifford semigroup (Strong semilattice of groups).
ii) Rees matrix semigroup over a group of the type 1 x 2.
iii) Rees matrix semigroup over a group of the type 2 x 1.

PROOF. We consider the two cases of the proof of Theorem 3.2.1.

In case 1, in which the semilattice |Y| = 2, S is a semilattice of two groups and this
implies that S is a Clifford semigroup S[Y; {Sa, Sg}; ¢u ] by Theorem 1.5.6. In case
2, in which the semilattice |Y| = 1, S is a completely simple semigroup and that
means S is isomorphic to a Rees matrix semigroup M [G; I, A; P] of a particular
shape by Theorem 1.5.4. Now, we have G = S, = Sg and || - |A| copies of G. So,
|I] - |A| = 2. In addition, P is a |A| x |I| matrix and then it consists of one row and

1
two columns as P = [1 1] or two rows and one column as P = [ . ] and then we

have Rees matrix semigroups of types 1 x 2 and 2 x 1.

3.3 Unions of three copies of a group

Theorem 3.3.1. Let Sy, Sg and Sy be three copies of a group. For every semigroup S,
which is a disjoint union of So, Sg and S, one of the following cases must hold (up to a
permutation of So, Sg and S, ):

i) Sy isanideal in S and 5pSy,5+4Sp C Sa.

ii1) S, isanidealin S, Sﬁ USy < Sand Sﬁ is an ideal in Sﬁ LI S,.
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iii) S, is an ideal in S, SplUSy < S and Sp, Sy are left ideals in SpUS,.
iv) Sy isanideal in S, Sﬁ USy < Sand S[;, S are right ideals in Sﬁ LS,
v) SpU S,y isanideal in S and Sg, Sy are left ideals in Sg LI S,,.
vi) SgU Sy isanideal in S and Sg, S are right ideals in Sg 1 S,.
vii) Sy, Spand S, are left ideals in S.
viii) S, Sgp and S., are right ideals in S.

PROOF. The proof is similar to the proof of Theorem 3.2.1. Since S is a completely
regular semigroup, S is a semilattice Y of completely simple semigroups by Theo-
rem 1.5.5. Furthermore, S is a disjoint union of just three groups. Thus, the semilat-
tice Y must have at most three elements. Therefore, we have three cases as follows:
Case 1: Y has just one element. Then S is a completely simple semigroup and it has
minimal left (right) ideals by Theorem 1.5.1. Then by Lemma 1.5.2, S is a disjoint
union of all minimal left (right) ideals which are S,, Sg and S, which gives cases
(vii), (viii).

Case 2: Y has two elements. We split this case into four cases as follows:
1) S, is anideal in S where Sg, Sy are left ideals in Sp U Sy.

2) S, is anideal in S where Sﬁ, S, are right ideals in 55 UsS,.

3) SplIS, is anideal in S where Sg, Sy are left ideals (three cases).

4) SplISyisanidealin S where Sg, S, are right ideals (three cases), and this proves
(iii), (iv), (v), (vi).

Case 3: Y has three elements «,  and +. It follows that

1) afp = ay = By = a which means B > a, v > a. Thus S, is an ideal in
Sa U Sg LIS, This proves (i).

2) af = Ba = a, By = yB = B, &y = ya = a which means y > B > a. Thus Sg is
anidealin Sg S, and S, is an ideal in S, LI Sg U S,. This proves (ii).

Now we present some methods of constructions of semigroups which are dis-
joint unions of three copies of a group, by using the structure theory of Clifford
semigroups and Rees matrix semigroups. Let V' denote the partial order with ele-
ments {«, B, v} defined by {(«, B), («,7)} U A where A is the diagonal relation on
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{a,B,7}. Let I denote the linear order with three elements {«, 8, v} defined by
{(«,B), (&,7),(B,7)}. Let T and L denote the linear orderers with two elements
as it is shown below.

Constructions:

1. Clifford semigroup of the type V. For this type we have the following:

i) Three groups Gy, Gg, Gy

it) Two homomorphisms ¢g 4 : Gg — G, Pya 1 Gy — Gy
The semigroup is then constructed as €[V; {Gy, Gg, Gy }; {0 Prat]-
2. Clifford semigroup of the type I. For this type we have the following:

i) Three groups Gy, Gg, Gy
ii) Three homomorphisms Pya: Gy — Gy, Py Gy — Gﬁ, Ppa: Gﬂ — Gy.

The semigroup is then constructed as €[I; {Ga, Gg, Gy }; {Py,0, Py, P }] -
3. Combination semigroup S of the type T. For this type we have the following;:
i) A group G.
ii) A Rees matrix semigroup R of the type 2 x 1 over G (M [G; I, A; P]) where
P= 1
1
iii) A homomorphism ¢ from R into G with ¢(1,x,1) = ¢(1,x,2) = ¢(x)

where ¢ is a homomorphism from G into G.
The semigroup is then constructed as €[T; {R, G}; ¢r g]-
4. Combination semigroup S of the type L. For this type we have the following:
i) A group G.
ii) A Rees matrix semigroup R of the type 2 x 1 over G (M [G; I, A; P]) where
P = [ 1 ] and R is an ideal in S.
The semigroup is then a semilattice of a group G and a Rees matrix semigroup

R. Furthermore, there is a special case of this type and in this case we have the

following:

38



i) A group G.
ii) A Rees matrix semigroup R of the type 2 x 1 over G (M [G; I, A; P]) where

P = [1 ] and R is an ideal in S.

iii) A homomorphism ¢ from G into R with ¢(g) = (1, ¢(g),1) where ¢ is a
homomorphism from G into G .

The semigroup is then a strong semilattice of a group G and a Rees matrix semi-
group R which is constructed as €[_L; {G, R}; g r].

5. Combination semigroup of types I~ and .
These two combination semigroups of types I and — are anti-isomorphic to
the combination semigroups of types T and L respectively, by taking the Rees
matrix semigroup of the type 1 x 2 over G (M[G; I, A; [11]]).

Theorem 3.3.2. Every semigroup which is a disjoint union of three copies of a group is
one of the following types:
Type 1: Rees matrix semigroup construction.

i) Rees matrix semigroup of the type 1 x 3.
ii) Rees matrix semigroup of the type 3 x 1.
Type 2: Combination semigroup construction.
i) Combination semigroup of the type T .
ii) Combination semigroup of the type 1 .
iii) Combination semigroup of the type .
iv) Combination semigroup of the type = .

Type 3: Clifford semigroup construction.
i) Clifford semigroup of the type V.
ii) Clifford semigroup of the type I

PROOF. Consider the three cases in the proof of Theorem 3.3.1. In case 1, in which
the semilattice |Y| = 1, S is a completely simple semigroup and that means S
is isomorphic to a Rees matrix semigroup M [G; I, A; P| of a particular shape by
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Theorem 1.5.4. Now, we have G = S, = Sg = S, and |I| - |A| copies of G. So,

|I| - |A| = 3. In addition, P is a |A| x |I| matrix and so it consists of one row and
1

three columns as P = [1 1 1] or three rows and one columnas P = | 1 |. Thus we

1
have Rees matrix semigroups of types 1 x 3 or 3 x 1.

In case 2, in which the semilattice |Y| = 2, S is a semilattice of a Rees matrix
semigroup S5 = Sg LSy and a group S, and then we have the semilattice Y =
{a,0}. As a consequence of this semilattice, we have four cases. Case 2; is when
ad = da = a, which means that S, is anideal in S and S; is a Rees matrix semigroup
of the type 2 x 1. Case 2; is the same of case 2; but the Rees matrix semigroup S; is
of the type 1 x 2. Case 23 is when ad = da = §, which means that the Rees matrix
semigroup S; of the type 2 x 1 is an ideal in S. Case 24 is the same of case 23 but
the Rees matrix semigroup S; is of the type 1 x 2. We will prove the theorem for
case 21 and case 23 and the proof of case 2; and case 24 is analogous. In case 2; we
have a homomorphism ¢ from the Rees matrix semigroup Sg LI S, into the group
Su. Let @1 and @y be two homomorphisms from S, to S, with

¢(L,x,1) = ¢1(x), ¢(1,x,2) = ¢2(x)

and then
P(L,x,1)p(1,x7%,2) = g1 (x) pa(x ")
and
$(1,1,2) = 9,(1) = 1.
So

Pr(X)p2(x7") =1

and similarly @,(x~1)@;(x) = 1. Hence, ¢1(x) = ¢2(x). Thus S is a combination
semigroup of the type T. In case 23 we have a Rees matrix semigroup of the type
2 x 1 which is an ideal in S and we have a group S,. Notice that in this type,
either the group acts on the block of the Rees matrix semigroup by swopping them
around, for more details see Section 5.6 case 6, or there exists a homomorphism
¢ from S, into Sg LU S, and because of the fact that the homomorphic image of a
group is a group. Then ¢ must map S, into one of the two groups Sg or S,. Hence,
S is a combination semigroup of the type L.

In case 3, in which the semilattice |Y| = 3, S is a strong semilattice of three groups
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Sa, Sp and S, and that implies S is a Clifford semigroup of two types V and I by
Theorem 1.5.6. O

3.4 Finiteness conditions for disjoint unions of groups

Corollary 3.4.1. Every semigroup which is a disjoint union of finitely many finitely pre-
sented groups is finitely presented.

PROOF. The semigroup S which is a disjoint union of groups is regular with finitely
many H —classes (the subgroups themselves) by Corollary 1.5.3. Thus S has finitely
many R—classes and L£—classes and the result follows from ( [Rus99], Theorem
4.1). O

Corollary 3.4.2. Every semigroup which is a disjoint union of finitely many residually
finite groups is residually finite.

PROOF. Since S is regular and all subgroups are residually finite and the set of
idempotents of each principal factor of S is finite, S is residually finite by [Gol75].
O
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CHAPTER
FOUR

CLASSIFICATION OF DISJOINT UNIONS OF TWO
COPIES OF THE FREE MONOGENIC SEMIGROUP

4.1 Introduction

Let S be a semigroup which is a disjoint union of two copies of the free monogenic
semigroup A and B in which A, B are generated by a and b respectively. That
means all elements in S are of the form 4’ or b/ where i, j € IN. Hence, the product
of any two elements in S is again a power of 4 or b, and because of the disjointness,
we have a crucial property which is a’ # b/ for every i,j € IN. Using this property
together with the fact that S is associative and does not have an element of finite
order, will play a significant role in some of our proofs. Notice that this observation
applies to every semigroup which is a disjoint union of finitely many copies of the
free monogenic semigroup.

In this chapter we start with a description of S and then we provide some
properties of this semigroup, we prove that there are an infinite number of such
semigroups, and then we give a construction based on Clifford and Rees matrix
semigroups see [CP61] and [How95].

Lemma 4.1.1. Let A be a set. Let R be a set of relations on A™. Let p be the smallest
congruence on A" generated by R. Let ¢ : A — Ny be a mapping and let ¢ : AT — Ny
be the unique homomorphism determined by ¢. If o C ker ¢ and a € A such that ¢(a) #
0 then (a/p) is an infinite subsemigroup of A™ /p.

PROOF. Since p C ker ¢ we have that the mapping ¥ : AT /p — Ny defined by
(w/p) = P(w) is a homomorphism by Theorem 1.3.2. Since a homomorphism
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maps elements of finite order to elements of finite order, and since 0 is the only
element of finite order in Ny, it follows from ¢(a/p) = (a) = ¢(a) # 0 thata/p
must have infinite order in A™ /p. O]

Lemma 4.1.2. Suppose that S’ is a semigroup which is a disjoint union of n copies of
the free monogenic semigroup A; = (a;); i = {1,2,...,n} and S’ is defined by the
presentation

(ay,ap,...,a, | aa; = ai), 4.1)

wherei,j,k € {1,2,...,n}. Thenif S is a semigroup which is a disjoint union of n copies
of the free monogenic semigroup and S is satisfied relations in the presentation (4.1) then
S=S.

PROOF. If S is satisfied relations in the presentation then S is a homomorphic im-

age of S’ by Proposition 1.6.2. If it is a proper homomorphic image then there is

without loss of generality af and a! or af and aé in S’ such that a¥ = al or af = aé

which contradicts with the fact that there is no element in A; is of finite order or
contradicts with A; N A; = @. Thus &' = §. O

4.2 Classification of semigroups which are disjoint unions

of two copies of the free monogenic semigroup
Lemma 4.2.1. Let A and B be free monogenic semigroups generated by a and b respec-
tively. Suppose that S is a semigroup which is a disjoint union of A and B. Then:
i) Ifab = ak and ba = a' in S, then we must have | = k.
ii) Ifab = a¥ and ba = b' in S, then we must have | = k = 2.

PROOF. (i) We start with aba and note that:
a(ba) = aa' = o'

and also

(ab)a = a¥a = a1

Thus, since we have an associative operation, | = k.

Corollary 4.2.2. Let A and B be free monogenic semigroups generated by a and b respec-
tively. Suppose that S is a semigroup which is a disjoint union of A and B. Then A is an
ideal in S or A and B are left(right) ideals in S.
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PROOF. Directly by Lemma 4.2.1. O

Now we prove the second case (ii), we start with aba as well. Thus we have

a(ba) = abl = akpl=1 = g1 gkl gk — (=11 gk glk=1)+1
-1

and

(ab)a = d¥a = a1

Thus a*t! must be equal to a/(*~1)+1, That implies k = I(k — 1) and then the only
values that satisfy this is when k = [ = 2. O

Lemma 4.2.1 gives us the necessary conditions to obtain a semigroup which is a
disjoint union of two copies of the free monogenic semigroup, and this leads us to

the following classification.

Theorem 4.2.3. Every semigroup S is a disjoint union of two copies of the free monogenic
semigroup (c) and (d) if and only if S is isomorphic to the semigroup which is defined by
one of the following presentations:

i) {a,b|ab=ba =ak k> 1);

ii) (a,b|ab = a?, ba = b?);
iii) {a,b|ab = b?, ba = a®).
PROOF. We divide the proof into two parts. . In the first part we show that each
semigroup S which is a disjoint union of two copies of the free monogenic semi-
group is actually defined by one of these presentations. In the second part we show
that each semigroup S’ which is defined by one of the presentations i, i, or iii, is a
disjoint union of two copies of the free monogenic semigroup
Part 1. (=) Since S is a disjoint union of two copies of the free monogenic semi-
group (c), (d), S satisfies one of the relations in Theorem 4.2.3. Then S is a homo-

morphic image of S’ by Proposition 1.6.2. Hence S = S’ by Lemma 4.1.2.
Part 2. (<) Firstly, any element of the semigroup S’ with the presentation (i)

(a,blab = a* ba = d*, k > 1)

is a power of a, b or a product of a’s and b’s but if there was at least one a in the
product then this product will be a power of a. Thus,

(a,blab = a*,ba = d*, k> 1) = AUB,
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where A = {a’:i € N} and B = {b/ : j € N}. Since there is no relation which can
be applied to a power of b, we have AN B = @ and B is infinite. We now prove that
A is infinite. Let ¢ : {a,b} — INg be a mapping with ¢(a) =1, ¢(b) = k — 1 where
k € N and then there exists a homomorphism ¢ : {a,b}* — INj since {a,b}*
is the free semigroup on {a,b} and ¢ uniquely determined by the images of the
generators a and b by Proposition 1.6.1. Observe that

p(ab) = p(a) + Y(b) = 1+k—1=k = y(a"),
and similarly y(ba) = 1(a*), from which we deduce that
R = {ab = ba = a*} C ker .

Hence, by Lemma 4.1.1 all elements of the semigroup S’ are distinct and then
S’ = A B as required.

Secondly, any element of the semigroup S’ with the presentation (ii)
(a,b|lab = a* ba = b*)

is a power of a, b or a product of a’s and b’s but observe that any word starts with
a will be a power of a and any word starts with b will be a power of b. That implies
any word in A must start with 2 and any word in B must start with b. Thus,

(a,blab = a®,ba = b*) = AUB,

where A = {a' :i € N}and B = {b/ : j € N} and AN B = @. Then the proof
is similar to the proof of (i) but the difference is in the definition of the mapping
¢ since we define ¢ : {a,b} — N as ¢(a) = 2 and ¢(b) = 2 and then there exists
a homomorphism ¥ : {a,b}" — IN since {a,b}" is the free semigroup on {a,b}
and ¢ uniquely determined by the images of the generators a2 and b by Proposition
1.6.1. Observe that

Pplab) = p(a) +(b) =242 =4 = y(a*),
and similarly ¢(ba) = (b?), from which we deduce that

R = {ab = a® ba = b*} C ker .
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Hence, by Lemma 4.1.1 all elements of the semigroup A LI B are distinct and then
S’ = AU B as required. Similarly with the semigroup S’ which is defined by the

presentation (iif). O

Now, we have an infinite number of such semigroups which are defined by
the presentations (a,b | ab = ba = a*, k > 1). Hence, the next step is to prove that

all of these semigroups are non-isomorphic.

Lemma 4.2.4. Suppose that Sy = AU B and Sy = AU B. Suppose that S1 = S, via the
isomorphism ¢ : S — Sp. Then

i) If p(a) = a' wheret € N then we must have t = 1.
ii) If p(a) = b' where t € N then ¢(b) = a" and t = u = 1.

PROOF. Let ¢! : S — Sy be the inverse of ¢. (i) First note that ¢p~1(a) = a*
where u € IN because if we say that ¢~ 1(a) = b" then

=9 (¢@) =70 = (971 (0) =",

a contradiction. So,a = ¢! ((p(ﬂ)) = ¢~ 1(a') = a" and that implies ut = 1. Thus
both of u and t are equal to 1.

(ii) Now if @(a) = b' and ¢(b) = b" then from (i), u = 1 and then a =
¢ 1(b") = b', a contradiction. Thus ¢(b) = a, suppose that t > 1 or u > 1 and
then there is no x € S such that ¢(x) = b'~! or b*~!, a contradiction. Therefore
t=u=1. [

Proposition 4.2.5. All semigroups which are defined by presentations
(a,b|ab = ba =a, k > 1)

are non-isomorphic.

PROOF. Fork > 1,let Sy = A LI B such that ab = ba = a*. Thus S is the semigroup
which is defined by the presentation

<a,b|ab:ba=ak, k>1),

by Theorem 4.2.3. Suppose Sy = S; for some k, [ with k # . So there is an isomor-
phism ¢ : Sy — §;. Clearly, A is the only ideal which is isomorphic to IN in both
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of Sy and S; because the presentation says that any word which has a letter a will
be in A and hence each ideal must consist of elements from just A or from A and
B, but the latter has at least two generators which implies that it is not isomorphic
to IN. Consequently, ¢(a) = a* and by Lemma 4.2.4 we must have u = 1. Thus
@(b) = b and by Lemma 4.2.4 we must have t = 1. But ¢(ab) = ¢(a*) = a* and
@(a)p(b) = ab = a' which contradicts the assumption. O

4.3 Constructions

Corollary 4.2.2 says that, in order to construct a semigroup which is a disjoint union
of two copies of the free monogenic semigroup, we must have one of three cases.
The first case is when one of the two copies is an ideal in S, the second case is when
the two copies are left ideals in S and the last case is when the two copies are right
ideals in S. This leads us to well-known constructions in semigroup theory which

are Clifford and Rees matrix semigroups. This is explained in the next theorem.

Theorem 4.3.1. Every semigroup which is a disjoint union of two copies of the free mono-
genic semigroup has one of the following forms:

i) Strong semilattice of free monogenic semigroups;
ii) Rees matrix semigroup over a free monogenic semigroup of the type 1 x 2;

iii) Rees matrix semigroup over a free monogenic semigroup of the type 2 x 1.

PROOF. Let S be a semigroup that is a disjoint union of two copies of the free mono-
genic semigroup S, = (a) and Sg = (b). Then we have two cases. The first case
is when one of the two copies is an ideal in S (Theorem 4.2.3(i)). Suppose that
Sy is an ideal in S, U Sg with ab = ba = al (i € N). So, there is a semilattice
Y = {a,B} where to each element # € Y we assign a semigroup S, such that
af = aif 545 C Sy and to a pair of elements «, f we assign a map ¢, g of S, into
Sp with ¢, (b) = a'~1. Also there are two identity maps, @, on S, and ¢ g on Sg.
Clearly, ¢upppp = Pupif & > pand ¢y apap = Pupif « > . Now, notice that

v = o gyl

_ ax—lai—laiby—z

— 2 1,=2)(=1) 4ipy—(y—1)
— 5 lpy=2)(-1) g1

— aiy—y—i—x,
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and
P (a")Ppa(bY) = a*aV 1) = g¥=y+ — g¥py,
And similarly with b*a¥. Thus, we can define a multiplication on S by

a‘by = (sz,zx (ax)(Pﬁ,a (b]/)’

and then we get a semigroup S which is a strong semilattice of free monogenic
semigroups. The above argument works for every i > 1 and a small modification
is needed for the case i = 1. This based on the same idea as near Rees matrix
semigroup, but this time for strong semilattice of semigroups. More precisely, we
adjoin the identity 14 to Sg and let 5 = S, L S;ﬁ . Next define ¢, g(a) = 14 to form
S into a strong semilattice of semigroups with multiplication ab = ba = b. Finally
letS =S, IS5 < 6.

There are infinite number of these homomorphisms where each i indicates to
a certain semigroup but surely all these kind of semigroups are non-isomorphic by
Proposition 4.2.5.

The second case is if S, and Sg were left ideals (Theorem 4.2.3 (iii)). Now we
want to construct all potential Rees matrix semigroups over S +*. Therefore, we can

1
choose I = {1}, A = {1,2} and P to be the |A| x |I| matrix over Sx* as P = [ : ]

o
Thus, § = M [S,}f‘; {1},{1,2}; P] is a semigroup. Now, it is clear for us that S is
isomorphic to {(i,a’, 1) : t # 0} < S, because there exists a mapping ¢ from S into
{(i,a’, A) : t # 0} with ¢(a) = (1,a4,1), ¥(b) = (1,4,2). Obviously, ¢ is injective

and surjective, so it remains to verify that ¢ is a homomorphism as follows:

p(ab) = p(b%) = (1,0%,2) , p(a)y(b) = (1,4,1)(1,4,2) = (1,4%2).

Hence,
S {(i,a',A) 1 t #0} = {(i,b,A) : t #0}.
Analogously, if S, and Sg are right ideals (Theorem 4.2.3 (ii)) then

§ 2 M[ski {12}, {15 1 1]] = M {1,2}, {111 14].

As required. O
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4.4 Comparison between disjoint unions of two copies
of the free monogenic semigroup and two copies

of the infinite cyclic group

Consider the semigroup S = S, U Sg where Sy = (a,a aa™! = a~'a = 1,) and
Sg = (b,b71bb~! = b~'b = 1p) are two copies of the infinite cyclic group. By
Theorems 3.2.1, 3.2.2, we have two cases. The first case is when Sy is an ideal
in S. Then we have two groups S, , Sg with ab = b' = ba and that because if
ba = b/ then b(ab) = b'*! and (ba)b = b/*! which implies that i = j. Similarly
a bl = =p g7 b ! = bk = blg, s b = b' = ba—l. Thus, there is a
semilattice Y = {a, B} where to each element « € Y we assign a group S, such that
af = o = B if SaSp € S, 55« C Sp. There is also a pair of elements &, B in
which we assign a map ¢, g from S, into Sg with ¢ g(a) = b1, Pa,p- Also there
are two identity maps ¢n,a, Ppp 0n So and Sg respectively. Clearly, po,aup = Pu,p
ifa > B, papPpp = Pupif @ > B. Now we consider i as a positive number and if i
is a negative number then it is proved similarly. Notice that

b = 2 pipy—1 — bx(ifl)er , 4’a,ﬁ(ax)¢ﬁ,ﬁ(by) _ bx(i—l)er.

Analogously with the relation bYa*, a=*b™Y, b=Ya™*, a*b™¥, b=Ya*, a=*bY, bYa~*.
Thus S is a strong semilattice of groups and so S is a Clifford semigroup by Theo-
rem 1.5.6.

The second case is when S,, S p are left ideals in S. Then S = S, U Sp is a
completely simple semigroup and that means S is isomorphic to a Rees matrix
semigroup of a particular shape by Theorem 1.5.4. Now we want to construct all

such Rees matrix semigroups. In fact, we have two left ideals Sy, S g- So,
Sa = L1 = Slw, Sﬁ = Lz = Slﬁ and R1 = 1,XS = 1!35 =S.

Clearly, L, L, are L—classes and R; is R—class. Hence I = {1}, A = {1,2} and
1
since P is a |A| x |I| matrix, it consists of two rows and one column as P = ] .

Observe that R; N Ly = Hy1, Ry N Ly = Hyp. Therefore,

Hyjp = L1 =8,
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Hyp = Ly = Sp,

and so
S = M[Sx;{1},{1,2};P] or S = M[Sg; {1},{1,2}; P].

Notice that the two Rees matrix semigroups are isomorphic and that because both
of them have the same sets I, A and the two semigroups Sy, S p are isomorphic.
Analogously, if Sy, Sg are right ideals.

Remark 4.4.1. Clearly, in each of the above constructions we can substitute the free
cyclic group by the free monogenic semigroup, to obtain unions of two copies of
the free monogenic semigroup of these two types. In a different way, applying
all the above constructions on a free monogenic semigroup, we get a collection of
semigroups which are disjoint unions of two copies of the free monogenic semi-
group. We can show this directly by a comparison between these constructions
and Theorem 4.3.1.
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CHAPTER
FIVE

CLASSIFICATION OF DISJOINT UNIONS OF THREE
COPIES OF THE FREE MONOGENIC SEMIGROUP

5.1 Introduction

Let S be a semigroup such that S = AL BUC where A, B and C are free monogenic
semigroups generated by a, b and c respectively with

ab =t ba = té, ac = t’§, ca = ti, bc = tg, ch = tg,

where t1,t,t3,t4,t5,t € {a,b,c} and i,j,k,1,p,q € IN. Then we say S is of the
type (t1,to, t3,t4, t5,t). Use * to indicate to t; where i € {1,2,3,4,5,6}. Therefore,
potentially there are 729 types, but in this chapter we will see that this number
can be reduced to 9. For each of these types we exhibit a presentation defining
semigroups of this type, see Main Theorem and Table 5.1. We use this to make
the following interesting observation. We saw in Theorem 4.3.1 that the disjoint
union of two copies of the free monogenic semigroup is either a strong semilattice
of semigroups or a Rees matrix semigroup, and this parallels the case when S is a
disjoint union of two copies of a group. But for three copies of the free monogenic
semigroup we show that there are not only strong semilattices of semigroups, Rees
matrix semigroups and a combination of these two constructions paralleling with
the group case, but also we have some other semigroups which do not arise from

any of these constructions.
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Main Theorem. Up to isomorphism and anti-isomorphism, every semigroup S is a dis-
joint union of three copies of the free monogenic semigroup D = (d), G = (g) and
H = (h) if and only if S is isomorphic to the semigroup which is defined by one of the
following presentations:

k

(1) (a,b,clab = al ba =a',ac = a¥,ca = a*, bc = a?,ch = af),

wherei+k —p =2andik,p € N.

(2) (a,b,clab = a',ba = a',ac = a*,ca = a¥,bc = b?,cb = bP),
wherei+k+p—ip=2andik,p € IN.

(3) (a,b,clab = a',ba = a',ac = a',ca = a',bc = c?,cb = b?),

where i € IN.

2

(4) (a,b,clab = a',ba =a',ac = c?,ca = a?,bc = ¢!, ch = a'),

where i € IN.

2

(5) {(a,b,clab = a',ba = a',ac = c?,ca = a?,bc = c¢',cb = c'),

where i € IN.
(6) {(a,b,clab = b?ba = a?,ac = c?,ca = a?,bc = ¢?,cb = b?),
(7) {a,b,clab = b?ba = a?,ac = c?,ca = b?,bc = ¢?,cb = a?),
(8) (a,b,clab = b? ba = a?,ac = c?,ca = a?,bc = c?,cb = a?),

(9) {(a,b,clab = b? ba = a*, ac = b, ca =al,bc =al,chb = bi>,

where i € IN.

This entire chapter is devoted to proving this theorem. We proceed as follows. We
have 6 products ab, ba, ac, ca, bc, cb. So firstly, we consider the different possibilities
for the first two products, ab and ba. We start with ab = al and ba = 4/, and
then we figure out what all the possible semigroups that can be obtained from this
possibility. We do the same with the possibility

ab=1"', ba=d,

and these two possibilities, up to isomorphism and anti-isomorphism, cover all the
cases as we show in this chapter.
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Now we summarize the results of this chapter in the following table:

2-letter prefix | Types Semigroups

k

a,a,a,a,a,a) | {(a,b,clab=a',ba =a',ac = a",ca = ak be = aP,ch = ak)

(0,0, % 5,5, %) a,a,a,a,b,b) | (a,b,clab=a',ba = a',ac = a*,ca = a*,bc = bP,cb = b?
e a,b,clab = a',ba = a',ac = a',ca = a',bc = c?,cb = b?)

2

a,a,a,a,c,b)

a,a,c,a,c,a a,b,clab = a',ba = a',ac = ¢?,ca = a®,bc = ¢!, cb = a')

2

a,b,clab = b?,ba = a?,ac = c?,ca = a?,bc = ¢?,cb = b?)

,ac = c?,ca = b?,bc = c?,cb = a?)

,ac = c?,ca = a%,bc = c?,cb = a?)

a,b,clab = b?,ba = a
a,b,clab =b*,ba = a
a,b,clab =b*,ba = a

(b,a,*,%,%,%) | (b,a,c,b,c,a

)
)
b,a,c,a,c,b)
)
)

b,a,c,a,c,a

(
(
(
(
(a,a,c,a,c,c
(
(
(
(b,a,b,a,a,b)

(
(
(
(
(a,b,clab = a',ba = a',ac = ¢?,ca = a%,bc = c',cb = ¢')
(
(
(
{

N NN

,ac =b',ca =a',bc =a',cb =b')

Table 5.1: The nine types of semigroups which are disjoint unions of three copies

of the free monogenic semigroup (up to isomorphism and anti-isomorphism)

Lemma 5.1.1. Suppose S is a semigroup generated by the set A, and suppose that for every
x,y € A, i € N thereexist z € A and j € N such that x'y = zJ. Then for everyw € A*
there exist t € A and | € N such that w = t',

PROOF. Suppose that the word w € A™ is of length n and we want to show that w
is a power of a generator. We prove this by induction on n. It is obvious that the
statement holds if n = 1. Assume that the statement holds for every k < n. Now
if n = k+ 1 we have w = w’'x where |w'| = k and by the inductive hypothesis
w' = ' and then t'x = 17 by the assumption. Thus

l

w=wx=tx=rF,

wherer € A, p € N as required. O

Definition 5.1.2. We say that the type (x1, x2, 3, X4, X5, X¢) is (anti)isomorphic to

the type (y1, Y2, Y3, Y4, Y5, Ys) if and only if every semigroup of the type (x1, X2, x3, X4, X5, X¢)
is (anti)isomorphic to a semigroup of the type (y1,y2, Y3, Y4, Y5, Ye) and vice versa.

Lemma 5.1.3. If S is a semigroup which is a disjoint union of three copies of the free
monogenic semigroup A = (a), B = (b) and C = (c) then oneof ALUB, ALUC,BLICis
a subemigroup of S.
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PROOF. Suppose that none of the mentioned sets is a subsemigroup of S. Thus ab
or ba is in C and ac or ca is in B and bc or cb is in A. This gives us the following 8

types:
(Cl >k/b/ *,El,*), (C/ *, *Iblal*)/ (C/ *, >I</b/ >I</a)/ (C/ >|</b/ *, *,E[), (*/C/b/ *Ial*)l
(x,c,%,b,a,%), (x,¢,%,b,%,a), (x,¢,b,%,%,a).

It suffices to show, in each of these 8 cases that some power of a, say, equals a
power of b or ¢ and this appears clearly in the following table:

ii

( )

( )

i )
iv  (c,%,b,%,%,a) a(ch) =aal=a1""  (ac)b = b"b = b1

( )

( )

( )

( )

vl

vil

viii

Table 5.2: General forbidden types

which contradicts with the fact that S is a semigroup. O
Lemma 5.1.4. There is no semigroup of the type (b,a,b,c,a,c).

PROOF. Assume that S is a semigroup of the type (b,4,b,c,a,c). Then as we know
i = j = 2by Lemma 4.2.1 and we have

c(ab) = cb® = ¢Tb = 17 1c1 = 2171,

(ca)b = c'b = 71t = 11,

Thus, 29 —1 =g+ 1 —1and then g = [. Also we have
c(bc) = ca? = ctaP~! = I 1laP =2 = (lpr Y

(ch)c = e = 171,
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Hence, g = p(I — 1) =l and then p = | = 2. Furthermore,

c(ac) — cbk = C‘?bk_l — 1 1apk—2 — qu—k—&-l’

(ca)c = clc = L.

Then we have | = k(g — 1) = g and thus k = g = 2. Eventually, we havei = j =
k =1 = p = q = 2 but this contradicts with

a(ch) = ac® = b*c = ba® = a*a = a°,

(ac)b = b*b = 1°.

Therefore, there is no semigroup of the type (b,4,b,c,a,c). O

5.2 Classification of semigroups which are disjoint unions

of three copies of the free monogenic semigroup

Theorem 5.2.1. Up to isomorphism and anti-isomorphism, every semigroup S is a disjoint
union of three copies of the free monogenic semigroup D = (d), G = (g) and H = (h)
if and only if S is isomorphic to the semigroup which is defined by one of the following
presentations:

(1) (a,b,clab = a',ba = a',ac = a*,ca = a*,bc = a?,cb = aP),

wherei+k—p=2andik, p € N.
(2) (a,b,clab = a',ba = a',ac = a*,ca = a¥,bc = b?,cb = bP),
wherei+k+p—ip=2andik,p € IN.

(3) (a,b,clab = a',ba =a',ac = a',ca = a',bc = c?,cb = b?),

where i € IN.

2

(4) (a,b,clab = al ba =a',ac=c% ca=a?bc=c,chb= ai),

where i € IN.

2

(5) (a,b,clab = a',ba = a',ac = c?,ca = a%,bc = ¢!, cb = ),

where i € IN.
(6) {a,b,clab = b ba = a®,ac = c?,ca = a®,bc = c?,cb = b?),
(7) {a,b,clab = b ba = a?,ac = c?,ca = b, bc = ¢?,cb = a?),
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(8) (a,b,clab = b? ba = a®,ac = c?,ca = a?,bc = c?,cb = a?),

(9) (a,b,clab = b%,ba = a?,ac = b',ca = a',bc = a',cb = b'),

where i € IN.

PROOF. We devide the proof into three parts. In part 1 we show that that there
are just nine possible types. In part 2 we show that each semigroup S which is a
disjoint union of three copies of the free monogenic semigroup is actually defined
by one of these presentations. In part 3 we show that each semigroup S’ which
is defined by one of the presentations in the theorem, is a disjoint union of three

copies of the free monogenic semigroup.

Part 1. It follows by Lemma 5.1.3, we may assume without loss of generality A LI
B is a subsemigroup of S. Hence we only need to consider tuples of the form
(a,a,%,%,%,%) and (b,a,*,*,%,%). We show that the tuples, up to isomorphism
and anti-isomorphism, (a,4,a,a,a,a), (a,a,a,a,b,b), (a,a,a,a,c,b), (a,a,c,a,c,a),
(a,a,c,a,c,c), (byacachb),(bacbca), (bacaca), (bab,a,a,b)arethe only
9 possible tuples.

The following table shows the forbidden types in the family (a, a, *, *, *, *):

56



(ﬂ, a, x, b/ a, *)

b(ca) = bb' = b1

(bc)a = aPa = aP*!

i

(a,a,b,*,x,%)

b(ac) = bbk = pk+1

(ba)c = alc = a/~1bk =

a—24ipk—1 — gi—2+i+(i-1)(k-1)

_ gik—k+j-1
iii  (a,a,%,b, %, %) c(ab) = ca' = (ca)b = b'b = p'*1
blag—1 = pl—144—2 —
i1
iv (a,a,c *a,x) a(bc) = aaP = aP*! (ab)c = alc = at~1ck =
gi-2ckck—1 — ckiitl
v (a,a,*4a,a,c) c(bc) = ca? = (cb)c = cfc = cit!
algp—1 = gl+r-1
vi  (a,a,%,c,b,%) b(ca)=bc =brc~1 = (bc)a = bPa = bP~lal =
bp—lbpcl—z — bpl—l+1 bP—24igi—1 — gir—p+1
vii  (a,a,a,%,c,a) c(bc) = ccP = cPHl (cb)c =alc =
a1 1k — g9+k-1
viii  (a,a,c, %, %,b) a(ch) =abl = a'bT™ ! = (ac)b = c*b = 1p1 =
ai=14ip9-2 — 4i9—q+1 ck—2papa—1 — pka—k+1
ix (a,a,%,%,a,b)  b(ch) = bbl = pit! (be)b = aPb =
aP— gt = gitp—1
x (a,a,% %0b,a) b(ch) = bal = (bc)b = bPb = bP+1
alg1-1 = gita-1
xi (a,a,%,c,%b) c(ab) =ca' =cla! = (ca)b = c'b =
-1l gi2 — Qli-itl J-1pi — pal-1+1
xii*  (a,a,%*,c,c,a) b(cb) = bal = (be)b = cPb =
gqu_l = aj+‘7_1 Cp_lgq = Cp_zclaq_l =
cP—2++(1-1)(g-1) — p+lg—q-1
xiii  (a,a,a,c,a,a) c(bc) = caP = claP~1 = (ch)c = alc =
A1l gp=2 — lp—p+1 a1 1k — g9+k-1
xiv (a,a,b,c,a,a) c(bc) = cal = claP~! = (cb)c = alc = a1~ 1b* =
A1l gp—1 — lp—p+1 a1 24ipk—1 — gki—k+q—1
X0 (al a,c,*, b/ *) b(aC) - bck — bpck_l = (ba)c = ajc = aj_l k e

pp—1ppck—2 — prk—k+1

gi—2ck k=1 — ckj—j+1

Table 5.3: Forbidden types in the family (a, a, *, *, %, *)
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Notice that in (xii*) if p = 1thenq = j+ g — 1 and thus j = 1. So we have
ba =a,ca=c, bc=c cb=al Butc(ba) =ca = c and (cb)a = ala = a97}, a
contradiction.

Now suppose that S is a semigroup of type (a, a, t3, t4, t5, tg). Clearly, t4 # b by
Table 5.3(iii) and then t4 = a or ¢, if t4 = ¢ then we have the type (a,4,t3,¢,t5,t6)
and thus t4 # b by Table 5.3(xi). So t, could be equal to 4 and hence we have the
type (a,a,t3,¢,ts,a) in which t5 # b nor ¢ by Table 5.3(x, xii) respectively and also
if ts = a then t3 # a, b nor ¢ by Table 5.3(xiii, ii, iv) respectively and that implies
te = c. Therefore, we reached the type (4,4, t3,c, t5,c) where t3 # b by Table 5.3(ii)
Thus, if t3 = ¢ then t5 = c by Table 5.3(iv, vi) and if t3 = a then we have the type
(a,a,a,c,t5,c). In this type t5 = a or ¢ by Table 5.3(vi). Now, if t4 = a then t3 = a
or ¢ by Table 5.3(ii). So if t3 = a then we have the type (a,a,4a,4, t5,ts). Here we
need to add another relation. So if t5 = a then t; = a by Table 5.3(ix,v) and if
ts = b then ts = b or c by Table 5.3(x) also if 5 = c then t4 € {c, b} by Table 5.3(vii).
Eventually, if f3 = ¢ then we have the type (a,4,c,4a,ts5,t5). So t5 # a nor b by
Table 5.3(iv, xv). So t5 = c and then t; = c or a by Table 5.3(viii). Thus we have
ten types (a,a,a,a,a,a), (a,a,a,a,b,b), (a,a,a,a,c,c), (a,a,a,a,b,c), (a,a,a,a,c,b),
(a,a,c,ccrc), (a,a,ca,ca), (aa,c,a,c.c), (aaac,a,c), (aa,ac,c,c). Butthere
are just five types up to isomorphism and anti-isomorphism since we can just re-
place a, say, by b or c. And they are (a,a,a,a,a,a), (a,a,a,a,b,b), (a,a,a,a,c,b),
(a,a,c,a,c,a),(a,a,c,a,c,c).

Now we show the forbidden types in the family (b, 4, *, *, , *) in the following
table:
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(b,a,a,x*,%,c)

a(ch) = acl = a*c11 =
JKH(=1)(g=1) — ghg—q+1

i

(b,a,a,x,*,a)

a(ch) = aal = a7t1

(ac)b = a*b =
ak—1pi — pik—k+1
(ac)b = a*b =

ak—1pi — pik—k+1

i (b,a,b,x,*,a) a(ch) = aal = a7t (ac)b = bkb = p**1
iv  (ba,x,cb,*%) b(ca) =bcl =bPcl = (bc)a=bPa=0bP"1al =
prt(p—1)(-1) — ppl=I+1  pp—24j,-1 — gip—p+1
v*  (b,a,*,c,%a) c(ab) =cb' =abi"1 = (ca)b=cb=c"1al =
a1 1pipi—2 — pig—g+i-1 =20l g9-1 = (lg—q+1-1
vi  (b,a,*,c,%b) c(ba) = cal = (ch)a = bla = b1~ 1a) =
clai—1 = (li—j+1 gj+(]'*1)(q*1) — g/7—q+1
vii  (b,a,c,x,b,x) b(ac) =bck =Pkl = (ba)c =adlc = a7k =
pp—lppck—2 — ppk—k+1 a2k k=1 — kj—j+1
viii  (b,a,*,a,%,c) c(ab) =cb' =T~ = (ca)b =a'b=a""1b =
A= 1papi—2 — qi—itl al2pipi-1 = pil-1+1
ix*  (b,a,x,b,x,c) c(ba)= cal =blai~1 = (cb)a = cla = c1-1pl =
bl-1gigi—2 = gil-1+j-1 cI=2p00pl =1 — gl—1+q-1
X (b,a,b,b,*, %) a(ca) = abl = (ac)a = bka = pF—14) =
pipl—1 = piti-1 be24igi—1 — gik—k+1
xi  (ba,b,c,c,x) a(ca)=ac =t = (ac)a = bra =1b-"1dl =
pe—lepol=2 — opk—k+1-1 be2pi g1 — gik—k+1
xii  (b,a,x,*,a,a) b(cb) = bal = (bc)b = aPb = aP~ b =
alg1—1 = g9ti—-1 aP—2pipi—1 — pir—p+1
xiii  (b,a,a,b,ts,ts)  a(ca) = ab' = b'p'~! (ac)a = dka = a1
— piti-1
xiv  (b,a,c,c,ats) b(ca)=bct =arcd! = (bc)a = aPa = aPT!
aP—lckol=2 — kp+l-p-1
xv  (b,ty,a,ty,c ts) a(bc) =ac? =a*cP~' = (ab)c =bic="b"1c? =
ak=1gkep—2 — gkp—p+1 hi=2cpcp—1 — cpi—itl
xvi  (b,a,*b,a, %) b(ca) = bb' = p'*1 (bc)a = aPa = aP*!
xvii  (b,a,b,c,a,c) see Lemma 5.1.4

Table 5.4: Forbidden types in the family (b, a, *, *, *, %)
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Notice that in (v*) if i = | = 1 then we have so farab = b, ca = ¢, cb = a7 and
then
ba = a/ = a(ba) # (ab)a;

ba = b = c(ba) # (cb)a;
ba = c/ = b(ab) # (ba)b.

Similarly, in (ix*) if j = g = 1 then we have so far ba = a, ca = b’ cb = c and then
ab = a' = i = 1 by the associativity on aba = c(ab) # (ca)b;

ab = b' = b(ab) # b(ab);
ab = ¢ = a(ba) # (ab)a.

Suppose that S is a semigroup of the type (b, a, t3, t4, t5, tg). Firstly, let t3 = a. Then
ty # bby Table 5.4(xiii). Alsoif t; = c then we cannot decide whether the operation
is associative or not. So we assume that ts = a, b or ¢ but all of these values are
rejected by Table 5.4(v, vi, i) respectively and thus t4 # c. So surely t4 = a. Now
we have the type (b,4,4,a,ts,ts) but tg # a nor c by Table 5.4(ii, i) respectively and
hence ts = b. Then t5 = a or b by Table 5.4(xv).

Secondly, let t3 = b and then we have the type
(b,a,b,ty,ts5,ts). Here if t; = c then t5 # ¢ by Table 5.4(xi). Thus if t5 = a then
te & {a,b,c} by Table 5.4(iii, vi, xvii) respectively, that implies that t5 = b. Now
we have the type (b,a,b,c, b, ts) which is rejected by Table 5.4(iv) and thus ¢, must
be equal to a or b. Let t; = b. Then we have the type (b,a,b,0, t5,ts) which is
rejected by Table 5.4(x) and hence t; = a and then we have the type (b,a,b,a, t5, ts).
However ts ¢ {a,c} by Table 5.4(iii, viii) respectively. So we reached the type
(b,a,b,a,ts,b) where t5 € {a,b,c}.

Thirdly, if t3 = ¢ and if t; = ¢ then t5 # a nor b by Table 5.4(xiv, iv) respec-
tively. Thus t5 = c. So we have the type (b,4,c,¢,c,ts) and by Table 5.4(v, vi),
te # anor b. So tg = c. Now if we have t; = a then t5 # b by Table 5.4(vii).
Thus t5 = a or c. If t5 = a then we have the type (b,a,c,a,4,ts), here t; # a nor
¢ by Table 5.4(xii, viii) and hence t; = b. Now if t5 = ¢ then we have the type
(b,a,c,a,c,tg) where tg # c by Table 5.4(viii). Thus ts € {a,b}. If t; = b then we
have the type (b,a,c,b, t5,tg), here t5 # b nor a by Table 5.4(vii, xvi) respectively
that implies f5 = c and then we have the type (b, 4,c, b, c, ts) where ts # c by Table
5.4(ix) and then tg € {a,b}.
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Consequently, we have eleven types (b,a,4a,a,a,b), (b,a,a,a,b,b), (b,a,b,a,a,b),
(b,a,b,a,b,b),(b,ab,a,chb),(bacaab),(bac,a,cb),(bacb,chb),(ba,cccc),
(b,a,c,a,c,a), (b,a,c,b,c,a). But there are just four types up to isomorphism and
anti-isomorphism and they are (b,a,c,a,c,b), (b,a,c,b,c,a), (b,a,c,a,c,a),(b,a,b,a,a,b).

So in total we just have nine types (a,a,4,a,a,a), (a,a,a,a,b,b), (a,a,a,a,c,b),
(a,a,c,a,c,a),(a,a,ca,c.c)(bac,a,ch) (bacb,ca) (bacac,a), (bab,a,uab)

in corresponding to the two families (a,a, *, %, *, %) and (b, a, *, %, *, *).

Part 2. Suppose that S is a semigroup which is a disjoint union of three copies of
the free monogenic semigroup (d), () and (k). Thus S is a type of the nine types
whichare (d,d,d,d,d,d), (d,d,d,d, g, g),(d,d,d,d,h,g),(d,d, h,d h,d),(ddh,dhh),
(¢,d,h,d,h,g), (g,d,h,ghd), (gdhdhd), (g4dg,d,dg). Therefore, if S of the
type (d,d,d,d,d,d) then S has the relations

dg=d,qd=d,dh=d" hd = d',gh = dP,hg = dI

and then i = j and k = [ by Lemma 4.2.1. Since S is a semigroup, the operation

must be associative. Thus we have
g(hg) = qd¥ = did1~! = @it1-1,

(gh)g = dPg = dP~1d! = di+r—1,

And this clearly implies that p = g. Furthermore,
d(gh) = ddP = dP*l,
(dg)h = d'h =d'~'d* = a1,
Soi+k—1=p+1landhencei+k—p=2.
If S is of the type (d,d,d,d, g, g) then S has the relations
dg=d',gd =d,dh = d*,hd = d', gh = ¢V, hg = ¢,

and theni = j, k = I, p = g by Lemma 4.2.1. Since S is a semigroup, the operation

must be associative.
d(gh) = dgP = d'gP~! = d@i-1gigh=2 = gir—r+1,
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(dg)h = d'h = ' d* = d*+i-t,

Thenk+i—1=ip—p+1whichimpliesk+p—ip+i=2.Thusi=jk=1,p=9q
withk+p —ip+i=2.

If S is of the type (d,d,d,d, h, g) then S has the relations
dg=d',qd =dl,dh = d*,hd = d',gh = h?,hg = ¢1
and theni = j, k =l and p = g = 2 by Lemma 4.2.1. Since S is a semigroup,
h(gd) =hd =d'd~! =41,
(hg)d = ¢*d = gd/ = dldI—! = 4?1,
Then!/+j—1=2j—1.Thus! =jand theni=j=k=Iland p =q = 2.
If S is of the type (d,d, h,d, h,d) then S has the relations
dg=d',gd =d,dh = h*,hd = d', gh = h¥ , hg = dI,

theni = jand k = [ = 2 by Lemma 4.2.1. Since S is a semigroup, the operation
must be associative. We have

g(hg) — gdq = didqfl = diJrq*l’

(gh)g = hPg = WP~ 1d1 = gpra—t,

Thus,i+g9—1 = p+q — 1 which implies i = p. Also,
h(gh) = hh? = hPT1,

(hg)h = dTh = hitL,

Thus,p =q. Thusi=j=p=qgandk =1=2.
If S is of the type (d,d, h,d, h, h) then S has the relations

dg=d',gd =d,dh = h*,hd = d', gh = h¥ ,hg = K"
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theni = j, k =1 =2and p = q by Lemma 4.2.1. Since S is a semigroup then the

operation must be associative. We have
g(hd) = gd*> = d'd = d'*},
(gh)d = hPd = WP~ 1d? = pPTL,
Thus,i+1=p+1landtheni =p. Hence,i=j=p=gandk =1=2.
If S is of the type (g,d,h,d, h, g) then S has the relations
dg=g',¢gd=d,dh=h hd =d, ¢gh=hP,hg = ¢
theni=j=k=1=p=q=2byLemma4.2.1.
If S is of the type (g,d,h, g, h,d) then S has the relations
dg =g¢',gd =dl,dh = 1", hd = ¢!, gh = WP, hg = a1

theni = j = 2 by Lemma 4.2.1. Since S is a semigroup, the operation must be

associative. We have
h(dh) = hh* = B,

(I’ld)]’l _ glh — gl—lhp — hpl—l—H
and thenk +1 = pl — I+ 1 and thus k = pl — I. Also
h(gh) = hh? = WPt
(hg)h = dTh = @1 1pk = pha—a+1,
Thenp+1=kp—g+1. Hence, p =kp —q. And
d(gh) = dh? = K*nP=1 = p*Hr—1,
(dg)h = ¢*h = gh? = WPhP~1 = 1L,

Therefore, 2p —1 = k+ p — 1 and then we get k = p. Now by using the same
process on h(dg), h(gd) and g(dh) we obtain that ! = g, k = p. Hence

p=Ilp—1)=p=1=2
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thenwehavei=j=k=1=p=q=2
If S is of the type (g,d,h,d, h,d) then S has the relations
dg=g¢',qd=d,dh = h hd = d',gh = P, hg = d

theni = j =k =1 = 2 by Lemma 4.2.1. Since S is a semigroup, the operation must

be associative. We have
g(hg) = gd = di*,

(gh)g = hPg = hP~1d1 = gpTi-1,

Soitiseasy toseeq+1 = p+g—1and then p = 2. And also
h(gh) = hh* = 13,
(hg)h = dh = hT*!
which impliesg+1=3and theng =2 Thusi=j=k=1=p=g=2.
If S is of the type (g,d,g,d,d, g) then S has the relations
dg =g¢',gd =d,dh = g5, hd = d', gh = dP,hg = g1

theni = j = 2 by Lemma 4.2.1. Since S is a semigroup, the operation must be
associative. We have

h(dh) = hg" = gTg" = g7,

(]’ld)]’l — dlh — dl—lgk — gk—i-l—l‘

And then g + k —1 = k + 1 — 1 which implies g = I. Also
d(hd) = dd' = a'*7,

(dh)d = g*d = d*+1.

Then k = I. In addition
g(hg) = gg" = g™,

(gh)g =d"g =g,

64



Hencep =gq. Thusk=Il=p=gandi=j=2.

Therefore, S satisfies the relations in one of the presentations in the theorem
and by Lemma 4.1.2, S is isomorphic to S’ where S’ is a semigroup which is defined
by one of the presentations in the theorem.

Part 3. We start with the semigroup S’ which is defined by the presentation (1)

k

(a,b,clab = a ba=a',ac = a*,ca = a*,bc = a?,ch = af).

Each element of this semigroup is either a power of 4, b, ¢ or a product of them,
but by the relations mentioned above, the product of any two different kind of

elements gives a’. So these elements are definitely of the form a’. Thus

k

(a,b,clab = a ba =a',ac = a*,ca = a*,bc = aP,cb = af) =

{a:ieN}U{b:ieN}U{c:ieN}=
AUBUC.

Now as a consequence of not having a relation which can be applied to a power of
borc, ANB=ANC = BNC = @and thus A, B and C are pairwise disjoint and B, C
are infinite but in A we have to prove that, since there is a possibility of repetitions.
Let ¢ : {a,b,c} — INg be a mapping with ¢(a) =1, ¢(b) =i—1, ¢(c) = k—1
where i, k € IN and then there exists a homomorphism ¢ : {a,b,c}™ — Ny such
that ¢ [, 1= ¢ by Proposition 1.6.1. Thus

pab) = p(a) +p(b) =1+i—1=i=y(a),

plac) = p(a) + p(c) =1+k—1=k = y(a"),
P(be) =)+ ¢(c)=i—1+k—-1=i+k—2=p=1y(aP).
And similarly ¢ (ba), ¢(ca), p(cb). That implies

R ={ab="ba = aac = ca=d" bc=ch= aP} C ker ¢.

Hence, by Lemma 4.1.1 all elements of this semigroup are distinct and and then
S’ with presentation (1) is a disjoint union of three copies of the free monogenic

semigroup.
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The semigroup S’ which is defined by the presentation (2)
(a,b,clab = al ba = a',ac = a*,ca = a*, bc = bP,cb = bF)

is a disjoint union of three copies of the free monogenic semigroup A = (a), B =
(b), C = (c) because each of AUB, BUC, AU C is a subsemigroup of S’ which is
defined by one of the presentations in the Theorem 4.2.3. Thus S’ = AU B UC.

Similarly the semigroup S’ which is defined by the presentation (3)
(a,b,clab = a ba=a,ac=a',ca =a',bc = % chb = b2>

is a disjoint union of three copies of the free monogenic semigroup A = (a), B =
(b),C = (c) because each of AUB, BUC, AU C is a subsemigroup of S’ which is
defined by one of the presentations in the Theorem 4.2.3. Thus S’ = AU B UC.

The semigroup S’ which is defined by the presentation (4)

2

(a,b,clab=a',ba = a',ac = ¢*,ca = a’,bc = c',ch = a'),

is a disjoint union of three copies of the free monogenic semigroup because of the
following;:
Firstly we show that x/y = z* where x, y, z are in {a, b, c} in the following table:
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x y|xy

a al|at!

b a | b 1g =pi—24i-1 = ... = gli—j+1
C a C]'—12:,,,:a]'+1

a bl a4 = giti-1

b b| bt

c blcdlg=...=4ti"1

a C gj_lzz...zcj+1

b c | b-1c = pi—2cici-1 — ... = cj—j+1
c c|dtt

Table 5.5: The multiplication of / and y where x, y € {a,b,c} in the presentation

2

(a,b,clab = a',ba = a',ac = ¢, ca = a%,bc = ¢!, cb = a')

So by the above table and Lemma 5.1.1, each element of our presentation is of the
form a’, b* or ¢!. Thus

2

(a,b,clab = a',ba = a',ac = c*,ca = a?,bc =c',ch = a') =

{d:ieN}U{b:ie N}U{c:ieN}=
AUBUC.

Now we want to prove that A, B and C are pairwise disjoint. Let T be the semi-

group with multiplication table:

e f g
eeeg
fle f g
gle e g

We define a mapping ¢ : {a,b,c} — T with ¢(a) = ¢, ¢(b) = f, ¢(c) = g. Thus,
there exists a homomorphism ¢ : {a,b,c} ™ — T.Itis obvious that ¢ preserves our
relation as follows:



p(cb) = p(c)p(b) = gf = e = y(a').

Thus, ¢ is a homomorphism from S into T and therefore ANB=ANC=BNC =
@. So A, B and C are a pairwise disjoint. The next step is to prove that A, B
and C are infinite. Define a mapping ¢ : {a,b,c} — Ny with ¢(a) = 1, ¢(b) =
i—1and @(c) = 1. Then there exists a homomorphism ¢ : {a,b,c}T — Ny in
which {a,b,c}* is the free semigroup on {4,b,c} and ¢ uniquely determined by
the images of the generators a, b and c by Proposition 1.6.1. It is obvious that ¥
preserves the all above relations and based on this we deduce that

R ={ab= al ba =a',ac = c?,ca =a% bc=c,cb = ai} C ker ¢.

Hence, by Lemma 4.1.1 all elements of semigroup A LI B LI C are distinct as re-
quired.

The semigroup S’ which is defined by the presentation (5)

2

(a,b,clab =a',ba = a',ac = ¢, ca = a?,bc =c,ch = c'y,

is a disjoint union of three copies of the free monogenic semigroup A = (a), B =
(b),C = (c) because each of AU B, BUC, AU C is a subsemigroup of S’ which is
defined by one of the presentations in the Theorem 4.2.3. Thus S’ = AU B UC.

Analogously, the semigroup S’ which is defined by the presentation (6)
(a,b,clab = b2, ba = a%,ac = ¢?,ca = a*,bc = %, ch = b2>,
is a disjoint union of three copies of the free monogenic semigroup A = (a), B =

(b),C = (c) because each of AUB, BUC, AU C is a subsemigroup of S’ which is
defined by one of the presentations in the Theorem 4.2.3. Thus S’ = AUBUC.

The semigroup S’ which is defined by the presentation (7)

(a,b,clab = b2, ba = a%,ac = c%,ca = b%, bc = ¢, ch = a2>,
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is a disjoint union of three copies of the free monogenic semigroup because of the
following;:

We show that x'y = z/ where x, y, z are in {a, b, c} in the following table:

X y xiy

a al|at!

b albi—1c2 = pi—242c = ... = i+l

c a Ci—1b2 — Ci—2a2b — Ci—2b3 — .. = bi+1
a blad1p=...=pt!

b b|bit!

e bl e1g2 = ci—2p2g — 243 — ... — gitl
a c|lai12 = ... = it

b ¢ bi—1C2 — Ci—l—l

c c|ctt

Table 5.6: The multiplication of x’ and y where x, y € {a,b,c} in the presentation
(a,b,clab = b?,ba = a?,ac = ¢?,ca = b*,bc = ?,cb = a?)

So by the above table and Lemma 5.1.1, each element of our presentation is of the
form a’, b' or ¢!. Thus

(a,b,clab = b2, ba = a%,ac = ¢?,ca = b, bc = %, ch = a2) =

{a:iceN}yuU{b:ic N}U{c:icN}=
AUBUC.

Now we show that A, B and C are pairwise disjoint. Let w € A. Then we have
w=a =a"24%=a"2ch = a3,

or

w=a =a"24% = a"2ba = a' 3.

So we obtain a word that ends with aa, cb or ba. So we want to prove that if w is a
word ending in aa, cb or ba and w = v in S then v ends in aa, cb or ba.

First we start with w ends in aa. Let w = w’aa. Then if we apply a single relation to
w’, this does not change our claim. If we apply a relation to aa we get cb or ba which
is the same of our claim. Now if we apply a relation in the interface of w’ and aa,
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we have w'aa = waaa or w'aa = w"baa = w'aaa or w'aa = w'caa = w'b?a.

Now if w ends with cb. Let w = w’cb. Then if we apply a single relation to w’, this
does not change our claim. If we apply a relation to cb we get aa which is the same
of our claim. Now if we apply a relation in the interface of w’ and cb, we have
w'ch = w"ach = w”ccb or w'ch = w"becb = w' cch or w'cb = w' ccb.

If w ends with ba. Let w = w’ba. Then if we apply a single relation to w’ that does
not change our claim. If we apply a relation to ba we get aa which is the same
of our claim. Now if we apply a relation in the interface of w’ and ba, we have
w'ba = w"aba = w'"bba or w'ba = w'bba or w'bc = w”cba = w’bba. Thus each

word in A ends with aa, cb or ba. Similarly by the same argument, if w € B then
w =0 =0b"20 =b"2ab="b">a%,

or
w="b =b"2p? = b 2cqa = b 332a.

So we can notice that each word in B ends with b2, ca, ab and based on this AN B =
@. Moreover, if w € C then

w=c =c"2?%=c""2%ac = 3,

or

w=c = 2% = "%phc = 3,

thus each word in C ends with ¢ and then BN C = @ because there is no word
in B which ends with ¢. Also AN C = @ because the end of each word in A
differs from the end of each word in C. The last step we show that A, B and C
are infinite. By considering the mapping ¢ from {a,b,c} to Ny with ¢(a) = 1,
¢(b) =1, ¢(c) = 1, there exists a homomorphism ¥ : {a,b,c}™ — INp such that
¥ [{apey= ¢ by Proposition 1.6.1. It is obvious that ¢ preserves the all above
relations and based on this we deduce that

R ={ab= b2, ba = a%,ac = ¢?,ca = b?, bc = %, ch = az} C ker ¢.
The semigroup S’ which is defined by the presentation (8)

2

(a,b,clab = b2, ba = a%,ac = ¢?,ca = a®,bc = >, ch = a2>,
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is a disjoint union of three copies of the free monogenic semigroup because of the
following;:

We show that x'y = z/ where x, y, z are in {a, b, c} in the following table:

X Yy xiy
a a|at!
b albi-12=... =41
¢ oalcd1g2 = ... = it
a bla1p?2=...=pitl
b b| bt
c ble1g2 = ... — gitl
g clail2 = ... = il
b clpi-12 =... = itl
c c|ctl

Table 5.7: The multiplication of x’ and y where x, y € {a,b,c} in the presentation

2

(a,b,clab = b?,ba = a?,ac = ¢?,ca = a?,bc = ?,cb = a?)

So by the above table and Lemma 5.1.1, each element of our presentation is of the
form 4!, b' or ¢!. Thus

2

(a,b,clab = b2, ba = a%,ac = ¢?,ca = a®,bc = %, ch = a2> =

{a:ieN}U{b:ieN}U{c:ieN}=
AUBUC.

Now we show that A, B and C are pairwise disjoint. Let w € A and hence
w=a =a"24%=a"2cb = a3,

or

or
w=a =a"%%=a""%ba = " 3b%a,

so we want to prove that if w is a word ending in aa, cb, ca or baand w = vin S
then v ends in aa, cb, ca or ba. First we start with w ends in aa. Let w = w’aa. Then

if we apply a single relation to w’ that does not change our claim. If we apply a
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relation to aa we get cb, ca or ba which is the same of our claim. Now if we apply
a relation in the interface of w’' and aa, we have w'aa = w'”aaa or w'aa = w'baa =
w"a’a or w'aa = w'caa = w'a’a. If w ends with cb. Let w = w'cb then if we apply
a single relation to w’ that does not change our claim. If we apply a relation to
cb we get aa which is the same of our claim. Now if we apply a relation in the
interface of w’ and cb, we have w'cb = w'"acbh = w"aab or w'ch = w"bcb = w'cch
or w'cb = w" cch. Similarly, if w ends with ca or ba. Thus each word in A ends with

aa, cb, ca or ba. Analogously, if w € B then
w="b"=b"2p> =b"ab =" a’b.

Hence each word in B ends with bb or ab by the same previous arguments. Thus
ANB = @. Besides if w € C then

w=c =22 = ¢ pec = I242%¢

or
Therefore each word in C ends with cc, ac or bc by the same previous argument.
So no word ends with b and hence BNC = @. Now it is clear that ANC =
@ and therefore A, B and C are a pairwise disjoint. The last step we show that
A, B and C are infinite. Let ¢ : {a,b,c} — INg be a mapping with ¢(a) = 1,
¢(b) = 1 and ¢(c) = 1. Then there exists a homomorphism ¢ : {a,b,c}* — Ny
by Proposition 1.6.1, in which {a,b,c}" is the free semigroup on {a,b,c} and ¢

uniquely determined by the images of the generators a, b and c. It is obvious that

1 preserves all the above relations and based on this we deduce that
R ={ab= b2, ba = a?,ac = %, ca = a?,bc = ¢, cb = az} C ker .

Hence, p C kery. Therefore, by Lemma 4.1.1 all elements of the semigroup
AU BUC are distinct as required.

The semigroup S’ which is defined by the presentation (9)
(a,b,clab = b2, ba = a%,ac =b',ca = a',bc = a',cb = bi>,

is a disjoint union of three copies of the free monogenic semigroup because of the
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following;:
We show that x/ y= zF where x, y,z arein {a,b, c} in the following table:

x oy |y

a al|atl

b al|b1g2=...=gH

c a cjflai = a]'*zaiaifl = ... = ai]'*]-+1
a bl|lad1p2=...=pitl

b b| bt

c bldlp=...=pi-it1

a cladp=...=pti-1

b clb1g =... =411

c c|cdtt

Table 5.8: The multiplication of ¥/ and y where x, y € {a,b,c} in the presentation
(a,b,clab = b*,ba = a?,ac = bl ca=a,bc=al,ch = bi>

So by the above table and Lemma 5.1.1, each element of our presentation is of the
form a4, b' or ¢!. Thus

{a,b,clab = b2, ba = a®,ac =b',ca = a',bc = a',cb = bi) =

{a:iceN}yUu{b:icN}U{c:icN}=
AUBUC.

Now we show that A, B and C are pairwise disjoint. Let T be the semigroup with

multiplication table:

1 e f g
111 e f g
ele e f f
flf e fe
glg e f 1

We define a mapping ¢ : {a,b,c} — T with ¢(a) = e, ¢(b) = f, ¢(c) = g. Then
there exists a homomorphism ¢ : {a,b,c}* — T. It is obvious that ¢ preserves our
relation as follows:

p(ab) = p(a)p(b) = ef = f = p(b*),
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p(ba) = p(b)y(a) = fe = e = yp(a’),
plac) = p(a)p(c) = eg = f = p(V),
(ca) = p(c)y(a) = ge = e = y(a'),
p(be) = p(b)p(c) = fg = e = p(a’),
P(cb) = p()p(b) = gf = f = p(b').

Therefore, 1 is a homomorphism from S into T and therefore ANB = ANC =
BNC =®. So A, Band C are a pairwise disjoint. The last step is th show that A, B
and C are infinite. Define a mapping ¢ : {a,b,c} — INg with ¢(a) =1, ¢(b) =1
and ¢(c) = i — 1. Then there exists a homomorphism ¢ : {a,b,c}" — Nj in
which {a,b,c}T is the free semigroup on {a,b,c} and ¢ uniquely determined by
the images of the generators 4, b and c by Proposition 1.6.1. It is obvious that ¥
preserves the all above relations and based on this we deduce that

R ={ab= b2, ba = a?,ac = b',ca = a',bc = a',cb = bi} C ker ¢.

Hence, p C kery. Therefore, by Lemma 4.1.1 all elements of the semigroup A LI
B LI C are distinct as required. O

5.3 Semigroups of the same type

Theorem 5.3.1. All semigroups of one of the following types
(a,a,a,a,a,a),(a,a,a,a,b,b),(a,a,a,a,c,b),(a,a,ca,c,a),l(aa,cac,-c) (bab,a,a,b)

are non-isomorphic.

PROOF. We show now that all semigroups of the type (4, 4, 4, a, a, a) are non-isomorphic.
For k > 1, let S;;x = AU BUC be a semigroup of the type (a,a,a,a,a,a) with
ab =a',ba =a,ac =al,ca = al, bc = d¥, cb = d~. Suppose that S; jx = S ., for
some i,],k,I,m,n € N with (i,],k) # (I, m,n) that means there is an isomorphism
@ : Sijk — Simu- Clearly, A is the only ideal which is isomorphic to IN in both of
Sijk and S, », because the presentation says that any word which has a letter a
will be in A and hence each ideal must consist of elements from just A or from A
and B or C, or from A and B and C but each of the last two cases has at least two

generators which implies that it is not isomorphic to N. Consequently, ¢(a) = a'
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where t € N and hence ¢(a) = aby Lemma4.2.4. Now if ¢(b) = b, ¢(c) = c" then
¢(b) = b, ¢(c) = c by Lemma 4.2.4 with ¢(a) = a and hence we get an identity
map with ¢(bc) # ¢(b)@(c). Similarly, if p(b) = c then ¢(c) = b* and t = u = 1

i

by Lemma 4.2.4, with ¢(a) = a. However, ¢(bc) = ¢(a') = (qo(a))l = a,
@(b)@(c) = cb = a' and that implies ¢(bc) # ¢@(b)@(c) by (i # I).

We show that all semigroups of the type (a,4,4,4a,b,b) are non-isomorphic.
Forik,p > 1,letS;;, = AU BUC be a semigroup of the type (a,a,a,a,b,b) with

ab = a', ba = a', ac = a*

,ca = ak, bc = bP, cb = bP. Suppose Sikp = Sj14 via an
isomorphism ¢ : S;x, — S;;, with (i,k,p) # (j,1,q). Clearly A is the only ideal
which is isomorphic to IN in both of S;; , and §;; ; because the presentation says
that any word which has a letter a will be in A and hence each ideal must consist of
elements from just A or from A and B or C, or from A and B and C, but the last two
possibilities have at least two generators which implies that it is not isomorphic to
IN. Consequently, ¢(a) = a’ for some t in N and hence t = 1 by Lemma 4.2.4. Now,
since B or subsemigroup of B is the only ideal, which is isomorphic to IN, in both
of the two subsemigroups BLICin S, and S;; ;. So ¢(b) = b’ for some ¢t € N and
hence ¢(b) = b by Lemma 4.2.4. Thus ¢(c) = ¢ and analogously ¢t = 1 and then

we obtain the identity mapping with ¢(a)p(b) # ¢(ab), a contradiction.

We show that all semigroups of the type (a,a,a,a,c,b) are non-isomorphic.
For k > 1, let Sy = AU BUC be a semigroup of the type (a,4,4,a,c,b) with
ab = a', ba = a', ac = a', ca = a', bc = ¢?, cb = b*> and S; = S via an isomor-
phism ¢ : S; — S; with i # j. Clearly, A is the only ideal which is isomorphic to
N in both of S; and S; because the presentation says that any word which has a
letter a will be in A and hence each ideal must consist of elements from just A or
from A and B or C, or from A and B and C, but the last two possibilities have at
least two generators which implies that it is not isomorphic to IN. Consequently,
@(a) = a' for some t in N and hence t = 1 by Lemma 4.2.4. Now If ¢(b) = ¢' and
thus ¢(c) = b* and u = t = 1 by Lemma 4.2.4. Hence, ¢(c) = b and ¢(b) = ¢
but ¢(ca) = ¢(a') = a' and ¢(c)p(a) = ba = al. So ¢(ca) # ¢(c)p(a) by i # j.
Therefore, ¢(b) = b, ¢(c) = ¢ by Lemma 4.2.4 which is the identity mapping with
¢(ac) # ¢(a)@(c) since i # j, a contradiction.

We show that all semigroups of the type (a,4,c,a,c,a) are non-isomorphic.
Fori > 1,letS; = AU BUC be a semigroup of the type (a,4,c,a,c,a) with ab = al,
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ba = a', ac = >

,ca = a%, be = ¢!, cb = a'. Suppose S; = S; for some i,j € N
via the isomorphism ¢ : S; — S; with i # j. The only subsemigroup in both of
Si and S;, which is a disjoint union of two left ideals free monogenic semigroups
is AU C, or a subsemigroup of ALIC. Thus ¢(b) = b by Lemma 4.2.4. Now if
@(a) =ct, p(c) = a* thent = u = 1 by Lemma 4.2.4. Thus ¢(ba) = ¢(a') = ¢’ and
@(b)¢(a) = bc = ¢, a contradiction. Thus, ¢(a) = a, ¢(c) = c* and thent = u = 1
by Lemma 4.2.4. So we have the identity mapping with ¢(a)¢(b) # ¢(ab) by i # j,

a contradiction.

We show that all semigroups of the type (4,4, ¢, a, ¢, c) are non-isomorphic. For
k >1,1let Sy = AU BLUC be a semigroup of the type (a,4,c,a,c,c) with ab = al,
ba = a', ac = ¢*, ca = a?, bc = ¢, cb = ¢". Suppose that S; = S; via an iso-
morphism ¢ : S; — S; with i # j. The only subsemigroup in both of S; and §;,
which is a disjoint union of two left ideals free monogenic semigroups is A LI C, or
a subsemigroup of AU C. Thus, ¢(b) = b’ for some t in N and hence + = 1 by
Lemma 4.2.4. Now If ¢(a) = ¢! and thus ¢(c) = a* and u = t = 1 by Lemma 4.2.4.
Hence ¢(a) = c and ¢(c) = a, but ¢(ab) = ¢(a') = ¢’ and ¢(a)@(b) = cb = ¢/. So
p(ab) # @(a)p(b) by i # j. Therefore, ¢(a) = a, ¢(b) = b by Lemma 4.2.4 which
is the identity mapping with ¢(a)¢(b) # ¢(ab) by i # j, a contradiction.

We show that all semigroups of the type (b,a,b,4a,a,b) are non-isomorphic.
Fori > 1,let S; = AU BUC be the semigroup of the type (b,a,b,a,a,b) with
ab = b?, ba = a?,ac = b', ca = a', bc = a', cb = b'. Suppose S; = S; for some
i,j € N which means there is an isomorphism ¢ : S; — S; with i # j. The only
subsemigroup in both of S; and S;, which is a disjoint union of two left ideals free
monogenic semigroups is A LI B, or a subsemigroup of A LI B. Hence, ¢(c) = ¢! for
some t in N and hence t = 1 by Lemma 4.2.4. Now if ¢(a) = b', ¢(b) = a" then
t = u = 1 by Lemma 4.2.4. Thus, ¢(ac) = ¢(b') = a' and ¢(a)g(c) = bc = a/, a
contradiction. Thus ¢(a) = af, ¢(b) = b" and then t = u = 1 by Lemma 4.2.4. So
we have the identity mapping with ¢(a)¢(c) # ¢(ac) by i # j, a contradiction.

[l
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5.4 Comparison between disjoint unions of three copies
of the free monogenic semigroup and three copies

of the infinite cyclic group

In Chapter 3 we classified the semigroups which are disjoint unions of two or three
copies of a group and this appears clearly in Theorems (3.2.1, 3.2.2, 3.3.1, 3.3.2). In
Chapter 2 we proved that if we substituted the two copies of the infinite cyclic
group by the free monogenic semigroup we obtain parallel results. In this section
we take an infinite cyclic group as an example and we show the two theorems
(3.3.1, 3.3.2) on an infinite cyclic group in details to see how we define homomor-
phisms between these three groups to get Clifford semigroups, Rees matrix semi-
groups and combination semigroups and then we compare these semigroups with
the semigroups which are disjoint unions of three copies of the free monogenic
semigroup. We will see two more types as disjoint unions of three copies of the
free monogenic semigroup which do not exist as disjoint unions of three copies of
the infinite cyclic group.

Consider the semigroup S = S, L Sg U S, where S, = (a,a !aa~! = a~ta =
1a), Sg = (b,b71|bb™t = b7 = 1) and S, = (c,c Mec™! = ¢! = 1,) three
copies of the infinite cyclic group. Then by Theorem 3.3.1 and Theorem 3.3.2 we
have the following seven cases:

Case 1. Sy isanidealin S and S,XSﬁ C Sy, Sﬁs,x C S,. Then we have three groups
Su, Sp and S, with

ac:ca:ci,bc:cb:cj,ab:ba:ck,

where k = i + j — 2 and the reason for this is, S, is an ideal in S, and the associa-
tivity on c(ac), c(bc),a(ba),c(ba). Analogously, with the remaining relations:

alct=clat=c, plet=clv =P, ab=blat =,

ale=ca =, b le=cb1=¢, ab=ba! =,

ac l=cla=c, be '=cb=c% ab ' =b"1a ="

Thus, there is a semilattice Y = {«, B, v} where to each element « € Y we assign
a group Sy such that afp = pa = v, ay = ya = v, v = By = v if SxSp C

77



is also two pairs of elements &, < in which we assign a map ¢, of S, into S,
with ¢a(a) = ¢~ and B, v in which we assign a map ¢g, of Sg into S, with
¢p(b) = 71, Also there are three identity maps @ua, $pp, P,y ON Sy, Sp and
S, respectively. Clearly, ¢naay = Paqyif & > & > 7y, PuqPyy = Puqyif a > 7,
e Py = Ppy if B > v and finally ¢g sdp, = ¢p, if B = 7. Now, notice that

a*ed = ¥ eyt
_ ax—ZCzCz—lcy—l
— ax—(x—l)cic(i—l)(x—Z)cy—l

_ Cici—lc(i—l)(x—Z)Cy—l

_ Cx(i71)+y,
and
X _x(i—1 _ x(i-D)+4y _ x
Puy (@%) Py (V) = C (-1 py — X(=D)+y — xy.
Also
P = ax—lckby—l

— afoCiCkflbyfl

_ Ci+(i—1)(x—3)+k—1by—1

_ Ci+i—1+ix—3i—x+3+k—1by—1

— C—i—i—ix—x—i—k—i—lby—l

— C—i—i—ix—x—l—kcjby—Z

_ C—i+ix—x+kcj—1cjby—3

_ itix—xtk(i-1) (y=3)+2j-1

— C7i+ixfx+kcjyf3jfy+3+2jfl

— KD +y(—1)+k—i—j+2

— ~=D+y(-1) (byk=i+j—2),
besides

Py (") Py o (BY) = KE=Deyli=1) = gxpy,

Analogously with the negative values of the powers i, j, k. The remaining relations
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follow similarly. Thus, S is a strong semilattice of groups and then S is a Clifford
semigroup of type V.

Case2. S, isanideal in S and Sg is an ideal in S, LI Sg. Then we have three groups
Sa, Spand Sy with

ac:ca:ci,bc:cb:cj,ab:ba:bk,

and this because S, isanideal in S and Sg is anideal in S, LI S and the associativity

on c(ac),c(bc),b(ab). Similarly, with the remaining relations:
a et =clhal =, b le =t =c, a7 bt = la =1,

alc=ca =, b le=ch1=¢, ab=ba! =V,

act=cla=c", bel=cv=¢, ab ' =b"1a = ™.
Thus, there is a semilattice Y = {«, B, v} where to each element « € Y we assign
a group Sy such that afp = pa = B, ay = ya = v, B = Py = v if SuSp C
Sg, 5pSa C Sp, SuSy C Sy, S4Sa € Sy and 5S¢ € S, , 5,55 C S,. There is
also three pairs of elements &,  in which we assign a map ¢, g of S, into Sg with
¢up(a) = b*"1and B, 7 in which we assign a map ¢, of Sg into S, with ¢, (b) =
¢~ and &, 7 in which we assign a map ¢, of Sy into S, with ¢y (a) = L.
Also there are three identity maps ¢ua, ¢p,p, Pv,0 On S, S and S, respectively.
Clearly, ¢uupa;y = Puy i & 2 7, agPry = Puy i & 2 v, dpyPyy = Ppy it f 2> v
 PppPey = Ppy B 2 7 Pupbpp = Pupif & 2 B Puadap = Popif & = pand

eventually ¢y g, = Pu,y if & > p > 7. Now, notice that

B = a¥ k1 = =1ty up(a%) g p(BY) = prk=1)+y
And

becY = p* eyt = *i-D+y Pp,y (D%) P, (V) = AU-D+y
Besides

XV = ¥ 1oy — Cx(i—1)+y , (Ptx,'y(ax)(,b’y,'y(cy) _ Cx(i—l)cy _ Cx(i—l)—l—y'
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Analogously, if i, j, k are negative. Similarly with the remaining relations. Thus, S
is a strong semilattice of groups and then S is a Clifford semigroup of type I.

Case 3. S, isanidealin S and S, , S/; are left ideals in S, U Sﬁ. Then we have a
group S, and a Rees matrix semigroup S, LI Sg with

ac:ca:ci,bc:cb:cj,ab:bk,ba:al,

and this because, as we have mentioned before, of the associativity on c(ac), c(bc).
Similarly with the remaining relations:

aflcfl — Cflafl — Cp , bflcfl — Cflbfl — Cq , aflbfl — br , bflafl — QS,
alc=cat=c, b le=cb =", a7 b =07, ba! = 4",
acl=cla=c, bct=co=c, ab ' =08, b 1a=d"

Thus, there is a semilattice Y = {v,d} where to each v € Y we assign a group
S, such that S5 = S, U Sp where v6 = dy = if 5;5, € S, , 5455 € S,. There
is also a pair of elements J, v in which we assign a map ¢;,, of S; into S, with
¢s5,(a) = ¢!, and ¢;,(b) = ¢/71. Furthermore, there are two identity maps

$55, Py, 0n Ssand S., respectively. Clearly, 5,505 = Ps, ifé > 1, G5,9Pyy = Py
if 5 > . Now, notice that

XY — g loiy—1 — x(i-1)+y

7

Do (@) (V) = MDY = ¥V,
Also

PV = prloey—1 — x(—D+y

/4

P54 (U7 )Py, (c¥) = AU=DeY = p¥e.

Analogously with the negative powers. Remaining relations follow similarly. Thus
S is a combination semigroup of the type T. Similarly, if S, , Sg are right ideals in
S,us B
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Case 4. S5, U Sg is an ideal in S and S,, Sp are left ideals in S, LI Sg- Then we have

one group S, and a semigroup S, L Sg with the relations
ac=ca=a ,bc=cb="b,ab=b*, ba=ad?

and this because of the associativity on c(ac), ¢(bc), a(ba), a(bc). Similarly with the

remaining relations:
a eV =c gt =g b e = P =07, a7 =0, b e =4,
ﬂilC — Cﬂil — LZS, b*lc — bel — bt, a*lb — pH , l’)[lil — av’
act=cla=a", bcl=c=0ab =0/, b la=d"

In addition, there exists a semilattice Y = {+,} where to each v € Y we assign a
group S, such that S5 = S, LI Sg where yé = 6y = Jif 5,55 C S5 and to each pair of
elements 7y, § we assign a map ¢, 5 of S, into S5 with ¢ 5(c) = a'~1, ¢, 5(c7!) =
aP~1. Also there are two identity maps ¢,,, and ¢ss on S, and S; respectively.
Clearly, ¢y yPy5 = ¢y 5 if ¥ > 6 and ¢ 5055 = ¢ 5 if v > 5. Now notice that

gl = X 1gigy—1 — gx(i-1)+y , 4)75((135)4)75(5[]/) — gxi=D+y
And
BV — X 1pipy—1 — bx(i—1)+y’ (P%(S(Cx)gbg,(s(by) — 2Dy _ px(i-1)+y

The remaining relations follow similarly and the argument works with the nega-
tive powers as well. So, we come to the conclusion that S is a strong semilattice of
two semigroups one is a group and the other is a Rees matrix semigroup. Thus S is
a combination between a Clifford semigroup and a Rees matrix semigroup of the

type L. Similarly, if S, , S p are right ideals in S, LI S B-

Case 5. 5, LI Sg is an ideal in S and S, Sp are left ideals in S, U Sg- Then we have

one group S, and a semigroup S, L Sg with the relations

ac="b,ca=a ,bc=cb="b',ab="b*, ba = d?,
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and this because of the associativity on a(ca), b(cb), a(ba), a(bc). Similarly, with

the relations
!/
a et =v1, clat=a" b ic = =0, a7 =0, b la T =4,

ale=b", cal=a", b le=cb ' =b" ab=0°, ba ! =a,

"

!
ac =08, cla=d" bel=c=0b", ab P =07, b la=0a".

In addition, there exists a semilattice Y = {+, d} where to each element y € Y we
assign a group S, such that S5 = S, U Sg where 46 = 6y = Jif 5,55 C Ss and to
each pair of elements 7, § we assign a map ¢, 5 of S, into S5 with ¢, 5(c) = b~ L.
Also there are two identity maps ¢, , and ¢5 s on S, and S; respectively. Clearly,
Gy Prys = Py 5if v > dand ¢ 555 = ¢, 5 if v > 5. Now notice that

gV = x1gigy—1 — x(i—1)+y

7

and

P (X)pa(@) = b Vay = B2
— bxi—x—2a3ay—1
bxi—x—(xi—x—l)axi—xay—l
_ a2+xifx71+y71

_ ax(i71)+y.

Also we have

Y — X Lpipy—1 — px(i-1)+y , ¢7,5(CX)4)6/5(by) — p¥i=1)+y.
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And finally

acy = a~picy!

_ ax—Zbei—lcy—l
3Rl

_ et lpicl-l

_ pr-lvi-2y-1

— bx—|—i—2bicy—2

— bx+i—2b(i—1)(y—3)bi—1bi
_ bx+y(i—1)+i—i

_ bx-l—y(i—l),

$s,5(a )y 5(c¥) = a bV
= g lpPpyi-vl
= ab vt
— bsz—lbyi—y_l

_ bx—l—y(i—l)‘

Similarly with the remaining relations. Thus, S is a strong semilattice of a group
and a Rees matrix semigroup. Thus S is a combination semigroup of the type L.
Similarly, if So , S p are right idealsin S, LIS B-

Case 6. 5, LI Sg is an ideal in S and S, Sp are left ideals in S, LU Sg- Then we have
one group S, and a semigroup S, LI Sg with the relations

1

. . ./ /
ac=Vb,ca=a ,bc=a,cb=0b",ab=10b", ba=d",

/ 14— / 14— -1 — /
ate =, clat=d bl =a, i =P o =1, b e = af,

/

ale=bv,cat=a",blc=a,cb = bsl, a b =0, ba~! =4t
acl=p*, cla= a”/, bel=4", ch= b”l, ab 1 =bp", b la= av
In addition, there exists a semilattice Y = {+,} where to each element y € Y we

assign a group S, such that S5 = S, U Sg where 76 = 6y = 6if 5,55 € Ss5. So S
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is a semilattice of a group and a Rees matrix semigroup. Thus S is a combination

semigroup of the type L. Similarly, if S, and Sg are right ideal in S;.

Case 7. 54, Sg and S, are left ideals in S. Then S, U S LI S, is a completely simple
semigroup and that means S is isomorphic to a Rees matrix semigroup of a partic-
ular shape by Theorem 1.5.4. Now we want to construct all potential Rees matrix

semigroups. In fact, we have three left ideals S,, S B and S,,. So,

and
RlzlaS:lﬁSzlyS:S

Clearly, L1, Ly, L3 are L—classes and R is R—class. Hence I = {1}, A = {1,2,3}

and since P is a |A| x |I| matrix then it consists of one column and three rows as
1

P = |1]. Observe that RiyNL; = Hy;, RiNLy, = Hjp and Ry N Ly = Hys.
1

Therefore, H;y = L1 = Sy, Hi2 = Lo = Sp, Hi3 = L3 = Sy and then S =

M [Se,{1},{1,2,3}, P or S = M[Sg,{1},{1,2,3},P] or S = M[S,,{1},{1,2,3}, P]

but simply we can notice that the three Rees matrix semigroups are isomorphic and

that because all of them have the same sets I, A and the three semigroups Sy, S B/

S, are isomorphic. Analogously, if Sy, Sg and S, are right ideals in S.

Remark 5.4.1. Consider the previous cases. Clearly, in each of the above construc-
tions we can substitute the free cyclic group by the free monogenic semigroup, to
obtain unions of three copies of the free monogenic semigroup of these 7 types.
In a different way, applying all the above constructions on a free monogenic semi-
group, we get a collection of semigroups which are disjoint union of three copies
of the free monogenic semigroup and we can show this directly by a comparison
between these constructions and Theorem 5.2.1, as these cases 1,2,3,4,5,6,7 are, re-
spectively, have the same constructions of the semigroups which defined by the
presentations 1,2,3,5,4,9,7 in Theorem 5.2.1.

Remark 5.4.2. The semigroups which have arisen under these constructions in Re-
mark 5.4.1 are not all semigroups which are disjoint unions of three copies of the
free monogenic semigroup. There are two more types which are not strong semi-

lattices of semigroups, Rees matrix semigroups nor combination semigroups and
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they are

1) The semigroup with presentation (a,b,c| ab = b? ba = a,ac = c?,ca = a?,

bc = c?,cb = a?) (Theorem 5.2.1)(8).

2) The semigroup with presentation (a,b,c| ab = b? ba = a?,ac = ¢?,ca = b?,

bc = c?,cb = a?)(Theorem 5.2.1)(7).

5.5 Disjoint union of an infinite cyclic group and a

free monogenic semigroup

So far we looked at unions of a small number of copies of a group and copies
of a semigroup and then we want to know what happen if we mixed them, for
instance the semigroup which is a disjoint union of an infinite cyclic group and a
free monogenic semigroup. Interestingly, we find in this section that the number
of such semigroups decreases remarkably, because of not having the Rees matrix
semigroups as they are not compatible with each other.

Theorem 5.5.1. Let S, = (a,a '|aa™! = a~'a = 1,), Sg = (c). Suppose that S is a
semigroup which is a disjoint union of Sy and Sg. Then one of the following must hold:

ac=ca=a,alc=cal=a"2or

1 _ -1

ii) ac=ca=ca ' =a ‘c=c.

PROOF. Now we have ac, ca, a~'c, ca™* € {a' :i € Z}u{c : i € N}. We

distinguish the following cases.

Case 1. ac = a'. Thena~!(ac) = a~'a’ = 4’1, (a7 'a)c = 1,c and then 1,c = a'~ L.

Thus a '1,c = a1a'~1 = 4'~2. So we have so far a—lc = a2,

Subcase 1a. ca = a/ that implies a(ca) = a/!, (ac)a = a'*!. Thusi = j and then

(ca)a=! = d'a™? = a1 = c(aa™') = cl,. Thus cla™! = a~ta~! = 4’2, So,
1 1_ i2

ac=ca=a,a ‘c=ca t=a
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Subcase 1b. ca = ¢/ and we already have a~!c = a'~2. Then

a Yca) = a '

4201
43402
4314103
— 473, (z 1)(j—2)

)

and
(a7 'c)a=a"2a=a"".

Thus, j(i — 1) = i, it follows that i = j = 2 and then a~!c = 1,. If ca~! = 4 then

a Yca™') = a1, (a7 c)a~t = a~L. Thus, t = 0 and then ca—! = 1, and we have

-1 2

¢ = 1,. Hence, c(14c) = ca = 2, (cly)c = ac = a2, a contradiction. And if

_]_:

a

ct then a(ca™!) = act = a?c!~! = a'*! and (ac)a~! = a?a~! = a. Hence
1

ca

t = 0, a contradiction with t € IN. Hence if ac = a' then ac = ca = a',a~
1_ i-2

¢ =
cal=a
Case 2. ac = c'.

Subcase 2a. ca = a/ and then (ca)a™! = aa=' = /7!, c(aa™') = cl,. Thus,

cly, = @1 and then ca—! = @/~2. Then

(ac)a™! = cla!
_ 1,2
= (72404078
- a3

.
and
a(ca™) =aad 2 = a1,
Thus, ij—i—1 = j—1land theni = j = 2 and then ca™! = 1,. Ifa~lc = af
then a=!(ca™!) = a1, (a*lc)a*1 =41, Thus, t = 0 and thena~lc = ca™! = 1,.

2

Hence, c(14¢) = ca = a?, (cl, )c ac = 2, a contradiction. And if a~!c = ¢! then

a~Y(ca) =a'a®> =aand (a"'c)a = c'a = a'"!. Hence t = 0, a contradiction with

86



t € IN.

Subcase 2b. ca = ¢/. Ifa~lc = a* then 1,¢c = a*

+1 and then ac = a*t2

, a con-
tradiction with the assumption. Now if a~'c = c* then i = j by the associativity
on c(ac). We also have that 1,c = ¢'*k~1 by the associativity on (aa~!)c and thus
ac = c%t%=2 Hence, i = 2i + k — 2, which impliesi = k = 1 because i,k € IN. Since

1 1

ca=c, cly, =catand then ca = ca—la = c1, = c and then ca—! = ¢. Therefore,

ac=ca=alc=cal=c m

Lemma 5.5.2. Let S, be an infinite cyclic group and Sg a free monogenic semigroup. For
every semigroup S, which is a disjoint union of Sy and Sg, one of the following cases must
hold.

i) Sy isanideal in S; or
ii) Sgisanideal in S.
PROOF. Directly by Theorem 5.5.1.

Theorem 5.5.3. Let S, = (a,a '{aa~! = a~'a = 1,) be an infinite cyclic group and let
Sg = (c) be a free monogenic semigroup. Every semigroup S, which is a disjoint union of
Sa, Sp, and S is an ideal in S, is a strong semilattice of semigroups.

PROOF. In this case we have a semilattice Y = {«, f} where ap = Ba = a when
SaSp C Sy and S5y C Sy We define a homomorphism Ppu from the semigroup
Sp to the group S, by ¥(c) = a'~! such that ¢, , and P p are the identity maps on

S« and Sg respectively. Also g yPu,x = Ppaif b > &, PpsPpa = Ppaif p > a. Now
we have the following:

ey = ¥ gyl

_ ax—laz—lazcy—Z
ax—la(i—l)(y—l)ai
ax71+iy—ify+1+i

qy(i—1)+x

and
l/Ja,a(ax)’Pﬁ,a(Cy) — g¥qy(i=1) — py(i=1)+x

Thus, a*c¥ in S is equal to o (a*) P« (c?) in the semilattice S[Y; {Su, Sp}; Ppal-
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Analogously,

and
lPa,a((a_l)x)lPﬁ,a(Cy) = (a7 )*a¥(-D),

Thus, (a~1)*c¥ in S is equal to Pae ((a71)) g o (c¥) in the semilattice S[Y; {Sa, Sg}; Pg.a].
[
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CHAPTER
SIX

CLASSIFICATION OF DISJOINT UNIONS OF TWO
COPIES OF THE FREE SEMIGROUP OF RANK TWO

6.1 Introduction

In Chapters 3, 4, 5, we have described the semigroups which are disjoint unions of
a small number of copies of a group or free monogenic semigroup, we have tried
also to undertake such a classification with free semigroups of higher ranks, but at
present it seems a very hard problem. So in this chapter we restrict our attention

to a special case as follows.

Definition 6.1.1. A balanced semigroup is a semigroup defined by a presentation

of the following form:

(a,b,c,d| ac = wu, ca = wWe, bc = Wy, cb = Wy, ad = wyy, da = wy,
bd = wy, db = wyy )

where wyy € {a,b,c,d}*, |wy,| = 2.

The main topic of this chapter is to describe all possible balanced semigroups
which are disjoint unions of two copies of the free semigroup of rank two, S, =
(a,b| )and Sg = (c,d | ), but the situation is still quite complicated. However,
we remark that the problem becomes significantly easier if we ask about unions of
free monoids, Sy = (a,b | ), Sg = (c,d | ) and S, is an ideal. Firstly, notice that
1awﬁ = wﬁl,x where wg is an arbitrary word in Sﬁ. Indeed, if 1,xw5 = w1, wﬁ;la = wW»
where wq, wy, € S,, then LX(wﬁla) = l,wy = wy and (1awﬁ)1a = w11, = wy. Thus
w1 = wy which implies that lawp = wpls.
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Now we have a homomorphism ¢ from Sg to S, with p(wg) = wgl, because

¢(wﬁ1)¢(wﬁz> = w/ﬁlt’éwﬁzl“ = wﬁlwﬁ21“1“ = wﬁlwﬁ21“ = w(wﬁlwﬁz)'

with two identity maps . and g g on S, and Sg respectively. Also ¢g Pa,n =
Ppaif B> a > a, Pppihpa = Ppqif B > f > a. Now clearly

lpﬁ,vc(wﬁ)%,vc(ww) = wplaWy = WpWy.

Thus S is a semilattice S[Y; {S«, Sg}; Pp.a]-

Main Thoerem. Up to isomorphism, every balanced semigroup S is a disjoint union of
two copies of the free semigroup of rank two Sy = (a,b | ) and Sg = (c,d | ) if and only
if S is isomorphic to the semigroup which is defined by one of the following presentations:

) Parsl pr=rp=r qr=srrq=rs ps=rs, sp=sr, g5 =+,
sq=s?).

) (Pl pr=ri =0 qr=rrq =0 ps=rs sp=sr,qs =15,
sq = sr).

3) (PraTs| pr=r*rp=p* qr =sr, 19 =pq, ps =15, sp = qp, 45 = 5°,
sq=10q").

(g (PraTs| pr=s%rp =q°, qr =1s, rq = qp, ps = sr, sp = pq, 4s =17,
sq=p*).

5 Patsl pr=phrp =15 qr=qp, rq=rs, ps = pq, sp =sr, 4s = ",
sq =s?).

6 (Parsl pr=a’ rp =5 qr=pq, rg=sr, ps=qp sp=rs, s = p’,
sq=1r2).

This Chapter is devoted to proving this Theorem. Firstly, we classify all bal-
anced semigroups which are disjoint unions of two copies of the free semigroup
of rank two, and then we find - after some long proofs - that there are just six such
balanced semigroups. In two of these semigroups S, is an ideal in S. In two of
these semigroups S, Sg are left ideals in S and in two of these semigroups Sy, Sp
are right ideals in S.
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Lemma 6.1.2. Let A = {a,b,c,d} be a set. Let R be a set of relations on A™. Let p be the
smallest congruence on A" generated by R. Let ¢ : A — T be a mapping where T is a
free semigroup of rank two and let  : AT — T be the unique homomorphism determined
by . If p C ker yp then (a/p) U (b/p) is an infinite subsemigroup of A™ /p.

PROOF. Since p C ker ¢y we have that the mapping ¢ : AT /p — T defined by
(w/p) = P(w) is a homomorphism by Theorem 1.3.2. Since a homomorphism
maps elements of finite order to elements of finite order and there is no element of
finite order in T, it follows that (a/p) U (b/p) must have infinite orderin A™ /p. [

Lemma 6.1.3. Suppose that S’ is a semigroup which is a disjoint union of two copies of
the free semigroup of rank two (a,b| ), (c,d| ) and S’ is defined by the presentation

(a,b,c,d| xy = zi>

where x,y,z € {a,b,c,d}, i € N. Then if S is a semigroup which is a disjoint union of
two copies of the free monogenic semigroup and S is satisfied relations in the presentation
then S’ = S.

PROOCF. Since S is satisfied relations in the presentation then S is a homomorphic
image of S’ by Proposition 1.6.2. If it is a proper homomorphic image then there
is without loss of generality 11 and uy € (a,b| ) or uand vin (a,b| ) and (c,d| )
respectively such that 1 = up or u = v which contradicts with the fact that there is
no element in the free semigroup of rank two is of finite order or contradicts with
(a,b] YN {c,d| ) =@. Thus S’ = S. O

6.2 Six balanced semigroups

Theorem 6.2.1. Let S’ be a semigroup which is defined by the presentation
(a,b,c,d|ac= ? ca=c* bc=dc, cb=cd, ad = cd, da = dc, bd = d?, db = d* ).
Let S be a semigroup which is a homomorphic image of S'. Then S is a disjoint union of
two copies of the free semigroup of rank two, (p,q | ) and (r,s | ) ifand only if S = S’

PROOF. (=) Since S is a homomorphic image of S/, S = S’ by Lemma 6.1.3.
(<) Suppose that S = S’ and we want to show that §’ is a disjoint union of two
copies of the free semigroup of rank two. Let w be a word in §’. Then, if w does

not have any letter from (c,d| ) then w will be a word in (a4,b| ) and if w has at
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least one letter from (c,d| ) then w will be in (¢, d| ), which means that each word
in the semigroup S’ consists of a’s and b’s or ¢’s and d’s. Thus

(a,b,c,d | ac = c, ca=c? bc=dc, cb=cd, ad = cd, da = dc, bd = d?, db = dz)

{w; : w; word in a’s and b's} U {w; : w; word in ¢’s and d's} = S, U Sg.

Secondly, as a result of not having a relation which can be applied to a word
from {a,b}", we have S, N Sg = @ and S, is free.

Thirdly, we show that Sg is free as well. Let ¢ be a mapping from {a,b,c,d}
to the free semigroup T generated by f and ¢ with ¢(a) = f, ¢(b) = g, ¢(c) =
f, ¢(d) = g and then there exists a homomorphism ¢ : {a,b,¢,d}* — T since
{a,b,c,d}™ is the free semigroup on {a,b,c,d} and ¢ uniquely determined by the
images of the generators 4, b, ¢, d by Proposition 1.6.1. Observe that

plac) = p(a)y(c) = ff = f> = ¢(c?),
and similarly with ca, bc, cb, ad, da, bd, db, from which we deduce that
R={ac=ca= cz, bc =dc, cb =cd, ad = cd, da = dc, bd = db = dz} C ker.

Hence, p C kery where p is the smallest congruence generated by . Therefore, by

Lemma 6.1.2 all elements of semigroup S, LI Sp are distinct as required. O

Corollary 6.2.2. The semigroup S which is a disjoint union of two copies of the free semi-
group of rank two, Sy = (a,b | ) and Sg = (c,d | ) with

ac=dc, ca=cd, bc =c?, cb=c% ad =d? da=d? bd = cd, db = dc,

is isomorphic to the semigroup which is defined in Theorem 6.2.1.

PROOF. The semigroup S; which is defined in Theorem 6.2.1 has the relations
ac=c?, ca=c? bc=dc, cb=cd, ad = cd, da = dc, bd = d?, db = d?,

and the semigroup S, which is defined in the Corollary 6.2.2 has the relations
ac=dc, ca=cd, bc =c? cb=c? ad =d? da=d?* bd = cd, db = dc.

The proof is straightforward by just replacing c by d and d by ¢ in S;.Thus the
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semigroup S; is isomorphic to the semigroup Ss. [

Theorem 6.2.3. Let S’ be a semigroup which is defined by the presentation
(a,b,c,d |ac =ca=bc=cb= 2 ad =cd, da =dc, bd = cd, db = dc).

Let S be a semigroup which is a homomorphic image of S'. Then S is a disjoint union of
two copies of the free semigroup of rank two, (p,q | ) and (r,s | ) ifand only if S = S’

PROOF. Similarly to the proof of Theorem 6.2.1 we can prove that
(a,b,c,d|ac =ca=bc=cb= % ad =cd, da =dc, bd = cd, db = dc)

= {w; : wyword in a's and b's} U {w; : w; word in ¢'s and d's} = S, U Sg

and S, N Sp =0 and S, is free. The last step is the same as the last step in the
same proof but we define the mapping from {a,b,c,d} to the free semigroup T

generated by f and g with ¢(a) = f, ¢(b) = f, ¢(c) = f, ¢(d) = g. O

Corollary 6.2.4. The semigroup S which is a disjoint union of two copies of the free semi-
group of rank two, Sy = (a,b | ) and Sg = (c,d | ) with

ac =dc, ca = cd, bc = dc, ¢cb = cd, ad = da = bd = db = d?,

is isomorphic to the semigroup which is defined in Theorem 6.2.3.

PROOF. The semigroup S; which is defined in Theorem 6.2.3 has the relations
ac=ca=bc=cb=c? ad =cd, da =dc, bd = cd, db = dc,

and the semigroup S, which is defined in the Corollary 6.2.4 has the relations
ac =dc, ca =cd, bc = dc, cb = cd, ad = da = bd = db = d>.

The proof is just by replacing ¢ by d and d by c in S;. Thus the semigroup S; is

isomorphic to the semigroup S;. O

Theorem 6.2.5. Let S’ be a semigroup which is defined by the presentation

(a,b,c,d|ac= %, ca=a® bc=dc, cb=ab, ad = cd, da = ba, bd = d*, db = b? ).
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Let S be a semigroup which is a homomorphic image of S'. Then S is a disjoint union of
two copies of the free semigroup of rank two, (p,q | ) and (r,s | ) ifand only if S = S’

PROOF. (=) Since S is a homomorphic image of S, S = S’ by Lemma 6.1.3.
(<) Suppose that S = S’ and we want to show that S’ is a disjoint union of two
copies of the free semigroup of rank two. Firstly, we want to show that x'y/ = w

where x, y are in {a,b,¢,d} and w is a word in S, or Sp-

Xy xiyj

a al|ati

b a|ba

c alca =agti

d al|dd=d Ybad ! =dpad = ... = bl
a bl|ab

b b|bti

c bl|cb=clappi-l = ... = 4ip/
d b|dbp =rpt

a c|ad =t

b c¢|bd=b"lded 1 =...=did
c c|ctt

d c|dd

a dl|add =a leddt=...=cd
b d|bd =dti

c d|cd

d d|dt

Table 6.1: The multiplication of x' and y/ where x, y € {a, b, c,d} in the presentation
{a,b,c,d | ac = c*, ca = a?, bc =dc, cb = ab, ad = cd, da = ba, bd = d?, db = b*)

Claim: For every word w € {a,b}", we have wec = w' € {c,d}" and wd = w" €
{c,d}™.

Proof: We prove the claim by induction on |w|. So if |w| = 1 then it is obvious.
Assume that the statement holds for every k < n. Thus if |w| = k+ 1 and w = ua
then

uac = uc®> = (uc)c = u'c € {c,d}" and wuad = ucd = (uc)d = u"d € {c,d}",
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this is when w ends with 2 and similarly when w ends with b. Analogously, when
w € {c,d}". So each word of our presentation is entirely in S, or Sg as required.

Secondly, each word in S, ends with a or b and each word in Sg ends with ¢
or d. So once you have a word in S, ends with a then all words which equal to
this word will have the same end a by the presentation. Similarly if the word ends
with b. Analogously if the word is in Sg and then S, N Sg = @.

Thirdly, analogous to the proof of the third part of Theorem 6.2.1, we define
the mapping from {a,b,c,d} to the free semigroup T generated by f and g with
p(a) = f, (b) = g, ¢(c) = f, ¢(d) = ¢ which shows that all elements of S, LI Sy
are distinct. O

Corollary 6.2.6. The semigroup S which is a disjoint union of two copies of the free semi-
group of rank two, Sy = (a,b | ) and Sg = (c,d | ) with

ac = dc, ca = ba, bc = ¢?, cb = b, ad = d?, da = a2, bd = cd, db = ab,

is isomorphic to the semigroup which is defined in Theorem 6.2.5.

PROOF. The semigroup S; which is defined in Theorem 6.2.5 has the relations
ac = c?, ca =a?, bc=dc, cb = ab, ad = cd, da = ba, bd = d?, db = b?,

and the semigroup S, which is defined in the Corollary 6.2.6 has the relations
ac =dc, ca = ba, bc = ¢?, cb = b?, ad = d?, da = a?, bd = cd, db = ab.

Now just by replacing ¢ by d and d by c in S; we have that the semigroup S; is

isomorphic to the semigroup Ss. O

Theorem 6.2.7. Let S’ be a semigroup which is defined by the presentation
(a,b,c,d|ac= d?, ca = 1% bc=cd, cb=ba, ad = dc, da = ab, bd = ¢*, db = a? ).
Let S be a semigroup which is a homomorphic image of S'. Then S is a disjoint union of
two copies of the free semigroup of rank two, (p,q | ) and (r,s | ) ifand only if S = S’

PROOF. (=) Since S is a homomorphic image of S/, S = S’ by Lemma 6.1.3.
(<) Suppose that S = S’ and we want to show that S’ is a disjoint union of two
copies of the free semigroup of rank two. Firstly, we want to show that x'y/ = w

where x, y are in {a,b,¢,d} and w is a word in S, or Sg-

95



x oy | xy/

a a|at

b a|bd

c al|ca =120 = ¢ 2pabal = ... = batbal ' =w e S,
d a|da =dlaba ' =3 2abbal 1= ... =abld ' =weS§,

a b|al

b b|bti

c b|cbl =clpabi=! = ¢ 2paabi-l = ... = balbil =w e S,

d bl|db=d"122p1=d2gpab/ 1= ... =ab gl =we s,
a c|dd=a"1d* =a2dedd ™t = - =dcdd T = w e Sg
b c|bid=0b"ledd 1 =b"2cddd ' =.. . =cdid 1 =we Sp

¢ c|ct

d c|dd

a d|ad =atded ™ =0 Pdecd ™ = =ddd =w e Sy

b d|bd =p12d 1 = 2cdcd 1 = =cdled 1 =w e Sg
c d|cd

d d|dt

Table 6.2: The multiplication of x' and i/ where x, y € {a,b,c,d} in the presentation
{a,b,c,d | ac =d?, ca =% bc = cd, cb = ba, ad = dc, da = ab, bd = ¢, db = a*)

Claim: For every word w € {a,b}", we have wec = w' € {c,d}" and wd = w" €
{c,d}™.

Proof: We prove the claim by induction on |w|. So if |w| = 1 then it is obvious.
Assume that the statement holds for every k < n. Thus if |w| = k+ 1 and w = ua
then

uac = ud®* = (ud)d = u'd € {c,d}" and uad = udc = (ud)c = u'c € {c,d} ™,

this is when w ends with a and similarly when w ends with b. Analogously when
w € {c,d}". So each word of our presentation is entirely in S, or Sg as required.
Secondly, each word in S, ends with a or b and each word in S B ends with c or
d as we have explained this previously, and then 5, N S5 = @.
Now we want to show that all elements of S, LI S p are distinct. In this semi-
group we could not follow the same technique of the previous theorems.
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Sowelet W = {a,b}" U{c,d}*, define mappings 1, T, T, T; on W as follows:

(
aw

T.(w) = d*w’

dcw’

b2w’

T(w) =< baw'

\ CW

ifwe {a,b};

(bw  ifwe {a,b}T;

ifw=cw €{cd}";, , ww) = cdw ifw=cw' €{cd}";

ifw=duw' € {c,d}"

* \

cw' ifw =dw' € {c,d}*.

ifw=aw" € {a,b}"; abw' ifw=aw' € {a,b}T;

ifw=>bw' € {a,b}"; , wyw) =< v ifw=>bw c{ab};

ifwe {cd}".

| dw ifwe {cd}T.

We will abbreviate the above information by means of arrays:

aw bw
2w |, | cdw’
dcw’ 2w’

b2’ abw’
, | baw' |, | 2w’

cw dw

Now we show that all the compositions of all these mappings satisfy our relations

in the presentation. So we have to check eight relations,

TﬂTC — Tde, Tcra — TbTb, TbTC — Tcrd, Tch — TbTa, TaTd — Tch, TdTa — TuTb,

Ty = TcTe, T4Tp = TaTa. 1 explain the first relation in detail and the same with

remaining relations.

b2’

TaTc(ZU) — Ta baw/

cw

Then by the definition of 7, we replace each w € {a,b}" by aw and each w €
{c,d}* starts with ¢ by d?w’ or starts with d by dcw’ as

7, (b*w') = ab*w', 1,(baw') = abaw’, 7,(cw) = d*w,

ab’w’

and then we put these values in an array as | abaw’ | . Similarly

d*w
abw’ ab?w’
Tt (w) = 14 | a®w' | = | abaw’
dw d*w
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aw b2w bw

Th(w) =1 | | = | cd?w | =71 | cdw’ | = 51 (w).
dcw'’ cdcw’ 2w’
b2’ 3w’ abw’
T (w) =1 | baw' | = | b2aw’ | = 1. | 2?0’ | = weg(w).
cw cdw dw
bw baw aw
Th(w) =7 [dw' | = | Pdw' | =1 | v’ | = pw(w).
2w’ Sw'’ dew'
abw'’ a’bw’ 2w’
Lhy(w) =1 | d®w | = | a® | =1 | baw' | = yre(w).
dw dcw cw
aw abw bw
yh(w) =7 |dlw | = P | =0 | de | = wg(w).
dew’ d?cuw’ 2w’
abw' babw' b2w'
Ty Ta(w) = T a?w' | = | ba’w' | =1 | baw' | = T T (w).
dw 2w cw
bw a?w aw
(W) =1 | cdw' | = |dedw' | =1, | &0’ | = tata(w).
2w’ dc?w’ dcw’

Therefore we can define a homomorphism ¢ from S to the semigroup (1, T, Tc, T4)
as ¢(a) = 1, ¢(b) = 1w, ¢(c) = 1w, ¢(d) = 17 and hence if u,v,w € {a,b}"
then 7,(w) = uw and 1,(w) = vw. Thus 1,(w) # T(w) which implies 7, # Tp.
Therefore u # v for every u,v € {a,b}*. Similarly for every u,v € {c,d}*.

Corollary 6.2.8. The semigroup S which is a disjoint union of two copies of the free semi-
group of rank two, Sy = (a,b | ) and Sg = (c,d | ) with

ac = cd, ca = ab, bc = d?, cb = a?, ad = ¢?, da = b, bd = dc, db = ba,

is isomorphic to the semigroup which is defined in Theorem 6.2.7.
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PROOF. The semigroup S; which is defined in Theorem 6.2.7 has the relations
ac =d?, ca="b% bc=cd, cb =ba, ad = dc, da = ab, bd = ¢?, db = a?,

and the semigroup S; which is defined in the Corollary 6.2.8 has the relations
ac = cd, ca = ab, bc = d?, cb = a?, ad = ¢?, da = b, bd = dc, db = ba.

Thus by replacing c by d and d by c in S; the semigroup S; is isomorphic to the
semigroup S». O

Notice that in the two Theorems (6.2.5,6.2.7) , S, and Sg are left ideals. In the two
following theorems S, and Sg are right ideals.

Theorem 6.2.9. Let S’ be a semigroup which is defined by the presentation
(a,b,c,d|ac = a?, ca = c?, bc = ba, cb = cd, ad = ab, da = dc, bd = b?, db = d? ).

Let S be a semigroup which is a homomorphic image of S'. Then S is a disjoint union of

two copies of the free semigroup of rank two, (p,q | ) and (r,s | ) ifand only if S = S’
PROOF. The proof is similar to the proof of Theorem 6.2.5.

Corollary 6.2.10. The semigroup S which is a disjoint union of two copies of the free
semigroup of rank two, Sy = (a,b | ) and Sg = (c,d | ) with

ac =ab, ca =cd, bc = b%, cb = ¢?, ad = a%, da = d?, bd = ba, db = dc,
is isomorphic to the semigroup which is defined in Theorem 6.2.9.

PROOF. Analogously to the proof of Corollary 6.2.6.

Theorem 6.2.11. Let S’ be a semigroup which is defined by the presentation
(a,b,c,d|ac = b2, ca = d?, bc =ab, cb = dc, ad = ba, da = cd, bd = a%, db = ¢? ).

Let S be a semigroup which is a homomorphic image of S'. Then S is a disjoint union of
two copies of the free semigroup of rank two, (p,q | ) and (r,s | ) ifand only if S = S’

PROOF. Similarly to the proof of Theorem 6.2.7.
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Corollary 6.2.12. The semigroup S which is a disjoint union of two copies of the free
semigroup of rank two, Sy = (a,b | ) and Sg = (c,d | ) with

ac =ba, ca =dc, bc = a?%, cb=d?, ad =% da=c? bd =ab, db = cd,

is isomorphic to the semigroup which is defined in Theorem 6.2.11.

PROOF. Analogously to the proof of Corollary 6.2.8.

6.3 Preliminary, technical results

Lemma 6.3.1. Suppose that S is a balanced semigroup generated by {a, b, c,d}. If we have
either of the following:
i) xy =vy'y, X'y = x'x; or

i) xy =vy'y, x'y' = 22, xy’ = x'x;

for some x,x" € {a,b}and y,y’ € {c,d} where (x,y) # (x,y’), then S is not a disjoint
union of Sy = (a,b | ) and Sg = (c,d | ).

PROOF. Notice that the only words equal to the word x'y’y are x'xy, x?y, xy'y. Nei-

ther of them belongs to S, LI Sg. O

Now we introduce the basic theorem in this chapter which enables us to clas-
sify the balanced semigroups under consideration.

Theorem 6.3.2. Suppose that Sy = (a,b | ) and Sg = (c,d | ) are two copies of the free
semigroup of rank two. Suppose that S is a balanced semigroup which is a disjoint union
of S and Sg. Then

i) Ifac = c? then ca = a?

or ¢? and the two products be, ad belong to S B-
it) If ac = dc then ca = ba or cd and the two products be, ad belong to Sg.
iii) If ac = d* then ca = b* and the two products bc, ad belong to Sg.
iv) If ac = cd then ca = ab and the two products bc, ad belong to Sg.

PROOF. Before starting the proof notice that when we say S is not a disjoint union

of S, and Sg we mean this by using Lemma 6.3.1. We firstly divide (i) into three
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parts and prove each part separately.

2 or c2.

Part 1: If ac = > thenca = a
Suppose that ac = c. Then ca € {ab, ba, b*,a?,c?} because c(ac) = c® and by asso-
ciativity, (ca)c mustbe 3, which means that ca ¢ {d?,dc,cd}. So, ca € {ab,ba,b?,a?,c?}.
Case 1: ca = ab. Then a(ca) = aab = a?b and (ac)a = c?a = cab = ab®. Thus
a(ca) # (ac)a and then ca # ab.

Case 2: ca = ba. Then (ca)c = bac = bc? and then be ¢ {d?,cd, dc} by the fact that
c(ac) = 3. Thus be € {b?,ab, ba,a?,c*}.

Subcase 2a. bc = b?. Then b%c = b3 and then bc? = b3, a contradiction.

Subcase 2b. bc = ab. Then bc? = abec = a%b, a contradiction.

Subcase 2¢c. bc = ba. Then bac = bc?> = bac. Hence S is not a disjoint union of S,
and Sg.

Subcase 2d. bc = a®. Then b(ca) = b?a and (bc)a = a’a = a°, a contradiction.

Subcase 2e. bc = c?>. Then we have b(ca) = b%a and (bc)a = c?a = (cb)a. To get
that b(ca) = (bc)a, cb ¢ {a? ab,ba} and in addition cb # c? because if this hap-

2q = cba = c?a which implies that S is not a disjoint union

pened we get (ch)a = ¢
of S, and S pra contradiction. That means cb € {bz, d?, cd, dc} but this impossible
because if cb = b? then a(ca) = aba and (ac)a = c?a = cba = b*a. So, a(ca) # (ac)a.
Similarly, if cb € {d?,cd,dc} then c(bc) = ¢® and (cb)c = d?c, cdc, dc? respectively,
which implies that ¢(bc) # (cb)c.

Case 3: ca = b Then a(ca) = ab® and (ac)a = c?a = cb®> = (cb)b. Therefore,
ch ¢ {az, b2, ba, c?, dc}. There remains three possible values for cb and they are
{ab,d?,cd}.

Subcase 3a. cb = ab. Then a(ch) = a?b and (ac)b = c*b = cab = b® and then
a(cb) # (ac)b.

Subcase 3b. cb € {d?,cd}. Then c(ac) = c® and (ca)c = b*c = b(bc). Hence,
bc ¢ {a? b?, ab,ba,cd} because b(bc) € {ba?, b, bab, b*a, cd*} respectively. That im-
plies be € {dc,d?,c?} and then c(bc) € {cdc, cd?, c®} respectively but we know that
cb € {d? cd} and then (cb)c € {d?c,cdc} respectively. Therefore, cb = cd, bc =
dc. Then a(ca) = ab® and (ac)a = c?a = cb*> = cdb which implies that db ¢
{a?,ab,c?,d?,cd,dc} because cdb € {b%a,b3,c3,cd?, c?d, cdc} respectively, a contra-
diction with a(ca) = ab?. In addition, if db = b? then cdb = cb? = cdb which means
that S is not a disjoint union of S, and S psa contradiction. The last potential value
for db is ba but even this, is impossible because b(ca) = b® and (bc)a = dca =
db? = bab it follows that b(ca) # (bc)a. Finally, ca ¢ {b?, ab,ba,d?, dc,cd}. There-

2 2

fore, ca = a“ or ca = c-.
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Part 2: If ac = c? then bc € Sp in the two cases.
Case 1: ac = c?, ca = c*. Suppose that bc is a word in S, and then we get a

contradiction by the following:
bc = a*> = b(ca) = bc* = a*c = ac®> = 3, (bc)a = a°,

bc = b* = b(ca) = bc* = b*c = b°, (bc)a = ba,
bc = ab = b(ca) = bc* = abc = a®b, (bc)a = aba,
bc = ba = b(ca) = bc® = bac = bc* = bac, (bc)a = ba®.

Thus bc € S[;.

Case 2: ac = ¢2

, ca = a®. Suppose that bc is a word in S, then b(ca) = ba? and by
the associativity on (bc)a, bc = babut b(ac) = bc? = (ba)c and so S is not a disjoint
union of S, and S p- It follows that bc ¢ S, and hence bc € S B-

Part 3: If ac = ¢? then ad € Slg in the two cases.

Case 1: ac = c?

, ca = c>. Suppose that ad € S,. We have already proved that bc €
Sp and by symmetry, the word cb isin Sg as well. So that means be = w, 4, cb = wé i
and then c(bc) = cwq, (cb)c = w, 4c. Thus, w4 ends with the letter c and w]
starts with the letter ¢ and hence we have two possibilities here, bc = cb = 2
or bc = dc, cb = cd. However, in the first possibility we have (ca)d = c*d and
2 p2

c(ad) = ¢ for every ad € {a?,b?,ab,ba}, a contradiction. In the second possibility

2 a contradiction. Hence, if

we have (ca)d = c*d and c(ad) = ¢ where ad = a
ad = ab then we have adc = abc = adc which implies that S is not a disjoint union
of S, and Sg. Therefore, ad € {b? ba} and then (ad)a € {b*a, ba*} respectively.
Thus, by the associativity on a(da), we have da ¢ {az, b2, ab, ba, c?, cd}, that means
da must start with d. So da € {d?,dc}. At this stage we have so far the following

relations:
ac=ca=c% bc=dc, cb=cd, ad € {ba, bZ},da € {dz, dc}.

Subcase 1a. ad = ba,da = d?. Then (ad)a = ba?, a(da) = ad*> = bad = b%a, a
contradiction.

Subcase 1b. ad = ba,da = dc. Then (ad)a = ba?, a(da) = adc = bac = bc* = dc?, a
contradiction. Thus, ad # ba.
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Subcase 1c. ad = b?,da = d*. Then (ad)a = b%a,a(da) = ad® = b*d and bd = ba be-
cause if bd € {a? b? ab,c?,cd,d?, dc} then (ad)a # a(da), but (bd)a = ba?,b(da) =
bd? = bad = b3, a contradiction.

Subcase 1d. ad = b?,da = dc. Then (ad)b = b3 and by the associativity on a(db),
we have db ¢ S, U {c? cd} and hence db € {d? dc}. If db = d? then by Theorem
6.3.2(i), bd = b* or d? but if bd = b? then b’>c = bdc = b’c then S is not a disjoint
union of S, and Sg and if bd = d? then a(db) = ad® = b*d = bd* = d°, (ad)b = 1?,
a contradiction in the both cases. Therefore, the last potential possible is db = dc
and then we have (ad)b = b3,a(db) = adc = b*c = bdc, that means bd ¢ Sp and

bd = a*> = bdc = a*c = ac* = 3,

bd = b* = bdc = b*c = bdc = V?c,
bd = ab = bdc = abc = adc = b*c = bdc,
bd = ba = bdc = bac = bc? = dc?,

a contradiction in each case. Thus the word ad € Sg as required.

2

Case 2: ac = c?,ca = a®. By the same technique, we start by assuming that ad € S,,

which means ad € {a?,ba,b? ab} and then by Theorem 6.3.2(i) and symmetry,
bc € Sgand c¢b € S,.

Subcase 2a. ad = a?, it follows that da = 42 or d*> by Theorem 6.3.2(i). Hence,
d(ac) = dc?, (da)c € {c3, d?c} respectively, a contradiction. Therefore, ad # a?.
Subcase 2b. ad = ba. Then (ca)d = a*d = aba, c(ad) = cba and thus cb = ab
where cb € S,. So,

bc = ¢ = b(cb) = bab, (bc)b = c*b = cab = a’b,

bc = d*> = c(bc) = cd?, (cb)c = abc = ad* = bad = b?a,
bc = dc = c(bc) = cdc, (cb)c = abc = adc = bac = bc* = dc?,

a contradiction in each case and also we have
bc = cd = b(cb) = bab, (bc)b = cdb = db ¢ Sg = db € S,,

but (ad)b = bab and by a(db) we musthave db ¢ S,, a contradiction. Thus ad # ba.
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Subcase 2c. ad = b?. Then (ca)d = a?d = ab?, c(ad) = cb?® = (cb)b = cb = ab.
bc = ¢> = b(cb) = bab, (bc)b = c*b = cab = a®b,

a contradiction.
bc = cd = b(cb) = bab, (bc)b = cdb = db € S,,

but (ad)b = b3 and by a(db) we must have db ¢ S,, a contradiction.

Also if be = dc then (ad)a = b?a but by a(da) we have da € Sg and since d(ac) =
dc?, and by (da)c, we have da = dc. In addition

(ad)a = b*a, a(da) = adc = b*c = bdc = bd € S,.

So
bd = a* = bdc = a’c = ac®> = ¢ = (ad)a # a(da),

bd = b* — bdc = b*c = bdc —> Sisnota disjoint union of S, and 5/3,
bd = ab = bdc = abc = adc = b*c = bdc => Sisnota disjoint union of S, and S,
bd = ba = bdc = bac = bc*> = dc* = (ad)a # a(da),

a contradiction.

The last possibility is bc = d*. Then
b(cb) = bab, (bc)b = d*b = d(db) = db € S,,

but (ad)b = b® and by a(db) we have db ¢ S,, a contradiction. Therefore, ad # b>.
Subcase 2d. ad = ab. Then

ad = ab => (ad)b = ab®, and by a(db), db € {b*} U Sg.

Then
db = > = a(db) = ac* = ¢,
db = cd = a(db) = acd = cd,

a contradiction. Now if db = d? then by Theorem 6.3.2(i), bd € {b? d*} and then
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(db)c = d?c and by d(bc) we have bc = dc. Thus (ad)b = ab? and a(db) = ad*> =
abd = ab® or ad*> = abd = ad? in which the latter means that S is not a disjoint union
of S, and Sg which implies that bd = b? and this contradicts with b%c = bdc = b?c.
Therefore, db # d?.

If db = dc then we have (db)c = dc? and by d(bc) we have bc = ¢? but (ad)b = ab?
and a(db) = adc = abc = ac? = ¢, a contradiction. Hence, bd # dc.

If db = b? then by Theorem 6.3.2(i), bd € {b?,d*} but the possibility of bd = d° is
rejected because a(bd) = ad?> = abd and then S is not a disjoint union of S, and S B-
Thus bd = b?. However, d(bc) = dw, ; and (db)c = b*c = bw, 4. Thus,

be = > = b*c = bc® = 3,

bec = cd = b*c = bed = cd?,
be = d?> = b*c = bd* = b?d = 1P,
bc = dc = b*c = bdc = b?c,

a contradiction in each case. Therefore, db # b* and hence ad # ab. Soad € S B-

ii, ii1, v are proved analogously. O

6.4 Classification of balanced semigroups

Corollary 6.4.1. Suppose that Sy, Sg are two copies of the free semigroup of rank two. For
every balanced semigroup S, which is a disjoint union of S, and Sg, one of the following
must hold:

i) Sgisan ideal in S.

ii) Sq and Sg are left ideals.
iii) Sy and Sg are right ideals.
PROOF. Directly by Theorem 6.3.2.

Theorem 6.4.2. Up to isomorphism, every balanced semigroup S is a disjoint union of
two copies of the free semigroup of rank two Sy = (a,b | ) and Sg = (c,d | ) if and only
if S is isomorphic to the semigroup which is defined by one of the following presentations:
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q) Parsl pr=rp=r qr=srrq=rs ps=rs, sp=sr, g5 =+,
sq = s?).

) Pamsl pr=rp=r qr=rrq =1 ps=rs sp=st, gs =75,
sq =sr).

i3 (Pamsl pr=rp=p qr=srrq=pq ps=rs sp=qp, g5 =+,
sq=1q%).

() Parsl pr=9rp=q’ qr=rs 19 =qp, ps=sr, sp=pq g5 =1,
sq=p*).

5 Pl pr=ptrp =1t qr=qp, rg=rs, ps = pq, sp=sr, 4s = q*,
sq =s%).

6 (Parsl pr=q’ rp =5 qr=pq, rg=sr, ps=qp sp=rs, s = p’,
sq=1r2).

PROOF. (=) Let S be a semigroup which is a disjoint union of S,, Sg. Firstly, by
Corollary 6.4.1 we start with the ideal case. So let Sg be an ideal in S. If ac = ¢?
then ca = ¢% and then all the words be, cb, ad, da, bd, dbarein S B by Theorem 6.3.2.
Then c(ad) = cw,y, (ca)d = c>d and that implies w,; = ad = cd by associativity.
Hence da = dc by Theorem 6.3.2. Also, d(bc) = dwy. and (db)c = wy,c, which
means that the word w;, ends with the letter ¢ and the word w;, starts with the
letter d. So there are two possibilities, wy. = ¢ or dc and wy, = d? or dc and then
if wy, = c? that gives us wy, = dc by associativity, and if w,, = dc that implies
wy, = d? and after that we can continue to get cb and bd. So when wy,, = c? that
means cb = ¢ and bd = cd and when wy, = dc that means cb = cd and bd = d? by
Theorem 6.3.2. So we have two types of semigroups when Sg is an ideal. The first

type is the semigroup S with relations
ac=ca=c* bc=cb=c? ad =cd, da =dc, bd = cd, db = dc,
and this type of S is defined by the presentation
(a,b,c,d lac = ca = ¢, bce=cb=c? ad =cd, da =dc, bd = cd, db = dc)
by Theorem 6.2.3 . The second type is the semigroup S with the relations
ac = ca = ¢*, be = dc, cb = cd, ad = cd, da = dc, bd = d°, db = &%,
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and this type is defined by the presentation
(a,b,c,d lac = ca = ?, bc=dc, cb=cd, ad = cd, da = dc, bd = db = d2>

by Theorem 6.2.1 . If ac = dc then see Remark 6.4.3 below. This proves (1) and (2).

Secondly, the left ideal case. So let S, and S B be left ideals in S. If ac = 2 then
ca = a* and the words bc, ad, bd are in Sp, cb, da, db are in S, by Theorem 6.3.2.
Now by b(ca) = ba?, (bc)a = wy.a, wy, must be equal to one of cd, dc, or d. But if
bc = cd then cb = ba by Theorem 6.3.2, and this contradicts with the associativity
on c(bc). Similarly if bc = d? then cb = a? and then c(bc) # (cb)c. Thus bc must be
equal to dc and hence cb = ab by Theorem 6.3.2, and then da = ba because b(cb) =
bab, (bc)b = dcb = dab and as aresult of da € S,, da = ba. So ad = cd by Theorem
6.3.2. Finally, d(bc) = d?*c, (db)c = wgpc and db € S,. So db € {ab,ba,a?, b*} but
if db € {ab,ba,a®} then we have d(bc) # (db)c. Thus db = b? and that implies
bd = d? by Theorem 6.3.2. Therefore we have the semigroup which is defined by
the presentation

(a,b,c,d | ac = % ca=a? bc=dc, cb=ab, ad = cd, da = ba, bd = d?, db = b2>

by Theorem 6.2.5. This proves (3).

If ac = cd then ca = ab and the words be, ad, bd € Sp, cb, da, db € S, by
Theorem 6.3.2. Now by d(ac) = dcd, (da)c = wy,c, da € {ab,ba,b*}. So we study
each case separately. Starting with da = ab and then ad = dc by Theorem 6.3.2, but
a(da) = a?b, (ad)a = dca = dab = ab® and so a(da) # (ad)a. And if da = ba then
ad = cd by Theorem 6.3.2, but a(da) = aba, (ad)a = cda = cba and then cb = ab
and that implies bc = dc by Theorem 6.3.2, but by a(ca) = a?b, (ac)a = cda =
cba = aba. Then a(ca) # (ac)a. Therefore, it just remains for us da = b? and then
ad = c* by Theorem 6.3.2. So c(ad) = ¢®, (ca)d = abd and bd is a word in Sg. If
bd = c? that implies (ca)d = abd = ac®> = cdc which contradicts with c(ad). If
bd = d? then (ca)d = abd = ad*> = c>d which contradicts with c(ad) = ¢ as well.
Similarly, if bd = cd then (ca)d = abd = acd = cd?* # c(ad). Thus bd must be equal
to dc and then db = ba by Theorem 6.3.2, and by d(bd) = d?c, (db)d = bad = bc?
but be is in Sg. So be = d? and then cb = a? by Theorem 6.3.2. Hence we have the

semigroup which is defined by the presentation

(a,b,c,d|ac=cd, ca=ab, bc = d?, cb = a® ad = ¢, da = b, bd = dc, db = ba ),
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and this semigroup is isomorphic to the semigroup which is defined by the pre-

sentation
(a,b,c,d | ac = d?, ca = b?, bc =cd, cb = ba, ad = dc, da = ab, bd = ¢?, db = a® )

by Corollary 6.2.8. This proves (4). Similarly if S, and Sg are right ideals in S,
which proves (5), (6).

(<) Let S’ be a semigroup which is defined by one of the presentations in the
theorem. Then S’ is a disjoint union of two copies of the free semigroup of rank
two by Theorems 6.2.1, 6.2.3, 6.2.5,6.2.7,6.2.9 and 6.2.11. Thus S’ = S. .

Remark 6.4.3. Analogously,

i) If ac = dc in the ideal case then we can construct two semigroups one of which

is defined by the presentation

(a,b,c,d | ac = dc, ca = cd, bc = dc, cb = cd, ad = d?, da = d*, bd = d?, db = d*),

which is isomorphic to the semigroup which defined by the presentation
(a,b,c,d|ac=ca=bc=cb= 2, ad =cd, da =dc, bd = cd, db = dc)

by Corollary 6.2.4. The other semigroup is the semigroup which is defined by
the presentation

{(a,b,c,d | ac =dc, ca =cd, bc =cb = %, ad =da=d? bd =cd, db = dc ),
which is isomorphic to the semigroup which is defined by the presentation
(a,b,c,d|ac=ca= ¢, bc=dc, cb=cd, ad = cd, da = dc, bd = db = dz)

by Corollary 6.2.2.

ii) If ac = dc in the left ideals case then we can construct the semigroup which

defined by the presentation

(a,b,c,d|ac =dc, ca ="ba, bc = 2 chb="0b%ad =d* da=a° bd =cd, db = ab),
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which is isomorphic to the semigroup which defined by the presentation
(a,b,c,d|ac = %, ca = a?, bc =dc, cb = ab, ad = cd, da = ba, bd = d*, db = bz)

by Corollary 6.2.6.

iii) If ac = d? in the left ideals case then we can construct the semigroup which is

defined by the presentation

(a,b,c,d|ac= d?, ca =b% bc = cd, cb = ba, ad = dc, da = ab, bd = ¢, db = az),
which is isomorphic to the semigroup with the presentation

(a,b,c,d|ac =cd, ca =ab, bc = d?, cb = a2, ad = %, da = b*, bd = dc, db = ba

by Corollary 6.2.8.

Remark 6.4.4. There is no balanced semigroup S which is a disjoint union of two
copies of the free semigroup of rank two Sy = (a,b | ), Sg = (c,d | ) if Sgis ideal
in S and ac = d? or ac = cd see Theorem 6.3.2.

The next step is to show that if we add the identity to the free semigroup of
rank two and define it as in Theorem 6.2.5 we obtain a Rees matrix semigroup over

a free monoid of rank two.

Theorem 6.4.5. Suppose P =

. . . )
] is a2 X 1 matrix over the free monoid Sg in two gen-
z

erators and S is a Rees matrix semigroup over Sg of type2 x 1(S = M[Sg; {1}, {1,2}; P)).
Then S is the union of two copies of the free monoid in two generators if and only if
t=z=1

PROOF. (=) Suppose that S = S, LU Sg where S, = (a,b | ), Sg = (c,d | ) and we
want to show that t = z = 1. Suppose that t = w], z = w; where w], w; are two
words in Sg. Since S = M [Sg; {1}, {1,2}; P], there is an isomorphism ¢ from S
into M [Sg; {1}, {1,2}; P] with

p(a) = (Lwy, 1), (b) = (Lwy, 1), p(c) = (L wy,2), p(d) = (1, wz,2).

However, the element (1, wjwz,1) which is in M[Sg; {1}, {1,2}; P] does not

have an original w* in S such that p(w*) = (1, wwy, 1) because one of the two
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words wj, w; or both of them will appear in the product of any two elements in
M[Sg; {1}, {1,2}; P], for instance

llJ(ﬂ)lI)(b) = (1/ wlll)(ll w211) = (11 ZU1?UTZU2, 1)

Thus 1 is not surjective, a contradiction.

(<) Suppose that t = z = 1 and we want to show that S is a disjoint union
of Sy and Sg. Since the isomorphism ¢ is defined as above, we obtain the relations
ac = c%, ca = a%, bc = dc, ¢cb = ab, ad = cd, da = ba, bd = d?, db = b%. So we
have the semigroup S with the presentation
(a, b, c, d)ac = c? ca=a? bc=dc, cb=ab, ad = cd, da = ba, bd = d?, db = b?)
which is S, U Sg (Theorem 6.2.5). [

Theorem 6.4.6. Suppose that Sy = (a,b | ) and Sg = (c,d | ) are two copies of the free
semigroup of rank two. Suppose that S is a balanced semigroup which is a disjoint union
of Sw and Sg and is defined by the presentation

(a,b,c,d|ac = 2, ca=a? bc=dc, cb=ab, ad = cd, da = ba, bd = d?, db = b? ).

Then S is a Rees matrix semigroup of the type 2 x 1.

PROOF. First we adjoin the identity to Sg and then we can choose I = {1}, A =
}5 as P =
S M [5/13, {1},{1,2}, P] is a semigroup. Now, S is isomorphic to

{1,2} and P to be the |A| x |I| matrix over S

1
] . Thus,
1

{G,c',A), (,d' A):t#£0} <,
because there exists a mapping ¥ from S into {(i,c!, A), (i,d',A) : t # 0} with

p(a) = (Le 1), p(b) = (1,4,1), ¥(c) = (1,¢,2), p(d) = (1,4,2).

Obviously, ¢ is injective and surjective, so it remains to verify that ¢ is a homo-

morphism as follows:

110



p@)ple) = (Le,1)(1,e2) = (1,6,2) = (c?) = y(ac),
p()y(a) = (1,6,2)(L,c,1) = (1,¢% 1) = (a*) = y(ca),
pb)p(e) = (1,d,1)(1,¢,2) = (1,dc, 2) = y(de) = p(be),
ple)p(b) = (1,¢,2)(1,d,1) = (1,¢d, 1) = p(ab) = ¢(cb),
pla)yp(d) = (1,¢,1)(1,4,2) = (1,¢d,2) = ¢(cd) = ¢(ad),
p(d)yp(a) = (1,d,2)(1,¢,1) = (1,de, 1) = p(ba) = p(da),
p(b)p(d) = (1,d,1)(1,d,2) = (1,d%,2) = p(d*) = y(bd),
p(d)p(b) = (1,d,2)(1,d,1) = (1,d%1) = $(b*) = p(db).
Hence,
S={(ic,A), (i,d,A):t #0} = {(i,a",A), (i,b', 1) : t #0}.
Thus S is a Rees matrix semigroup of the type 2 x 1. O

6.5 Residual finiteness

Since in this chapter we consider balanced semigroups which are defined by a

presentation where the relations preserve length, we introduce the following defi-

nition.

Definition 6.5.1. A presentation (A | R) is balanced if for every relation u = v from

R we have |u| = |v].

Theorem 6.5.2. Every semigroup S which is defined by a balanced presentation is residu-

ally finite.

PROOF. Let k € IN and let the set Ty consists of all the words of length [ where | > k.
Thus Tj is an ideal in S of finite index. Now we define a relation px on S as follows:

xpxy <= either x =yor x,y € Ty.

It is clear that py is an equivalence relation on S. Furthermore, p; is a congruence
of finite index because T is an ideal of finite index. Now if we take arbitrary

elements x,y € S and (x,y) € px then we are done. If (x,y) € px we choose
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k = max(m,n) 4+ 1 where m, n are the length of x, y respectively and hence (x,y) ¢
Pk H

Corollary 6.5.3. Every balanced semigroup is residually finite.

PROOF. The proof follows immediately by Theorem 6.5.2. O
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Part 11

DISJOINT UNIONS OF ANY
NUMBER OF COPIES OF THE FREE
MONOGENIC SEMIGROUP
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CHAPTER
SEVEN

RECTANGULAR BANDS OF FINITELY MANY COPIES
OF THE FREE MONOGENIC SEMIGROUP

7.1 Introduction

A rectangular band semigroup is a band S which satisfies xyx = x for every x,y €
S and equivalently xyz = xz. For instance, given arbitrary non-empty sets I, |, we
can define a semigroup operation on I x | by (i,j)(k,1) = (i,1). This means that
the I X | rectangular band S is a disjoint union of subsemigroups P;; (i € I,j € ])
and P;jPy C P;. This can be visualized by means of the following diagram:

Pi1| Prp| ... Pl]'
Py | Py ... | Py
Pq | Pp|... Pij

Table 7.1: The multiplication of a rectangular band

Thus S is a special “nice” case of disjoint unions of semigroups. In this chapter we
have a general theorem on finite presentability and a theorem on residual finiteness

in the special case in which each block is a free monogenic semigroup.
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7.2 Finite presentability

Theorem 7.2.1. Every rectangular band of finitely many finitely presented semigroups is
finitely presented.

n
PROOF. Consider the rectangular band S = | | S;. We prove the theorem by induc-
i=1
tion on n. Now if n = 1 then it is clear that S is finitely presented. Suppose that the

statement holds for every k < n. Thus S is a p x q rectangular band where p # 1

k+1
or q # 1. Since S = '|:|1 S; then we have the following:

1

St | Sy |...| S
Sh+1 “ e oo Sk+1

k+1
Table 7.2: The rectangular band semigroup || S;
=1

1=

and then we split S to the two following diagrams

S | Sy | ... |S;
: : s,
Sj+1 e cee Sh
k+1 h k+1
Table 7.3: A split of the semigroup || S;to || S;jand || S;
i=1 i=1 i=h+1

h k+1

Thus S = AUBwhere A = || S;and B = |] S;. Notice that A, B are subsemi-
i=1 i=h+1

groups by the definition of the rectangular band and they are finitely presented

by the inductive hypothesis. Furthermore, they are right ideals in S. Hence S is
finitely presented by Theorem 2.3.1. Notice that if S is a 1 x g rectangular band.
Then we have the following;:
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Si|So| ... ]Sk Sewa

k+1
Table 7.4: The one row rectangular band semigroup || S;
i=1

and then we split S to the two following diagrams

St S| sk Sk

k+1 k
Table 7.5: A split of the one row semigroup || S; to
=1

1=

S,‘ and Sk+1
i=1

k
Thus S = AU B where A = || S; and B = Si41. Notice that A, B are subsemi-

i=1
groups by the definition of the rectangular band and they are finitely presented by
the inductive hypothesis. Furthermore, they are left ideals in S. Hence S is finitely
presented by Theorem 2.3.1. Similarlly if S is a p x 1 rectangular band. O

The proof of this theorem actually gives us a presentation for S as in the following
corollary.

Corollary 7.2.2. Every semigroup S which is a rectangular band of finitely many finitely
presented semigroups defined by presentations ( Aj; | Rjj), has a presentation of the form:

L] Al | Rij aijan = Baij, akl)>
(i,j)eIx] (i,j)eIx]
where a;; € Ajj, ay € Ay and B(ajj, ay) is a word in AT

PROOF. Follows immediately by Theorem 2.3.1 and the definition of the rectangular
band. To clarify this, we prove it on the 2 x 2 rectangular band and this will do for
all. Thus we have 4 finitely presented semigroups, A11, A1z, Az, Ax. By the
definition of the rectangular band, we have two left ideals in S,

Sl == A11 ( A21 and Sz = A12 ( A22.

If u, v were two words in {A11, A1, A1, Ax}t and u = v holds in S then u = v
holds in S; or S,. So let u = v holds in S¢. Each word in S; ends with wq; or wy
where wyy, wy; € {A11, A2} because S1 and S, are left ideals in S. Now if u,v
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don’t have any letter from S; then u = v holds in Ay; or Aj;. Suppose that u = v
holds in Aj;. Then as each word in Aj; starts with w}; € AE because A1 and
Apj are right ideals in S1, we eliminate all occurrences of letters of Ay from u, v by
the relation a11a21 = B(a11,421) and then we obtain two words 1,5 € Aj}. Thus
il = 71is aconsequence of Rj1. Hence u = v is a consequence of the relations in the
presentation. Analogously if # = v holds in Ap;. Now if u, v have letters from S;

then we apply the relations

a12a11 = P(ap, a11), a12a21 = B(a12,a21), axna;n = P(axn,a11), anax = B(ax,ax),

to eliminate all occurrences of letters of S, from u, v. We get two words # and @ with
il = 0 holds in S; with no letters from S, and then we repeat the same argument.
Thus we have u = 11 = i1l and v = 9 = 0 and then u = v is a consequence of the

relations in the presentation. Similarly, if u = v holds in S,.

Corollary 7.2.3. Every rectangular band of finitely many copies of the free monogenic
semigroup is finitely presented.

PROOF. Directly by Theorem 7.2.1.

7.3 Special example

Let P be the semigroup free product of two trivial semigroups as follows:
P = (htlh* =h, t* =t). (7.1)

Every element of P is equal to a unique alternating product of the form htht... or
thth....LetSp, = P\ {h,t}. Thus Sp, is a subsemigroup and is a rectangular band
of four copies of the free monogenic semigroup as follows:

Sp, = {(th)" : n € N}U{(th)"t : n € N}U{(ht)"h : n € N}U{(ht)" : n €
IN}. Thus we can respectively notate this as Sp, = N, U Nj, LI N. U N; with the

multiplication table:

Na Nb
NC Nd

Table 7.6: The multiplication on the subsemigroup Sp, of the semigroup free prod-

uct of two trivial semigroups
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where N; is a free monogenic semigroup generated by i for every i € {a,b,c,d}.
Therefore Sp, is defined by the presentation

(a,b,c,d| ab=1"V? ac=a? ad =1,
ba = a?, bc = a3, bd = b?,
ca=c? cb=4d3 cd =d?
da =c, db=d?, dc = c?).

First notice that ab = b’ by the definition of the rectangular band. Hence i = 2 by
Theorem 4.2.1. Similarly,

ba = a%, ac = a®, ca = ¢?, dc = ¢, cd = d?, bd = b?, db = d>.
We also have
ad = (th)(ht) = th*t = tht = b,
da = (ht)(th) = hth =,
cb = (hth)(tht) = (ht)(ht)(ht) = (ht)® = d°,
be = (tht)(hth) = (th)? = a°.

Therefore, Sp, satisfies the relation in the presentation.
Now we want to prove that each relation in Sp, is a consequence of the rela-
tions in the presentation and this follows from Corollary 7.2.2.

7.4 Residual finiteness

We started working on the residual finiteness for a rectangular band S of finitely
many copies of the free monogenic semigroup by trying to find a homomorphism
¢ from S to a finite semigroup H such that for every s # t € S : ¢(s) # ¢(t). We
found that in order to obtain such a homomorphism, H must be defined by the

multiplication of either the Rees matrix semigroup or Sp, (see Section 7.3).

Theorem 7.4.1. Every semigroup S which is a rectangular band of four copies of the free
monogenic semigroup is either a Rees matrix semigroup or Sp,.

PROOF. We prove the theorem by taking four copies of N, they are N, Np, N¢, N;.
So the multiplication is defined by the following table:
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Na Nb
NC Nd

Table 7.7: Rectangular band of four copies of the free monogenic semigroup

Hence, by Theorem 4.2.1, we have the following
ab = b2, ba = a%,ac = a%,ca = ¢, bd = b?,db = d?,cd = d?,dc = .
Since S is a rectangular band, ad = b, da = c/,bc = a¥,cb = d' and by
(ad)a = bia = ™, a(da) = acd = a/*},
i = j. Analogously k = . Furthermore,
a(dc) = ac®> = a®, (ad)c = b'c = b~ 1aF = gF+i-1

and thus k +i = 4 which impliesthati = j =k =1=2o0ork=1=1,i =j=3or
k =1=3,i = j = 1. Thus we have the following three types of semigroups:

Type 1. A rectangular band S of four copies of the free monogenic semigroup with
the relations ab = b2,ba = a%,ac = a,ca = c,bd = b%,db = d?,cd = d?,dc =
c2,ad = b?,da = ¢, bc = a2, cb = d>.

Now, as we have done before, we adjoin the identity N} and we have the 2 x 2
matrix P with identity entries. Thus we get the semigroup S = M [NJ; I, A; P].
It is clear that S is isomorphic to {(i,a’,A) : t # 0} < S, because there exists a
mapping ¢ from S into {(i,a’, 1) : t # 0} with

p(a) = (1,a,1), p(b) = (1,4,2), ¥(c) = (2,4,1), p(d) = (2,4,2).

Obviously, ¢ is injective and surjective, so it remains to verify that ¢ is a homo-

morphism as follows:

P(a)yp(b) = (1,a,1)(1,a,2) = (1,4%,2) = p(b*) = y(ab),

<=
~—~
(ay
N—
<=
~
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SN—
I
~~
\p—\
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PO)y(d) = (1,4,2)(2,a,2) = (1,a%,2) = p(b*) = p(bd),
PAp(b) = (2,0,2)(1,a,2) = (2,4%,2) = y(d*) = p(db),
Hence,
S={(i,a',A) : t #0}.

Thus S is a Rees matrix semigroup of the type 2 x 2.

Type 2. A rectangular band S of four copies of the free monogenic semigroup with
the relations ab = b%,ba = a?,ac = a*,ca = ¢,bd = b%,db = d?,cd = d?,dc =
c2,ad =b,da = ¢,bc = a3, cb = d°.

So we can define an isomorphism ¢ from this semigroup to Sps by ¢p(a) = th, ¢(b) =
tht, ¢(c) = hth, ¢(d) = ht.

Type 3. A rectangular band S of four copies of the free monogenic semigroup with
the relations ab = b%,ba = a%,ac = a%,ca = ¢, bd = b%,db = d?,cd = d?,dc =
c2,ad =b3,da=c3,bc=a,cb=d.

This semigroup is isomorphic to the semigroup of Type 2. Therefore, S is a Rees
matrix semigroup or Sp,. O

Lemma 7.4.2. Suppose S is a semigroup which is a rectangular band of four copies of the
free monogenic semigroup. If a'bl = c* holds in S for some a, b, c in the generating set
A, i,j,k € Ntheni,j<k.

PROOF. By Theorem 7.4.1, S is a Rees matrix semigroup or Sp,. If S is a Rees matrix
semigroup then k = i +j. If Sis Sp, thenk € {i+j,i+j—1,i+j+1}. Thus
i,j <k O

Theorem 7.4.3. Every semigroup S which is a rectangular band of finitely many copies of
the free monogenic semigroup is residually finite.

PROOF. First we define a relation py, k € IN on S as follows:
(x,y) € py <= eitherx =yorx = ai,y =4/ forsomea € A and i,j > k.

It is clear that p; is an equivalence relation on S. Moreover, pi is a congruence
by Lemma 7.4.2 and the fact that N;N, C N.. Notice that |[N,;/px| = k and then
there are nk equivalence classes where 7 is the number of the copies that we have.
Therefore py is of finite index. Now take any two al,al € N,. Let

k =max(i,j) + 1.
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Then (a',a/) ¢ pr. Notice that if we take two elements a’ and b/ from different
copies, then they are in separate classes because of the definition of the congruence.
Hence py is a congruence on S of finite index which separates each two elements
inS. O
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CHAPTER
EIGHT

FINITENESS CONDITIONS FOR DISJOINT UNIONS
OF FINITELY MANY COPIES OF THE FREE
MONOGENIC SEMIGROUP

8.1 Preliminaries: multiplication and arithmetic pro-

gressions

Let S be a semigroup which is a disjoint union of n copies of the free monogenic
semigroup:
S= 1] Na

acA
where A is a finite set and N, = (a) for a € A. In this section we gather some
background facts about S. The common feature is that they all elucidate a strong
regularity with which elements of S multiply. We begin with two preliminary lem-

mas.

Lemma 8.1.1. Let a € A and q € IN be fixed. There can be only finitely many elements
x € S such that aPx = aP*1 for some p € N.

PROOF. Suppose to the contrary that there are infinitely many such x. Two of these
elements must belong to the same block N.. Suppose these elements are ¢" and c*
for r # s, and suppose we have aPic” = aP171 and aP2¢® = aP2"4. Note that these
equalities imply afc” = aP™ for all p > py, and aPc® = a1 for all p > p,. Let
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p = max(p1, p2), and evaluate the element a?c" twice:

abc® =aP (")} =aP ... =abTi . . . = =aP T,
N N
S s—1

and, similarly,
afc’ = aP(c°)" = ab™m,

But from r # s it follows that a? 57 # aP*", a contradiction. O
Lemma 8.1.2. If a’b1 = a" holds in S for some a,b € Aand p,q,v € N then p <.

PROOF. Suppose to the contrary that ¥ = p —s < p. Note that for every t > p we
have

al - a’h1 = @' TP = @' TSPl = gt TSP = gt TSP TS — gt
Hence, for every u > 1 we have
a'(a®b")'a® = a'a® = a' s,
By Lemma 8.1.1 we must have
(a°bT)"a® = (a°b7)%a®
for some distinct u,v € IN. Post-multiplying by b7 we obtain
(aqu)Ll+1 _ (asbq)v+l.
This means that the element a°b7 € S has finite order, a contradiction. O

The next result shows that multiplication by x € S cannot "reverse’ the order of

elements from the copies of N.

Lemma 8.1.3. Ifa,b € A and x € S are such that
aPx =b", a?Tx = b°

forsome p,q,r,5s € N, thenr <.

PROOF. The assertion follows from
alb" = a9aPx = aPix = b°,
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and (the dual of) Lemma 8.1.2. [

The next lemma is absolutely pivotal for proofs of both finite presentability and

residual finiteness.

Lemma 8.1.4. If
aPx =b", aPTix = p'tS (8.1)

forsomea,be A, x €S, p,q,vr €IN,s € Ny, then

ap—l—th — br—l—st

forall t € INy.

PROOF. First note that from (9.2) we have
b+ = aP Ty = a%aPx = ab". (8.2)

We now prove the lemma by induction on t. For t = 0 we get the first relation in
(9.2). Assume the statement holds for some t. Then, by induction and (9.3),

ap—!—q(t—l—l)x — glgPTaty — g9p+st — f9p"pst = prHspst = br+s(t+1)’

proving the lemma. O

Motivated by Lemma 8.1.4 we introduce the sets
T(a,x,b) ={y € N; : yx € Ny} (a,be€ A, x €8S).

The following is immediate.

Lemma 8.1.5. For any a € A and x € S we have

No = | | T(a, x,b).
beA

By Lemmas 8.1.3, 8.1.4, if a set T(a, x,b) contains more than one element, then it
contains an arithmetic progression, and hence is infinite. In fact, if T(a,x,b) is

infinite then it actually stabilizes into an arithmetic progression.

Lemma 8.1.6. If T = T(a,x,b) is infinite then there exist sets F = F(a,x,b), P =
P(a, x,b) such that the following hold:
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(i) T=FUP;
(ii) P = {aP™ : t € Ny} for some p = p(a,x,b),q9 = q(a,x,b) € Nand a?P~7 & T;
(iii) F C {a,...,aP~'} is a finite set.

PROOF. Let g € N be the smallest number such that a?,a?™7 € T for some p € N.
Furthermore, let p be the smallest such; in particular a?~9 ¢ T. Let {a?™1" : t €
No}. By Lemmas 8.1.3, 8.1.4 we have P C T, and by minimality of g we have
abtitr & T for any t € Ng and any r € {1,...,g—1}. Hence F = T\ P C
{a,...,aP~1}, and the lemma is proved. O

The next lemma discusses the values in the set T(a, x, b) - x.

Lemma 8.1.7. For T = T(a, x,b) we either have |Tx| < 1 or else yx # zx for all distinct
y,zeT.

PROOF. Suppose that for some p, g,7,s € IN we have
aPx =b", aPTx = b3, (8.3)
while for some 1, v, w € IN we have
a'x = b¥, a"T? = b, (8.4)

From (8.3), (8.4) and Lemma 8.1.4 we have:

ab ity = bt (t € N), (8.5)
A"ty =¥ (t € N). (8.6)
Let t; € IN be such that
r+4st; > w, (8.7)
and let t, € IN be such that
u+ vty > p+qty. (8.8)

The inequalities (8.7), (8.8) and relations (8.5), (8.6) with t = t; and t = ¢, respec-

tively contradict Lemma 8.1.3. O

The rest of this section will be devoted to proving that there are only finitely many
distinct sets T(a, x, b), a fact that will be crucial in Section 8.3. We accomplish this

(in Lemma 8.1.13) by proving that there are only finitely many distinct numbers
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q(a, x,b) (Lemma 8.1.9), finitely many distinct numbers p(a, x,b) (Lemma 8.1.10),
and finitely many distinct sets F(a, x, b) (Lemma 8.1.12). We begin, however, with
an elementary observation, which must be well-known, but we prove it for com-
pleteness.

Lemma 8.1.8. For every n € IN and every r € Q% the set

1
{(mll-..,mn)EN” : m—1—|-..._|_m_n:r}

is finite.
PROOF. Prove the assertion by induction on #n, the case n = 1 being obvious. Let

n > 1, and assume the assertion is true for n — 1. Consider an n-tuple (my, ..., m,) €
IN" such that

1 1
ml mn
Without loss of generality assume my > --- > m,. Then we must have 1/m, >

r/n, and so m, < n/r. Thus there are only finitely many possible values for m,,.

For each of them, the remaining n — 1 numbers satisfy

1 1 1
- . + =7 — —,
my My —1 My
and by induction there are only finitely many such (n — 1)-tuples. O

Lemma 8.1.9. The set
{q(a,x,b) : a,be A, x €S}

is finite.
PROOF. Fixa € A, x € S, and notice that at least one of the sets T(a,x,b) (b € A)
is infinite by Lemma 8.1.5. Let

m = lem{q(a,x,b) : be A, |T(a,x,b)| = oo}.
Recall that all the sets F(a, x, b) are finite, and let » € IN be such that

r > max U F(a,x,b).
beA

Let I = {a",a*!,...,a""" 1}, an ‘interval’ of size m. From Lemma 8.1.6 (iii) we
have INF(a,x,b) = @ forallb € A, so Lemma 8.1.5 implies that I is the disjoint
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union of sets I N P(a, x,b) (b € A). Since for every b € A with P(a,x,b) # @ we
have q(a, x,b) | m, the set I contains precisely m/q(a, x,b) elements from P(a, x,b).
It follows that

Z (a,x,b) -

bea q
and hence
) _ 1.
e q(a, x,b)
The assertion now follows from Lemma 8.1.8. O

Lemma 8.1.10. The set
{p(a,x,b) : a,bc A, x € S}

is finite.

PROOF. Fixa,b € A, x € S, and for brevity write p = p(a, x,b), g = q(a,x,b). Re-
call that p has been chosen to be the smallest possible with respect to the condition
that

p+qt € T(a,x,b) (t € Np). (8.9)

Recalling Lemma 8.1.9, let
Q =max{g(c,y,d) : c,d€ A, y € S}.
Assume, aiming for contradiction, that
p > 2nQ.
Since Q > g we have that p — 2ng > 0. Consider the n pairs
{aP= =14 gp=2t0y (1 =1, n).

By Lemmas 8.1.3, 8.1.4 and minimality of p we cannot have both members of one
of these pairs belong to T(a, x, b). Hence at least one member in each pairs belongs
to some T'(a, x, c) with ¢ # b. By the pigeonhole principle two of these must belong
to the same T'(a, x, c), say

al=",aP~% € T(a, x,c)
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for some 1 < v < u < 2n. Again by Lemmas 8.1.3, 8.1.4 we have that
aP U=t ¢ (g, x, )

for all t € INp. On the other hand for ¢ sufficiently large (e.g. t > u) we have
p—ug+(u—0v)qt=p,

so that

p—ug+ (u—o)gt =p+wq

for some w € Ny, and so from (8.9) we have
aP~1a+(u=2)at ¢ T(g,x,b) # T(a,x,c),

a contradiction. We conclude that p(a,x,b) < 2nQ foralla,b € A, x € S, where
the right hand side does not depend on 4, b or x. O

In order to prove our final ingredient, that there are only finitely many distinct sets

F(a,x,b), we require one more elementary fact.

Lemma 8.1.11. Consider a finite collection of arithmetic progressions:
R, = {Pi+t‘7i : tENo} (i= 1,...,1’1).

If there exists p € IN such that

n

[p,o0) € |J R,
i=1

then

n

[p',00) € |JR;,
i=1

where p' = max{p1,...,pn}

PROOE. If p < p’ there is nothing to prove. Otherwise the assertion follows from
the fact that for every m > p’ and every i = 1,...,n we have m € R; if and only if
m+q; € R;. [

Lemma 8.1.12. The set
{F(a,x,b) : a,be A, x € S}

is finite.

128



PROOF. Fixa € A, x € S. Finitely many arithmetic progressions P(a, x,b) (b € A,
|T(a,x,b)| = o0) eventually cover the block N, by Lemmas 8.1.5, 8.1.6. Hence, by
Lemma 8.1.11, they contain all elements a’ with

t > M = max{p(a,x,b) : be A}.

Hence every F(a,x,b) (b € A) is contained in {a,...,aM~'}. Since the numbers
p(a, x,b) are uniformly bounded by Lemma 8.1.10 the assertion follows. O

Lemma 8.1.13. The set
{T(a,x,b) : a,be A, x € S}
is finite.

PROOE. follows from Lemmas 8.1.6, 8.1.9, 8.1.10, 8.1.12. l

8.2 Finite presentability

Theorem 8.2.1. Every semigroup which is a disjoint union of finitely many copies of the

free monogenic semigroup is finitely presented.

PROOF. Continue using notation from Section 8.1. Thus S = || N,, and N, = (a).

acA
The set
W={d:aecA keN}

is a set of normal forms for S. Hence for any 4,b € A and k,I € IN there exist
unique «a(a,k,b,1) € Aand «(a,k,b,1) € IN such that

a*b! = [a(a,k, b, 1)@k, (8.10)

It is easy to see that generators A and relations (8.10) provide an (infinite) presen-
tation for S; for instance, condition (P3) is clearly satisfied.

Now we claim that the (still infinite) presentation with generators A and relations
a“b = [a(a, k,b,1)]*@kbD (2,b € A, k € N) (8.11)

also defines S. Indeed, the above set of relations is contained in (8.10), and so S

satisfies (9.1). We now show that a general relation from (8.10) is a consequence
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of (9.1). We do this by induction on [. For | = 1 we actually have a relation from
(9.1), and there is nothing to prove. Assume the assertion holds for some /. Then
we have

AL = akplb

= [a(a,k, b, 1)]<@kbl)p (by induction)
= [a(a(a,k,b,1),x(a,k,b,1),b,1)]<@@kbb)x(akbl)bl)
(by (9.1))

= [a(a,k,b,1 +1)]<@kbl+1) " (by uniqueness of normal forms)

Therefore, every relation (8.10) is a consequence of (9.1). Since (8.10) is a presenta-
tion for S, so is (9.1).

Foranya,b,c € A consider the set T(a, b, c). Note that for every a’ € T(a, b, c) there
exists a unique j € IN such that a'b = . Let R, be the set of all these relations;
clearly R, | = |T(a,b,c)|.

Next we claim that for any a,b,c € A there exists a finite set of relations RZ,b, . C
R, such that all relations in R, . are consequences of R;’b, .- Indeed, if T(a,b,c)
is finite (i.e. |T(a,b,c)| < 1) the assertion is obvious. So suppose that T(a,b,c) is
infinite. By Lemma 8.1.6 we have

T(a,b,c) =FUP,
where P = {a?™ : t € Ng} and F C {a,...,aP"'}. Now, if
aPb =", a?Tp = ', (8.12)
then by Lemma 8.1.4 we have
aPtp = "5 (t € Np). (8.13)

A closer inspection of the proof of Lemma 8.1.4 shows that in fact relations (8.13)
are consequences of (8.12), in the technical sense above. On the other hand, rela-
tions (8.13) are precisely all the relations a'b = ¢/ with a’ € P. There remain finitely
many relations with a' € F, and the claim follows.

To complete the proof of the theorem, note that the set of defining relations (9.1) is
the union Uy 4 ce 4 Rapc- Hence all these relations are consequences of U, ¢ R}, .,

which is a finite set because A and all R; b are finite. O
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8.3 Residual finiteness

Let S be such a semigroup, and let all the notation be as in Section 8.1. Define a

relation p on S as follows:
(x,y) €p < (Vz€ S§)(3a € A)(xz,yz € Ny).

Intuitively, two elements (x,y) of S are p-related if every pair of translates by the
same element of S! belongs to a single block. In particular, if (x,y) € p then x and

y are powers of the same generator a € A, i.e.

o € [J NaXx N, (8.14)
acA

The following is obvious from the definition.
Lemma 8.3.1. p is a right congruence.

An alternative description of p is provided by:
(a',a) € p = (Vx €S)(Ib e A)d',al € T(a,x,b)); (8.15)

the proof is obvious. This description enables us to prove:
Lemma 8.3.2. p has finite index.

PROOF. From (8.15) it follows that the p-class of an element a' € S is
ai/p = ﬂ{T(a,x,b) cx€S, beA, dxe Ny} (8.16)

By Lemma 8.1.13 there are only finitely many distinct sets T(a, x,b). Hence there

are only finitely many intersections (8.16), and the assertion follows. O

For each a € A, consider the restriction

From Lemmas 8.3.1, 8.3.2 it follows that p, is a right congruence of finite index
on N,. But N, being free monogenic, is commutative, and so p, is actually a

congruence. Furthermore, congruences on a free monogenic semigroup are well
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understood, and we have that

Pa:{(airaj) ri=jor(i,j>pa&i=j (modq,))},

for some p,, g, € IN; see [How95, Section 1.2].
Motivated by this, for any pair (x,y) € p we define their distance as

d(x,y) = li=jl ifx=a,y=d.

Ga

Lemma 8.3.3. If x,y,z € S are such that (x,y) € p and x # y then

d(x,y) | d(xz,yz).

PROOF. Since p is a right congruence we have (xz,yz) € p, and so d(xz,yz) is
defined. If xz = yz there is nothing to prove, so suppose xz # yz. Write

x=a,y=a,

where 7,5 > p,, ¥ =s (mod q,), r # s. Without loss of generality assume s > r so
that s = r + tq, for some t € IN. Notice that (a’,a" ) € p; furthermore we must
have a"z # a" "9z by Lemma 8.1.7. Therefore

A’z ="b" a7z =17, (8.17)

for some u,v > py, u = v (mod gp), u < v. Write v = u + wqp, w € IN. Equalities

(8.17) become
arZ — bu/ ar—l—qaz — bu—l—wqh’

and Lemma 8.1.4 yields
ar—l—tqu — bu—&—twqb‘

Therefore
d(xz,yz) = d(a'z,a""z) = d(b", p" 1) = tw = wd(a",a’ ) = wd(x,y),

as required. O

We are now ready to prove:
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Theorem 8.3.4. Every semigroup which is a disjoint union of finitely many copies of the
free monogenic semigroup is residually finite.

PROOF. Let S be such a semigroup, with all the foregoing notation remaining in
force. Let x,y € S be two arbitrary distinct elements. By (RF3) it is sufficient to
prove that x and y are separated by a right congruence of finite index. If (x,y) & p
then p is such a congruence by Lemmas 8.3.1, 8.3.2. So suppose (x,y) € p, say with
x,y € Np, and let

d(x,y) =d > 0.

Let o be the right congruence on S generated by the set
G = {(aPe,aPet240a) . g c A},

Clearly o is a refinement of p (i.e. ¢ C p). Notice that G contains one pair of distinct
elements from each block N,. Hence the restriction of ¢ to each N, is a non-trivial
congruence, and so has finite index. Therefore ¢ itself has finite index too.

We claim that (x,y) & 0. Suppose otherwise; this means that there is a sequence

X =Up, U ..., Up =Y
of elements of S, such that foreachi =1,...,m — 1 we can write

U; = v;zi, Ui = W;z;,
for some v;,w; € S, z; € S, satisfying (v;,w;) € G or (w;,v;) € G. (This is a
well-known general fact; see for example [How95, Section 8.1] .) Without loss of

generality we may assume that all u; are distinct. From ¢ C p it follows that all u;
belong to the block N, say

Mi:bsi (izl,...,m).

By definition of G and Lemma 8.3.3 we have that 2d | d(u;,u;yq1) for all i =

1,...,m — 1. This is equivalent to
si=siy1 (mod2qpd) (i=1,...,m—1),

from which it follows that s; = s, (mod 2g,d), and hence 2d | d(x,y) = d, a
contradiction. ]
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8.4 Hopficity

We say that a semigroup S is hopfian if it is not isomorphic to any of its proper
homomorphic images. Equivalently, any surjective endomorphism of S is injective
and thus an automorphism. Also, we say that a semigroup S is co-hopfian if it is
not isomorphic to any of its subsemigroups. Equivalently, any injective endomor-
phism of S is surjective and thus an automorphism. For further information see
[VRed].

Proposition 8.4.1. Let S be a semigroup which is a disjoint union of finitely many copies

of the free monogenic semigroup. Let ¢ be an endomorphism on S. Then
i) $(N,) C N, wherea,b € A.
ii) If ¢ is surjective then
1) ¢(Ni) € Nj, ¢(Ne) SNy = j # 1.
2) ¢p(a) =b = i=]j.
PROOF. (i) If ¢(a) = b/ then ¢(a’) = b'/ for every i € N. Thus ¢(N,) C N,

(ii) it is clear because if we assume the opposite in both of (1) and (2) we get a
contradiction with the fact that ¢ is a surjective endomorphism . O

Theorem 8.4.2. Every semigroup S which is a disjoint union of finitely many copies of
the free monogenic semigroup is hopfian.

PROOF. It is well-known that every finitely generated residually finite group or
semigroup is hopfian by [Mal40] and as we know that S is finitely generated and
residually finite by Theorem 8.3.4 and then S is hopfian. Additionally, we can
prove it easily by Proposition 8.4.1. O

Remark 8.4.3. Notice that S is not co-hopfian because there is a subsemigroup T of
S where T = S. For instance the semigroup of even numbers 2N is a subsemigroup
of N and 2N = IN.

8.5 Commutative semigroups

A semigroup S is rational if, for each a,b € S, there exist integers m, n such that
a™ = b". This semigroup has also been called power joined see [Lev68]. Archimedean

semigroup is a semigroup with the property that for every a,b € S thereisn € IN
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such that a|b”, which means that each element in S divides a power of another

element.

Theorem 8.5.1 ([MO70], Theorem 3.4). A finitely generated Archimedean semigroup

without idempotents is a rational semigroup.

Theorem 8.5.2. A commutative semigroup S is a finite disjoint union of copies of the free
monogenic semigroup if and only if it is a strong semilattice of copies of the free monogenic

semigroup.

PROOF. (=) Suppose that S is a disjoint union of n copies of the free monogenic
semigroup. Since S is commutative, S is a semilattice of commutative Archimedean
semigroups see ([Gri95], Theorem 4.2.2). Thus each component of the semilattice
is a finitely generated semigroup without idempotents. Therefore, by Theorem
8.5.1, each component is a rational semigroup which implies that each component
must have only one copy of the free monogenic semigroup. Hence the semilattice
is of order n. So we have a semilattice Y = {aq,a5,...,a,} where each element
of Y we assign a semigroup N, such that ainj = ; if N,XZ.N,X], - N,Xj (notice that
ab = bk,a € Ny, b € N,Xj,k € IN) and to each pair of elements «;, aj we assign
a map ¢u,o; of Ny, into Ny; with C/’a,,aj(ll) = b1, Also there is an identity map
P, ON Ny, for every i € {1,2,...,n}. Clearly, o 0;Puj0; = Puia; if @i > aj and
Puy 0 P ; = Puci if a; > aj. Now, notice that

a'b = a !

— ax_zbkbk_lby_l

— ax—(x—l)bkb(k—l)(x—Z)by—l
_ bkbk—lb(k—l)(x—Z)by—l

_ bkx—x+y

and
bop (@) pp p(0Y) = b*FVpY = pF >+ = g¥py.

The above argument works for every k > 1 and a small modification is needed for
the case k = 1 as we have mentioned in the proof of Theorem 4.3.1. This based on
the same idea as near Rees matrix semigroup, but this time for strong semilattices
of semigroups. More precisely, we adjoin the identity to N,; and let S =N, U Nijj .
Next define ¢y,o;(a) = 1o, to form S into a strong semillatice of semigroups with
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multiplication ab = ba = b. Finally let S = N, LI Naj < S. Therefore
S = S[Y;{Nai ;€ Y},‘ {(P“if"‘j PG, K eY,un; > OC]H

Thus S is a strong semilattice of n copies of the free monogenic semigroup.
(<) Obvious by the definition of the strong semilattice of semigroups.
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CHAPTER
NINE

DECIDABILITY FOR DISJOINT UNIONS OF FINITELY
MANY COPIES OF THE FREE MONOGENIC
SEMIGROUP

9.1 Introduction

In this chapter we prove that any semigroup S which is a disjoint union of finitely
many copies of the free monogenic semigroup N has decidable word problem.
Furthermore, our proof of finite presentability for S provides an explicit solution to
the word problem as is shown in the second section of this chapter. In addition we
look at the subsemigroup of S and itself is a finite disjoint union of subsemigroups
of the free monogenic semigroups as well. Subsemigroups of the free monogenic
semigroups, and in particular the so called numerical semigroups (subsemigroups
of finite complement) have been subject to extensive investigation over the years;
see [RGS09] for a comprehensive introduction. We take a complementary view-
point, instead of looking at subsemigroups of N, we investigate semigroups which
are ‘composed’ of finitely many subsemigroups of the free monogenic semigroup
N. Now we introduce necessary well-known theorems about subsemigroups of
the natural number semigroup IN. We will use these theorems to devise an algo-
rithm to solve the subsemigroups membership problem in the third section of this
chapter.
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9.2 Word problem

A semigroup S generated by a finite set A, has a soluble word problem (with re-
spect to A) if there exists an algorithm which, for any two words u,v € A™, decides
whether the relation # = v holds in S or not. For finitely generated semigroups it
is easy to see that solubility of the word problem does not depend on the choice of
(finite) generating set for S.

In order to prove that the semigroup S which is a disjoint union of finitely
many copies of the free monogenic semigroup, has a soluble word problem, we
need some additional information about the presentation in Section 8.2. In [AGR13]
we proved that the semigroup S has the finite presentation

(Al d*b = [a(a,k,b, 1)@k (b e A, ke {1,2,...,j} CN))  (9.1)

Now we introduce the necessary Lemmas from Chapter 8 to add more informa-
tions to the presentation (9.1). In Chapter 8 we have introduced the set

T(a,x,b) ={y € N; : yx € Ny} (a,b€ A, x €3),
which played a significant role in the proofs. By Lemma 8.1.5 we have

No= | | T(a,x,b),
beA

foranya € A and x € S. Lemma 8.1.6 describes the set T'(a, x, b) as follows:
If T = T(a,x,b) is infinite then there exist sets F = F(a,x,b), P = P(a, x,b) such
that the following hold:

() T=FUP;

(i) P = {aP™ . t € No} for some p = p(a,x,b),q = g(a,x,b) € N and
AP0 & T

(iii) F C {a,...,aP~1} is a finite set.

And then by Lemmas (8.1.9, 8.1.10, 8.1.12) we proved that The sets
{q(a,x,b) : a,be A, x €S}, {p(a,x,b) : a,be A, x €S}, {F(a,x,b) : a,be A, x € S},

are finite. After this we proved that the set
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{T(a,x,b) : a,be A, x €S}

is finite by Lemma 8.1.13.
Now we specify the presentation (9.1) as follows. Since there are finitely many
differences g in S by Lemma 8.1.9, take the the least common multiple (LCM) of all
these differences D. Thus

Rzlz,b = U {aib = CZEZ?Z; ti=1,...,r(ab)},

Ryp = | {a"b = "), ak+Pp = TPV 10 b) 41 < k < #(a,b) + D},

9.2)
and then we get the required presentation as
R= |J (R, URyp),
abeA
where k = [D, [ > 1. Notice that from (9.2) we have
KDy — a[)cz(a,k,b) _ Cz(a,k—i—D,b) (9.3)

So within T'(a,b,c) we have finitely many arithmetic progressions P; by Lemma
8.1.10, where f is the remainder of division of r(a,b) + g by D for every q €
{1,2,---,D} as follows:

Py = {ar(a,b)Jrl, ar(a,b)+1+D, ar(a,b)+1+2D, o },

P, = {ar(a,b)—l—zl ar(a,b)—l—Z—i—D/ r(/z,b)+2+2Dl o }/

a

Pp 4 = {ar(a,b)+D’ ar(a,b)JrZDl ar(a,b)+3D/ o }

Lemma 9.2.1. In S, if we had a°b = ¢/ then we can determine j in a finite number of steps.

PROOF. If the relation a°b = ¢/ belongs to R, we are done. Now, suppose that the
given relation does not appear in R, that means s > k where k = [D for some |
and then s = hD + t where 0 < t < D and thus a° € P;. Notice that P; starts
with the two elements a”(#0)+(t+1) - gr(@b)+(t+1+D) and by doing some calculations

as follows:
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First we know that
s =hD +t,

and
s—r(a,b)—t—1=hD+t—r(a,b)—t—1=fD

for some f. Thus,
hD = fD +r(a,b) + 1.

So,
s=r(ab)+t+1+ fD,

which means that a° is in the f position. Hence,

b = gf DHr(ab)+t+1y,

= aDgD e aD ar(a/b)+t+1b
_\/_/
f
_ DD p t(ar@b)+t+1b)
- u\,ix Cr(a,b)+t+l (by (9.2))
f
_ D p t(ar(ab)+t+1+Db)

%',Lcr(a,b)—&-t—kl
f-1

(by (9.3))

T (a,r(a,b) +t+1+fD,b)
o Cr(a,b)+t+1

Therefore, we can obtain j in finitely many steps. O

Theorem 9.2.2. Every semigroup which is a disjoint union of finitely many copies of the
free monogenic semigroup has soluble word problem.

PROOF. Let S = | |,c4 Nu, and N, = (a). Thus the Algorithm is as follows:

Input: u,v € At and u = xx3 - - xy and v = Ny

everyl <k <mand1l<I[ <n.

: -y;”, where xi,y; € A for

Output: u = v or u # v.

Step 1. Take D = LCM of all differences.

Step 2. Put k = DI for some [ > 1.
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Step 3. Specify the presentation (9.1) as follows:
, i
Rél,b = U {ﬂlb = ngzzbg tl= 1,...,r(a,b)},
Ra,b _ U {akb _ Cz(u,k,b)’ ak+Db — C}'{f(a,k+D,b) k= r(g’ b) +1,..., r(g/ b) + D},

and then the required presentation is

R = U (R;Ib URyp).
abecA

Step 4. For every T(a, b, cy) in S arrange the arithmetic progressions as follows:

P = {ar(a,b)+t+1’ ar(a,b)+t+1+D’ r(a,b)+t+1+2D,_ - },

a

wheret € {0,1,---,D —1}.

Step 5. Transfer u to its normal form as follows:

= il iz... im
u_xlxz X

m
_ (i i—1 i
= (xf'x2)xy - o-xpn
_ 1,1 i
=X Xy X (by Lemma 9.2.1)
— (412 =2 i
= (xl.lzxz)x2 x.

So, by taking the first power xlf with the next first element x; in i, time, we

get rid of x7 and using the same process with all x3,x}, - - -, x;i", we ends

with fo after ip + i3 + - - - + iy, step. So we have u = fo.

Step 6. Transfer v to its normal form x}N analogously to step 5 .

Step7. If | = J and Iy = Jn then u = v, otherwise u # v.

Therefore, S has soluble word problem. O

9.3 Subsemigroup membership problem

A finitely generated semigroup S has a soluble subsemigroup membership prob-
lem if there exists an algorithm which for any x € S, decides whether x € T or not

where T is a finitely generated subsemigroup of S.
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Now we introduce necessary well-known theorems about subsemigroups of
the natural number semigroup IN. We will use these theorems to devise an algo-
rithm to solve the subsemigroups membership problem for the semigroup under

consideration.
Corollary 9.3.1. Every subsemigroup of N is finitely generated.

PROOF. This corollary is well known and the proof is not hard as follows. Sup-
pose that S is a subsemigroup of IN and the greatest common divisor of S is 1.
Thus the generating set for S is SN {1,2,...,2k} where k € IN such that for
everyn > k : n € S and this because if m > 2k then m = gk + f. Thus
m=(g—1)k+k+ fwherek+ f € SN{1,2,...,2k}. O

Fact: If S is a subsemigroup of IN then the greatest common divisor (g.c.d) of S is
the g.c.d of the generator set of S.
Theorem 9.3.2 ([Hig72], Theorem 1). Let S be a subsemigroup of IN, then

i) Thereis s € IN such that forn >s, n € S, or

ii) Thereisn € IN, n > 1 such that n is a factor of all s € S.

We prove this theorem as the proof itself leads us to Corollary 9.3.5.

PROOF. Assume that there exist sy, sy, ...,s, € S such that the g.c.d of the collection
(s1,82,.-.,5m) is 1. Let S’ be the subsemigroup of IN generated by {s1,s2,...,5m},
notice that S’ C S. Lets = 2s1s;...5y, and for b > s, since the g.c.d of (s1,52,...,5m)
is 1, we may find integers a1, a2, ..., &y, such that ays; + - - - + a5, = b.

Hence there exist integers g; and r; such that &; = g;s1...5;_1S;41...5s + r; where
0<r <s1...5.1Si+1..-5m (i =2,3,...,m). Now put

Br=wa1+ g2+ -+ qm)sass...5m, Bi=r1i, (i=2,3,...,m).
Thus b = B151 + B2s2 + - - - + Bmsm- Note that §; > 0fori =2,3...,m. But since
Bosa+ -+ BmSm = 1250+ -+ TmSm < 25152...5, < b,
clearly 81 > 0. O

Thus there are two types of subsemigroups of IN. The first type contains all
natural numbers greater than some fixed natural number, and will be called rela-
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tively prime subsemigroups of IN. The second type is a fixed integral multiple of a

relatively prime subsemigroup.

Corollary 9.3.3. Every subsemigroup of N has the form
FUDy g4,

where F is a finite set and Dy g = {da : a > N'}.

Definition 9.3.4. Suppose that the semigroup S is generated by {ny,ny, - - -, ni}. If
there exist two elements d, N/ € S and a set F C S such that

F=Sn{12,--- ,N —1};
SN{N,N+1,---} ={dk : ke N, dk > N},
then we say that S is defined by the triple [d, N/, F].

Corollary 9.3.5. Suppose that S is a subsemigroup of the natural number semigroup IN.
Suppose that S is generated by nyi,ny,- -+ ,ng. Then S is defined by the triple [d, N, F]
where d is the greatest common divisor of {n1,ny, - -+, ny},

N = 2dn1n2 c s Ny,

and
FC{1,2,---,N -1}

PROOF. Follows immediately from Theorem 9.3.2 and Corollary 9.3.1.

Corollary 9.3.6. Suppose that S is a subsemigroup of the free monogenic semigroup N.
Suppose that S is generated by a™,a",- - - ,a". Then S is defined by the triple [d, N, F]
where d is the greatest common divisor of {a™,a"2,--- ,a"},

N = a?da™a™ - . g™,

and
F C {a,aZ,--- ,aNfl}.

PROOF. Directly by Corollary 9.3.5. OJ
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After understanding how subsemigroups of N behaves we are ready to start
designing the algorithm. Since

S=NUNyL---UNy,
and T is a subsemigroup of S, then
T=T,UT,U---UT,,
where T; < N; forevery i € {1,2,--- ,m}. Consequently, the generator set for T is

Ar= | A
i€{1,2, m}

where Ar, is the generator set of T; for every i € {1,2,---,m}. Thus T is finitely
generated ([ABF'01], Proposition 3.1).

Lemma 9.3.7. Suppose that the subsemigroup U; = (N; N Ar) is defined by the triple
[dj, N, Fj|. Then there is an algorithm which takes arbitrary U;, U; and b € At and test
whether

UbN N; C U;

or not.

PROOF. Let a]r- € U;b N N;. Then

d;h;
r . r . r 77 1. . J pp— .
a; € U — a; € F; or a; = a; for some d]h] > d]t] where d]t] = /\/]

by Corollary 9.3.5. O

Remark 9.3.8. We use the phrase ” description (Uy, - - - , Ug)” by which we mean
" U-- - U U

Theorem 9.3.9. Every semigroup which is a disjoint union of finitely many copies of the

free monogenic semigroup has a soluble subsemigroup membership problem.

PROOF. Let S be such a semigroup, with all the foregoing notation remaining in
tforce. Then the Algorithm is as follows:
Input. T = (A7) and T < S, x € S.

Output. x € T or not.
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Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Define each U; = (N; N Ar) by the triple [d;, NV}, Fj], for every 1 < j < m.

Check if
(u1, uZI' T /um) — T/

which means check whether

3

Uix C | JU;foreveryi e {1,2,---,m} and for every x € Ar,

i=1

by Lemma 9.3.7. If yes then go to step 5. If there was a;'x = a]r.j and a]r.j ¢ U;
then go to step 2.

Add the missing element a]r.j to U; and then we have
(+1) _ ’j
u] - <AU] Ua i >/
and then we have the new description

(ull UZI oy uj—l/ u]‘(+1)/ uj+1/ Tty um)/ (94)

We start again with the new description (9.4) and we keep adding these

missing elements with alli € {1,2,--- ,m}.

We reach to the final description

(ui‘f'sl), ué-‘rSz), . u'("‘rS]'), . u’s;rsm)) —T.

Which means that U;Hi )b - Lnj LII.HS") for every b € Ar and for every j €

{1,2,---,m} and that becausze_ 1as we explained before each Uj is defined

by the triple [d;, NV}, F;]. So if we add an element a]r-j to U; that means, by

Corollary 9.3.3, we reduce the gaps in F; and they are finite, or we reduce

the difference d; and we can do this just finitely often. Thus we add finitely

many elements in each Uj, which implies that this process terminates. So
(+s)

now each u;, "is defined by the triple

(hs) pr(hsi) sy
N E T
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Step 6. If we were given x = azh € S and we want to see if x € T or not then we

just take this element and see in LI}(IH“) if

at e F}EJFS’J,
or
r, = dﬁsh)k for some d£l+sh)k > d}(fsh)t where déJrsh)t = ./\f;l(JrSh),
then x € T otherwise x ¢ T. O

Remark 9.3.10. Since residual finiteness is preserved under taking substructures,
the subsemigroup of the semigroup which is a disjoint union of finitely many

copies of the free monogenic semigroup is residually finite by Theorem 8.3.4.
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CHAPTER
TEN

CONCLUDING REMARKS AND CONJECTURES

Arguably, the free monogenic semigroup N is the most fundamental commutative
semigroup. It is well-known that all finitely generated commutative semigroups
are finitely presented and residually finite. Finite presentability was first proved
by Rédei [Réd65]; see also [Gri95, Section 9]. Residual finiteness was proved by
Malcev [Mal83]; see also [Car01] and [Lal71]. In this thesis we have shown that
disjoint unions of copies of N (which, of course, need not be commutative) in this
respect behave like commutative semigroups. It would be interesting to know if

this generalises to unions of commutative semigroups.

Question 1. Is it true that every semigroup which is a finite disjoint union of finitely gen-
erated commutative semigroups is necessarily: (a) finitely presented; (b) residually finite?

By way of contrast, there is no reason to believe that our results would generalize
to disjoint unions of copies of a free (non-commutative) semigroup of rank > 1.
We proved in Chapter 6 that every balanced semigroup which is a disjoint union
of two copies of the free semigroup of rank two is finitely presented and residually
finite and this because we put a condition which is the product of any two gener-
ators preserves length. So what if we removed this condition, is it still the same
result?

Question 2. Does there exist a semigroup S which is a disjoint union of two copies of a
free semigroup of rank two which is not: (a) finitely presented; (b) residually finite?

We proved in Chapter 7 that every rectangular band of finitely presented semi-
groups is finitely presented (Theorem 7.2.1), and we proved the same theorem
about residual finiteness but in the free monogenic semigroups case (Theorem
7.4.3). We therefore pose the following question.
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Question 3. Is every semigroup which is a rectangular band of residually finite semi-

groups residually finite?

Finally, we investigated in Chapter 9 how the subsemigroups of disjoint unions of
finitely many copies of the free monogenic semigroup behave and we show that
such semigroups are finitely generated and residually finite by the facts that each
subsemigroup of N is finitely generated, and residual finiteness is preserved under

taking substructures.

Conjecture 4. Every subsemigroup of every semigroup which is a disjoint union of finitely
many copies of the free monogenic semigroup is finitely presented.

We have thought about this conjecture and we tried to follow the same technique,
which we believe in the rightness of it, in the proof of the Theorem 8.2.1 but we
faced some complicated notations that prohibited us from continuing the proof as
it follows:

Wehave S = || N, T < Sand T = LI N/ where N/ < N; for every i €
acA ie{1,...m}
{1,...,m}. Also T is generated by the set A7. Thus the set

W = {(a")", (a)"™(@)" : a',al € A7, m,n € N},

is the set of normal forms for T. Hence for any m, m’,n,n’" € Ny, there exist unique
a(a',m,al,m',b%,n,b!,n’) € Ar and x(a’,m,a/,m’, b, n,b',n") € N such that

al,m,al,m! b6 bl n')

()™ (@)™ (VY (WYY = [a(al, m, a, m’, b5, n, b, n’)]K( (10.1)
So the generators At and relations (10.1) provide an infinite presentation for T.
Now the difficulty appears when we want to prove that the relations (10.1) are
consequences of the relations
. . ) . i ik o 3l

()™ (@) (85" (b)) = [a(a, m, al, bF, m, By (102)
and as far as we are concerned, such a notation is not “nice” to complete the proof
although it is doable.

Now we will list some open questions which are related to some finiteness condi-
tions for the semigroup which is a disjoint union of finitely many copies of the free

monogenic semigroup.
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Question 5. Does every semigroup which is a disjoint union of finitely many copies of the
free monogenic semigroup have a finite complete rewriting system?

Question 6. Is every semigroup which is a disjoint union of finitely many copies of the
free monogenic semigroup automatic?

Question 7. Is every semigroup which is a disjoint union of finitely many copies of the

free monogenic semigroup FA-presentable?

Question 8. Is every semigroup which is a disjoint union of finitely many copies of N

unary FA-presentable?

For the background of the last 4 questions see [BO93], [CRRTO01, HT03], [CORT09],
[CRT12], respectively.
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