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Chapter 1

Introduction

The purpose of this thesis is to study the Morita equivalence of semigroups.
Our approach consists in studying Morita equivalence classes of some ‘nice’
semigroups and obtaining various Morita invariants, i.e, properties that are
shared by all members of the same equivalence class. Additionally, we study
the lattices of relations of Morita equivalent semigroups. Finally, we dedicate
a chapter to the study of perfection for semigroups in order to determine when
this property is a Morita invariant.

1.1 Background

Two rings with identity are regarded to be equivalent if the categories of
modules over those rings are equivalent. Such a relation was first investigated
by Kiiti Morita in the 1950s and is nowadays called Morita equivalence in
his honour.

Two semigroups are regarded to be the same if they are isomorphic but
it is hopeless to try and characterise all semigroups up to isomorphism —
even the characterisation problem of finite simple groups remained open for
over a century and was solved only recently. The idea of Morita theory of
semigroups is to find a (significantly) weaker equivalence relation than iso-
morphism on the class of all semigroups and attempt to study the equivalence
classes. Morita equivalence of monoids was first independently investigated
by Banaschewski [5] and Knauer [25] regarding two monoids to be equivalent
if the categories of right acts, satisfying the identity x1 = z, are equivalent
— similarly to how it was done by Morita in the case of rings with identity.

A useful tool in the study of Morita equivalence is a construction nowa-
days referred to as a ‘Morita context’, which is also implicit in Morita’s work,
and was formally introduced, as we use it now, by Bass [7, 8] for rings with

7



8 CHAPTER 1. INTRODUCTION

identity under the name ‘set of pre-equivalence data’. The term ‘Morita con-
text” appeared for it around 1970 in works of Amitsur, Miiller and Stenstrom.
It was taken over to the semigroup case by Talwar [47, 48]. While equiva-
lence of categories makes it clear that Morita equivalence is an equivalence
relation, equivalence functors are sometimes difficult to work with. It is re-
cently determined that Morita equivalence of factorisable semigroups can be
expressed via certain kinds of Morita contexts. Morita contexts have proved
useful, for instance, in determining various Morita invariants of semigroups.

Given a semigroup, one obtains a category called the Cauchy completion
whose objects are the idempotents of that semigroup. A distinguishing aspect
between rings and semigroups is that the Cauchy completions of semigroups
are used to describe Morita equivalence of semigroups with local units [38, 30]
and finite semigroups [36].

Enlargements of semigroups are certain factorisable semigroups, which
again are used to describe Morita equivalence of semigroups with local units
[38]. Idempotent rings are the ring theoretic equivalent of factorisable semi-
groups. For Morita theory of rings, enlargements provide a description of the
Morita equivalence of all idempotent rings [51]. It is not known, whether an
analogous description exists for all factorisable semigroups.

1.2 Overview of the thesis

This thesis consists of seven chapters. The first chapter is the introduction,
where we outline our goals, make some historical remarks regarding Morita
theory and give an overview of the thesis.

In Chapter 2 we shall go over some preliminaries which are necessary
to understand the material presented throughout the thesis. We specify
some subclasses of semigroups and recall various notions pertaining to acts
over semigroups and category theoretic terminology. Additionally, we shall
remind the reader of tensor products of acts over semigroups.

In Chapter 3 we shall define Morita equivalence of semigroups, Morita
contexts connecting two semigroups as well as Cauchy completions and en-
largements of semigroups.

Chapter 4 is based on the author’s article [40]. It was already known
that two Morita equivalent monoids are enlargements of one another [5, 25].
As a generalisation, we shall show that the enlargements of a monoid are
precisely the factorisable semigroups Morita equivalent to that monoid. It
is also already known that the strong Morita equivalence class of groups
contains completely simple semigroups [26, 38]. We shall show that the
enlargements of a given group are precisely Rees matrix semigroups over
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that group. As a consequence, complete simplicity is a Morita invariant for
factorisable semigroups.

Chapter 5 is based on the author’s article [41]. We shall study strict local
isomorphisms, which, for instance, are used to describe Morita equivalence of
semigroups with local units [30]. We show that such morphisms emerge natu-
rally from Morita contexts and give a recipe for constructing such morphisms
for a smaller subclass of semigroups. Additionally, a Morita context gives
rise to Morita semigroups [48], which we shall use to describe Morita equiv-
alence of firm semigroups. We shall also show that the construction given
in [30] can be used to describe Rees matrix semigroups over firm semigroups
in terms of Morita semigroups. Finally, we show that some results for dual
pairs obtained by Hotzel [17] in the case of monoids also hold for semigroups
with weak local units. In particular, a Morita semigroup determined by a
dual pair is identified with a semigroup of pairs of adjoint endomorphisms.

Chapter 6 is based on the author’s article [42]. Galois connections emerg-
ing from Morita contexts connecting two rings have been studied by Kashu
[20] and a semigroup analogue was later developed by Paseka [44]. The main
results in both authors’ articles are obtained for Morita contexts which satisfy
an array of extra conditions while imposing no restrictions on the underlying
rings or semigroups. We shall make use of some of the mappings defined in
[44], however, we prefer to work with the more familiar unitary surjective
Morita contexts. To compensate, we shall assume the presence of common
weak local units in the semigroups. We shall see that such Morita equiva-
lent semigroups must have isomorphic lattices of compatible relations, weak
congruences, tolerances and congruences. A similar result for the lattices of
congruences is also established in [31].

Chapter 7 is based on the joint work [29] with supervisor Valdis Laan.
Perfect monoids were defined by Isbell [19] who showed that a monoid is left
perfect if and only if it satisfies two conditions labelled as (A) and (D). Fur-
ther descriptions for perfect monoids were provided by Fountain [13]. Since
then perfectness of monoids and pomonoids have been described by many au-
thors. We define right perfect semigroups and show that some descriptions
known from the monoid case can be transferred to the case of factorisable
semigroups. In addition, we show that a factorisable semigroup S is right
perfect if and only if all right sequence acts over S are projective in the
category of all unitary right S-acts. We conclude that the subclass of per-
fect semigroups contains all nilpotent semigroups, all completely (0-)simple
semigroups and that perfectness is a Morita invariant for factorisable semi-
groups.






Chapter 2

Preliminaries

2.1 Semigroups, acts and categories

Let S be a semigroup and U,V C S. We denote
UV ={uweS|uel veV}.

Recall that an element e € S is called an idempotent if ¢ = e. The
subset of idempotents of S is denoted by E(S). It is well known that every
nonempty finite semigroup contains at least one idempotent. We shall often
be considering the following subclasses of semigroups.

Definition 2.1. A semigroup S is said to
e be factorisable if §% := SS = S;

e have weak local units if for every s € S, there exist u,v € S such
that us = s = swv;

e have local units if for every s € S, there exist idempotents f,e € S
such that fs = s = se.

We recall the notion of an act over a semigroup, which is the semigroup
theoretic analogue of module over a ring.

Definition 2.2. Let A be a set and S a semigroup. Amap - : A x S— A
such that (a,s) — a- s, is called a right S-action on A if

(Va € A)(Vs,s' € S)((a-s) s =a-(s5)).

A set A equipped with a right S-action is called a right S-act and denoted
by As. Left S-acts ¢A are defined dually.

11



12 CHAPTER 2. PRELIMINARIES

Let Ag be a right S-act equipped with a right S-action -. Instead of writing
a - s, we usually omit the symbol - and write simply as.

Definition 2.3. Let Ag and Bg be right S-acts. A map ¢ : Ag— Bg is
called a right S-homomorphism if

(Va € A)(Vs € S)(p(as) = p(a)s).

The category of all right S-acts with the right S-homomorphisms as mor-
phisms is denoted by Actg. Left S-homomorphisms for left S-acts are
defined dually and the category of all left S-acts is denoted by gAct.

We shall omit the designation ‘left’ or ‘right’ whenever it is clear from context.

Definition 2.4. Let S and T be semigroups. A set A is called an (S,7T)-
biact if A is both a left S-act and a right T-act and also satisfies the condition

(Va € A)(Vs € S)(Vt € T)((sa)t = s(at)).
An (S, T)-biact A is denoted by gAr.

In particular, there is a biact ¢S5 where the right and left S-action on the
set S is defined using the multiplication of the semigroup S.

Definition 2.5. Let s Ar and gB7r be (S, T')-biacts, where S and T are semi-
groups. A map ¢ : gAr — sBr is called an (S,7T)-homomorphism if ¢
is both an S-homomorphism and a T-homomorphism. The category of all
(S, T)-biacts with the (S,T)-homomorphisms as morphisms is denoted by
SACtT.

We shall call S-homomorphisms and (S5, T")-homomorphisms respectively S-
morphisms and (S, T)-morphisms for short. If the roles of the semigroups
are clear then we sometimes also call them morphisms and biact morphisms
respectively.

Definition 2.6. A right S-act Ag is called unitary if
A=AS:={as|a€c A se S}

We denote by UActg the full subcategory of Actg, where the objects are all
unitary right S-acts. Unitary left acts are defined dually. An (S,T)-biact
sAr is unitary if both ¢A and Ar are unitary.

In other words, unitarity for Ag means that for every a € A, there exist
a' € A and s € S such that a = d's.
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Remark 2.7. Note that if S is a monoid with the identity element 1, then
an act Ag is unitary if and only if al = a for every a € A.

We assume the reader is familiar with the notions category, subcategory and
functor. Let C be a category. We denote the class of objects of C by Cy
and denote the set of morphisms from A to B by C(A, B), where A, B € Cy.
Compositions shall be denoted from right to left. So if ¢ € C(A, B) and
Y € C(B,C), then Yo € C(A,C). We regard the following well known result
as a definition.

Definition 2.8. A functor F' : C — D is called an equivalence functor
if F'is fully faithful and essentially surjective. Two categories are called
equivalent if there exists an equivalence functor between them. An equiva-
lence functor is an isomorphism of categories if it also induces a one-to-one
correspondence between the classes of objects.

We also recall the notion of skeleton [1].

Definition 2.9. Let C be a category. A full subcategory C’ of C is called a
skeleton of C if
(VA € Cp)(FA € Cp)(A = A

and any two objects of C" are isomorphic only if they are equal.

It is easy to see that the canonical embedding C' —C, where C’ is a skeleton
of a category C, is an equivalence functor. The Axiom of Choice implies that
every category has a skeleton. Any two skeleta of the same category must be
isomorphic (cf. Proposition 1.4.14 in [1]). We shall see that for factorisable
semigroups, the equivalence of their Cauchy completions is necessary for the
Morita equivalence of the semigroups. In some cases it is easy to see that the
Cauchy completions cannot have isomorphic skeleta and therefore cannot be
equivalent.

2.2 Tensor products

We recall the notion of tensor product of acts. This section is based on
Chapter II Section 5 in [24] but the notions and results are adopted to the
semigroup case. Let ¢P € gAct and Qs € Actg, where S is a semigroup.

Definition 2.10. A mapping ¢ : Qg X sP —C, where C'is a set, is called
S-balanced if ¢(gs,p) = ¢(q,sp) for all p € P,g € @Q and s € S.
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Definition 2.11. Let A be a set and 7 : Qg X sP —=T an S-balanced
mapping. The pair (7, 7) is called a tensor product of Qg and sP if for
any set C' and S-balanced mapping ¢ : Qg x ¢ P — C' there exists a unique
mapping ¢ : T'— C' such that the diagram

T
/ KA
z C

Qs x sP

commutes.

The map 7 in the above definition is sometimes also called a universal
morphism because it satisfies the specified universal property. Tensor
products of acts are unique in the following sense.

Proposition 2.12. Let (T, 1) and (T',7") be tensor products of sP € gAct
and Qg € Actg. Then T and T' are isomorphic as sets.

As in the case of modules over rings, there is a canonical way to construct the
tensor product of two acts. Let ¢ be the equivalence relation on the direct
product Qg x ¢P generated by the subset

{((g5,p),(q,sp)) Ip€ P,g € Q,s € S}.

Denote the quotient set (Q x P)/9 by Q ®g P and the equivalence class of
(¢,p) by ¢ ® p, where p € P and q € ). So,

RQesP={q@p|pePqgeQ}.

In particular, ¢gs ® p = ¢ ® sp holds for every p € P,q € @ and s € S. We
denote the canonical projection onto the quotient by ®g. It maps a pair
(¢,p) to ¢ ® p. In case of acts over semigroups, there is a convenient way to
determine, whether ¢ ® p = ¢ ® p’ in Q ®g P. We denote by S* the monoid
obtained from S by adjoining the external identity 1. If Q)¢ is an S-act and
q € Q, then g1 will be interpreted as q.

Lemma 2.13. Let gP € gAct, Qs € Acts p,p’ € P and q,¢ € Q. Then
qRp=q¢ p in QRXg P if and only if there exist

p17"‘7anP7 q17"'JQH—1€Q7 and Tla"’7rn7517"'7SnES1
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such that
™mpr = P
qri = ({151 ep2 = S1P1
qir2 = ({252 r3ps = S2P2 (2 1)
qn—2Tn—1 = {qn—-15n—1 "'nPn = Sp—1DPn—1
Gn—1Tn = qlsn p, = SnPn-

The scheme presented in (2.1) is called an S-tossing connecting the pairs
(¢,p) and (¢, p') in Q& P.

Theorem 2.14. Let P € sAct and Qg € Actg. Then QQ ®g P together with
the canonical projection Xg is a tensor product of sP and Qg.

We shall refer to (Q ®g P as the tensor product of Qs and gP. If the role of
the semigroup S is clear, then we shall omit the subscript and write simply
@ ® P and denote the canonical projection by the symbol ®.

Maps defined on quotient sets must be verified to be well defined in the
sense that images do not depend on the choice of representatives of the equiv-
alence classes. In the case of tensor products of acts over semigroups, this
verification can be achieved with the help of Lemma 2.13. In the case of
modules over rings, however, no such analogous criterion is known. The uni-
versal property described before lends us the more common way of checking,
whether a map defined on a tensor product is well defined.

Proposition 2.15. Let QQg, sP be S-acts and ¢ : Q x P—=C be an S-
balanced map. Then there exists a unique map ¢ : Q ®g P — C such that

p=po®, te plg®p)=¢(q,p) for allqg € Q and p € P.
In particular, we can form tensor products of morphisms.

Corollary 2.16. Let ¢ : Ag—Cy and ¢ : §B — gD be S-morphisms.
Then the map

pRY:AR®s B—C®sD, (p®1)(a®Db):=yp(a)@Y(b),
is well defined.

If P € gAct and 7(Q)s € 7Actg, then the tensor product Q ® P can be
viewed as a left T-act, defining t(¢ ® p) := tq ® p whenever p € P,q € Q) and
t € T. The tensor product () ® P of biacts sPy € gActy,, where W is a
semigroup, and 7Qg € rActg can be regarded as a (7', W)-biact, where

tlqep)=tg®p and (¢@p)w:=q® pw

forevery pe P.qe Q,t €T and w € W.






Chapter 3

Morita equivalence of
semigroups

Two rings are Morita equivalent if the categories of modules over those rings
are equivalent. For semigroups the idea of such category based equivalence
was first independently explored by Banaschewski [5] and Knauer [25], who
regarded two monoids to be Morita equivalent if the categories of acts over
those monoids are equivalent. Banaschewski [5] also showed that if the cate-
gories Actg and Acty for semigroups S and 1" are equivalent, then the semi-
groups S and T are isomorphic. Thus, to have a meaningful notion of Morita
equivalence for semigroups in terms of equivalence of categories of acts, these
categories should be restricted. One possible approach is to consider the sub-
categories of ‘fixed acts’, which was done by Talwar [47]. Such acts, which are
defined in a rather complicated manner, were later shown to coincide with
‘firm’ acts in the case of semigroups with local units [38] and factorisable
semigroups [35].

Definition 3.1. A right S-act Ps is called firm if the map
pp: P®sS—P, p® s+ ps,

is bijective. A semigroup S is called firm if Sg is firm as an S-act, that is,
the map
ps : S ®gS—=S5, s®s — ss,

is bijective. We denote by FActg the full subcategory of Actg where the
objects are all firm acts.

Remark 3.2. An S-act Pg is unitary if and only if up is surjective. Thus,
all firm acts are unitary and FActg is a full subcategory of UActg.

17
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The term ‘firm’ comes from ring theory [45]. Lawson [38] uses the term
‘closed’ for the same notion. For semigroups the following implications hold:

monoid = local units = weak local units (:*g firm = factorisable.

The implication (x) follows from Proposition 2.4 in [33]. The following defi-
nition of Morita equivalence was first used by Lawson [38].

Definition 3.3. Semigroups S and 7' are called Morita equivalent if the
categories FActg and FActr are equivalent.

Remark 3.4. Let S be a monoid with identity 1 and Ps a unitary S-act.
Then the equality ps = p’s’ in P implies that

psl=psdeleprsl=pPesleprs=p s

in the tensor product P ®¢ S. So pp is injective. By Remark 3.2, up is
surjective. Thus, unitary acts over monoids are firm as acts over semigroups.
In categorical terms, UActg = FActg for every monoid S.

Hence, two monoids are Morita equivalent as semigroups if and only if they
are Morita equivalent in the sense of [5] and [25].

3.1 Cauchy completions and Morita contexts

In the case of semigroups, Morita equivalence has ties to the category equiv-
alence of the Cauchy completions (also known as Karoubi envelopes) of the
semigroups.

Definition 3.5. Let S be a semigroup. The Cauchy completion of S is
the category C(S) such that C(S5)y = E(S), the morphism sets are given by

C(S)(e, f) = A{(fs,€) € {f} x 5 x{e} | fse = s}

for all idempotents e, f € E(S) and composition is defined with the equality
(9,8, /)(f,5.€) = (g,5s,e).

It is useful to know when two objects of a Cauchy completion are isomorphic.
We recall some of the well known Green’s relations.

Definition 3.6. Elements s,s" € S are said to be R-related (L-related) if
sS' = ¢St (S's = S1s). Elements s, s’ € S are said to be D-related if there
exists v € S such that sRu L.
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The following lemma is well known.

Lemma 3.7. Let e, f € S be two objects of the category C(S). Then e and
f are isomorphic if and only if eD f in S.

Remark 3.8. Two idempotents e, f € S are D-related if and only if there
exist x,y € S such that zy = e and yx = f (cf. Theorem 2.3.4 in [18]).

Example 3.9. The Cauchy completion of a nonempty semigroup with no
idempotents is the empty category. Such a semigroup is necessarily infinite.

1. The Cauchy completion of the trivial group contains precisely one ob-
ject and the identity morphism on it.

2. The Cauchy completion of (Z, ) contains two nonisomorphic objects 0
and 1 with the morphisms as follows

(1,0,0)

(0,0,0) (0 C 1) k1), kez

(0,0,1)

The objects cannot be isomorphic because Z contains no zero divisors.
Alternatively, one may note that

(17 0, O)<0> 0, 1) = (17 0, 1) # (17 L, 1)7
hence neither morphism between 0 and 1 can be an isomorphism.

3. Let S be arectangular band, i.e, S satisfies the identity zyz = x. Given
e, f € S, we have the equalities

(frz,e)ey, f) = (frzy, /) = (f, feyf, [) = (F /. f)

for all morphisms between e and f. Thus, all morphisms in C(S5)
are isomorphisms. In particular, the endomorphisms are precisely the
identities. Thus, every skeleton of C'(.S) is isomorphic to the Cauchy
completion of the trivial group.

Remark 3.10. It is known that factorisable semigroups Morita equivalent
to the trivial group are precisely rectangular bands [26]. A finite n-element
semigroup S is Morita equivalent to the trivial group if and only if the sub-
semigroup S™ of all products of length n is a rectangular band [36].
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Now we recall the notion of Morita context, which is one of the main tools
in this thesis.

Definition 3.11. A Morita context connecting semigroups S and T is a
six-tuple (S, T, s Pr,7Qs, 0, ¢), where s Pr is an (S, T')-biact, rQs is a (T, S)-
biact and

0:s5(P®rQ)s—=sSs and ¢:7(Q s P)r—=11Tr

are biact morphisms satisfying the identities

Op@q)p' =po(g@p) and ¢0(p@q)=¢(d @p)g.
A Morita context is called
(1) unitary if the biacts are unitary;
(2) surjective if the biact morphisms are surjective;

(3) bijective if the biact morphisms are bijective.

Example 3.12. Let S be a rectangular band. The equality S = SeS implies
that S is an enlargement, in the sense of [39], of the singleton subsemigroup
eSe = {e}. By the observation on p. 192 in [39], we have a unitary surjective
Morita context connecting S and {e}, where sPey = Se, (Qs = eS and
the mappings 6 : Se ®(. eS —=S and ¢ : eS ®g Se — {e} are defined by

O(se @ es’) :=ses’ and ¢(es® s'e) :=e(ss')e =e.

Semigroups that are connected by a unitary surjective Morita context are
called strongly Morita equivalent [48]. Strongly Morita equivalent semi-
groups are necessarily factorisable [30]. It is reasonable to expect there exist
semigroups that are Morita equivalent but not strongly Morita equivalent.

Example 3.13. This is Example 3.7 in [32]. The trivial group is Morita
equivalent to any zero semigroup by Proposition 3.5 in [32]. These are semi-
groups with zero in which all products are zero. On the other hand, such
semigroups containing at least two elements are not factorisable and therefore
they cannot be strongly Morita equivalent to any semigroup.

A natural question is whether Morita equivalence and strong Morita equiv-
alence coincide on the class of factorisable semigroups. This question is
answered in the affirmative in the case of semigroups with local units in [38]
and firm semigroups in [33]. The following recent result permits us to work
with unitary surjective Morita contexts instead of categories of acts.
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Theorem 3.14 (Theorem 4.11 in [35]). Two factorisable semigroups are
Morita equivalent if and only if they are connected by a unitary surjective
Morita context.

By Theorem 1.1 in [38] it follows that if two semigroups with local units
are strongly Morita equivalent then their Cauchy completions are equivalent
categories. This is relaxed further in [30], requiring that the semigroups be
strongly Morita equivalent. The next theorem shows that this implication
is true under weaker assumptions. In particular, it is true when the Morita
context is acceptable in the sense of [27].

Theorem 3.15. Let S and T be semigroups that are connected by a Morita
context (S, T, sPr,7Qs,0,¢) such that E(S) C im(f) and E(T) C im(¢p).
Then the categories C(S) and C(T') are equivalent.

PROOF. The core of this proof is due to Laan [26]. We only require preimages
for idempotents of the semigroups. Let us define an equivalence functor
F : C(S)—C(T). For every e € E(S) choose p. € P,q. € @ such that
e =0(p. @ qe). Put

Ue := (ge @ €pe).
Then

<Qe & epe¢(qe ® epe>>

u? = ¢(ge ® epe)P(ge ® epe) = ¢
¢ (ge @ €d(pe @ qe)epe)
0
Ue

(ge ® epe)

Define F(e) := u.. If (f,s,e) : e— f is a morphism in C(S) then we define

F(fa 576) = (uf>¢(Qf X Spe)7ue)'

We have the equalities

urd(qr ® spe) = ¢(qr @ fpr)d(ar @ spe) = ¢ (ar @ fpsé(qr ® spe))
= ¢ (qr ® fO(py @ qr)spe)
= ¢(Qf ® f8p€>
= (g @ spe).
Similarly, the equality ¢(qr ® spe)ue = ¢(qr ® spe) holds. Thus, F' is well

defined. We show F' is functorial. Firstly, I’ preserves identity morphisms
due to

F(ide) = F(e,e,e) = (Ue, P(ge @ €pe), Ue) = (Ue, Ue, Ue) = idp(e)
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for every idempotent e € S. Let e, f,g € E(S) and s, € S such that
fse =s and gs'f = s’. The equalities

D(qy @ s'pr)d(ar @ spe) = Plqy @ s'pyd(qr @ spe))
= Qb(QQ ® S/fspe)
= ¢(Qg ® Slspe)

show that F' respects morphism composition.
Next, fix idempotents uys, u. € E(T), where e, f € E(S). We show F' is
full. Let (uy,t,u.) be a morphism in C(T"). Put

s :=0(py ® tqe).
Then (f, fse,e) is a morphism in C(S) and
F(f, fse,e) =

ur, ¢(qf ® 0(pf & th)pe)a ue)
Urf, ¢<Qf & pft¢(Qe ® pe)); ue)
= (uy, ustue, u.)

o~ o~ o~

Up,t, Ue).

We show F' is faithful. Let ¢(q¢f ® sp.) = ¢(qr ® s'p.) for some morphisms
(f,s,e) and (f,s',e) in C(5). It suffices to show s = s’. The following holds

d(qr ® spe) = ¢(qr @ 5'pe)
prod(qr ® spe) = pré(qr @ s'pe)

=
= fspe = fs'pe

= SPe = S/pe

= SPe @ Ge = S,pe & Qe
= 50(pe ® qe) = 5'0(pe @ qe)
= se =s'e

= s =5

Finally, we show that F' is essentially surjective. Let u € E(T). We have
¢(q ® p) = u for some ¢ € Q and p € P. We have the equalities

0(p ®ug)® =0 (p @ ugh(p @ uq)) = 6(p ® up(q X p)uq)
=0(p ® u’q)
=0(p ®uq),

which imply that e := 6(p ® ug) € S is an idempotent. Note also that
#(q @ pu) = u* = u and

P(q® ep) = dplq @ 0(p @ uq)p) = ¢(q @ pud(q @ p)) = ¢(q ® pu®) = u.
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Recall that we also fixed elements p, € P and ¢, € @ such that e = §(p.®¢e.).
Consider the elements

z:=¢(qRp.) and y:= (g ® ep.)d(qe @ p)u.

We have the equalities

?(q @ pe)d(qe @ epe)P(ge @ p)u
P(q ® ped(ge @ epe)d(ge @ p))u
P(q ® 0(pe @ qe)eped(ge @ p))u
=dg®e 9(}% ® ge)p)u
(g
o(q

as well as

Yz = d(ge ® epe)P(ge @ p)ug(q @ pe)
= P(ge @ eped(ge @ p))ud(q @ pe)
= ¢(ge ® €0(pe @ qe)pud(q @ pe))
= ¢(qe ® €*0(pu @ q)pe)

§Z5((] & egpe)

¢(

€
€

e ® €pe)
= F(e).

By Lemma 3.7 and Remark 3.8 we have that F(e) and u are isomorphic
objects in C'(T'). Alternatively, one can directly verify that the morphisms

(u, up(q @ pe), Fe)) and  (F(e), (¢ © p)u,u)

are mutually inverse isomorphisms in C(T'). [ |

Corollary 3.16. Having at least one idempotent is a Morita invariant for
factorisable semigroups.

Sometimes the equivalence of Cauchy completions is equivalent to Morita
equivalence.

Definition 3.17. A semigroup S is called a sandwich semigroup if S =
SES, where E = E(S).
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In addition to semigroups with local units, all factorisable finite semigroups
are sandwich semigroups (cf. Corollary 5.6 in [35]).

Theorem 3.18. Let S and T be semigroups. Then Morita equivalence of
S and T is equivalent to the equivalence of the categories C(S) and C(T)
whenever any of the following conditions holds:

(1) S and T have right local units (cf. Corollary 2.12 in [15]);
(2) S and T are sandwich semigroups (cf. Corollary 2.13 in [15]);
(3) S and T are finite (cf. Theorem 4.3 in [36]).

Since arbitrary semigroups need not contain idempotents, it is unlikely that
their Morita equivalence can be determined by their Cauchy completions
alone. Nevertheless, we are not aware of any counterexamples at this time.

Problem 3.19. Do there exist two (factorisable) semigroups with equivalent
Cauchy completions such that the semigroups are not Morita equivalent? It
can be seen from Theorem 3.18 that examples of such semigroups, assuming
they exist, might not be easy to come up with.

3.2 Enlargements of semigroups

Definition 3.20. A semigroup 7T is called an enlargement of its subsemi-
group S if T'=TST and S = STS. Additionally, T" is called an enlarge-
ment of any semigroup isomorphic to such a subsemigroup S C 7'

It is clear that enlargements are factorisable semigroups. Similarly to Propo-
sition 4.2 in [51], we can deduce some basic properties of enlargements of
semigroups.

Proposition 3.21. Let T be an enlargement of its subsemigroup S. If either
T is commutative or S is an ideal of T, then S =T

Proor. If T is commutative, then we have the equalities
T=TST=T(STS)T = S(TTT)S = STS = S.
If S is an ideal, we immediately obtain T'= T'ST C S by definition of ideal.ll

Corollary 3.22. A commutative semigroup T is an enlargement of a semi-
group S only if S = T. In particular, S must be commutative.
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Remark 3.23. By Proposition 4.2 in [51], the one element ring has precisely
one enlargement in the sense of rings — itself. In the case of semigroups,
however, it is readily verified that any rectangular band is an enlargement of
the trivial group.

Sandwich semigroups provide natural examples of enlargements.

Example 3.24. Let S be a sandwich semigroup. Then it is easy to see that
S is an enlargement of its subsemigroup ESE. This subsemigroup has local
units.

Enlargements provide a sufficient condition for Morita equivalence of fac-
torisable semigroups.

Lemma 3.25. Let a semigroup T be an enlargement of its factorisable sub-
semigroup S. Then T and S are strongly Morita equivalent.

PRrROOF. This proof is outlined on p. 192 in [39]. Put
sPr:=¢STr and Qg :=7TSs.
Define the mappings 6 : P® (Q — 5 and ¢ : Q ® P—T with the equalities
O(st@t's") :=stt’'s € STS =8 and ¢(ts @ s't') := tss't’.

The corresponding maps 6 and qg are respectively T- and S-balanced due to
associativity, therefore § and ¢ are well defined by Proposition 2.15. Surjec-
tivity of # and ¢ follow from the equalities S = STTS and T = T'SST. The
compatibility of # and ¢ is clear. |

Definition 3.26. A semigroup W is called a joint enlargement of semi-
groups S and T if W is an enlargement of both S and T

By Lemma 3.25 and transitivity, two factorisable semigroups have a joint
enlargement only if they are strongly Morita equivalent. It is not known,
whether the converse holds for all factorisable semigroups. However, the
converse is true by Theorem 1.1 in [38] under the assumption both semigroups
contain local units.

Remark 3.27. A ring is called idempotent, if any element can be expressed
as a finite sum of products of two elements. By Theorem 4.13 in [51], two
idempotent rings are Morita equivalent if and only if they have a joint enlarge-
ment in the sense of rings. Furthermore, two factorisable Morita equivalent
semigroups can be embedded as semigroups in an idempotent ring, which is
a joint enlargement in the sense of rings for the subrings generated by the
images of the semigroups (cf. Theorem 4.25 in [51]).






Chapter 4

Semigroups strongly Morita
equivalent to monoids

This chapter is based on the author’s article [40]. We show that the strong
Morita equivalence class of a monoid consists of the enlargements of that
monoid and also show that enlargements of a group are precisely all Rees
matrix semigroups over that group.

Following ideas of the proof of Theorem 9 in [26], we can let S be a
semigroup, but also leave the monoid M fixed.

Theorem 4.1. Let M be a monoid and S a semigroup. The following are
equivalent:

(1) S and M are strongly Morita equivalent;
(2) there ezists e € E(S) such that S = SeS and eSe = M as monoids;

(3) S is an enlargement of M.

PRrOOF. (1) = (2). Let (S, M, s Py, m@s, 0, @) be a unitary surjective Morita
context. Using surjectivity of ¢, let ¢(q; ® p1) = 1y =: 1, where ¢; ® p; €
Q ® P. Put e :=0(p1 ® q1) € S. We show that ee = e. The M-acts Py and
v @ are unitary, thus for every p € P and ¢ € (Q we have pl = p and 1q = q.
Then

1@ qf(p1 ® q1))

ee =0(p1 ® q1)0(p1 @ 1) = 0(
(1 ® (g1 @ p1)qr)
(
(

p1® 1gp)

0
0
0
O(p1 ® q1) = e.

27
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To prove the equality SeS = S we show that S C SeS. We have SS = S

since strong Morita equivalence implies factorisability. Fix s € S and let

s = s's” for some s',s"” € S. Then

8/ — e(p/ ® q/) and 8// — e(p/l ® q//)

for some p' ® ¢/, p" ®¢" € P® Q. Similarly to the proof of Theorem 9 in [26],
we have

s=55"=00p®q)00p" ®q")

=0 @d00p" ®q")
0(p' @ o(d ®@p")q")
(1 @ o(q' @ p")1%¢")
(' ® o(d @ p")(d(qr @ p1))?q")
M @00 ® d(ar @ p1)d(q1 ® p1)q"))
(P @d0(p" @ ¢(q1 @ p1)ab(pr ® "))
(P @q¢0(" @ 0(pr @ ¢1)0(p1 ® ¢")))
=00 @ )" @ q)0(pr ® q)0(p1 ®q")
=0(p' @) @ q)eb(p ®q") € SeS.

=40
0
0
0
0

Note that for every s € S we have the equalities

1 ® (ese)pr = 1 @ 0(p1 ® q1)s0(p1 @ ¢1)p1
=ql(p1 ® q1) ®s0(p1 @ q1)pa
= ¢(q1 @ p1)q1 @ sprd(qy @ pr)
= lg1 ® sp11
= q1 Q sp1.

Thus, the mapping
T:eSe—=M, ese— ¢(q1 ® spr),

is well defined. We show that 7 is a semigroup morphism. Let s,s" € S, then

7((ese)(es’e)) = T(e(ses’)e) = ¢

(¢1 ® ses'py)

(1 @ s8(p1 @ q1)s'p1)
(1 @ spro(q ® s'p1))
(
(

@1 ® sp1)d(q1 ® s'p1)
ese)T(es’e).

¢
¢
¢
T

For injectivity, we have, for every s,s’ € S,
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(g1 @ sp1) = ¢(q1 @ s'p1)
P19(q1 @ sp1) = p1o(q1 @ s'p1)
0(p1 @ q1)sp1 = 0(p1 ® q1)s'M

esp; = es'py
esp ® q1 = es'’p @ q
O(esp1 @ q1) = 0(es'p1 @ ¢1)
esf(pr @ q1) = es'0(p1 ® q1)

ese = es'e.

R 2

Finally, we show that 7 is surjective. Let m € M. Then m = ¢(¢,, @ pp) for
some ¢, @ p,p, € Q ® P. Put

0(p1 ® qm)0(pm ® q1) =: s € S.

Note that ese = s. Indeed, we have the equalities

ese = 0(p1 ® q1)0(P1 @ Gm)0(Pm @ ¢1)0(P1 @ @1)
= 0(p1 ® 010(p1 ® Gn))0(0(Pm @ q1)p1 @ Q1)
=0(p1 ® O(q1 @ P1)@m)0(Pmd(1 @ p1) @ q1)
= 0(p1 ® 1¢m)0(pPml ® q1)

= 0(p,

® Qm)e(pm & QI) =S

Applying 7, we obtain

7(s) = 1(ese) = ¢(q1 @ sp1) = (g1 @ 0(p1 @ ¢ )0 (P © q1)p1)
P(q10(p1 @ qm) ® (P ® q1)p1)

= 0(d(q1 ® P1)m @ PP (g1 @ p1))
¢(
O (qm

1¢m @ pml)

A semigroup isomorphism also preserves the identity. Thus, the monoids eSe
and M are isomorphic.
(2) = (3). Due to the equality S = SeS, we have

S(eSe)S = SeS =S and (eSe)S(eSe) = eSe.

Therefore, S is an enlargement of eSe = M.
(3) = (1). Monoids are factorisable semigroups, hence S and M are strongly
Morita equivalent by Lemma 3.25. |

Corollary 4.2. Let M be a monoid. Then M 1is strongly Morita equivalent
to a semigroup S if and only if S is an enlargement of M.
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Thus, a monoid is a minimal semigroup in its strong Morita equivalence
class with respect to cardinality. One might wonder when strong Morita
equivalence degenerates to isomorphism. The following is also known in [25]
when S and M are monoids.

Corollary 4.3. Let a semigroup S and a monoid M be strongly Morita
equivalent. If S is either a finite monoid or a commutative semigroup, then
S and M are isomorphic.

PROOF. There exist e € E(S) such that S = SeS and a monoid isomorphism
Y : M —eSe. Firstly, let S be a finite monoid. Then M must also be finite.
There also exist ¢/ € E(M) and a monoid isomorphism ¢ : S—=¢'Me¢'. 1t is
readily verified that the map

M—¢Me', m— o((m)),

is injective. It follows that ¢’ Me' = M, because M is finite. Secondly, let S be
a commutative semigroup. We have the equalities SeS = eSS = eS = eSe.
In both cases, S is a monoid isomorphic to M. |

In particular, we obtain the following result. Recall that the notions of strong
Morita equivalence and Morita equivalence are interchangeable in case of
factorisable semigroups by Theorem 3.14.

Corollary 4.4. Two finite monoids are (strongly) Morita equivalent if and
only if they are isomorphic.

Thus, up to isomorphism, every strong Morita equivalence class of a monoid
can contain only one finite monoid and only one commutative monoid. If
there are finite and commutative monoids in the same equivalence class,
then they are necessarily isomorphic. However, the class may contain sev-
eral infinite monoids. Examples of nonisomorphic infinite Morita equivalent
monoids are given in [24] and [25].

We also see that the strong Morita equivalence class of a monoid contains
precisely the enlargements of that monoid. Theorem 8 in [26] implies that
the enlargements of monoids are sandwich semigroups.

We recall the notion of Rees matrix semigroup.

Definition 4.5. Let S be a semigroup and U,V nonempty sets. Let also
p: V xU-—S§ be a mapping. The set U x S x V equipped with the
multiplication

(u,s,v)(u', s, v") == (u, sp(v,u) s, v")

is called a Rees matrix semigroup over S with sandwich matrix p, which
is often denoted as M(S,U,V, p).
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A monoid M is strongly Morita equivalent to a Rees matrix semigroup
M(M,U,V,p) over M if and only if M = Mim(p) M (cf. Proposition 2
in [30]). Such Rees matrix semigroups are enlargements of that monoid. A
Rees matrix semigroup over a monoid with this property need not have weak
local units (cf. p. 443 in [31]).

Problem 4.6. Does there exist a nonfirm factorisable Rees matrix semi-
group over a monoid?

Let us turn to groups now. It is well known that completely simple
semigroups are up to isomorphism Rees matrix semigroups over groups.
We make use of the following lemma, whose result is also stated in [26].

Lemma 4.7. Let H be a group and S := M(H,U,V,p) a Rees matriz semi-
group over H. Then every subsemigroup eSe of S, where e is an idempotent,
s w.somorphic to H.

PROOF. Denote e = (ue, he,v.) € Ux H XV, where e € E(S). By uniqueness
of inverse it holds that p(ve,u.) = h;'. We have

H. := {(te, h,v.) | h € H} = eSe.

One readily verifies that H, is a group with the identity e. It is clear that
the map H — H., h > (ue, hhe,ve), is a group isomorphism. [ |

On the one hand, Talwar has shown that Rees matrix semigroups over GG
are strongly Morita equivalent to G (see p. 391 in [48]). For the converse,
it is known that semigroups with local units Morita equivalent to groups
are completely simple by Theorem 5.3 in [38]. By Theorem 12 in [26], the
assumption regarding local units can be dropped.

Theorem 4.8. Let G be a group and S a semigroup. The following are
equivalent:

(1) S and G are strongly Morita equivalent;
(2) S is isomorphic to a Rees matriz semigroup over G
(3) S is simple and there exists e € E(S) such that eSe = G as groups;

(4) S is an enlargement of G.



32 CHAPTER 4.

PROOF. (1) = (2). The semigroup S is completely simple by Theorem 12
in [26], thus S is isomorphic to a Rees matrix semigroup over a group H. By
Theorem 4.1, there exists e € E(S) such that G = eSe. We have eSe = H
by Lemma 4.7. Thus, we have G = H and S is isomorphic to a Rees matrix
semigroup over G.

(2) = (3). Since S is completely simple, it is simple and regular. By
Lemma 4.7, eSe = G for every e € E(S5).

(3) = (4). The equality S = SeS holds due to simplicity. Thus, S is an
enlargement of eSe = G.

(4) = (1). This follows from Lemma 3.25 because G is factorisable. W

Theorem 4.8 also shows that complete simplicity is a Morita invariant for
factorisable semigroups. More precisely, we have the following.

Corollary 4.9. Let S be a Rees matrix semigroup over a group G. Then a
semigroup T' is strongly Morita equivalent to S if and only iof T' is isomorphic
to a Rees matriz semigroup over G.

Proor. If T is strongly Morita equivalent to S, then by transitivity T is
also Morita equivalent to G. Thus, T" must be isomorphic to a Rees matrix
semigroup over G. Conversely, T is Morita equivalent to G, which in turn is
Morita equivalent to S. |

Recall that a 0-group is any group with external zero adjoined. It is well
known that a semigroup is completely 0O-simple if and only if it is iso-
morphic to a Rees matrix semigroup with a regular sandwich matrix over a
O-group. A natural question is whether enlargements of 0-groups are neces-
sarily completely O-simple. This is not the case.

Example 4.10. Due to Reimaa, we know that the semigroup S = {0, 1, 2},
defined by

is strongly Morita equivalent to the 0-group 7" = {0,1} [28, p. 57-58]. The
equalities ST'S = S and T'ST = T are readily verified. On the other hand,
S is not 0-simple because S does contain a zero element. This example also
shows that complete O-simplicity is not a Morita invariant.



Chapter 5

On connections between Morita
semigroups and Strong Morita
equivalence

This chapter is based on the author’s article [41]. We show that Morita con-
texts provide natural examples of strictly locally injective semigroup mor-
phisms and give a recipe for constructing strict local isomorphisms for a
subclass of semigroups, similarly to how it is done in [51]. Additionally, we
use Morita semigroups to describe Morita equivalence of firm semigroups and
also show that the construction given in [30] also works for identifying Rees
matrix semigroups over S with Morita semigroups in the event S is firm.
Finally, we show that certain semigroups of adjoint endomorphisms are iden-
tified with Morita semigroups determined by dual pairs and use it to deduce
a sufficient condition for strong Morita equivalence for semigroups with weak
local units, generalising some results in [17] obtained for monoids.

5.1 Strict local isomorphisms

One may assume that a unitary surjective Morita context between two Morita
equivalent firm semigroups is bijective (cf. Theorem 5.9 in [33]). In general,
the biact morphisms of a unitary surjective Morita context are strict local
isomorphisms.

Definition 5.1. We say a semigroup morphism ¢ : S —T is strictly lo-
cally injective if it is injective on all subsemigroups of the form aSb, where
a € Sa and b € bS. A strictly locally injective semigroup morphism is called
a strict local isomorphism if it is also surjective. Idempotents lift along
@, if for every f € E(T), there exists e € E(S) such that f = p(e).

33



34 CHAPTER 5.

Remark 5.2. Given a strict local isomorphism along which idempotents lift,
regular elements also lift by Lemma 3.1 in [39].

Strict local isomorphisms along which idempotents lift appear in a cover-
ing theorem by Rees matrix semigroups (cf. Theorem 3.2 in [39]). Such
morphisms are also used in [30] to describe strong Morita equivalence of
semigroups with local units.

Definition 5.3. A semigroup S is said to have common weak left local
units if
(Vs1,82 € S)(Fu € S)(usy =1 and  usy = sy).

Common weak right local units are defined dually. A semigroup S is
said to have common weak local units if S has both common weak left
local units and common weak right local units.

Clearly, semigroups with common weak local units have weak local units and
are therefore firm.

Example 5.4. Every monoid is a semigroup with common weak local units.

1. Every lattice has common weak local units with respect to both
joins and meets.

2. Let e € § be an idempotent. Then the principal right ideal eS has
a left identity e. Hence, €S has common weak left local units.

Lemma 5.5. Let ¢ : S—=T be a semigroup morphism. Assume that S has
common weak local units. The following are equivalent:

(1) ¢ is strictly locally injective;
(2) ¢|ss is injective for every s € S;
(3) ¢|ss is injective for every s € S.

PROOF. (1) = (2). Let ¢ be strictly locally injective and take s,s',s" € S
such that ¢(ss’) = ¢(ss”). By assumption, let u,v € S be such that us = s,
s' = s'vand s” = s"v. Then ss', ss” € uSv, where u € Su and v € vS. Strict
local injectivity implies that ss’ = ss”. The implication (1) = (3) is proved
similarly.

(2) = (1). This implication requires no additional assumptions on S.
Let u,v € S and note that since ¢ is injective on u.S, it must be injective on
uSv C uS. The implication (3) = (1) is proved similarly. [
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Remark 5.6. A ring R is called s-unital if, for every s € R, there exist
u,v € R such that us = s = sv. Tominaga [49] showed that this implies that
every finite nonempty subset F' C R admits u,v € R such that uf = f = fv
for every f € F (cf. Theorem 1). In particular, in our present terminology,
a ring has weak local units if and only if it has common weak local units.
For semigroups, however, this is false. Rectangular bands containing at least
two elements have local units but do not have common weak local units.

For an R-module Mg, where R is a ring (not necessarily with identity) and
a morphism ¢ : Mg — Ry of R-modules, the set M can be turned into
a ring, where ¢ then becomes a locally injective morphism of rings and,
conversely, every strict local isomorphism S— R is, essentially, an R-valued
linear functional (cf. Proposition 3.21 in [51]). A similar idea works in the
semigroup case.

Proposition 5.7. Let S be a semigroup, As an S-act and p : As—= Sg an
S-morphism. The following statements hold.

1. The set A is a semigroup under the multiplication a - o’ := ap(a’).
The S-morphism p is a strictly locally injective semigroup morphism.
If p is also surjective, then idempotents lift along p.

2. If T is a semigroup with common weak local units, then all strict
local isomorphisms T —= S arise in the manner specified in 1.

PROOF. For the first item, we have associativity due to the equalities

"

(a-a)-a" = (ap(d')) - a” = ap(a’)p(a”) = ap(a’p(a”)) = a- (a" - d"),

where a,a’,a” € A. It is clear that p is a semigroup morphism. We show
that p is injective on subsemigroups of the form a - A, where a € A - a. Let
a=da'-afor some a’ € A. Take m,n € A such that p(a-m) = p(a-n). Then

a-m=d-(a-m)=dpla-m)=dpla-n)=d-(a-n)=a-n.
Assume p is surjective and let e = p(a) be an idempotent. Then

ap(a) = a® € E(A)

s
Il
S
S
I
Q
)
—
S
w
~—
I
S
—
)
—~
S
~—
~—
w
I

and p(a?) = (p(a))? = e.
Now let 7 : T"— S be a strict local isomorphism, where 7" has common
weak local units. We want to define a right S-action on T'. Define

x:TxS—=T, txs =tt,
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where ¢,t € T and s’ € S are such that 7(¢') = s’. Suppose 7(t") = ¢’ for
some t” € T. Then 7(tt') = 7(t)s’ = 7(tt"). By Lemma 5.5, the map 7|, is
injective, hence tt' = tt”. Thus,  is well defined. Now, take s’,s" € S, t €T
and assume 7(t') = ' and 7(t") = §” for some t',t" € T. It follows that

(txs)xs" =tt'xs" =tt't" =t * (s's"),

where the last equality holds due to s's” = 7(#'t"). Thus, we have a right
S-action on T'. The equalities

T(txs)=7tt")=1)r(t") = 7(t)s
show that 7 is an S-morphism. |

The following definition is due to Talwar [48]. Recall that given S-acts ¢P
and Qg, the direct product ¢P X Qg can be viewed as an (S, S)-biact with
the actions s(p,q) = (sp,q) and (p,q)s = (p,qs), where p € P,q € @ and
seS.

Definition 5.8. Let ¢P and Qg be S-acts and let

(,):sPxQs—3sSs, (p,q)— (p,q),

be an (S, S)-morphism, that is s (p,q) = (sp,q) and (p,q)s = (p,qs) for
every p € P,qg € @ and s € S. A Morita semigroup over S defined by (, )
is the set Q ®¢ P with multiplication

(q@p)d @) =q@(p,q)p
The Morita semigroup is
(1) unitary if P and @ are unitary S-acts;
(2) surjectively defined if the map (, ) is surjective.

Example 5.9. Every Morita context gives rise, in a natural way, to two
Morita semigroups. Let arbitrary semigroups S and T be connected by a
Morita context (S, T, sPr,7Qs,0,¢). Then using the biact morphism

(,):sPxQs—=55s, (p,q) = 0(p®aq),
we can turn () ®g P into a Morita semigroup with multiplication
(q@p)d®@p)=q20peq)p =q@pd(d @p).
The equalities
¢((q@p)(d @p)) =dla@pdld @) =¢(g@p)d(d @)

yield that ¢ is a semigroup morphism. In a similar way, P ®1 () is a Morita
semigroup.
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As we are naturally provided with two Morita semigroups, a Morita context
also yields two strictly locally injective semigroup morphisms.

Theorem 5.10. Let arbitrary nonempty semigroups S and T be connected
by a Morita context (S, T, sPr,17Qs,0,9). Then 6 and ¢ are strictly locally
injective semigroup morphisms. If 0 is surjective, then idempotents lift along
0. The same holds for ¢.

Proor. It suffices to prove these statements for #. By definition, the map
0: (P®R7rQ)s—=Ss is an S-morphism. Additionally, for every pq,p'®@q €
P®rQ, wehave (p®q)(p' ®¢) =p®qd(p) ®¢'). Then @ is strictly locally
injective by the first item of Proposition 5.7. Therefore, if 8 is also surjective,
idempotents lift along 6. [ |

Remark 5.11. It is not required that # is surjective for idempotents to lift
along 0. If (p ® q) = e for some idempotent e € S, then O(p @ ge) = e*> = ¢

and
(P®ge)’ =p@qel(p@qe) =pRqe’ =p@ge € E(PerQ).
Strictly locally injective semigroup morphisms need not be injective.

Example 5.12. Example 2.3 in [33] yields a nonfirm factorisable semigroup.
Let S be nonfirm factorisable. Then S ®g S is firm both as a biact and a
semigroup by Theorem 2.6 in [35] and 1 : S ®ges S—= 5, s®@ ¢ +— s¢,is a
biact morphism in the Morita context

(5,5 ® 8,55 ® Ssws, 58593, i1, 1dses)

connecting S and S ®g S (cf. Proposition 4.7 in [35]). The morphism px is a
strict local isomorphism by Theorem 5.10, but it cannot be injective because
S is not firm.

Theorem 5.10 also generalises the necessity part of Theorem 13 in [30] from
semigroups with local units to factorisable semigroups. It could also be con-
sidered as an analogue of Theorem 3 in [30], where Rees matrix semigroups
are replaced by Morita semigroups.

Corollary 5.13. If S and T are strongly Morita equivalent semigroups then
there exists a surjectively defined unitary Morita semigroup Q ®s P and a
strict local isomorphism from @QQ ®g P onto T along which idempotent and
reqular elements lift.
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The following strengthens considerably Theorem 13 in [30]. Firstly, only
firmness is assumed of the semigroups instead of having local units and,
secondly, strict local isomorphisms are replaced by isomorphisms. It can also
be viewed as a semigroup theoretic analogue of Theorem 2.6 in [3].

Theorem 5.14. Let S and T be firm semigroups. The following are equiv-
alent:

(1) S and T are strongly Morita equivalent;

(2) S is isomorphic to a surjectively defined Morita semigroup over T .

ProoOF. For (1) = (2), assume that the firm semigroups S and T are
strongly Morita equivalent. By Theorem 5.9 in [33], they are connected by a
unitary bijective Morita context (S, T, s Pr, 7Qs,0,¢). Then P & @) defined
by po® : () x P—T' is a unitary surjectively defined Morita semigroup over
T. Similarly to Example 5.9, 6 : P ®p () — S also respects the semigroup
structure and is therefore an isomorphism of semigroups.

For (2) = (1), assume that S is isomorphic to a surjectively defined Morita
semigroup P ®r @ over T. By Theorem 5 in [48], the Morita semigroup
P ®r @ is strongly Morita equivalent to T'. Using transitivity, we conclude
that the semigroups S and T' are strongly Morita equivalent. Note that only
factorisability of S and T is needed for this implication. |

Hotzel [17] noted that a surjectively defined unitary Morita semigroup over
a monoid with free acts is a coordinate-free copy of a Rees matrix semigroup
over that monoid. Laan and Mérki [30] showed that this is true of semigroups
with weak local units (cf. Proposition 10). We make use of their construction
to show the following.

Theorem 5.15. Let S be a factorisable semigroup and M = M(S,U,V,p)
a Rees matriz semigroup over S. Then there exists a unitary Morita semi-
group Q) ®s P and a strict local isomorphism from (Q ®s P onto M along
which idempotents lift.

PROOF. Put Qg := (U x S)g and gP := (5 x V'), where the S-action on Q)
is defined by (u, s)s’ := (u, ss’) and similarly for P. Due to factorisability of
S, they are unitary S-acts. Define

<7 > :SPXQS‘)SSSJ ((s,v),(u,S’))zsp(v,u)s'.
One readily verifies (, ) is an (S, .S)-morphism. Define

V:QRs P—M, (u,s)® (t,v)— (u,st,v).
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Consider the corresponding map @/A) 1 @ X P—= M. The equalities

~

77& ((uv 8)807 (tv U)) = (u7 (330)t7 U) = (uv S(Sot)v U) =9 ((uv 3)’ So(t’ U))

show that zﬁ is S-balanced, therefore v is well defined by Proposition 2.15.
Surjectivity of 1 follows from factorisability of .S.

Since S is factorisable, every element in M can be written as (ug, Soto, Vo)
for some ug € U, vy € V and sg,tg € S. Define

*: (Q®s P) x M—Q ®s P
with the equality

((u, 8) @ (t,v)) * (uo, Soto, vo) : = (u, s) @ { (t,v), (ug, s0) ) (to, vo)
= (u, s) ® tp(v, ug)so(to, vo)-

Take (ug, Soto,v0) € M and denote the multiplication of the Morita semi-
group () ®g P by the symbol -. For every (u,s) ® (t,v) € Q ®s P we have
the equality

((uv S) ® (t’ U)) * (UO’ SotO’ UO) = (<u7 8) ® (tv U)) : ((uOv 30) ® (t07v0)) .

Thus, the maps —(ug, Soto, vo) and —-((ug, o) @ (to, Vo)) coincide on Q® g P.
It follows that * is well defined on @ ®g P. Take (u,s) ® (t,v) € Q ®g P. It
is clear that in the event soty = st{,, we have

((u, 8) @ (t,v)) * (ug, Soto,vo) = ((u,s) @ (t,v)) * (ug, Sptg, vo)-

Take also (uq, s1t1,v1) € M. We have the equalities

(((u, 8) ® (£, v)) * (uo, Soto, vo)) * (u1, $1t1,v1)
= ((u,8) ® (t,v)) - ((uo, S0) ® (to,v0)) - ((u1,81) @ (t1,01))
= ((u,s) ® (t,v)) - ((uo, 50) ® top(vo, ur) (s1t1,v1))
= ((u, s) @ (t,v)) * (uo, Soto p(vo, u1)siti, v1)
= ((u, 8) @ (t,v)) * ((uo, Soto, vo)(u1, s1t1,v1)) .

Therefore, % is a right M-action on () ®g P. We also have the equalities

Y (((u, 5) ® (t,v)) * (o, Soto, vo)) = ¥ ((u, s) @t p(v,uo) so(to, v0))
= (u, st p(v, up) soto, vo)
= (u, st,v)(uo, Soto, Vo)

= ¢((U= 5) ® (t, U)) <u07 Soto, UO)a
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which imply that ¥ : (Q ®g P)y —= M is an M-morphism. Due to the
equality

((u, s) @ (t,v)) - ((uo, 50) @ (to,v0)) = ((u,s) @ (t,v)) * ¥((uo, s0) @ (to, v0))

we have by Proposition 5.7 that ¢ is a strict local isomorphism along which
idempotents lift. |

Corollary 5.16. Let S be a factorisable semigroup and M a Rees matriz
semigroup over S. Then M 1is a quotient of a unitary Morita semigroup
over S.

It also turns out that the construction given in Proposition 10 of [30] yields
an isomorphism if S is firm.

Corollary 5.17. Let S be a firm semigroup and M := M(S,U,V,p) a Rees
matriz semigroup over S. Then M is isomorphic to a unitary Morita semi-
group over S. If S = Sim(p)S, then M is isomorphic to a surjectively
defined unitary Morita semigroup over S.

PROOF. Assume the construction given in the proof of Theorem 5.15. It is
clear that the map (, ) is surjective if and only if the equality S = Sim(p)S
holds. It remains to show that 1 is injective.

Let the equality (u,st,v) = (u, s't',v) hold in M. Then st = s't’ if and
only if s®t =56 ®1t in S ®g S due to firmness of S. By Lemma 2.13, we
have an S-tossing

ryr = 1
ST = I181 ™Y = S1h
T1T2 = T252 r3ys = S2Y2
Ln—2Tn—1 = Xp-1Sn—1 'Yn = Sn—1Yn-—1
/ /
Tp_1Tn = gs's, t = SpUn

connecting s ® t and s’ @ t', where z;,1; € S and r;,s5; € S'. We extend the
above to the following S-tossing

r(y,v) = (tv)
(Ua 8)7"1 = (U, $1)81 r2(y2, U) = 81(y1; U)
(U, fEl)Tz = (U7 $2)32 7’3(3/3, U) = 82(y27 U)
(U, xn72)rn71 = (u7 $n,1)8n,1 Tn(yna U) = Snfl(ynfla U)

(u, xnfl)rn = (u7 S/)Sn (tla U) = Sn(ym U)v
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which again by Lemma 2.13 implies that the equality
(u,8) @ (t,v) = (u,s") @ (',v)
holds in (Q ®s P. Therefore, 1 is injective. [ ]

Remark 5.18. For a Rees matrix semigroup M = M(S,U,V,p) over a
factorisable semigroup S, the condition S = Sim(p) S is equivalent to M
being factorisable, which, in turn, is equivalent to S being strongly Morita
equivalent to M by Proposition 2 in [30].

A semigroup S is factorisable if and only if S ® S is a firm semigroup, where
the multiplication is defined by

(s@t)(s @t):=ss @t

(cf. [35]). In the same article it is shown that A ®s B = A ®ggs B holds
for factorisable semigroups S. While we do not know whether Corollary 5.17
holds for factorisable semigroups, we can conclude the following.

Corollary 5.19. Let S be a factorisable semigroup and M(S ® S,U,V,p)
a Rees matriz semigroup over S ® S. Then M is isomorphic to a unitary
Morita semigroup over S, which may be assumed to be surjectively defined if
M is factorisable.

5.2 Dual pairs and Morita semigroups

Hotzel [17] considers Morita semigroups over monoids with 0. The acts also
must have a fixed zero element. We show that the mapping presented in
Theorem 2.4 in [17] is a well-behaved morphism, in general. It also turns out
that it is an isomorphism for dual pairs over a semigroup with weak local
units.

Definition 5.20. A pair over a semigroup S consists of
e a left act gA;
e a right act Bg;
e an (5,S5)-morphism (, ) : gA x Bg— 5S5s.

Denote such a pair by 5 and write 5 = (g4, Bg).



42 CHAPTER 5.

Hotzel assumes the acts in a pair to be unitary, but we do not need to assume
this. Every pair induces a Morita semigroup, which is denoted by B ®§A and
defined by (, ). Hotzel did not call these Morita semigroups. We use Talwar’s
terminology for the construction inspired by Hotzel’s (cf. p. 386 in [48]). It is
often clear B ®§ A is taken with respect to 3, so the superscript [ is omitted.
With f is associated the following subsemigroup of End(sA) x End(By):

QP .= {(p,0) | p € End(sA), o € End(By),
(p(a),b) = (a,o(b)) foralla€ Abe B}.
Multiplication on End(sA) x End(Bg) is given by the equality

(f9)(f9) = (ff.99).

Hotzel refers to such p and o as linked endomorphisms. We call such p and o
adjoint endomorphisms as does Anh [3] in the case of modules over rings.

Example 5.21. Every Morita context induces a number of pairs of adjoint
endomorphisms. For a given Morita context (S, T, sPr,17Qs, 0, ¢), we con-
sider the biact morphism

(,):sPxQs—=S, (p,q) = 0(p®aq)
For fixed elements pg € P and ¢y € )

p:=60(—® qo)po € End(sP) and
o= qof(po ® —) € End(Qs)

are adjoint due to the equalities

(p(p),q) = 0(0(p ® qo)po ® q) = B(pd(qo ® po) @ q)
=0(p ® ¢(q0 ® po)q)
0(p ® qof(po @ q))
= (p,o(q)),

where p € P and ¢ € Q. A symmetric construction works for ¢.

We have an ideal of Q7:
Q= {(p,0) € Q% | (Fa € A)(3b € B)(p(A) C Sa and o(B) C bS)} .

Elements of Q’f are sometimes called adjoint endomorphisms of rank
one. We also have another ideal of 2°:

Y ={(p,o)eQ’ | (FbeB)FacA)(p=(—,b)aand o0 =b(a,—))} C Q.
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Such pairs are denoted with the symbol [b, a]. So,

[b7a] = (<_7b>a’7b<a7_>>'

Note that, for [b,a], [0/, a’] € X7, we have

—b)a;b(a,—)) ((=0')d ;¥ (d,-))

—b)ado(—b)a;b(a,—)ob (d,~))
Jb)a,b'ya' s b{a b (d,—)))

—b)(a,b')d ;b(a,t') (a,—))
b)(a,b'yd ; b{(a,b')ad, —)).

[b,a][V’,d'] =

Hence, it holds that
[b,a][t,d’] = [b,{a,b)d]. (3.1)
Before we proceed, we will justify the above.
Proposition 5.22. The following statements hold.
1. The subset QF is a submonoid of End(sA) x End(Bs).
2. The subset Qf is an ideal in QP.

3. The subset ¥F C Q’f is an ideal in QP.

PROOF. For the first item take (py, 1), (p2,02) € Q7 and let a € A, b € B.
Then

{(p2p1)(a),0) = (p1(a), 02(b)) = (@, (010)(b) ) -

Thus, the morphisms pyp; and o105 are adjoint. As id4 and idg are clearly
adjoint, Q7 is a submonoid.

For the second item take (p, o) € QF and (py, 01) € Q7. There exist a; €
A and by € B such that p1(A) C Sa; and 01(B) C b1S. Then (p1p)(A) C
p1(A) C Say and (001)(B) C o(b1S) = o(b1)S. So (p,0)(p1,01) = (p1p,001) €
Qf . Thus Q? is a left ideal in ©°. The right ideal case is proved similarly.

For the third item let (py,01) € X7, ie, p = (—,b1)a; and oy =
by (ay,—) for some a; € A and by € B. The inclusion (p1,01) € Qf is
clear. Take (p, o) € Q° and note that, for every z € A, we have

(p1p)(x) = (p(z),b1) ar = (x,0(b1) ) a1
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and, on the other hand, for every y € B, we have

(001)(y) = o (b1 (a1, y)) = o(br) (a1, y) -

Therefore, pip = <_7U(bl>>a17 001 = U(bl) <a17 _> and <p7 0)(p1701) =
(p1p, 001) = [o(b1),a1] € ¥P. Hence ¥ is a left ideal in Q°. The right ideal
case is proved similarly. |

Definition 5.23. A pair § = (gA, Bg) is called dual if
(1) (Va € A)(Jd' € A)(a € Sa’ and (d',B) =19);

(2) (Vbe B)(3 € B)(be V'S and (A, V) = S).

Examples of dual pairs can be found on page 257 in [17]. Note that acts gA
and Bg in a dual pair are necessarily unitary. By Theorem 2.5 in [17], the
equality X8 = Qf holds for a dual pair over a monoid with zero. This is also
true in case of a dual pair over a semigroup with weak local units.

Theorem 5.24 (cf. Theorem 2.5 in [17]). Let = (sA, Bs) be a dual
pair over a semigroup S with weak local units. Then X8 = Qf

PROOF. The containment %% C Qf is clear. We show Qf C Y. Take
(p,o) € O that is, p(A) C Say and ¢(B) C 'S for some a; € A and b/ € B.
We must show that there exist a € A and b € B such that p = (—,b) a and
oc=b(a,—).

Since we have a dual pair, a; = say for some s € S and ay € A. Due to
the presence of weak local units in S take s, € S such that s = ss, and let
(as,by) = s, for some by € B. Similarly, ' = 0't, t = t,t for some t, € S and
(a",b") = t, for some a” € A. Then o(by) = b'v’ and p(a”) = v'a; for some
u' v € S. Putting v := tv’ and u := u's we have

o(by) =0V =0"t' =b"v and p(a”) =v'a; = u'say = uas.
Hence

u=1u's =u'ss, =u's{az,by) = (u'sas, by ) = {p(a”),by)
= (d",0(by)) = (a",b"t") = (" V") tv) =ty =t = 0.

Take z € A, then p(x) = za; for some z € S and

(p(x),by) ag = (zsag, by ) ag = zs (ag, by ) ag = z88,.a9 = zsay = za; = p(x)
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and therefore, for every z € A, we have

p(z) = (p(x),by)as = (x,0(b2) Y as = (,0"v) ay = (x,V" ) vas.
Similarly, for a fixed y € B, we have o(y) = b'w for some w € S and
V' (", bw) =0" (a",b'tw) = 0" (a",b") tw = 0"tptw = V"tw = b'w = o(y).
Therefore, for every y € B we have

o(y) =0"(a",a(y)) =b"(pa"),y) =" (uag,y) =" (vay,y).

Thus, it suffices to take b = b” and a = uas = vas. [ |

The following is a semigroup theoretic analogue of Proposition 2.2 in [3].

Lemma 5.25. Let = (sA, Bg) be a dual pair, where S is a semigroup with
weak local units. Then the Morita semigroup B ®§ A has weak local units. If
S has local units, then B ®§ A also has local units.

Proor. Take b®a € B®g A. Since we have a dual pair, there exist a; € A
and s € S such that a = sa;. Since S has weak local units, we can write

s = su for some u € S. By duality, we also have u = (ay,b;) for some
b; € B. Then

a = sa; = sua; = s{ay, by ya; = (say, by )a; = (a,by)a,

hence
bRa=0b® (a,by)a; = (b®a)(by ® ay).

If S has local units, then we may assume u to be an idempotent and we have
that

(bl®a1)4:bl®<a1,b1>3a1 :b1®<a1,b1>a1 = (b1®a1)2 EE(B@SA)

Similarly, b = byt and t = vt, where v = (ag,by) for some ay € A. The
equality b ® a = (by ® az)(b ® a) follows. [ |

It turns out that Hotzel’s construction (cf. Theorem 2.4 in [17]) yields a
semigroup morphism with good properties in case of an arbitrary pair.

Theorem 5.26. For any pair f = (sA, Bs) over an arbitrary nonempty
semigroup S, there exists a strict local isomorphism from B ®g A onto ¥°
along which idempotents lift.
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PROOF. Define, in the same way as in [17],
0:BRsA—=Y" b®aws b al.
The corresponding map
BxA—=%"  (ba) s [b,al,
is S-balanced. Indeed, for any s € S we have the equalities
(—bsya=(—,b)sa and bs(a,—)=>b(sa,—),

so [bs,a] = [b, sa]. Thus, ¢ is well defined by Proposition 2.15. Surjectivity
of ¢ is clear. Define

*x: (BRsA) x X —~B®sA
with the equality
(bRa)x[b,d]:=b® (a,b)d

Let b € B and a’ € A be fixed, then, for every b ® a € B ®g A, we have
the equality (b ® a) % [b/,d'] = (b ® a)()) ® a’). Thus, the maps — * [/, d’]
and — - (b’ ® d’) coincide on B ®g A. It follows that x is well defined. Take
b®a € B®RgAand fix b € B and a” € A. The equalities

(ba)x[V,d])x[b",d"]=(b®a)b @d)(" @ad")
=b®a) (b (d,b)a")
—b@ (V) ((d,b)d")
=(®a)*[V,(d,b")a"]
=(b®a)([V,d][b", a"]) (cf. 3.1)
show that « is a right X%-action on B ®g A. We also have
p((b@a)x[V,d])=¢ (& (al)d)
= [b7 <CL, v > CL/]
= [b,a] [V, d']
=pb®a)lt,d].

Thus, ¢ is a X%-morphism. Due to the equality
(b@a)(t ®a) = (b&a)* et @d)

we have by Proposition 5.7 that ¢ is a strict local isomorphism along which
idempotents lift. |
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By Theorem 2.4 in [17], for a dual pair 5 over a monoid with zero, the Morita
semigroup B ®§ A is isomorphic to the semigroup 7. This is also true for
semigroups with weak local units.

Theorem 5.27. Let S be a semigroup with weak local units and f = (s A, Bs)
a dual pair. Then the Morita semigroup B ®g A is isomorphic to the semi-
group 37,

Proor. It suffices to show that the map ¢ from the proof of Theorem 5.26
is injective. Suppose [b,a] = [b,a] for some b ® a,b' ® ' in B ®g¢ A. Said
equality means that

(Va" € A)({(a",b)ya = (a",b')d),

(W' € B)(b{a, V") =1b"{d,b")).
By Lemma 5.25, take b; ® a1,by ® as € B ®g A such that

b@a=0b®a)(by®a;) and V ®d = (by®az)(t) ®d').

We then have

bRa=(b®a)(b; ®ay)
=b® (a,b)a;
=b(a,b;)®a
=b{d,b)®@a
=V ®d)(h@a)

and therefore,

ba=(by®as)(b ®a)(by ®ay)
= (by ®as)(b® a)
=by ® (ag,b)a
=by® (as,b')d
= (b2 ® az)(V ® a')
=V ®d. |
A sufficient condition for strong Morita equivalence follows.

Corollary 5.28. Let S and T be semigroups with weak local units. If T = %8
for some dual pair 5 = (sA, Bs) then S and T are strongly Morita equivalent.

PROOF. By Theorem 5.27, T = Y% ~ B ®g A, where B ®g A is surjectively
defined. Hence T" and S are strongly Morita equivalent by Theorem 5.14. B

In particular, each dual pair § over S with weak local units gives rise to a
semigroup ¥¢ which is strongly Morita equivalent to S.






Chapter 6

Some (Galois connections
arising from Morita contexts of
semigroups

This chapter is based on the author’s article [42]. Galois connections arising
from Morita contexts connecting two rings have been studied by Kashu [20]
and later, for semigroups, by Paseka [44]. We make use of some of the map-
pings considered in [44]. The results in the mentioned articles are obtained
for nondegenerate Morita contexts. Instead of requiring nondegeneracy, we
work with unitary surjective Morita contexts connecting two semigroups. To
compensate, we assume the presence of common weak local units. We obtain
monotone Galois connections whenever either semigroup has common weak
local units. If both semigroups have this property, then, among others, their
lattices of compatible relations are isomorphic.

Definition 6.1. Let gA be a left S-act. We say a binary relation p on A is
S-compatible if

(Vai,ag € A)(Vs € S)(a1 paz = say p sas).

We denote the lattice of S-compatible relations on A by Comp(sA) and du-
ally, Comp(Ag) for a right act Ag.

Lattices of compatible relations of algebras have been studied by Chajda,
Seselja and Tepavéevié [10]. In general, unions of compatible relations need
not be compatible, but since acts over semigroups are algebras with only
unary operations it is readily verified that both Comp(gA) and Comp(Ag)
are sublattices of (P(A x A), C).

Definition 6.2. An S-compatible relation p on an S-act A is called a
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e weak congruence if p is symmetric and transitive;
e tolerance if p is reflexive and symmetric;
e compatible preorder if p is reflexive and transitive;

e congruence if p is an equivalence relation.

We have Comp(sAr) = Comp(gA) N Comp(Ar), where ¢Ar is an (S,T)-
biact. In case of an (.5, S)-biact sAg, we call the elements of Comp(gA) left
S-compatible and, dually, the elements of Comp(Ag) right S-compatible.

Definition 6.3. Let X and Y be partially ordered sets (posets) and ¢ € YX
and ¢ € XY a pair of mappings. It is said that the pair (p,) forms a
monotone Galois connection if

(Vz € X)(Vy € Y)(p(z) Sy & 2 < ¥(y)).

In this case, ¢ is called the left adjoint of ¢/ and one writes ¢ - 1.

It holds that ¢ - ¢ if and only if i) < idy and idx < ¥ with respect to
the pointwise order of mappings. It is clear that if ¢ 41 - ¢, then ¢ and ¥
are mutually inverse order isomorphisms.

Recall that a left (right) S-act gA (As) is called faithful if for any s, ' €
S it holds that s = s’ whenever sa = s'a (as = as’) for all a € A.

Problem 6.4. A Morita context (S, T, s Pr, 7Qs, 0, ¢) connecting semigroups

S and T is called nondegenerate (cf. [44]) if s P, Pr, 7@ and Qg are faithful
and the following conditions are satisfied for any p,ps € P and q1, ¢ € Q:

(1) p1 = p2 whenever ¢(q ® p1) = ¢(q ® po) for all ¢ € Q;
(2) p1 = p2 whenever 0(p; ® q) = 0(p2 ® q) for all ¢ € Q;
(3) ¢1 = g2 whenever ¢(q1 ® p) = ¢(g2 @ p) for all p € P;
(4) g1 = g2 whenever 6(p ® ¢1) = 0(p ® ¢2) for all p € P.
When are two semigroups connected by a nondegenerate Morita context?

What are examples of such Morita contexts, where at least one of the semi-
groups is not singleton?
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Let (S, T, sPr,7Qs, 0, ¢) be a unitary surjective Morita context connect-
ing semigroups S and 7. We consider the pairs of mappings (see p. 2251 in
[44])

PP x P) ——=P(T x T) and P(Q x Q);:QP(T % T)

Bp Q

that are defined by

ap(o) = {(t,t) | (Vvp € P)(ptopt')},
Bp() = {(p,?) | (Vg € Q)(¢g@p) Y d(qg®p'))},
ag(t) == A{(t,t) | (Vg € Q)(tgTt'q)},
Bo) :=={(¢:4) | (vp € P)(¢(q@p) ¥ ¢(q' @ p))}.

It is clear that the maps ap, 8p, ag and g are order preserving. These
maps also have the following properties.

Proposition 6.5. Let (S,T,sPr,7Qs,0,¢) be a unitary surjective Morita
context connecting semigroups S and T. Then all of the maps ap, Bp, g
and Bg preserve reflexivity, symmetricity and transitivity. Additionally, the
following assertions hold:

P(P x P)) € Comp(rT) and ap(Comp(Pr)) € Comp(Tr);
(2) Bp(P(I'x T)) € Comp(sP) and Bp(Comp(Tr)) € Comp(Pr);

P(Q x Q)) € Comp(Tr) and ag(Comp(rQ)) S Comp(rT);
(4) Bo(P(T x T)) € Comp(Qs) and Bq(Comp(rT")) € Comp(rQ).

PROOF. Preservation of symmetricity is clear in all cases. We verify preser-
vation of reflexivity and transitivity for Sp. Preservation properties for the
other maps are verified analogously. Let v» C T x T be reflexive and take
p € P. Then ¢(q®p) ¥ ¢p(q@p) for all ¢ € @ due to reflexivity of 1p. Therefore,
(p,p) € Bp(1). Now let ¢ be transitive and take (p1,p2), (p2,p3) € Bp(¥). It
follows that

(g @ p1) Y d(q @ p2) ¥ d(q @ ps),

whence ¢(q ® p1) Y ¢(q @ p3) for all ¢ € @ due to transitivity of ¥. Thus,

(p17p3) € BP(w)
For item (1) let 0 C P x P. Take (t1,t3) € ap(c) and t € T. Note that

pty o pto must hold for all p € P. Firstly, we check ap(0) is left T-compatible.
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Let p € P. Then by the above we have p(tt1) = (pt)t; o (pt)ts = p(tts). Thus,
(ttl,ttg) € Oép(O').

Secondly, assume o is T-compatible. From T-compatibility we conclude
(pt1)to (pt2)t for all p € P. Thus, (t1t,tat) € ap(o).

For item (2) let ¢ C T x T. Take (p1,p2) € Bp(¥)) and ¢ € Q. Firstly,
we check Sp(1)) is S-compatible. Take s € S, then by definition of Sp(¢)) we
have

P(q® sp1) = d(qs @ p1) ¥ ¢(qs @ p2) = ¢(q @ sp2),

which implies that (spi,sp2) € Bp(¢). Secondly, assume ¢ is right T-
compatible. Then

(g @ pit) = d(q @ p1)t Y ¢(q @ pa)t = ¢(q @ pat)

for every t € T, which implies that (pit, pat) € Sp(). Items (3) and (4) are
proved similarly. [ |

The following result can be checked easily.

Lemma 6.6. Let sA be a unitary S-act, where S is a semigroup with com-
mon weak left local units. Then for every ay,ay € A, there exists u € S such
that ua, = a; and uay, = as.

Proposition 6.7. Let (S,T,sPr,7Qs,0,¢9) be a unitary surjective Morita
context connecting semigroups S and T. The following assertions hold for
the pair of maps

ap : Comp(gP)—=Comp(7T) and [p: Comp(rT)— Comp(sP).

1. If T is a semigroup with common weak left local units, then ap 4 Bp
and ap s surjective.

2. If S is a semigroup with common weak left local units, then Bp - ap
and Bp is surjective.

PROOF. We restrict the mapping ap from Proposition 6.5 from P(P x P) to
its subset Comp(gP), but we still denote the restriction by ap. We use a sim-
ilar convention for Sp. The maps ap and Sp are well defined by Proposition
6.5. Let o € Comp(sP) and ¢ € Comp(rT).

1. Assume ap(o) C ¢ and let (p1,p2) € 0. To show (p1,p2) € Bp(¢), we
must show that ¢(q ® p1) ¥ ¢(q ® py) for every g € Q. Let ¢ € @ and take
p € P. Note that

po(q@p) =0(p®@q)pr and  po(q® p2) = 0(p @ q)po.
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Since 0(p ® q) € S and o is S-compatible, we have

pp(q @ p1) 0 pd(q @ p2).

This implies that (¢(q ® p1), (¢ @ p2)) € ap(c) C 1, as required.
Conversely, assume o C Sp(1)) and let (t1,t2) € ap(o). Then pty o pty for
every p € P. By assumption, we have (pty, pta) € Bp(1)), so

(Vp € P)(Vq € Q)(¢(q @ pt1) ¢ ¢(q ® pta)).

Equivalently, tt; ¥ tty for every t € T due to surjectivity of ¢. In particular,
we have t; = vty Y vty = ty for some v € T due to the presence of common
weak local units in 7. Hence, ap(o) C 9, as required.

We check surjectivity of ap. Let v € Comp(rT). The containment

ap(Bp(¥)) C 9 holds due to ap 4 fp. Conversely, let ¢y 1ty Left T-
compatibility implies that

P(q @ pt1) = d(q @ p)ti Y (g @ p)ty = d(q ® pts)

for every p € P and ¢ € Q. Equivalently, (pty, pts) € Sp(¢) for every p € P.
So we have ¥ C ap(8p(¢))). Therefore ap(Sp(v)) = ¢ and ap is surjective.

2. Assume ¢ C ap(o) and let (p1,p2) € Bp(¢). It follows that

(Vg € Q)(o(q @ p1) ¢ d(q @ p2))
=(Vq € Q)(d(q ® p1) ap(0) ¢(q ® p2))
(Vg € Q)(Vp € P)(po(q @ p1) 0 pd(q @ p2)).

By Lemma 6.6, take u € S such that up; = p; and up, = p,. We have
u = 60(p® q) for some p € P and ¢ € @) due to surjectivity of 0. It follows
that

p1=up1 = 0(p @ q)p1 = pd(q @ p1) 0 pH(q ® p2) = pa.

So (p1,p2) € 0 and Bp(y)) C 0.

Conversely, assume [p(1)) C o and let (t1,t2) € 1. To show (t1,t3) €
ap(o), we must show that pty o pty for every p € P. Let p € P. Since 1 is
left T-compatible, we have

(Vg € Q)(d(q ® pt1) ¥ ¢(q @ pt2)).

This implies that (pt1,pts) € Bp(v) C o, as required.

We check surjectivity of Bp. Let 0 € Comp(sP) and p; o py. Take p € P
and ¢ € ). By S-compatibility we have 8(p® q)p; 0 0(p® q)pa, which implies
that

pé(q @ p1) o pd(q @ p2).

It follows that (¢(q ® p1), ¢(q ® p2)) € ap(o) so (p1,p2) € Bp(ap(o)). Thus,
o C Bp(ap(o)). The containment Sp(ap(o)) C o follows from fp 4 ap. B
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Remark 6.8. It is well known that if f - g, then f is surjective if and only
if ¢ is injective.

Similarly to the proof of Proposition 6.7, one can prove the following.

Proposition 6.9. Let (S, T, sPr,1Qs,0,¢) be a unitary surjective Morita
context connecting semigroups S and T. The following assertions hold for
the pair of maps

ag : Comp(Qg) —= Comp(Tr) and Bg : Comp(Tr) — Comp(Qs).

1. IfT is a semigroup with common weak right local units, then ag = Bg
and ag s surjective.

2. If S is a semigroup with common weak right local units, then Bg = o
and Bq 1s surjective.

The assertions made for one sided acts also hold in case of biacts.

Corollary 6.10. Let (S,T,sPr,rQs,0,¢) be a unitary surjective Morita
context connecting semigroups S and T. The following assertions hold for
the pairs of maps

ap : Comp(sPr) — Comp(rTr) and pBp: Comp(rTr) — Comp(sPr),
ag : Comp(rQs) — Comp(rTy) and Bg : Comp(rTr) — Comp(rQs).

1. If T is a semigroup with common weak left local units, then ap 4 Bp
and ap s surjective.

2. If S is a semigroup with common weak left local units, then Bp - ap
and PBp is surjective.

3. If T is a semigroup with common weak right local units, then ag = Bo
and o s surjective.

4. If S is a semigroup with common weak right local units, then Bg - g
and Bq 1s surjective.

PROOF. The maps are well defined by Proposition 6.5. The adjunctions
pertaining to ap and SBp follow from Proposition 6.7. The claims for o and
Bq are proved analogously. |
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Results obtained with the Morita context (S, T, s Pr, 7Qs, 0, ¢) can be repro-
duced dually using the Morita context (7,5, 7Qs, sPr, ¢,0), for which we
have the dual mappings

PO x Q) —2=P(S x §) and P(P x P)—2=P(S x S)

Bo Bp

that are defined by

ag(r) =={(s,5") | (Vg € Q)(gs7¢5")},
Balp) :=={(q,d) | (vpe P)O(p® q) pOlp©q'))},
ap(o) :=={(s,s') | (¥p € P)(spos'p)},
Bp(p) ={(p) | (Ve Q)O(p©@q) pdp' ®q))}.

Theorem 6.11. Let semigroups S and T with common weak local units be
connected by a unitary surjective Morita context (S, T, sPr,7Qs,0,¢). Then
we have the following pairs

Comp(sP) == Comp(sT)  Comp(Pr) == Comp(S5)

P Bp

EQ aQ
Comp(1Q) %?) Comp(sS) Comp(Qs) <;T> Comp(Tr)
Q Q

of mutually inverse lattice isomorphisms that preserve weak congruences,
compatible preorders, tolerances and congruences.

PROOF. Since both S and T have common weak local units, it follows by
Proposition 6.7 that ap 4 Sp 4 ap. Therefore, ap and Bp are mutually
inverse order isomorphisms. The other pairs of order isomorphisms are sim-
ilarly verified with the dual of Proposition 6.7, Proposition 6.9 and its dual.
Preservation of weak congruences, compatible preorders, tolerances and con-
gruences follows by Proposition 6.5 and its dual. It is well known that an
order isomorphism between lattices is a lattice isomorphism. [ |

Theorem 3 in [31] yields that the lattices of ideals of strongly Morita equiva-
lent semigroups S and T" are isomorphic whenever S and T have weak local
units. In other words, the sublattices of Rees congruences on S and T are
isomorphic. In view of Corollary 6.10 and its dual, we conclude the following.
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Theorem 6.12. Let semigroups S and T with common weak local units be
connected by a unitary surjective Morita context (S, T, s Pr,17Qs,0,®). Then
we have the following pairs

aQ

Bq
Comp(sPr) ——= < Comp(7T7) =——= Comp(7Qs) =—— Comp(sSs)

P ,BQ

of mutually inverse lattice isomorphisms that preserve weak congruences,
compatible preorders, tolerances and congruences.

A relation ¢ C T x T is a congruence of the biact 777 if and only if it is
a congruence of the semigroup 7. A similar assertion holds for compatible
preorders. Hence we obtain the following result.

Corollary 6.13. If S and T are strongly Morita equivalent semigroups with
common weak local units, then the lattices of weak congruences, compatible
preorders, tolerances and congruences of the biacts §Ss and 7Tr are iso-
morphic. Ezplicitly, if (S,T, sPr,1Qs,0,®) is a unitary surjective Morita
context, then the mutually inverse isomorphisms are the restrictions of the
mappings

© : Comp(sSs) — Comp(rTr) and @ : Comp(rTr) — Comp(sSs)
defined by
O(p) ={(t,t') | (Vg € Q)(Vp € P)(0(pt ® q) pO(pt' ® q))},
() = {(s,5) | (Va € Q)(Vp € P)(¢(q® sp) ¥ ¢(q @ s'p))} -

In particular, the lattices of compatible preorders and congruences of the semi-
groups S and T are isomorphic.

These mappings are similar to the mappings © and ® of Theorem 2 in [50].

Remark 6.14. Let S be a semigroup. Since tolerances are reflexive, it fol-
lows that every tolerance of the semigroup S is also a tolerance of ¢Sg. Also,
due to transitivity, every weak congruence of ¢Ss is a weak congruence of
the semigroup S.

Remark 6.15. The above corollary generalises Theorem 6 in [31]. It turns
out that the mappings in said paper coincide with the ones given in Corollary
6.13. Laan and Marki [31] consider the transitive closure of the relation

11, == {(¢(qg® sp), (g ® s'p)) | sps’,p € P.q € Q},
where p € Con(S). It holds that
I, =O(p) = {(t,t') | (Vg € Q)(Yp € P)(0(pt ®q) pO(pt' ®q))} .
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PrOOF. We show O(p) CII,. Let (¢,t') € ©(p). Since ¢ is surjective, there
exist pg, py € P and ¢, gy € Q such that t = ¢(q;: ® p;) and ¥ = ¢(qv @ py).
Lemma 2.3 and its dual imply that there exist u = ¢(q, ® p,) € T and

v = ¢(q, ® py) such that ug = q;, ugy = qv, prv = p; ja pyv = py. Denote

/

§ = e(put ® QU) Y Q(put X Qv) =

It follows that

and similarly ¢’ = ¢(q, ® s'p,). Thus, we have (¢,¢') € II,..
Conversely, let ¢(qo ® spo) I1, ¢(qo ® s'py), where sps’. Take ¢ € @ and
p € P. It follows that

0(po(go ® spo) @ q) = O(0(p ® qo)spo ® q)
=0(p®q) s0(po® q)
0(p ® qo) 8" 0(po @ q)

= 0(pd(q0 ® s'po) ® q).

Thus, II, C ©(p). |

e

Corollary 6.13 implies that all properties defined in terms of the tolerance
lattices of semigroups with common weak local units, regarded as biacts, are
Morita invariant. One such property is tolerance triviality [9], i.e, every
tolerance of the biact §Sg is a congruence.






Chapter 7

Perfection for semigroups

This chapter is based on the author’s joint work [29] with supervisor Valdis
Laan. Perfect monoids were defined in [19] by Isbell, who proved that a
monoid is left perfect if and only if it satisfies two conditions referred to as
(A) and (D). Fountain [13] gave more conditions that are equivalent to left
perfectness. In particular, he proved that a monoid is left perfect if and only
if all of its weakly flat (in the sense of being pullback flat) unitary left acts
are projective. Subsequently, a number of other papers related to perfect
monoids or pomonoids have appeared (e.g. [22], [23], [43], [16], [21], [4]). We
define (right) perfect semigroups and show that many descriptions of right
perfect monoids can be transferred to the case of factorisable semigroups.
In our main theorem we will give six different conditions that are equivalent
to right perfectness of a factorisable semigroup. Some of these are familiar
from the monoid case, but some of them are new. For example, a factorisable
semigroup is right perfect if and only if all right sequence acts over it are pro-
jective. It is well known that right perfectness and right semiperfectness are
Morita invariants for rings with identity (Corollary 27.8 and Corollary 28.6
in [2]). We prove that right perfectness is also a Morita invariant for factoris-
able semigroups. Our results allow us to conclude that the class of perfect
semigroups contains all completely (0-)simple semigroups and all nilpotent
semigroups.

We will need the following result about firm acts (Corollary 2.4 in [35]).

Lemma 7.1. If As is a unitary act over a factorisable semigroup, then A®g
S is a firm right S-act.

Definition 7.2. Let Ag be a right S-act. Finitely generated subacts of
Ag are those of the form FS!' := {fs | f € F,s € S'}, where F C A is
a finite subset. An act Ag is called cyclic if there exists a € A such that

29
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A =aS" = {a}UaS and locally cyclic if all of its finitely generated subacts
are cyclic.

The following claim is readily verified.
Proposition 7.3. An S-act Ag is locally cyclic if and only if

(Va,a’' € A)(Fa" € A)(3s,s' € SH(a=da"s and o =d"s).

Essential epimorphisms are defined dually to essential monomorphisms.

Definition 7.4. An epimorphism ¢ : P — A in a category C is called an
essential epimorphism if, for every morphism ¢ : () — P in C,

1) is an epimorphism = ¢ is an epimorphism.

It is easy to see that the composite of two essential epimorphisms is an
essential epimorphism.

Definition 7.5. An object P of a category C is called projective in C if for
every epimorphism 7 : A— B and for every morphism ¢ : P — B, there
exists a morphism v : P — A such that the diagram

P
ll/)/”,
¥
A”
A B
m

commutes, i.e, the equality ¢ = m holds.

Definition 7.6. Let ¢ : P—=A be an essential epimorphism in a category C.
The object P is called a cover of the object A. If the object P is projective
in C, then it is called a projective cover of A.

Similarly to Proposition 1.3 in [34], one can prove that epimorphisms in
UActg are precisely the surjective morphisms.

Lemma 7.7. Let S be a semigroup. An epimorphism ¢ : Ps—Ag in UActg
is essential if and only if @|q is not surjective for every unitary proper subact

Q OfPS.
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PRrROOF. Necessity. Assume that ¢ : Ps— Ag is an essential epimorphism
in UActg and let () be a unitary proper subact of Pg. Then the inclusion
map ¢ : () — P is a morphism in UActg and ¢|g = fi. If ¢ was surjective,
then ¢ would be surjective due to essentiality of .

Sufficiency. Let ¢ : Ps — Ag and ¢ : Us — Ps be morphisms in
UActgs such that ¢ and i are surjective. It is easy to see that ¥ (U) is a
unitary subact of Pg and ¢|y ) is surjective. By assumption ¢(U) = P so
1 is surjective and therefore ¢ is essential. |

Definition 7.8. We say that a semigroup S is:
e right perfect if every object of UActgs has a projective cover;

e right semiperfect if every unitary cyclic right S-act has a projective
cover in UActg.

Dually, one can define left (semi)perfect semigroups. A semigroup is called
(semi)perfect if it is both right and left (semi)perfect.

Remark 7.9. We have defined right semiperfect semigroups as nonadditive
analogues of right semiperfect rings (see [6]).

Remark 7.10. Recall that if S is a monoid with identity 1, then an act Ag
is unitary if and only if al = a for every a € A. Hence S is right perfect
in the sense of Definition 7.8 if and only if it is right perfect in the sense of
[19] and [13]. Thus, the results in those articles are special cases of our more
general approach.

Definition 7.11 ([12]). A subsemigroup 7" of a semigroup S is called left
unitary if, for every s,t € S,

ttscT =secT.

We shall make use of the following conditions on a semigroup S.
Definition 7.12. A semigroup S satisfies Condition:

e (A) if every right S-act satisfies the ascending chain condition (ACC)
for cyclic subacts;

e (D) if every left unitary subsemigroup of S contains a minimal right
ideal generated by an idempotent;

e (M) if S satisfies the descending chain condition (DCC) for principal
left ideals of S.
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7.1 Indecomposable and projective acts

Definition 7.13. An act is called indecomposable if it is not a disjoint
union of two nonempty subacts.

The following is Lemma 4 in [11].

Proposition 7.14. Fvery right S-act is a disjoint union of indecomposable
subacts.

In what follows, we will call the indecomposable subacts of Ag the inde-
composable components of Ag. It is easy to see that each cyclic act
is indecomposable. We will need the following result about projective acts,
which is presented as Lemma 2 in [11].

Theorem 7.15. Let C be a full subcategory of Acts which is closed under
coproducts. Let Ps = | |,.; P;, where P; € C for every i € I. Then Pg is
projective in C if and only iof P; is projective in C for every i € I.

Note that coproducts in Actg are disjoint unions and both UActgs and FActg
are closed under disjoint unions.

Lemma 7.16. Let e be an idempotent in a semigroup S. Then the right
S-act eS is a projective object in Actg, UActs and FActg.

PROOF. By the dual of Lemma 3.1(1) in [38], the act S is firm, thus also
unitary. In all these categories epimorphisms are precisely the surjective
morphisms. Now, in any of these categories, we consider a morphism ¢ :
eS — Bg and an epimorphism 7 : Ag — Bg. Denote b := ¢(e) and choose
a € A such that ¢(e) = m(a). Consider a homomorphism ¢ : eS — Ag
defined by

p(es) :==aes, s€S.

Then m) = ¢, because (7)(es) = w(aes) = w(a)es = p(e)es = p(es). N
The last two results allow us to prove the following result.

Corollary 7.17. Fvery nilpotent semigroup is perfect. Every nilsemigroup
1s semiperfect.

Proor. If S is nilpotent, then S™ = 0 for some n € N. If Ag is unitary,
then, for any a € A we can find o’ € A and s1,...,s, € S such that

a=ads,...595 =a0=d00 = a0.
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So aS' = {a} is a one-element subact, which is isomorphic to the act 05 =
{0}. The last is projective in UActg by Lemma 7.16. Thus,

As=| [{a} = | |os

acA acA

is a projective act by Theorem 7.15, which is a projective cover of itself (with
the identity mapping). Thus all objects of UActg (and similarly sUAct) have
projective covers and S is perfect.

Assume now that S is a nilsemigroup. If aS! is a cyclic unitary act, then
a = as for some s € S. For s, there exists n € N such that s” = 0. It follows
that @ = as" = a0, and hence aS* = {a} = 0S, where 0S is projective. Thus
S is right semiperfect and, similarly, it is also left semiperfect. |

Over a factorisable semigroup, projective acts can be described as follows.
The description relies on Theorem 2 in [11], which generalises a well-known
characterisation of projective acts over monoids.

Theorem 7.18. Let S be a factorisable semigroup. For Ps € Actg, the
following are equivalent:

(1) Ps is a projective object in FActg;

(2) Ps is a projective object in UActg;

3) P=|]._;e;S for some idempotents e; € S, 1 € I.
el

PROOF. (1) = (2). Assume that Ps is a projective object in FActg. Clearly
Ps is an object in UActs. We will prove that it is projective in UActg.
Consider a morphism ¢ : Ps — Bg and an epimorphism 7 : Ag — Bg in
UActs. By Lemma 7.1, the acts in the diagram

Ps—tP L pggs
wi Y ®idg
v
A®g S — B ®s S
T ® idg

are firm, and ™ ® idg is an epimorphism in FActg, because the functor — ® .5,
as a left adjoint, preserves epimorphisms. Using projectivity of Ps we can
find a morphism v : Ps — A ®g S such that the square commutes. Now
(A : Ps—= Ag is a morphism in UActg. Take any p € P. Then there exist
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po € P,a € A and sg, s € S such that p = pysp and ¥(p) = a® s. Due to the
commutativity of the square we have

m(a) ® s = (1 ®idg)(¥(p)) = (¢ ®ids)(1p' (p)) = (¢ @ ids)(po ® o)
= ¢(po) ® 5o

in B®g S. Applying the mapping up to the equality m(a) ® s = v(po) ® So
we obtain m(a)s = ¢(po)se. Consequently,

(mpat)(p) = (tpa)(e © s) = w(as) = m(a)s = p(po)so = ¢(poso) = #(p)-

We have shown that m(u41) = ¢, as needed.

(2) = (3). This is a consequence of Theorem 2 in [11], because UActg
satisfies the assumptions of that theorem.

(3) = (1). By Lemma 7.16, the acts ¢;S are projective in FActg. A disjoint
union of firm acts is firm, thus Ps is an object of FActg. It is projective in
FActg due to Theorem 7.15. |

Proposition 7.19. The following are equivalent for an act As over a fac-
torisable semigroup S':

(1) Ag is an indecomposable projective object in UActg;
(2) As = eS for some idempotent e € S;

(3) there exists a € A and an idempotent e € S such that As = aS?,
a = ae and
(Vs,t € St)(as = at = es = et).

PROOF. (1) <= (2). This follows from Theorem 7.18, because cyclic acts
are indecomposable.
(2) < (3). This is due to Lemma 1.1 and Corollary 1.2 in [14]. |

The properties listed in item (3) may be assumed of any generator of a cyclic
projective object in UActg.

Corollary 7.20. An act As = aS' is a projective object in UActg if and
only if there exists an idempotent e € S such that a = ae and as = at implies
es = et for all s,t € S*.

ProoOF. Necessity. (This proof is similar to the proof of implication
(ii) = (iii) of Corollary 3.17.9 in [24].) By Proposition 7.19, aS* = eS for
some idempotent e € S. Let ¢ : eS — aS' be an isomorphism. Then
there exist v € S' and v € S such that p(e) = au and p(ev) = a. Now



7.2. SEQUENCE ACTS 65

p(e) = au = p(ev)u = p(evu) implies e = evu, because p is injective. Also,
aue = p(e)e = p(e) = au. Putting z := uev € S, we have 2* = (uev)(uev) =
u(evu)ev = ueev = z, so z is an idempotent.
Suppose that as = at, where s,t € S'. Then ¢(evs) = p(ev)s = p(ev)t =
¢(evt), which implies evs = evt. Therefore, zs = uevs = uevt = zt.
Sufficiency. This follows from Proposition 7.19. |

7.2 Sequence acts

Let us recall the construction of a sequence act over a semigroup (cf. [37,
Construction 3.9]). A similar construction in the case of a monoid appeared
already in the proof of Lemma 1 in [13].

Let (s;)ien € SN be a sequence of elements of S. On the set

F=NxS"={(k,s)|keN,sc S}

we define a right S-action by (k,s)z := (k,sz), k € N, s € S', 2 € S. This
gives us a right S-act Fs. On the set F' we define a binary relation ~ by

(k,s) ~ (K',s") <= On =k, K)(sn...5k5=8n...515).
Then ~ is a congruence of Fis. Form the quotient act
Mg = Fs/~={[k,s] | k € N,s € S'},
where [k, s] denotes the ~-class of (k, s).

Definition 7.21. Such quotient acts Mg are called right sequence acts
over S.

Let Mg be a right sequence act. Note that
Sk+15k * 1= Sk+1 * Sk = [ka 1] = [k + 17Sk’] = [k + 17 l]sk S [k + 17 ]-]Sl

for each k£ € N, so we see that Mg is unitary and it is a union of a chain of
its cyclic subacts

[1,1]S' € [2,1]8* C [3,1]S' C ...

Lemma 7.22. Right sequence acts are locally cyclic. A right sequence act
My is cyclic if and only if Mg = [k, 1]S* for some k € N.
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PROOF. Given any [k, s, [(,t] € Mg, we have that [k, s], [(,t] € [max{k, (},1]S.
Thus, right sequence acts are locally cyclic by Proposition 7.3.
If Mg is cyclic, then M = [m,u]S! for some u € S'. By the above,
Mg = [m,u]S" = [m + 1, s,,u]S* C [m + 1,1]S,
so Mg = [m + 1,1]S'. The converse is obvious. [ |

It is well known that locally cyclic acts are indecomposable.

Lemma 7.23. Let S be a semigroup. Each act of the form eS, > =e € S,
1s 1somorphic to a right sequence act.

PrROOF. Let Mg be the right sequence act constructed using the constant
sequence (e, e, ...). For every k € N,

e-l=¢..ce=(k1)~(1e)=[k1]=[11e= [k ]St = [1,1]8%,
k

so Mg = [1,1]S!. Consider the S-act homomorphism
@ :eS—=[1,1]S", es > [1,es].
It is injective, because
(Les) ~(l,et) =>e-es=e-et = es=cet
for every s,t € S, and it is surjective, because
[1,s] = [2,es] = [2,eles = [1,1]es = [1, es] = p(es)

for every s € S*. Thus ¢ is an isomorphism. |

7.3 Condition (A)

Definition 7.24. A subset X of an act Ag is a set of generators if A =
XSt A set X of generators is called independent ([13, p. 90]) if

(Vo,2' € X)(z € 2/S' =z =2').

Lemma 7.25 (cf. Lemma 2 in [13]). Let Ag be an act over a semigroup
S satisfying (ACC) for cyclic subacts. Then Ag has an independent set of
generators.
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PRrROOF. Denote
X ={zecA| (V' € A)(xS' Ca/'S' = 28" =2'5")}.

We first show that X is a set of generators for Ag. It suffices to prove that
A C X S!. Take arbitrary a € A and consider the set

P,={dS"|d € A,aS" Cd'S'}

as a poset with respect to inclusion. Since aS! € P,, by assumption, this
poset must have a maximal element aqS*. In particular, aS' C a¢St. We
show that ag € X.

If 2 € A and q¢S! C 2/S?, then also aS' C 2'S', so 2/S' € P,. Due to
maximality of ayS!, we have agS* = 2/S'. Hence ag € X and a € agS* C
X S, as needed.

Define a relation =~ on X by

r~x <— xSt C St

It is clear by the choice of X that we have an equivalence relation.

From every =~ -class we choose a representative and form a set X’ of those
elements. We show that X’ is an independent set of generators for Ag. By
the definition of ~, for every x € X there exist ' € X’ and s € S such that
x =x's. Since X is a set of generators, also X' is a set of generators.

To prove that X’ is independent, we suppose that = € 2’S', where z, 2’ €
X' C X. Then zS' C 2'S?, which means that  ~ /. Now z = 2/, because
each ~-class contains precisely one element from X’. |

Definition 7.26 (cf. Definition 4.1 in [4]). A semigroup S is called right
IC-perfect if every unitary act Ag has a cover Bg—=Ag where Bg is unitary
and indecomposable components of By are cyclic. Such a cover will be called
an ZC-cover.

Note that if b = V's, where b,b’ € B and s € S, then b and ' must be in the
same indecomposable component. Therefore indecomposable components of
Bg must be unitary. Hence,

Bs =] |b:S",
iel
where each b;S" is a cyclic unitary act.

The following result is inspired by Result 1.2 in [19], by Lemma 1.3 in
[21] and also by Lemma 2.2 and Theorem 5.2 in [4]. Among other things, it
shows that Condition (A) can be given a description that does not refer to
acts, but only uses the elements of S.



68 CHAPTER 7.

Theorem 7.27. For a semigroup S the following are equivalent:
(1) S satisfies Condition (A);
(2) every locally cyclic right S-act is cyclic;
(3) every right sequence act over S is cyclic;
(4) for every sequence (s;)ien € SV,

Fk,meN)(Fue SYHY(E=m+1 and s...5m41 = Sk - .- Sme15ml);

(5) for every act Ag there exists a set {A; |1 € I} of cyclic subacts of
Ag such that

A=JAi and (Vjel) (Aj Z UAZ) ; (7.1)

iel i)
(6) S is right IC-perfect.

PROOF. (1) = (2). Suppose that Ag is a locally cyclic act which is not
cyclic. Choose a; € A. Since Ag is not cyclic, there exists b € A\ a;S*.
Using that Ag is locally cyclic, we can find as € A and u,v € S! such that
a1 = asu and by = asv. Note that as & 1S, because otherwise b; € a;S™.
Thus, a1 S' C a9 S*.

Again, ayS* # A, and we can find an element by € A \ a2S". Continuing
in this manner we can construct a strictly increasing sequence

alsl C GQSI C agsl C ...

of cyclic subacts of Ag, which contradicts Condition (A).

(2) = (3). Every right sequence act is locally cyclic, because it is the
union of an ascending chain of its cyclic subacts.

(3) = (4). Assume that all right sequence acts over S are cyclic. Consider
a sequence (s;);eny € SN and the right sequence act

Mg = {[k,s]| k€N, se S}

determined by it. By assumption, Mg must be cyclic. By Lemma 7.22, there
exists m € N such that M = [m,1]S*. Then (m + 1,1) ~ (m,u) for some
u € S', which means that there exists k > m + 1 such that s;...5,41 =

Sk« + - Smt1SmU.
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(4) = (1). Suppose that Ag does not satisfy (ACC) for cyclic subacts.
Then there exists a sequence (a;)ieny € AY such that

alsl CGQSI Cagsl C....

Consequently, for every ¢ € N, there exists s; € S such that a; = a;,1s;. For
the sequence (s;)ien € SN there exist k,m € N, k > m + 1, and u € S* such
that si...8m11 =Sk ... Sme1Smu. Then

Am+1 = Am425m+1 = Am+3Sm+2Sm+1 = AQk+1Sk - - - Sm+1 = Ak+41Sk - - - Sm4+15SmU
1
= QkSk—1 -+ - Sm41SmU = Ama1SmU = QU € apS-.

It follows that a,,.1S! = a,,S!, a contradiction.

(1) = (5). Assume that S satisfies Condition (A). Consider an act Ag.
By Lemma 7.25, Ag has an independent set of generators X. Then, clearly,
A =U,ex 25" Take y € X and suppose that yS* C J,,, #S". Then there
exists z € X \ {y} such that y € 2S'. Independence of X implies y = z, a
contradiction. Hence

yS' g s
TFY

(5) = (6). Let Ag be a unitary act. By (5) there exist cyclic subacts
A; = a;S, i € I, such that (7.1) holds. Tt is easy to see that each a;S! is
unitary.

Now Bg := | ;c; a;S' is an act whose indecomposable components are
cyclic and unitary. Consider the S-act homomorphism

p: Bg—=Ag, a;sv+> a;s.

Suppose that ¢ is not essential. Then there exists j € I and (possibly empty)
proper subact C' of a;S* such that ¢ : C'L |_|Z.7éj a;S' — A is surjective. In
particular, there exists b € C'U[|,,; a;S" such that p(b) = a;. We have two
possibilities.

1) b € C. Then b = a;s for some s € S'. Hence a; = ¢(b) = p(a;s) =
a;js = b € C, which implies a;S* = C, a contradiction.

2) b € ]S Then a;S" = ¢(b)S' = p(bS") C |, aiS", a contra-
diction.

(6) = (3). Assume that S is right ZC-perfect and consider a right se-
quence act Mg determined by a sequence (s;);en. Since Mg is unitary by the
comment preceding Lemma 7.22, it has a cover ¢: Bg —= Mg, where

Bg = |_|bz~Sl.

el
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Fix an index j € I. Let p(b;) = [k,s] € Mg. Then o(b;S") C [k,1]S".
Consider a number ¢ > k. Suppose [¢,1] has an ¢-preimage in ;S for some
i # j. Then [(,1]S' C (b;S"), which implies that ¢ restricted to B\ b;S*
is surjective. But that contradicts essentiality of ¢. Thus, [¢, 1] must have a
preimage in b;S*. Let [(, 1] = ¢(b;u) for some u € S*. Now

16,1] = o (byu) = o(b;)u = [k, slu = [k, Lsu € [k, 15",

which implies [¢,1]S* = [k, 1]S!. Since this equality holds for every ¢ > k,
we have shown that Mg = [k, 1]S', so My is cyclic. [

Remark 7.28. Condition (5) in Theorem 7.27 appears first in Lemma 2.2
of [4], but a similar condition was used in [21]. It is kind of interesting that
this condition can be formulated in topological terms, as follows.

If Ag is an act, then the set of its subacts (here including the empty
subact) is a topology on the set A, because any union or intersection of
subacts is a subact. The set of all cyclic subacts is a basis for this topology.
Now condition (5) says that this basis contains a subset which is a minimal
cover (in the sense of topology) for A.

7.4 Condition (D)

In this section we will prove that a factorisable semigroup satisfies Condition
(D) if and only if it is right semiperfect. The following result can be proved
precisely as Lemma 4.4 in [16].

Lemma 7.29. Let T be a left unitary subsemigroup of a semigroup S. Then
(Vu,v € T)(uT* CoT' <= uS* Cwvsh).

Lemma 7.30. If a subsemigroup T of a semigroup S is left unitary then it
is a p-class of some right congruence p on S.

PROOF. Assume that 7' is a left unitary subsemigroup of S. Let p be the
right congruence on S generated by the set T'xT. Taket € T. Then T C [t],.
We will prove that [t], C T. If s € [t],, then tps and

/ /
t = t181 t282 = t383 tn_lsn_l = tnsn
tisy = t989 t Sy = S

for some t¢;,t, € T and s; € S'. If s; # 1, then s; € T, because T is left
unitary. Hence tjs; € T, both when sy # 1 and when s; = 1. If so # 1, then
sy € T, and so on. Thus, for every ¢ € {1,...,n}, either s; =1 ors; € T. It
follows that s =t s, € T. |
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Lemma 7.31. If S is a semigroup and aS* is a unitary cyclic S-act, then
T={seS|as=a}
is a left unitary subsemigroup of S.

PROOF. Since aS! is unitary, there exist « € S! and s € S such that a =
(au)s = a(us). We see that us € T, so T is nonempty, and it is clearly a
subsemigroup of S. If t,ts € T', then as = (at)s = a(ts) = a, so s € S. Thus,
T is left unitary. |

Theorem 7.32 (cf. Result 1.5 in [19] and Theorem 5.2 in [43]). For
a factorisable semigroup S the following assertions are equivalent:

(1) S is right semiperfect;
(2) S satisfies Condition (D).

PROOF. (1) = (2). (This is inspired by the proof of Proposition 4.6 in [16].
Differently from that proof, we cannot assume that R is the congruence class
of the identity element, but with appropriate modifications the proof works.)

Let R be a left unitary subsemigroup of S. By Lemma 7.30, it is a p-class
for some right congruence p on S, say R = [t], t € R. Then [¢]S! is a cyclic
subact of the right S-act S/p. It is a unitary S-act, because t,t*> € R implies
[t] = [t]t.

By assumption, [t]S! has a projective cover in UActg. This must be a
unitary cyclic projective act (see the proof of Lemma 4.1 in [16]). Due to
Theorem 7.18, it must be of the form eS, where e € S is an idempotent. Also,
there exists an essential epimorphism ¢ : eS — [t]S! in UActs. Because of
surjectivity of ¢ there exists eu € eS such that [t] = ¢(eu). Since S is
factorisable, euS is a unitary subact of eS. Now eut € euS and [t] = [t] =
[t]lt = p(eu)t = @(eut) imply that ¢l..s is surjective. Due to essentiality
we have the equality euS = eS. It follows that e = eus’ for some s’ € S.
Putting s := s'e € S we have e = eus and s = se. Now

(su)(su) = (seu)(su) = s(eus)u = seu = su,
so su is an idempotent. In addition,
[t] = p(eu) = p(eusu) = p(eu)su = [t]su = [tsul.

Since R is left unitary, ¢,tsu € R implies su € R. Let us prove that suR' is
a minimal right ideal in R.
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For this we show that, for every r € R, rR! C suR! implies rR! = suR!.
Let r € R. If rR' C suR!, then r = sur’ for some ' € R'. Hence r =
(su)*r’ = (su)(sur’) = sur and

o(eurt) = @(eu)rt = [t|rt = [trt] = [t],

because trt € R. Since eurS is a unitary subact of €S and ¢|e.s is surjective,
eurS = eS = eS'. Now

sS = seS = seurS = surS =rS C rSt = surS' C suS' C 89S,

which implies rS* = suS*'. Since r,su € R, we conclude that rR! = suR!
by Lemma 7.29.

(2) = (1). Assume that S satisfies Condition (D) and consider a unitary
cyclic S-act aS*. The fact that aS? is unitary means that a = at, for some
to € S. Now

T:={teS|at=a}

is a left unitary subsemigroup of S by Lemma 7.31. Since S satisfies Con-
dition (D), there exists an idempotent e € T' (so ae = a) such that €T is
a minimal right ideal in 7. We will show that the unitary S-act eS is a
projective cover for aS! in UActg.

For this, we consider the surjective S-act homomorphism

¢:eS—=aS', esrs aes = as.

Suppose that B is a unitary subact of eS such that p|p is surjective. Then
there exists b € B such that ¢(b) = a. Since B C eS, there exists s € S such
that b = es. Observe that a = ¢(es) = as. Consequently, s € T and also
es € T. Now, using minimality of 7" and Lemma 7.29,

esTV CeT = esT' =eT = esS'=eS =eS=bS'CBCeS= B=¢S.

So B = €S, as required. [ |

7.5 Condition (M})

Similarly to Condition (A), Condition (My) has a description in terms of
sequences of elements of S.

Proposition 7.33. A semigroup S satisfies Condition (My,) if and only if

(V(81)ien € SN (A € N)(Vm > n)(Fu € SN (usy, ... 5, = 5,...51).



7.5. CONDITION (M) 73

PROOF. Necessity. Assume that S satisfies Condition (M}). Consider a
sequence (8;)ieny € SV and denote t; := s;s;_1 ...s; for each i € N. Since the
descending chain

St D Sty D SHs D ...

stabilises, there exists n € N such that S't,, = S't,, for every m > n. Hence

t, € S'%,,, which means that us,,...s; = S, ...s; for some u € S*.
Sufficiency. Suppose to the contrary that S does not satisfy Condition

(Mp). Then we have a strictly decreasing chain of principal left ideals

Sty > Sty D Sy o ...

For every i € N, there exists s;;; € S! such that ¢;1; = s;.1t;. Since we
assumed that t; # t;. 1, we have s;;; € S. Also, put s; := t;. By our
assumption, there exists n € N such that for every m > n there exists
u € St such that us,,...s; = s,...s;. If n =1, then there exists u € S*
such that usst; = t;, which implies uty = t;. Consequently, S't; = S'ty, a
contradiction. Otherwise, let m > n > 1. Then s,...s = u's,,...s; for
some 1’ € St and

/! /
th = Sntn_1 = SpSn_1tn—2 = ... = 83Sn_1..-81 = U SmSm—1---81 = U,
whence S't,, C S't,,, and therefore S't, = S't,,, a contradiction. [ |

We will also need the following lemma.

Lemma 7.34 (cf. Lemma 1 in [13]). If all right sequence acts over a semi-
group S are projective, then S satisfies Condition (M, ).

PrROOF. We will employ Proposition 7.33. Consider a sequence (s;);en and
the right sequence act Mg determined by it. By assumption, My is projective.
Hence, for the surjective morphism

7:NxS'=Fg— Mg, (k,s) [k, s],

there exists a morphism p : Mg — Fg such that mp = idy,.

Mg
p.” .
.7 id
A”
Fq Mg
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Let u([1,1]) = (k,s) € N x S'. Then

[1,1] = (mp)([L,1]) = 7(k, s) = [k, s].

Since (1,1) ~ (k,s), there exists n > k such that s,,...s1-1=s5,...5;-s.
Let m > n and put p([m + 1,1]) = (r,¢) for some r € N and ¢ € S'. Note
that (1,1) ~ (m+1,s,,...s1), because

Smal---51°1=Smi1Sm---51-
Now

(k,s) =p([L,1]) =pw([m+ 1,8, ...51]) = p([m+1,1])8p ... 51

?
(ry¢)sm...s51 = (7,8 ...51),

whence k =r and s = ¢s,,, ... s1. Putting u:=s,...s,c € S we have

Sp...81 =8p...85kS =8p...8kCSp...51 = USy ...S1,

as required. |

7.6 Pullback flatness

Definition 7.35. A right S-act Ag is called pullback flat, if the functor
A ®g — : gAct — Set preserves pullbacks.

We will need the following conditions (introduced first for acts over monoids
in [46]) and the following theorem.

Definition 7.36. An S-act Ag is said to satisfy Condition

(P) if whenever as = a’s’ for some a,a’ € A and s,s" € S, there exist
a” € A and u,v € S such that

(E) if whenever as = as’ for some a € A and s,s' € S, there exist
a’ € A and v € S such that

a=du, us=us.

Theorem 7.37 (cf. Theorem 3.5 in [37]). Let Ag be a unitary act over a
semigroup S. Then Ag is pullback flat if and only if it satisfies both Condition
(P) and Condition (E).
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Proposition 7.38. A cyclic S-act aS* is unitary and pullback flat if and
only if

(Vs,t € SY)(as=at = (Fue S)(a=au and us=ut)).

PRroOF. Necessity. Let A = aS! be unitary and pullback flat. Take s,t €
S such that as = at. Since aS! is unitary, a = av for some v € S. Then
a(vs) = a(vt), where vs,vt € S. By Theorem 7.37, aS' satisfies Condition
(E), so there exists w € S such that a = aw and w(vs) = w(vt). Putting
u = wv, we have a = au and us = ut.

Sufficiency. By assumption, there exists u € S such that a = au, thus
aS' is unitary. That aS! satisfies Condition (E) follows immediately from the
assumption. To prove Condition (P), suppose that (as;)s = (as2)s’, where
51,52 € St and s,s" € S. By assumption, there exists u € S such that a = au
and us1s = usys’. Now as; = a(usy) and ass = a(usy), where usy, usy € S.H

Lemma 7.39 (cf. Lemma 3 in [13]). Let As be a unitary pullback flat
act which satisfies (ACC) for cyclic subacts. If Ag is indecomposable, then
it 1s cyclic.

Proor. Take any x € A and consider the set
P,:={bS'|be A, 2S' CbS'}

as a poset with respect to inclusion. Since zS! € P,, we have P, # (), so
by assumption, there exists a maximal element aS' € P,. In particular,
xS* C aS'. Consider the set Y := A\ aS!'. Assume for a contradiction
that Y # (. Now, Ag is a union of its subacts aS! and Y S!. Since Ag is
indecomposable,

aS*NY St £,

which means that there exist y € Y and s, t € S! such that as = yt.

On the one hand, if t = 1, then y = as € aS*, a contradiction. On the
other hand, suppose s = 1. The equality a = yt implies that x5! C aS* C
yS!. It follows that yS' € P, and aS! = yS! due to maximality. So again,
we must have y € aS', which is impossible. Thus, we must have s,t € S.

Since Ag is a unitary pullback flat act, by Theorem 7.37 it satisfies Con-
dition (P). Hence, there exist a’ € A and u,v € S such that a = d'u, y = a’v
and us = vt. We conclude that aS!' C a/S'. It follows that ¢’S* € P,, so
aSt = a’S' due to maximality. Now, for some z € S!, @’ = az and therefore
y = a'v = azv, whence y € aS', a contradiction. Thus, Y = () and A = aS*
is cyclic, as required. |
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Corollary 7.40. If a semigroup S satisfies Condition (A), then every uni-
tary pullback flat S-act is a disjoint union of cyclic unitary pullback flat
subacts.

PROOF. Assume that S satisfies Condition (A) and let Ag be unitary and
pullback flat. By Proposition 7.14,

A= |4,
iel
where A; is an indecomposable subact of Ag for every i € I. It is clear by
Theorem 7.37 that the A; are pullback flat. Since S satisfies Condition (A),
each A; satisfies (ACC) for cyclic subacts. We see that the A; satisfy all
assumptions of Lemma 7.39, so they must be cyclic. |

Lemma 7.41 (cf. Lemmas 4 and 5 in [13]). If a factorisable semigroup
S satisfies either Condition (D) or Condition (ML), then every unitary cyclic
pullback flat right S-act is projective.

PROOF. Let Ag = aS! be a unitary cyclic pullback flat S-act. By Lemma 7.31,
theset T'= {s € S| as = a} is a left unitary subsemigroup of S. If S satisfies
Condition (D), then T contains a minimal right ideal eT", where e € T is an
idempotent. If S satisfies Condition (M), then the set

IT={S't|teT}

of principal left ideals of S contains a minimal element S'e for some element
e € T. In both cases, it suffices to prove that condition (4) of Proposition 7.19
is satisfied.

Assume that as = at for some s,t € S'. Since aS! is pullback flat, by
Proposition 7.38 there exists u € S such that a = au and us = ut. The
equality au = ae implies that a = av and vu = ve for some v € S. Note that
u,veT.

Firstly, let S satisfy Condition (D). By Lemma 8.12 in [12], Te is a
minimal left ideal of T". It follows that

Tou CTuNnTe C Te,

whence Te = Tvu C Tu due to minimality. Therefore, e = wu for some
w € T. We conclude that es = wus = wut = et, as required.

Secondly, assume S satisfies Condition (M}). Since T is a subsemigroup,
vu € T and S'vu € Z. The equality vu = ve implies S'vu C S'e. We have
Stvu = S'e due to minimality and e = wovu for some w € S'. This implies
es = wvus = wovut = et. In particular, al = ae implies that el = ee by the
previous argument, so e is an idempotent. |
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7.7 Condition (K)

The following is inspired by Definition 1.6 in [22].

Definition 7.42. We say that a subsemigroup T of S is left collapsible if
T is a left collapsible submonoid of S!, that is,

(Vt,t' € T")(Fu € T") (ut = ut').

Condition (K) for monoids was introduced by Kilp in [22] and used later in
[23]. We use it for semigroups in the following form.

Definition 7.43. A semigroup S satisfies Condition (K) if every left col-
lapsible subsemigroup of S has a left zero.

Proposition 7.44 (cf. Theorem 2.3 in [22]). A factorisable semigroup S
satisfies Condition (K) if and only if every unitary cyclic pullback flat right
S-act is projective.

PROOF. Necessity. Suppose S satisfies Condition (K). Let a.S! be unitary
pullback flat and let "= {s € S | as = a}. If t,t’ € T*, then at = at’.
By Proposition 7.38, there exists u € S such that a = au and ut = ut’. In
particular, u € 7. Thus, T" is a left collapsible submonoid of S*.

By assumption, 7" has a left zero e. We will check condition (4) of Propo-
sition 7.19. We know that a = ae. Suppose that as = at, s,t € S*. Then
there exists u € S such that a = au and us = ut. Then u € T, eu = e and
es = eus = eut = et.

Sufficiency. Assume that every unitary cyclic pullback flat right S-act
is projective. Let T' C S be a left collapsible subsemigroup of S. Then by
definition P := T" is a left collapsible submonoid of S!. By Lemma 2.1 in
[22], the relation p, defined by

spt <= (3p,q € P)(ps = qt),

is a right congruence on the monoid S!. In particular, 1pp for all p € P.
The cyclic S*-act S*/p = [1], S* is pullback flat.

It turns out that S*/p = [1], S* is also a cyclic unitary pullback flat S-act.
Since T' is nonempty, we can choose to € T'C S. If [1],s = [1],¢, s,t € S,
then Condition (E) implies that there exists v € S* such that [1], = [1],u
and us = ut. If it happens that u = 1, then still [1], = [1], ¢y and tys = tot.
By Proposition 7.38, S'/p is a unitary pullback flat S-act.

By assumption, [1], S is projective. Using Corollary 7.20 we know that
there exists e € E(S) such that [1], = [1],e and [1],s = [1],¢ implies es = et
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for all s, € S*. In other words, 1 pe, and s pt implies es = et for all s,¢ € S*.
From 1 pe we obtain p,q € P such that p = ge. Let r € P be arbitrary. Then
1 pr, which implies e = er, and therefore pr = ger = qe = p. Thus, p is a
left zero for P. If p = 1, then 1 = ge = gee = e, which contradicts the fact
that e € S. Thus, p € T and p is a left zero for T [ |

Corollary 7.45. If S is factorisable, then Condition (My) implies Condi-
tion (K ).

Proor. This follows from Proposition 7.44 and Lemma 7.41. |

7.8 The main theorem

Our main theorem is the following.

Theorem 7.46. For a factorisable semigroup S, the following are equiva-
lent:

(1) S is right perfect;

(2) S is right ZC-perfect and right semiperfect;

(8) S satisfies both Condition (A) and Condition (D);

(4) S satisfies both Condition (A) and Condition (My);
(5) S satisfies both Condition (A) and Condition (K);

(6) every right sequence act over S is projective in UActg;

(7) every unitary pullback flat right S-act is projective in UActg.

PROOF. (1) = (2). If a semigroup S is right perfect, then it is clearly right
semiperfect. If | |,_; e;S—=Ag is a projective cover for a unitary act Ag, then
its indecomposable components ¢;S, ¢ € I, are cyclic and unitary. Hence S
is also right ZC-perfect.

(2) = (1) Let Ag be a unitary S-act. Since S is ZC-perfect, there exists a
cover ¢ : Bs—=Ag, where Bg = | |,.; b;S" is a disjoint union of unitary cyclic
subacts. Semiperfectness of S gives a unitary projective cover ¢; : P;—=b;S"
for each 7 € I.

Then Ps :=| |..; P; is a unitary projective act by Theorem 7.18 and

el

¢: Ps— Bg, ©— pi(x)if x € P,
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is a surjective morphism of right S-acts. We will show that ¢ is essential.

Suppose that () is a proper subact of Pg. Then there exists ¢ € I such
that @; := Q N P, is a proper (possibly empty) subact of P,. Hence ¢;q, :
Q; —=b;S! is not surjective, because ; is essential. But then also ¢|qg is not
surjective, because the preimages of elements of b;S! can only come from B;.
Thus, ¢ is an essential epimorphism. Hence, ¢ : Ps — Ag is an essential
epimorphism and Ps is a projective cover for Ag.

(2) < (3). This follows from Theorem 7.32 and Theorem 7.27.

(6) = (3). Assume that all right sequence acts are projective. Since they
are indecomposable (see Lemma 7.22), unitary and projective, they must be
cyclic. Hence S satisfies Condition (A) by Theorem 7.27.

We will prove that S satisfies Condition (D). The proof of this implication
is inspired by the proof of Theorem 6.2 in [16].

Let T be a left unitary subsemigroup of S. Take any ¢t € T. We will
prove that the principal right ideal 7! of T contains an idempotent. By the
assumption, the right sequence act Mg, determined by the constant sequence
(t) € SN, is projective. Since Mg is indecomposable, it must be cyclic. From
Lemma 7.22 we conclude that there exists i € N such that M = [i,1]S'. By
Corollary 7.20, there exists e = e € S such that [i, 1] = [i, e] and

(Vo,y € SY)([i, 2] = [i,y] = ex = ey). (7.2)

From [;,1]S* C [i + 1,1]S* € Mg = [i,1]S* we conclude that [i,1]S* =
[i +1,1]S'. Hence there exists z € S* such that [i + 1,1] = [i, 2]. We have
the diagram

M = [i,1]S?

| ™

(i, 1)51 —Oé> (Z + 1, 1)51

\]

with 1-generated free S-acts (i,1)S" and (i+1,1)S', and with the right S-act
morphisms defined by
a(i,s) == (i+1,ts),
Bi+1,5) = [i+1,5] = [i, 5],
7([i, s]) == (i, es),

Yi=arB:(i+1,1)S—(i+1,1)S".

Note that 7 is well defined due to the implication (7.2).
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Denoting h := tez, since [i + 1,t] = [i, 1], we have that

(Bar)([i, 2]) = (Ba)(i,ez) = B(i + 1,tez) = [i + 1, tez] = [i + 1, t]ez = [i, 1]ez

=li,e]z = [i, 1]z = [i, 2]
and

Ui+ 1,1) = (YarB)(i+ 1,1) = (Yar)([i + 1,1]) = (arBa7)([i, 2])
= (a7)([i,2]) = (amB)(i +1,1) = (i + 1,1) = (a7)([i, 2])
=a(i,ez) = (i + 1,tez) = (i + 1, h).

Hence,

(i+1,h) =¢*(i+1,1) =v(G+1,h) =G+ 1,1)h = (i +1,h)h
= (i+1,h%),

which yields h? = h. The equalities [i + 1,1] = [¢, 2] and [i, 1] = [i, e] imply
that t" = t""'z and t™ = t™e for some m,n € N. Since T is a left unitary
subsemigroup, z,e € T and we have an idempotent h € tT7.

Now consider a chain

erTt D egTh D esTt D

of principal right ideals of T" generated by idempotents e; € T. By Lemma 7.29,
we have a chain
e15' D eSSt DSt D

The following is standard semigroup trickery. We put ¢g; := e, then
g1St = €15t Define inductively g¢;.; := e;119; for every i > 1. Since
ei415t C €;81, we have e;e;11 = e;11. Using induction, we assume that g; is
an idempotent such that ¢;S* = €;S'. Then e; = gje;. Also, gieir1 = €1,
because e;41 € ¢;S*. It follows that g7, = €;419i€i419i = €ir1€i410i = Git1.-
Clearly, gi;15' C e;41St. Conversely, from

Cir1 = €ip1€ir1 = €ip1€i€ip1 = €ip1(gi€i)eir1 = (eir16i)(€i€it1) = Giy1€in1

we conclude that e;;1S* C ¢;41S'. Thus, €;115' = ¢;11S'. We also have
9i9it1 = gip1 (because gip1 € g;S") and

9i+19i = €i+19i9i = €i+19i = Ji+1-
Hence, we have a chain

S'g1 D Stg, D S'gs D
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where ¢;119; = giv1 = 9:gi+1 for every ¢ € N.

By Lemma 7.34, S satisfies Condition (My). Thus, there exists n € N
such that Slg; = Slg;,1 for every i > n. Now ¢; = ¢;gir1 = gis1, therefore
gi = giy1 and €;S1 = e;.1S! for every i > n. By Lemma 7.29, it follows that
e;T1 = e; 1T for every i > n. We have shown that T satisfies the descending
chain condition for principal right ideals generated by idempotents.

Suppose that 7" does not have a minimal principal right ideal. Take any
by € T. Then b;T" contains and idempotent e; and b;T* D e;T*. Since e, T
is not a minimal ideal, there exists by € T such that e;7" D byT". In this
way we get an infinite descending chain

blTl 2 61T1 D) b2T1 2 €2T1 D) bng 2 €3T1 D...
of principal right ideals of T', where e; € E(T'). Thus, we also have a chain
e TP DeTH DesTHD ...,

a contradiction. It follows that 7 has a minimal principal right ideal bT"*.
As it contains an idempotent e, we have bT* = T due to minimality.

(4) = (5). By Corollary 7.45.

(5) = (6). Assume that S satisfies both Condition (A) and Condition
(K). Let Mg be a right sequence act over S. By Theorem 7.27, Mg is cyclic.
Due to Corollary 3.11 in [37], Mg is pullback flat. By Proposition 7.44, Mg
Is projective.

(6) = (4). By Lemma 7.34, S satisfies Condition (Mp). We show that S
satisfies Condition (A) using Theorem 7.27. Take any sequence (s;)ieny € SN
and consider the right sequence act Mg determined by it. By assumption,
it is projective. It is also indecomposable, hence, by Proposition 7.19, there
exists an S-isomorphism ¢ : Mg—=eS, where e € E(S) is some idempotent.
Then there exists [m,s] € M such that ¢([m,s]) = e. Also, there exists
s’ € S such that ¢([m +1,1]) = es’. Now

e(m+1,1]) = ¢([m, s])s" = p([m, ss']) = [m + 1, 1] = [m, ss'].
Thus, there exists k > m + 1 such that

/
Sk -Smal = Sk---Smi15mSS -

(3) V (4) = (7). Let As be a unitary pullback flat act. Using Condition
(A), by Corollary 7.40 we conclude that Ag = | |,.; A;, where 4; is a cyclic
unitary pullback flat act for every ¢ € I. We have by Lemma 7.41 that each
A; is projective, when S satisfies either Condition (D) or Condition (Mp).
Thus, Ag is projective due to Theorem 7.15.
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(7) = (6). Every right sequence act Mg satisfies Condition (E) by
Lemma 3.10 in [37]. It is easy to see that Mg satisfies Condition (LC):
if a,a’ € M, then there exist " € M and u,v € S such that a = a"u and
a’ = a”"v. By Theorem 4.2 in [37], right sequence acts are pullback flat. We
also know that they are unitary. By assumption, they are projective. |

Remark 7.47. 1. Condition (4) in Theorem 7.46 is important, because
together with Theorem 7.27 and Proposition 7.33 it shows that perfectness
of a factorisable semigroup S can be verified by checking two conditions that
are formulated in terms of sequences of elements of S. These conditions are
internal to S and do not refer to any categories.

2. If S is factorisable and right perfect, then any right sequence act over
S is projective. In particular, S must contain at least one idempotent.

Corollary 7.48 (cf. Corollary 3.13 in [4]). Every completely (0-)simple
semaigroup is perfect.

PROOF. We show that a completely 0-simple semigroup S := M%(G, U, V, p),
where G is a group, is right perfect. A dual argument shows that it is left
perfect. Perfectness for completely simple semigroups follows similarly.

It suffices to prove that S satisfies both Condition (A) and Condition
(Mp). To verify Condition (A), we use item (4) in Theorem 7.27. It is
readily verified that

(Vz,y € S\ {0})(Fu,v € S\ {0})(x = zyu and vyx = x).
Take a sequence (s;);en € SN, We consider three cases:
(1) s; # 0 for every i € N. Then sy = s9s1u for some u € S|
(2) s1 =0, but s; # 0 for every ¢ > 1. Then s3 = s3sou for some u € S;
(3) s; =0 for some ¢ > 1. Then s; = s;5,_1 and we take u = 1.

To verify Condition (M), we will check the condition of Proposition 7.33
for the same sequence. If the sequence contains no zero, then we can take
n=1 Ifs, =0, then s, ...s,...5 = s, ... clearly holds. |

7.9 Morita invariance

In this section we will prove that right semiperfectness, right ZC-perfectness
and right perfectness are Morita invariants on the class of factorisable semi-
groups. For this, we need to examine essential epimorphisms in the categories
UActs and FActg.
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Proposition 7.49. Let S be a semigroup and As € UActg. Then iy is an
essential epimorphism in UActg.

PRrROOF. Since Ag is unitary, p4 is surjective, and it is easy to see that A®gS
is unitary. Let U C A ® S be a unitary subact and consider the diagram

Us - A®s S +% Ag

in UActg, where ¢ is the embedding. Suppose p4c¢ is surjective. By Lemma
7.7, it suffices to show that ¢ is surjective, i.e, U = A®S. Take a®s € A®S.
By surjectivity of p4t, there exist a’ € A and s’ € S such that o’ ® s’ € U
and a = (pat)(a’ ® s') = d's’. Now

a®@s=ds®s=d@ss=(d®s)seUSCU.
Thus, ¢ is surjective, as required. |

Proposition 7.50. Let S be a factorisable semigroup. For a morphism ¢ :
Ps— Ags in FActg, the following are equivalent:

(1) ¢ is an essential epimorphism in UActg;

(2) ¢ is an essential epimorphism in FActg.

PROOF. (1) = (2). This is clear.

(2) = (1). Let U C Ps be a unitary subact and let ¢ : U — P be the
embedding. Suppose ¢ is surjective. By Lemma 7.7, it suffices to show that
¢ is surjective, i.e., U = P. According to Lemma 7.1, U ®g S is a firm right
S-act. Consider the diagram

U®sS S Ug - Py -2 Ag.

Since py is surjective, uuy is a surjective morphism in FActg. Also, tuy is a
morphism in FActg. Then ¢ty is surjective due to essentiality of . It follows
that ¢ is surjective. |

Next we consider cyclic acts. Note that a cyclic unitary act need not be firm.
An example of such an act is given in Example 2.12 of [34].

Proposition 7.51. The following are equivalent for a factorisable semigroup

S:
(1) every cyclic act in UActg has a projective cover;

(2) every cyclic act in FActs has a projective cover.
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PROOF. (1) = (2). Take a cyclic act aS' € FActg. Since aS! is unitary, it
has a cyclic projective cover ¢ : eS —=aS! in UActs (note that a cover of a
cyclic act must be cyclic). Recall that S is firm (see Lemma 7.16). Consider
a diagram

Bg s eS 25 a8

in FActg. If o9 is surjective, then 1) must be surjective, because this diagram
is also in UActg and ¢ is an essential epimorphism in UActg. Thus, ¢ is an
essential epimorphism in FActg.

(2) = (1). Take a cyclic act aS' € UActs. By Lemma 7.1, aS' ®g S is
firm. Since aS? is unitary, there exist s € S and u € S! such that a = (au)s.
Then

aS' ®g S = (au ® s)S*.

The inclusion D is clear. On the other hand, if v € S* and ¢t € S, then
av @t = (au)sv @t = au ® svt = (au ® s)vt € (au @ s)S*.

Therefore, aS! ®g S is a cyclic right S-act.

By assumption, there exists a projective cover ¢ : eS—=aS'® S in FActg.
By Proposition 7.50, ¢ is also an essential epimorphism in UActg. Proposition
7.49 implies that jae1 : aS'®S—=aS?t is an essential epimorphism in UActg.
Therefore,

Hygl®
eS —2 5y 481

is a projective cover in UActg. ]

Having a projective cover is a purely categorical property, thus it is preserved
by equivalence functors. Also, indecomposability is a categorical property:
an act is indecomposable if it is not a coproduct of two noninitial objects
(the initial object is the empty act). However, for cyclicity there is no ob-
vious categorical description. Still, cyclic acts are preserved under tensor
multiplication functors coming from certain Morita contexts.

Proposition 7.52. Let S and T be firm semigroups connected by a unitary
surjective Morita context (S, T, s Pr,7Qs,0,®). Then the functors

— ® sPr: FActs —=FActy and — ®7Qg : FActy — FActg
take cyclic acts to cyclic acts.

PROOF. As in Proposition 3.16 of [38], one can prove that the functors — ®
sPr : FActg — FActy and — ® 7Q)g : FActy — FActg are mutually inverse
equivalence functors (see also Theorem 5.9 in [33]). We will prove that — ®
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sPr takes cyclic acts to cyclic acts. The same is true for — ® 7Qg, so cyclic
acts correspond to each other under these functors.

Consider a cyclic act aS* € FActg. We will prove that aS' ®g Pr is cyclic.
Since aS! is unitary, there exists s € S such that as = a. Using surjectivity
of 6 we can find p; € P and ¢, € @ such that s = 0(ps ® ¢s). We will prove
that

aS' ®g Pr = (a ® p,)T".
The inclusion (a ® ps)T* C aS* ®g Pr is clear. To prove the converse, we
note that

A @p=asu@p=a®sup=a®0(ps D qs)up = a ® psp(qs @ up)
= (a ® ps)(gs @ up) € (a @ ps)T"

for every u € S* and p € P. [ |

Proposition 7.53. Let S be a factorisable semigroup. Then the functors
— ®g Ssgs : FActs — FActgsgs and — ®gesSs @ FActsgs — FActg

are mutually inverse equivalence functors which take cyclic acts to cyclic acts.

PROOF. By Proposition 4.9 in [35], these functors are mutually inverse equiv-
alence functors. We also recall that S ® S is considered as a semigroup
with the multiplication (s ® t)(u ® v) = st ® uv and the action of Sggg is
s(u®v) = suv.

Let aS* € FActg be cyclic. We want to show that aS! ®g Sseys is a cyclic
S @ S-act. Suppose a = (au)s for some u € S' and s € S. We will prove
that

aSl XRg SS@S = (au X 8)(8 X S)l

On the one hand
(au® s)(S ® 9)' C (aS* ®g 5)(S® S)' =aS' ®g S.

Conversely, suppose that av ® t € aS! ®g Ssgg. Since S is factorisable,
t = s159 for some s1, 59 € S. Hence,

av @t = ausv ®t = au ® svt = au ® svs 18y = au ® (s(vs; ® s3))

= (au ® 5)(vs; ® s53) € (au @ 5)(S ® )"

Let now a(S ® S)! € FActsgs be cyclic. We want to show that a(S ®
S)! ®ses Ss is a cyclic S-act. Since a(S ® S)! is unitary, a = a(s; ® sq) for
some s1, S € 5. We will prove that

a(S® 9)! ®sps Ss = (a ® s5159)5.
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The inclusion D is clear. Conversely, let a(u; ® up) ® s € a(S® 5)! Rsgs Ss,
where uy,us,s € S. Then

a(u; @ uz) ® s = a(s; ® s9)(u1 @ ug) @ s = a(s182 @ uguz) @ s
=a® (5152 ® ujug)s
=a @ S$1S9ULU2S

= (a ® $182)uuss.
So a(u; ®uy) @ s = (a ® $152)uruzs € (a ® 5182)St. [ |

Theorem 7.54. Right semiperfectness is a Morita invariant for factorisable
SEMILGroups.

PROOF. Suppose S and T are Morita equivalent factorisable semigroups.
Equivalently, by Proposition 4.9 in [35], S®.S and T®T are Morita equivalent
firm semigroups. According to Theorem 5.9 in [33], there exists a unitary
Morita context with bijective mappings connecting S ® S and T'® T. Let
P-cover stand for ‘projective cover’, then we have that

S is right semiperfect all cyclic objects in UActg have a P-cover

by Proposition 7.51 all cyclic objects in FActg have a P-cover
by Proposition 7.53

( )
( ) all cyclic objects in FActsss have a P-cover
(by Proposition 7.52)
( )
( )

all cyclic objects in FActrer have a P-cover
by Proposition 7.53 all cyclic objects in FActy have a P-cover

by Proposition 7.51 all cyclic objects in UActy have a P-cover

1reeeey

T is right semiperfect.
|

Proposition 7.55. The following are equivalent for a factorisable semigroup
S:

(1) every act in UActs has an ZC-cover;

(2) every act in FActs has an ZC-cover.

ProOOF. (1) = (2) Take Ag € FActg and let

Bg = |_|b151 i) AS

el



7.9. MORITA INVARIANCE 87

be an ZC-cover in UActg. By Lemma 7.1, B®g S is firm. The indecomposable
components of B are unitary. Hence, for every i € I, there exist u; € S' and
s; € S such that b; = (bju;)s;. Then

B®gS = <|_| biSI) @55 =] |0:S' ®s ) = |(biws @ 5,)S".

icl el i€l

The acts (byu; ® s;)S! are indecomposable, because they are cyclic.
Consider the diagram

B® S 5 By 25 Ag.

By Proposition 7.49, up is essential in UActg. Thus, the composition pup is
an essential epimorphism in UActg. Since pup is also a morphism in FActg,
it is essential in FActg by Proposition 7.50.

(2) = (1) Take Ag € UActs. Then A ®g S is firm by Lemma 7.1. By
assumption, there exists an ZC-cover

Cs:=| |aS' 5 A0s S
iel
in FActg. Then ¢ is an essential epimorphism in UActg by Proposition 7.50.

By Proposition 7.49, u4 is essential in UActg. Therefore, piap : Cg — Ag is
an ZC-cover in UActg. [ |

Theorem 7.56. Right ZC-perfectness is a Morita invariant for factorisable
SEMIGroups.

ProOOF. Let S and T be factorisable semigroups and F' : FActg — FActy
an equivalence functor that takes cyclic acts to cyclic acts. Suppose that
Ag € FActg has an ZC-cover

Q: |_| b;St — Ag.
iel

Since F' preserves coproducts and essential epimorphisms,

F(p):| |F(biS")y = F <|_| bl-Sl) — F(Ag)

el el

is an ZC-cover of F'(Ag), where F(b;S') € FActg are cyclic acts (and hence
indecomposable). So F'(Ag) also has an ZC-cover. If F' has an inverse equiv-
alence functor G, which also takes cyclic acts to cyclic acts, then it holds
that Ag has an ZC-cover if and only if F'(Ag) has an ZC-cover.
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Let now S and T' be as in the proof of Theorem 7.54. Then

S is right ZC-perfect
(by Proposition 7.55

all objects in UActg have an ZC-cover
) all objects in FActg have an ZC-cover
by Proposition 7.53) all objects in FActggs have an ZC-cover
by Proposition 7.52) all objects in FActygr have an ZC-cover
)
)

by Proposition 7.53 all objects in FActy have an ZC-cover

(
(
(
( all objects in UActr have an ZC-cover
T is right ZC-perfect.

by Proposition 7.55

[

Corollary 7.57. Right perfectness and perfectness are Morita invariants for
factorisable semigroups.

PRrOOF. Let S and T be Morita equivalent factorisable semigroups. Then
FActs and FActy are equivalent categories. By Theorem 7.54, Theorem 7.56
and Theorem 7.46 it follows that right perfectness is a Morita invariant. From
Remark 4.12 in [35] we know that also gFAct and rFAct are equivalent cate-
gories. If now S is left perfect, then the duals of the proofs of Theorem 7.54
and Theorem 7.56 yield that T is also left perfect. It follows that perfectness
is a Morita invariant. |

We saw that completely simple semigroups are perfect. This fact can also
be concluded from Morita invariance of perfectness in case of factorisable
semigroups.

Corollary 7.58. Completely simple semigroups are perfect.

ProoF. Clearly, groups are perfect semigroups. Factorisable semigroups
Morita equivalent to a given group are precisely Rees matrix semigroups
over that group by Theorem 4.8. |



Summary

This thesis is a study of Morita equivalence of semigroups. Describing all
semigroups up to isomorphism is an insurmountable task - there are too
many of them. Morita equivalence is a significantly weaker equivalence re-
lation than isomorphism. Of particular interest is the Morita equivalence of
factorisable semigroups - these are semigroups in which every element can
be expressed as a product of two elements.

Two semigroups are said to be Morita equivalent if the categories of firm
right acts over them are equivalent. This makes it clear that this relation is
an equivalence relation on the class of all semigroups. However, equivalence
functors are sometimes difficult to work with. Some objectives of Morita
theory are to describe Morita equivalence in terms of (computationally) more
feasible conditions, attempt to study its equivalence classes and find Morita
invariants, i.e, properties, which are shared by all semigroups in the same
Morita equivalence class.

The objective of this thesis is to study Morita equivalence of semigroups in
terms of various algebraic constructions that have already been used by other
authors to describe Morita equivalence for certain subclasses of semigroups.
Additionally, a study on perfection for semigroups is included with one of
the goals as determining, whether perfection is a Morita invariant.

This thesis consists of seven chapters. The first chapter is the introduc-
tion, which includes a few historical remarks regarding Morita theory and an
overview of the structure of the thesis.

The second chapter includes preliminaries about semigroups, acts over
semigroups, categories and tensor products.

The third chapter includes preliminaries on Morita equivalence, specifi-
cally. Concepts such as Cauchy completions, Morita contexts and enlarge-
ments of semigroups are recalled. Brief commentary on some differences
between Morita theory of rings and semigroups is included.

The fourth chapter is based on the author’s article [40]. It is shown that
the strong Morita equivalence class of a monoid consists of the enlargements
of that monoid. As a consequence, the enlargements of a group are pre-
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cisely Rees matrix semigroups over that group. It also follows that complete
simplicity is a Morita invariant for factorisable semigroups.

The fifth chapter is based on the author’s article [41]. Strict local isomor-
phisms have already been used, among other methods, to describe Morita
equivalence of semigroups with local units [30]. It is shown that such mor-
phisms emerge naturally from surjective Morita contexts and for a subclass
of semigroups, a recipe for producing strict local isomorphisms is given. A
Morita context also induces two Morita semigroups, which are used to de-
scribe Morita equivalence of firm semigroups. Finally, Morita semigroups
induced by dual pairs of acts are identified with certain subsemigroups of ad-
joint endomorphisms, which provides a sufficient condition for Morita equiv-
alence of semigroups with weak local units.

The sixth chapter is based on the author’s article [42]. It is shown that a
unitary surjective Morita context connecting two semigroups induces a num-
ber of monotone Galois connections in the event either semigroup contains
common weak local units, e.g, is a monoid. It is shown among other things
that if both semigroups have this property, then the lattices of compatible
relations on those semigroups are isomorphic.

The seventh and final chapter is based on the author’s joint work [29] with
Valdis Laan. Perfect semigroups are defined. It is also shown that many de-
scriptions of perfect monoids established by other authors can be transferred
to the case of factorisable semigroups. A condition pertaining to projectivity
of sequence acts is added to the list of descriptions. Perfectness is also shown
to be a Morita invariant for factorisable semigroups. It is concluded that all
nilpotent semigroups and all completely (0-)simple semigroups are perfect.
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Kokkuvote

Poolruhmade Morita ekvivalentsusest

Kaesolevas toos uuritakse poolrithmade Morita ekvivalentsust. Koikide pool-
rithmade kirjeldamine isomorfismi tapsuseni on praktiliselt voimatu - neid
on liiga palju. Morita ekvivalentsus on isomorfismiseosest oluliselt norgem
ekvivalentsiseos. Suur rohk on faktoriseeruvate poolrithmade Morita ekvi-
valentsuse uurimisel - need on poolrithmad, mille iga element esitub kahe
elemendi korrutisena.

Oeldakse, et kaks poolrithma on Morita ekvivalentsed, kui koikide piisi-
vate parempoolsete poliigoonide kategooriad iile nende poolrithmade on ekvi-
valentsed. Definitsioonist on selge, et tegemist on ekvivalentsiseosega koikide
poolriihmade klassil. Teisalt, ekvivalentsifunktoritega on monikord keeruline
ringi kaia. Morita teooria moned eesmargid on kirjeldada Morita ekviva-
lentsust kasutades selleks (algoritmiliselt) joukohasemaid tingimusi, uurida
Morita ekvivalentsiklasse ning leida Morita invariante - need on parajasti
koikide tihest ja samast ekvivalentsiklassist parit poolrithmade iithised omadused.

Kaesoleva t06 eesmark on uurida poolrithmade Morita ekvivalentsust ka-
sutades selleks mitmeid algebralisi konstruktsioone, mida teised autorid on
kasutanud Morita ekvivalentsuse kirjeldamiseks poolriihmade teatud alamk-
lassidel. Lisaks on uuritud poolriihmade perfektsust, et muu hulgas vélja
selgitada, kas tegemist on Morita invariandiga.

To6 koosneb seitsmest peatiikist. Esimeses peatiikis raagitakse lithidalt
Morita teooria taustast ning esitatakse t00 iilesehitus.

Teises peatiikis tuletatakse meelde moisted poolrithmade, poliigoonide,
kategooriate ja tensorkorrutiste kohta.

Kolmandas peatiikis antakse eelteadmised Morita ekvivalentsusega seo-
tud algebraliste konstruktsioonide kohta. Tuletatakse meelde méisted Cauchy
taield, Morita kontekst ja poolrithma laiend. Liihidalt kommenteeritakse
Morita teooria moningaid erinevusi ringide ja poolrithmade korral.

Neljas peatiikk pohineb autori artiklil [40]. Néidatakse dra, et monoidi
tugev Morita ekvivalentsiklass koosneb parajasti selle monoidi laienditest.
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Jareldusena naidatakse ka é&ra, et rithma laiendid on parajasti Rees’i maa-
trikspoolrithmad iile selle rithma ning et taiesti lihtsus on faktoriseeruvate
poolriihmade Morita invariant.

Viies peatiikk pohineb autori artiklil [41]. Varasemalt on kirjeldatud
lokaalsete iihikelementidega poolrithmade Morita ekvivalentsus muu hulgas
rangelt lokaalsete isomorfismide kaudu [30]. Naidatakse, et sellised morfis-
mid tekivad loomulikul viisil siirjektiivsetest Morita kontekstidest ning tea-
tud poolrithmade alamklassil antakse eeskiri, kuidas selliseid morfisme kon-
strueerida. Morita kontekst tekitab lisaks kaks Morita poolrithma, mille
abil kirjeldatakse piisivate poolrithmade Morita ekvivalentsust. Viimaks,
Morita poolriithmad, mis on tekitatud duaalsete paaridega, samastatakse tea-
tud kaasendomorfismide alampoolrithmadega, mis annab piisava tingimuse
norkade lokaalsete iithikelementidega poolrithmade Morita ekvivalentsiks.

Kuues peatiikk pohineb autori artiklil [42]. Naidatakse, et kahe poolrithma
vaheline unitaarne siirjektiivne Morita kontekst tekitab mitmeid monotoon-
seid Galois’ seoseid, kui vahemalt iihel poolriihmadest on iihised norgad
lokaalsed iihikud - on, naiteks, monoid. Kui molemal poolrithmal on selline
omadus, siis nende poolrithmade kooskolaliste seoste vored on isomorfsed.

Seitsmes ehk viimane peatiikk pohineb autori artiklil [29], mis valmis
koostoos Valdis Laanega. Defineeritakse paremperfektsed poolriithmad ning
naidatakse, et paljud perfektsete monoidide kirjeldused saab iile kanda fak-
toriseeruvate poolrithmade juhule. Lisatakse ka uus kirjeldus jadapoliigoonide
projektiivsuse kaudu. Veel naidatakse ara, et perfektsus on faktoriseeruvate
poolrithmade Morita invariant ning et koik nilpotentsed ja taiesti (0-)lihtsad
poolrithmad on perfektsed.
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