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Abstract

Subdirect products are special types of subalgebras of direct products. The
purpose of this thesis is to initiate a study of combinatorial properties of
subdirect products and fiber products of semigroups and monoids, motivated
by the previous work on free groups, and some recent advances in general

algebra.

In Chapter 1, we outline the necessary preliminary definitions and results,
including elements of algebraic semigroup theory, formal language theory,

automata theory and universal algebra.

In Chapter 2, we consider the number of subsemigroups and subdirect prod-
ucts of N x N up to isomorphism. We obtain uncountably many such objects,
and characterise the finite semigroups S for which N x S has uncountably

many subsemigroups and subdirect products up to isomorphism.

In Chapter 3, we consider particular finite generating sets for subdirect prod-
ucts of free semigroups introduced as “sets of letter pairs”. We classify and
count these sets which generate subdirect and fiber products, and discuss

their abundance.

In Chapter 4, we consider finite generation and presentation for fiber products
of free semigroups and monoids over finite fibers. We give a characterisation
for finite generation of the fiber product of two free monoids over a finite
fiber, and show that this implies finite presentation. We show that the fiber
product of two free semigroups over a finite fiber is never finitely generated,

and obtain necessary conditions on an infinite fiber for finite generation.



In Chapter 5, we consider the problem of finite generation for fiber products
of free semigroups and monoids over a free fiber. We construct two-tape au-
tomata which we use to determine the language of indecomposable elements
of the fiber product, which algorithmically decides when they are finitely

generated.

Finally in Chapter 6, we summarise our findings, providing some further

questions based on the results of the thesis.
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Chapter 1

Introduction and preliminaries

In its operational form, the algebraic theory of semigroups is in part the
developing abstraction of the algebraic theory of groups. The latter theory
has of course been well studied and researched as early as the late 18th cen-
tury. Whereas elements of group theory have formalised the notions of sym-
metries for mathematical objects, semigroup theory attempts to formalise
notions of partial symmetries and transformations of those objects. A par-
ticularly notable example of this is the Wagner-Preston theorem (|16, The-
orem 5.1.7]), which states that any inverse semigroup (called “generalised”
groups, by Wagner [29]) is embeddable in a symmetric inverse semigroup
(a “generalised” symmetric group). The symmetric inverse semigroup is a
structure of partial symmetries (see [16, Theorem 5.1.5]), and so the Wagner-
Preston theorem gives the partial symmetry analogue to Cayley’s theorem

for groups.

Though the origins of the theory of semigroups can be traced back to the early
twentieth century in the papers of Dickson [I1] and de Séguier [10], it has
been argued that its research beginnings can be attributed with Sushkevich
[28] in the late 1920s, and the celebrated paper of Rees [25] in 1940. This
makes it a relatively recent and modern study in the history of Algebra,
and Mathematics in general. In this author’s opinion, the theory benefits

from its youth with a metaphorical continent of roads untravelled. Though it



comprises many interesting open problems in its own right, it further provides
many theoretical techniques and insights into other algebraic studies, such as
group theory. Moreover, it has seen practical application via the related study
of theoretical computer science, which is another relatively recent field. One
closely linked brethren theory to that of semigroup theory is the study of finite
automata and formal languages. This study encompasses the theoretical
formalisation of algorithmic decision making machines, such as finite state
automata, transducers, and Turing machines. There is a plethora of practical
computing application in this field, though its formulisation lends itself to the
study of pure semigroup theory particularly well. Strings of characters can
be viewed as abstract semigroup products of elements referred to as letters,
and vice versa. These products can be viewed as words over the alphabet of
the possible characters for a string. The set of all such words form languages,
which can be recognised by the machinery of automata, which can decide if a
given word is in a language or not. As such, problems of deciding properties of
semigroup elements have been formulated as decision problems in the theory

of automata.

Though this work comprises many elements of the pure and applied studies
outlined above, it is primarily motivated from the perspective of pure semi-
group theory. Its nature then will be to investigate, develop, and advance
theoretical concepts of semigroup theory from the metaphorically aforemen-
tioned roads less travelled. In this work, that road will be the theory of
subdirect products of semigroups. Heuristically, in the more general theory
of universal algebra, subdirect products are special types of subalgebras of
direct products of algebras. Each direct factor can in some way be embedded
into the subdirect product, making the factors of the subdirect product “full”
in some sense. As substructures of direct products, subdirect products in a
way generalise the algebraic construction of direct products. However, we
will consider being a subdirect product more of a property of an algebra,

rather than a construction.

In the latter half of the 20th century, subdirect products have been notably

studied in the algebraic theory of groups. Some studies have taken a com-



binatorial approach, such as in the work of McKenzie [20]. Particularly in
this work, the number of subdirect products (up to isomorphism) of a count-
able power of a finite group G is found to be countable precisely when G
is abelian. In a similar question of countability, Bridson & Miller find un-
countably many subdirect products of two free groups up to isomorphism
[3, Corollary BJ. In addition to this, they (as well as other authors such as
Baumslag & Roseblade [2] and Mikhailova [21]) focus on classical questions
relating to finitary properties (those which hold for all finite groups) of sub-
direct products. Namely, questions such as “when are subdirect products
of groups finitely generated, finitely presented, when do they have decidable

membership problem?” amongst others are asked and answered.

It has been a common trend in the relevant literature to provide examples of
subdirect products of groups with particular combinations of finitary proper-
ties. Notably, Mikhailova [2I] uses subdirect products of two free groups to
provide examples of finitely generated groups with undecidable membership
problem. Further, Bridson & Miller give subdirect products which are not
finitely generated [3, Example 3], and Grunewald gives subdirect products
which are finitely generated but not finitely presented [13, Proposition BJ.
We remark that all of this work utilises subdirect products of free groups in

particular.

A way of constructing such examples of subdirect products is via fiber prod-
ucts, also known as pullbacks in the theory of categories. Fiber products are
constructed from two (or more) group epimorphisms onto some common im-
age. Elements of the domain groups are paired together when their images
coincide (or placed in a nm-tuple when there are n epimorphisms), and the
resulting structure (using the multiplication from the direct product) gives
a subdirect product. For groups, fiber products and subdirect products are
one and the same; every subdirect product of groups is constructible in this
way. This is a consequence of a lemma of Goursat [I4, Theorem 5.5.1], but
more generally can be derived by a lemma of Flesicher (given in [4, Lemma
10.1]). Fleischer’s lemma states that a subdirect product is a fiber product if

and only if the kernels of the projection maps onto each coordinate commute



as algebraic congruences. As a consequence, subdirect products and fiber
products coincide in given varieties of algebras (which are special classes of
algebras) precisely when the congruences on those varieties commute. This is
the case for the variety of groups, but not for those of semigroups, monoids,

and other algebraic structures.

Recently, Mayr & Ruskuc [19] have explored subdirect products and fiber
products from the viewpoint of universal algebra, with a particular emphasis
on finitary properties. Within this work, they give an example of a subdirect
product of monoids which is not finitely generated [19, Example 7.1], and an
example of a fiber product of monoids which is finitely presented but with
non-finitely presented factors [I9, Example 7.3]. These examples in particular
utilise free monoids, in comparison to the work of Bridson & Miller. Further
works involving subdirect products of semigroups have been provided by
Chrislock & Tamura [5] (with focus on products involving rectangular bands),
Nambooripad & Veeramony [23] (for regular semigroups), Mitsch [22] (for
E-inversive semigroups), amongst others. These works all have specialised
their focus. A more general treatment of the theory of subdirect products
of semigroups, leading on from the free group works of the aforementioned

authors, has yet to be undertaken in the literature.

The purpose of this thesis is to initiate a study of subdirect products and fiber
products of free semigroups and monoids, motivated by the work for subdi-
rect products of free groups aforementioned. Our primary aims will be to
place particular emphasis on finitary properties such as finite generation and
presentation, though we will begin by exploring combinatorial questions of
isomorphism, motivated by Bridson & Miller [3]. We will argue the narrative
that finitely generated subdirect products of free semigroups and monoids
are easily found, yet fiber products of free semigroups and monoids are not
easily finitely generated, if at all. This will highlight the difference in nature

between fiber products and subdirect products for semigroups.

In the rest of Chapter 1, we introduce the planned structure of this thesis,

and outline the necessary preliminary definitions and results needed. We will



begin by covering the introductory concepts of semigroup theory utilised in
this work. Such concepts include semigroup isomorphisms, quotients, con-
gruences, Green’s relations, finite generation for semigroups and semigroup
presentations. We will also introduce the theory of formal language and au-
tomata, which will play an intrinsic role in our discussion of deciding finite
generation later in the thesis. Finally, alongside direct products, we will
formalise the definitions of subdirect products and fiber products for semi-
groups. This will be accompanied by a spotlight on some of the examples
from group theory outlined above, and the more general concepts and results

from subdirect products in universal algebra, such as Flesicher’s lemma.

In Chapter 2] we begin our study of subdirect products of free semigroups
with a combinatorial review of subdirect products involving the free mono-
genic semigroup, N. Motivated by Bridson & Miller [3], our main aim will be
to show that the direct product N x N contains uncountably many subsemi-
groups up to isomorphism, of which uncountably many are subdirect prod-
ucts. We will accomplish this by constructing families of finitely generated
subdirect products using 3-separating sets, which we introduce and define. As
a corollary to this, we more generally highlight that the direct product of two
semigroups, each with elements of infinite order, has uncountably many sub-
semigroups up to isomorphism. We give analogous results for the finite direct
power N*_ and further consider the number of non-isomorphic subsemigroups
and subdirect products of N x .S, where S is a finite semigroup. In particular,
we show that N x S has countably many non-isomorphic semigroups if and
only if S is completely regular, and has countably many non-isomorphic sub-
direct products if and only if every element of S has a relative left or right

identity.

In Chapter [3] we begin our considerations of subdirect products and fiber
products of free semigroups of rank higher than one, transitioning into ques-
tions of finite generation. We lead from the combinatorial motivations of
Chapter 2, outlining our aim to count the number of particular finite subsets
(introduced as sets of letter pairs) generating subdirect products and fiber

products of two free semigroups. In particular, given finite alphabets A and



B, we determine the number of subsets of A x B generating subdirect prod-
ucts of AT x BT, and fiber products of AT x B as separate results. We give
some analytic assessment of these results, in particular arguing that the ratio
of subsets of A x A generating subdirect products of AT x AT approaches 1
as |A| grows. We contrast this by arguing that the ratio of subsets of A x A
generating fiber products of AT x AT approaches 0 as |A| grows. We hence
comment on the difference in nature between generating fiber products of
free semigroups and subdirect products of free semigroups to conclude the

chapter.

In Chapter [ we transition to questions of finite generation and presenta-
tion for fiber products of semigroups and monoids. In paticular, we aim to
characterise finite generation for the fiber products of two free monoids over
a finite fiber, and separately for the fiber products of two free semigroups
over a finite fiber. In the latter case, we show that no such fiber products
are finitely generated, but completely characterise the former case. We do
this by showing that the given epimorphisms of the fiber product map every
element of the free monoid alphabet to the same element of the fiber, which
must be a cyclic group. In particular for this case, we show that finite gener-
ation implies finite presentation for fiber products of free monoids over finite
fibers, by directly finding presentations for them. Returning to the case for
fiber products of free semigroups, we consider necessary conditions on the
fiber for them to be finitely generated. Namely, we show the fibers must be
infinite, finitely generated, [J-trivial, idempotent free semigroups. We con-
clude the chapter by showing that these conditions, though restrictive, are
not sufficient for finite generation, using the examples of free commutative

semigroups.

In Chapter 5, we lead from the findings of Chapter [4] by initiating a technical
study for deciding finite generation for fiber products of free semigroups and
monoids. We begin by noting that such fiber products are finitely generated
precisely when they contain finitely many indecomposable elements. We
then introduce the machinery of two-tape automata from formal language

theory, in order to attempt to recognise the language of these indecomposable



elements. Specifically, for a fiber product of two free monoids over a free fiber,
we construct an associated two-tape automaton which recognises a language
in bijection with the indecomposable elements of the fiber product. We
then give sufficient and necessary conditions for finite generation of the fiber
product, in terms of finding cycles within the associated automaton. We
show as a corollary that the problem of finite generation for fiber products
of free monoids over free fibers is decidable. Finally, we give the analogous
results to those previously described in the chapter, for fiber products of free

semigroups over free fibers.

We conclude the thesis in Chapter [6] with a brief discussion summarising
our findings. We give particular attention to some further questions relat-
ing to material in this thesis, and argue that they provide many fruitful
points of continuation for the study of subdirect products of semigroups and

monoids.

1.1 Conventions and structure

This thesis has been divided into chapters and sections. Theorems, lem-
mas, corollaries etc have been numbered as x.y.z, where x is the chapter
of the result, y is the section number relative to that chapter, and z is the
order of the result within the section. The ends of proofs, examples, and
definitions/notation will be indicated by the symbols O, A and B respec-
tively.

The reader is assumed to have a basic knowledge of group theory at the
undergraduate level. Throughout, we will by convention refer to the natural
numbers N as the set {1,2, 3, ... } not containing zero. The set {0, 1,2,3,...}
will be denoted by N°. Whereas other authors may use the term countable to
strictly mean countably infinite (that is, the cardinality of a set in bijection
with N), we will use the term countable to mean either countably infinite, or
finite.

For the purposes of composition the usual convention in semigroup theory is



to write maps to the right of the argument. However as composition of maps
does not appear as a main feature of this thesis, maps will be written on the
left of the argument by convention (e.g.. f(x)). Wherever composition does

feature however, we will use the convention that

(fog)(z)=g(f(x)),

so maps are indeed composed from left to right as read.

1.2 Semigroups, monoids and homomorphisms

In this section, we introduce the necessary concepts and definitions from the
algebraic theory of semigroups used in this work. However, we begin by
recalling a couple of brief definitions from the theory of universal algebra,
namely those of an algebra and a wvariety. A comprehensive study of these

concepts may be found in [4].

Definition 1.2.1. An algebra is a set A together with a collection of n-ary

operations on A (maps taking n elements of A as inputs, to a single output

of A).

The type of an algebra is an ordered sequence of the natural numbers n
comprising the n-ary operations on A. This ordering is usually from largest

to smallest. [

Definition 1.2.2. A wvariety of algebras is a class of algebras of the same
type, which is closed under taking subalgebras, direct products, and homo-

morphic images. |

Example 1.2.3. A group G comes equipped with the binary operation of
multiplication, the unary operation of inversion, and the nullary operation
which quantifies the existence of the identity. Hence a group can be described

as an algebra of type (2,1,0).

As any subgroup of a group is a group, the direct product of two groups is

a group, and the group homomorphic image of any group is again a group,



then the class of groups forms a variety. A

We now begin with the basic definitions and results required from the theory
of semigroups. We kindly refer the reader to sources such as [16], [8], and

[15] for further comprehensive studies.

Definition 1.2.4. A semigroup is a pair (S, -), where S is a non-empty set,
and - : § xS — S is a binary operation that is also associative, meaning for
all s,t,u €S,

s-(t-u)=1(s-1)-u. |

Where the context of the operation is clearly understood, we will speak of
the semigroup S only by referring to its set. We will also omit the symbol
-, and instead write st for s -t, which we will call the product of s and
t. We will further talk about the operation as the multiplication of S. The
multiplicative notation allows us to consider powers of elements s™ for n € N,
without amiguity of meaning. When S'is finite, we can use a multiplication

table to descibe the multiplication of S, similarly to finite groups.

Examples 1.2.5. e The set {0,1} together with the usual multiplication

of real numbers forms a finite semigroup;
e The natural numbers N together with addition form a semigroup;

e The natural numbers N together with subtraction does not form a semi-
group, as 1 — (2 —3) =2, but (1 —2) —3 = —4. A

As all groups have an associative binary operation, then every group is of
course a semigroup. Every group also has an identity element, and hence is

also a monoid, which we now define.

Definition 1.2.6. A monoid is a semigroup M containing an identity 1 € M,
meaning for all m € M,

1Im =ml =m. [ ]

It is a short exercise to see that identities in monoids are unique, hence we



will always refer to the identity of M.

Examples 1.2.7. e The finite semigroup ({0, 1}, x) is also a finite monoid,
with 1 being the identity;

e (N, +) does not form a monoid, but N° with addition does, taking 0 to be
the identity;

e Every group is a monoid (and so every group is also a semigroup). A

The identity 1 of a monoid M has the property that 12 = 1. The identity
need not be the only element with this property however, as seen in the

following definition and examples.

Definition 1.2.8. An idempotent of a semigroup S is an element e € S such
that e? = e. The set of all idempotents of a semigroup S will be denoted by
E(S). A semigroup is said to be idempotent-free if E(S) = . [

Idempotents hence also satisfy e"*! = e for all n € N.

Examples 1.2.9. e (N,+) has no idempotents, as n +n = 2n, which is

strictly larger than n;
e (N° +) has one idempotent 0, as 0 + 0 = 0;

e Both elements of ({0,1}, x) are idempotents, as 0> = 0 and 1% = 1. A

We next see that idempotents always exist in finite semigroups.

Lemma 1.2.10. Let S be a semigroup, and let s € S. If S is finite, then
there is some k € N such that s* is idempotent. In particular, E(S) # 0.

Proof. Let s € S, and consider the set of all powers of s, given by

T = {s,8%, 5% ...}. As S is finite, then T must also be finite, and hence

3

there must exist some m € N such that T' = {s,s?, s3,...,s™}. In particular,

m+1

considering the element s™*! then there must be some n € {1,2,...,m}

such that s™t!1 = g™,

10



If m = 1, then s = s, and s is idempotent and the result follows. Otherwise,

as m+ 1 > n, we can write m + 1 =n + [ for some [ € N. As
st = Mt = gntl (1.1)

then by repeatedly multiplying (1.1)) by s, it follows that s" = s"*! for all
7 € N. In particular then,

" = Sn+nl _ Sn(l—i—l). (12)

If I = 1, then s" = s*" = (s")?, and so s" is idempotent. Otherwise, [ > 1,
and we can multiply both sides of (T.2)) by s"~Y, to get

Snsn(lfl) _ Sn(lJrl)Sn(lfl)

= 8n+nl—n — Snl—i—n—i—nl—n

= Snl — Sin
= Snl — ( Snl)Z
Hence s™ is idempotent, and the result follows. O

As seen in the following result, a finite group can be realised as a finite

monoid with a unique idempotent.

Lemma 1.2.11. A finite monoid M is a group if and only if M has a unique

tdempotent.

2

Proof. (=) If M is a group with an idempotent m, then m* = m, implying

m = 1. Hence the identity is the unique idempotent of M.

(<) Suppose M is not a group. Then there exists some m € M with no
inverse. As M is finite, there are two distinct powers of m which are equal,
i.e. mP = m4 for some p, ¢ € N with p # ¢. Assume without loss of generality

that p > ¢ so that p — ¢ € N. In particular, as

mP = mP=9te — ;P9 — ;P IP — mp+(pr)’

11



then p can be chosen large enough so we can further assume without loss of

generality that p > 2¢, so that p — 2¢ € N. Hence
(mp—q)2 — m2P=20 — P20 P P20 0 — mP~Y,

and thus mP~9 is an idempotent. Further, mP~9 cannot be the identity of M,

as m is assumed to have no inverse. Hence M has more than one idempotent.
O

In the next definition, we note that the property of commutativity in abelian

groups is formalised for semigroups as well.

Definition 1.2.12. A semigroup S is said to be commutative if st = ts for
all s,t € S. |

Of course, when S is a group, we will still say that S is “abelian” rather than

commutative.

Examples 1.2.13. o (N, +) is a commutative semigroup;
e ({0,1}, x) is a commutative semigroup;

e Define x on N by m xn = m for all m,n € N. Then
mx(nxo)=m*n=m=mx(nx*o),

and hence (N, x) is a semigroup. However, it is not commutative, as 1x2 = 1,
but 2x1 = 2. A

Given a group G, one can ask about the smaller substructures contained
within it; often, we ask about its subgroups. In this thesis, we will place em-
phasis on studying the substructures of a semigroup, for the same reasons as
one does for groups. Hence we give the following definitions of subsemigroups

and submonoids.

Definition 1.2.14. A subsemigroup of a semigroup S is a subset 7' C §
such that T is closed under the multiplication of S. That is, for all s,t € T,

12



st € T. We will use the notation T' < S to indicate that T is a subsemigroup
of S.

Similarly, a submonoid of a monoid M (with identity 1 € M) is a subsemi-
group N C M such that 1 € N. |

Examples 1.2.15. e N is a subsemigroup of N’ as N is closed under
addition;
e {0} is a submonoid of N% as 0 + 0 = 0; A

A notable example of subsemigroups are ideals of semigroups, which we define

after giving the following notation.

Notation 1.2.16. For a semigroup S, and subsets X,Y C S, define
XY ={ayeS:zeX,yeY}.

When X (or Y) is a singleton set {a} for some a € S, we will write aY" (or
Xa) instead of {a}Y (or X{a}). |

With this notation, for X,Y,Z C S subsets of a semigroup S, we note
that

(XY)Z ={tze S:te XY, z€ Z}
={(zy)zeS:zeXyeY,zeZ}
={x(yz) e Sz eX,yeY,ze 7}
={zteS:ze X teYZ}

— X(YZ).

Hence the power set P(S) becomes a semigroup with the above notation.

We now define ideals of semigroups using this notation.

Definition 1.2.17. A left ideal of a semigroup S is a non-empty subset I C .S
such that ST C [. Similarly, a right ideal is a non-empty subset I C S such
that I.S C I. Finally, an ideal of a semigroup S is a non-empty subset I C S
which is both a left and right ideal of S. |

13



Noting that I? C SI and I? C IS, then we see that all ideals are also

subsemigroups.

Examples 1.2.18. e Take the subset I = {x € N : 2 > 2020} of (N, +).
Let m € N, and x € I. Then x +m > 2020, and hence z +m € I. Thus
as x and m were arbitrarily chosen, it follows that IN C I, and hence [ is a

right ideal. Moreover as x +m = m + x, then [ is also a left ideal, and thus
an ideal of N;

e Let x be the operation on N defined in Examples [1.2.13] and take I C N
any non-empty subset, such that I ## N. Then for any m € N and z € I, it
follows that

rxm=ux €I,

and hence as m, x were arbitrary, then IN C [ and so [ is a right ideal of N.
As I # N, take any m € N\ I. Then for all z € I,

mxzxr=m¢ I,

and hence NI ¢ I, so I is not a left ideal. Hence only left ideal of (N, x) is
N itself, and thus N is also the only two-sided ideal. A

We now focus on constructing particular principal ideals of a semigroup S
from a given element a € S. These ideals will become relevant when we

define Green’s relations later in Section [L.4]

Definition 1.2.19. Let S be a semigroup, and let a € S. Define the following
subsets of S:

Sa:={sa:se S},
aS = {as:s € S},
SaS = {sat : s,t € S}.

Note that these definitions respect the notation given in Notation [1.2.16
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Further, let 1 be a symbol not already belonging to S. Define the set

51 S if S'is a monoid,
SU{l} otherwise.

Then extending the multiplication of S to S U {1} by defining
sl=s5,1s=s,11=1

for all s € S, S is a monoid, and is called the monoid obtained from S by
adjoining an identity if necessary. It is an exercise left to the reader to see
that

S'a = Sau{a},
aS' = aS U {a},
StaS' = SaSuUaSuUSaU{a}. |

Definition 1.2.20. Let S be a semigroup, and let a € S. The set S'a is
called the principal left ideal generated by a.

Similarly, the set aS! is called the principal right ideal generated by a, and
the set S1aS? is called the principal two-sided ideal generated by a. |

Examples 1.2.21. e The subset [ = {z € N : z > 2020} of N from
Examples[1.2.18]is an ideal of S = N. We can consider the set S* by adjoining
the symbol 0 to N (as N already contains a symbol 1). In this way, S* is
exactly the set NO.

Letting a = 2020, then
aS' ={a+m:m e N} = {2020 + m : m € N°}.

Every element of z € aS?! is such that > 2020, and moreover any x > 2020
has some m € N such that z = 2020 +m. Therefore a.S' = I, and hence I is
a principal right ideal of S, generated by 2020. It is also a principal left ideal

(noting that addition is commutative), and is hence a principal two-sided
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ideal as well.

The above argument also holds for any a € N, and hence the principal left,

right, and two-sided ideals generated by a are given by

S'a=aS'=S'aS" ={r e N:x > a}.

e Let (N, %) be the semigroup from Examples [1.2.18. We saw that any non-
empty subset of S = N was a right ideal. As in the previous example, S! can
be taken as the set N°. For all @ € N, we have that

aS' = {axm :m e N},

but axm = a for all m € N°. Hence aS' = {a}, and so any singleton subset
is a principal right ideal generated by its single element. We also saw that
the only left and two-sided ideal of (N, x) is N itself, and so every principal
left ideal S'a and every principal two-sided ideal S'aS' must be equal to
N. A

We will return to these principal ideals in Section We now move from
discussing substructures of semigroups to maps that preserve structure. In
group theory, recall that a group homomorphism is a mapping between two
groups which respects the multiplication and inversion of the groups. This
notion also generalises to semigroup homomorphisms, as seen in the next

definition.

Definition 1.2.22. For two semigroups S and T, a semigroup homomor-
phism is a function ¢ : S — T respecting the multiplication of each semi-

group. That is, for all s,t € S,
p(st) = p(s)p(t).

If S and T are two monoids with identities 1g and 17 respectively, then a

monoid homomorphism is a function ¢ : S — T satisfying the above, with

16



the added condition that
@(15) = 17.

A surjective homomorphism will be called an epimorphism, an injective ho-
momorphism will be called a monomorphism, and a bijective homomorphism

will be called an isomorphism.

When there is an isomorphism between semigroups S and 7', we will say that

S and T are wsomorphic, and write S = T |

Examples 1.2.23. o Let ¢ : N — N be given by p(n) =n for alln € N
(the natural inclusion map). Then ¢ is a semigroup homomorphism, which

is injective but not surjective, as there is no n € N such that ¢(n) = 0;

e Conversely, there are no homomorphisms from N° to N, for any such ho-

momorphism ¢ would have to satisfy

(0) = ¢(0+0) = 2¢(0),
which is impossible for ¢(0) a natural number;

e Let S be the semigroup ({a, b}, ) with multiplication table

* b
ala
blb b

Define 7 : S — {0,1} by 7(a) = 0, and 7(b) = 1. Then 7 is a bijection, but
as
mw(ba) =w(b) =1, m(b)m(a) =0-1=0,

then 7 is not an isomorphism, as 7(ba) # 7(b)m(a). A

A semigroup homomorphism ¢ between monoids M and N need not be a
monoid homomorphism, as ¢ does not have to map 1;; to 1. However, the
following lemma shows that semigroup epimorphisms between monoids are

also monoid homomorphisms.

Lemma 1.2.24. Let M and N be monoids, and let ¢ : M — N be a semi-
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group homomorphism. If p is surjective, then @ is a monoid homomorphism.

Proof. For any n € N, there exists some m € M such that p(m) = n by
surjectivity of ¢. Then

e(lar)n = o(1a)p(m) = p(lym) = p(m) = n,

and a similar proof shows that n¢(1y,) = n. Hence we have shown that

©(1,) is an identity for N.

As the identity of N is unique, it must be that ¢(1,,) = 1y, and hence ¢ is

a monoid homomorphism. O]

1.3 Relations, congruences, quotients of semigroups &

monoids

Given semigroup elements s and ¢, we can ask if they are somehow abstractly
related to each other. The study of particular relations on semigroups called
congruences are of particular interest, which we will define in this section.

We first remind the reader of equivalence relations in the following definition.

Definition 1.3.1. A binary relation on a set X is a subset of X x X. An
equivalence relation ~ on a set X is a subset

~ C X x X satisfying the following properties:

(R) Reflexivity: For all z € X, (x,z) € ~;

(S) Symmetry: If (z,y) € ~, then (y,x) € ~;

(T) Transitivity: If (z,y) € ~ and (y, z) € ~, then (z,2) € ~.
The ~-equivalence class of an element x € X is the set

[zl ={y € X : (z,y) €~}

The quotient set of S by ~ is the set X/ ~ of all ~-equivalence classes of X,
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given by

X/ ~={z]. e P(X):z € X} |
We will often write z ~ y to mean (x,y) € ~, and say that z is “~-related”
to y. This motivates the occasional use of notation such as “=" and “=” as

subsets.

Examples 1.3.2. e The subset A = {(z,z) : z € X} of X x X is an

equivalence relation on any set X, called the equality relation on X;

e The subset V = X x X is an equivalence relation on any set X, called the

universal relation on X;

e The subset =2 = {(z,y) € NxN: 2z =y (mod2)} is an equivalence relation
on N;

o If X is a set of people, then the subset
~={(x,y) € X x X : 2 and y have the same birthday}

is an equivalence relation on that set of people. A

Given two equivalence relations o and p on the same set X, we can define

their composition as follows.

Definition 1.3.3. Let o, p be two equivalence relations on a set X. Then

the composition of o and p is the relation denoted o o p on X, defined by

(x,y) € 0op<< Tz € X such that (z,2) € 0,(2,y) € p. |

Lemma 1.3.4. Let o,p be two equivalence relations on a set X. If

ocop=poao, then oo p is an equivalence relation on X.

Proof. Firstly, as o and p are reflexive relations, then (z,x) € o and (x,z) € p

for all z € X, and hence (z,x) € 0 0 p, so that o o p is reflexive.

Secondly, suppose (x,y) € o o p. Then there exists some z € X such that
(x,2) € o and (z,y) € p. As o0,p are symmetric, then (y,z) € p, and
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(z,z) € 0. Hence (y,x) € poo = oo p, and o o p is symmetric.
Finally, suppose that (z,y) € oo p, and (y,z) € o o p. Then there exist
s,t € X such that

(z,s) €0, (s,y) €p, (y,t) €0, (t,2) €p.
In particular, (s,t) € poo = o o p by definition, hence there exists some
u € X such that (s,u) € o, (u,t) € p.

It now follows that (z,u) € o by transitivity, and (u, z) € p again by transi-

tivity. Hence (x,2) € 0 o p, and o o p is transitive, giving the result. O]

Equivalence relations on semigroups that also respect the multiplication of
the semigroup are of special concern, and will be called congruences in the

following definition.

Definition 1.3.5. For a semigroup S, a congruence on S is an equivalence

relation o on S such that
(s,t) € o and (u,v) € 0 = (su,tv) € 0.
In this way, o is said to be compatible with the multiplication of S. ]

Examples 1.3.6. e The equality relation A = {(s,s) € S x S} from Ex-
amples is an equivalence relation on any semigroup S, and moreover if
(s,s) € A, and (t,t) € A, then (st,st) € A. Hence the equality relation is a

congruence on any semigroup S;

e Similarly, the universal relation V = S S is a congruence on any semigroup
S, as (s,t) € V and (u,v) € V imply that s, ¢,u,v € S, and hence su,tv € 5,
so that (st,uv) € V;

e The equivalence relation == {(z,y) € NXx N : z = y(mod2)} is a
congruence, as if (z,y), (m,n) € 2N, then z = y (mod 2), z = t (mod 2), and
hence zz = yt (mod 2). Hence (zz,yt) € =,. A

We next note a sufficient condition for the composition of two congruences
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to be a congruence.

Lemma 1.3.7. Let o, p be two congruences on a semigroup S. If cop = poo,

then o o p is a congruence on S.

Proof. That o o p is an equivalence relation is given by Lemma Let
(s,t) € 0o pand (u,v) € o o p. Then there exist x,y € S such that

(s,x) € 0. (z,t) € p, (u,y) € g, (y,v) € p.

As o and p are congruences on S, then it follows that (su,zy) € o, and

(xy,tv) € p. Hence (su,tv) € oo p, and thus o o p is a congruence on S. [

For a semigroup S, any subset X of S x S is contained in some congruence on

S (S xS is itself a congruence). Hence we give the following definition.

Definition 1.3.8. For a binary relation R on S, the congruence generated
by R is the smallest congruence on S containing R (or equivalently, the
intersection of all congruences on S containing R). We will denote this

congruence by RF. |

Given a congruence o on a semigroup S, we are able to give the quotient set
S/o an algebraic structure, similarly to how quotients of groups by normal

subgroups are obtained.

Lemma 1.3.9. Let S be a semigroup, and let o be a congruence on S. Then

the quotient set

Slo ={[s]ls : s € S},

together with the operation - : S/o — S/o defined
[s]o - [t]e = [stlo
1S a Semigroup. 0

Definition 1.3.10. For a semigroup S and a congruence ¢ on S, the quotient
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set S/o together with the operation - : S/ — S/o defined
[s]o - [t]o = [st]o
is called the quotient semigroup of S by o. |

For a monoid M with identity 1, and for a congruence o on M, the quotient

semigroup M /o is actually a monoid. The identity is [1],, as
1o - [m]e = [Im], = [m],

and similarly [m], - [1], = [m], for all m € M. Hence we will refer to M /o

as the quotient monoid of M by o.

Having defined quotient semigroups, there is a natural semigroup analogy
to the first isomorphism theorem for groups, which we state in the following

result.

Theorem 1.3.11 (First isomorphism theorem). Let S and T be semigroups,
and let ¢ : S — T be a semigroup homomorphism. Then

kerp :={(s,t) € S x S : p(s) = ¢(t)}
is a congruence on S,
imp:={teT:t=¢(s) for some s € S}
1s a subsemigroup of T', and

S/ker ¢ = im . O

1.4 Green’s relations on semigroups and monoids

Particularly notable examples of relations on a semigroup are Green’s re-
lations, which give us a way of understanding the ideal substructures of a

semigroup. We now define Green’s relations £, R, H and J on any semigroup

S.
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Definition 1.4.1. Recall the definitions of the principal ideals generated by
an element a of a semigroup S from Definition [1.2.20| and Definition [1.2.19
Then Green’s relations L£L,R,H, and J on a semigroup S are the binary

relations defined as follows.

(a,b) € L & Sta= S,
(a,b) € R < aS" =bS*,
(a,b) € H < (a,b) € LNTR,
(a,b) € J & StaS' = S'bS!.

It is a brief exercise to show that £, R, H and J are equivalence relations on
S. Hence the £, R,H and [J-classes of an element a € S will be denoted by
L., R,, H, and J,, respectively. Note that

Ha:LaﬂRaa Hang Hang LagJa; Ragja- n
Definition 1.4.2. For K any of Green’s relations £, R, H or [J, a semigroup
S is said to be K-trivial if IC is equal to the equality relation A. |

Examples 1.4.3. o For a € N, we saw in Examples|1.2.21|that the principal
left, right, and two sided ideals of (N, +) generated by a were given by

S'a=aS'=5'S"'={zeN:2>a}.

Denoting the set {x € N: z > a} by I,, we note that I, = I, & a = b. That
is, (a,b) € K = a = b, where K is any of Green’s relations £, R, H or J.

Hence it follows that £, R, H and J on S are all equal to the equality relation
A={(s,s):s€S5},
and so (N, +) is L-trivial, R-trivial, H-trivial and J-trivial.

e For (N, %) given in Examples [1.2.13] we saw in Examples [1.2.21] that for
all a € N, the principal left ideal S'a of S = N is equal to N. Hence for all
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a,be S, Sta = S', and so L is the universal relation
V=5xS6.

We also saw that for a € S, every principal two-sided ideal S'aS! of N is
also equal to N, and hence similarly to £, we find that Green’s relation 7 on

(N, %) is the universal relation V.

Finally, we saw that for a € S, every principal right ideal aS* was equal to
the singleton set {a}. Hence aS' = bS* if and only if @ = b, and so R is the

equality relation

A={(s,s):s€S}

As H C R, it follows that Green’s relation H on (N, x) is also the equality
relation A. Thus (N, %) is R-trivial and H-trivial. A

The set of L-classes of S correspond to the principal left ideals of S, the
set of R-classes correspond to the principal right ideals, and the [J-classes
correspond to the principal two-sided ideals. In this way, Green’s relations
tell us about the ideal substructures contained within the semigroup S, hence

their importance.

We now derive some facts about these relations that will be needed for later

results of this thesis.

We begin by giving an alternate but equivalent way of viewing £, R and J

in terms of the multiplication of a semigroup S in the following lemma.
Lemma 1.4.4. Let S be a semigroup, and let a,b € S. Then
(i) (a,b) € L & (3x,y € SY)(a = zb)(b = ya);
(i) (a,b) € R & (3z,y € SY)(a = bz)(b = ay);
(iii) (a,b) € J & (3z,y,u,v € SY)(a = zby)(b = uav).
Proof. (i) (=) Let (a,b) € L, so that S'a = S'b. As a = la € S'a, then

a € S'b. Hence there exists some x € S! such that a = xb. Similarly, as
b= 1b € S'b, then b € S'a and so there exists some y € S* such that b = ya.
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(<) Let a,b € S, and let ¥,y € S be such that a = xb and b = ya. Then as
xr € St it follows that a = 2b € S'b. Letting s € S!, then

sa = s(xb) = (sx)b € S'b,

and hence as s was arbitrarily chosen, we have shown that S'a C S'b. Con-

versely, as y € S!, then b = ya € S'a. Again, letting s € S!, then
sb = s(ya) = (sy)a € Sa,

and thus S'6 C S'a. Hence S'a = S'b, and so (a,b) € L.
(ii) The proof is similar to that of (i) by left/right symmetry.

(iii) (=) Let (a,b) € J, so that S'aS' = S'S'. Then a = 1lal € S'aS?,
and hence a € S'bS!. Thus there exists some z,y € S! such that a = xby.

The proof that b = uav for some u,v € S* is similar.

(<) For a,b € S, suppose there exists z,y,u,v € St satisfying a = zby,

b = uav. Then for s,t € S, we have
sat = s(xby)t = (sx)b(yt) € S'bS",

and hence as s,t were arbitrarily chosen, then S'aS! C S15S!. The proof
for the converse, that S'6S! C S'aS! is similar, and hence S'aS! = S'bS*,
meaning (a,b) € J. O

The following result, commonly known as Green’s lemma, gives two mutu-
ally inverse bijections between the R-classes of two L-related elements of a
semigroup S. The proof is omitted, as a comprehensive version is given by
Howie [16, Lemma 2.2.1].

Lemma 1.4.5 (Green’s lemma [16], Lemma 2.2.1]). Let S be a semigroup,
let a,b € S be such that (a,b) € L, and let x,y € S* be such that

a = xb, b = ya.
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Fort € S, define the left translation map \; by
/\t S = 5= )\t(5> =ts.

Then the restriction )‘y|Ra is a bijection from R, onto Ry, and the restriction

/\$|Rb 1s a bijection from R, onto R,, as

)‘y|Ra © /\:U|R,, = idg,,

Ailg, © Myl = idr,,

where idg, and idg, are the identity maps on R, and R,, respectively.

Moreover, if u € R, then (u,(M\|g )(u)) € L, and if v € R, then
(v, (Aalg,)(v)) € L. O

There is a natural dual to Green’s lemma (which is also referred to as “Green’s
lemma”), which gives two mutually inverse bijections between the L£-classes
of two R-related elements S (see [16, Lemma 2.2.2]).

Green’s lemmas are important structural results in their own right: they tell
us that the £ (or R) classes of R (or £) related elements are of the same
cardinality. They are also used in the proof of Green’s theorem, which gives us
a characterisation of when an H-class of a semigroup is actually a subgroup.
We now state this theorem without proof below, again referring the reader
to Howie [16, Theorem 2.2.5].

Theorem 1.4.6 (Green’s theorem [I6, Theorem 2.2.5]). Let S be a semi-
group, and let H be a H-class of S. Then either H*NH = (), or H> = H
and H 1s a subgroup of S. O

We obtain the following useful result, as a corollary of Green’s theorem,

which relates the idempotents of a semigroup to its subgroups.

Corollary 1.4.7. If S is a semigroup, and e € E(S) is an idempotent, then
H, is a subgroup of S.

Proof. As e is idempotent, then e? = e, and hence H? N H, # (. Hence by
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Green’s theorem, H, is a subgroup of S. O

1.5 Formal language theory, automata, free semigroups

& monoids

An area of overlap with that of semigroup theory and universal algebra is the
theory of formal languages in theoretical computer science. Many problems
in semigroup theory can be formulated as algorithmic problems of decision,
such as the word problem in group theory for example. That is, given a
finite set of information, one asks whether there exists an algorithm taking

this information, and deciding a yes or no output for a given question.

Very simple such algorithms can be given with the machinery of automata,
which (in general) take a formal word and either accept or reject it. The set
of these accepted words form a language, which can be described (as we will

define shortly) as a subset of a free monoid over a given alphabet.

Free semigroups and monoids in particular will be ubiquitous in this thesis.
Moreover, we will later be considering decision problems for semigroups,
such as the word problem, membership problem and the finite generation
problem (defined in Section [1.6]). Hence in this section, we will introduce the
nomenclature just described, as used in this work. For a more comprehensive

study on these concepts, we refer the reader to [24].

We begin in the theory of lanuages, with the following definition.

Definition 1.5.1. An alphabet is simply a set A = {ay,as, ...}, typically
consisting of symbols and characters (though A can be any set). A letter is

an element of the alphabet A.

A word w over the alphabet A is a finite sequence of letters of A, typically

written consecutively in the format
W = A iy Qg - - . A5

m*

When the context of A is clear, we will simply refer to w as a word. The i-th
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letter of w is the i-th element of the sequence describing w. It is denoted by

’w|z"

If a € A, and w is a word over A, then the a-count of w is the number of

times a occurs in the sequence describing w. This is denoted by |w|,.

The length of a word w is the number of letters in it, or equivalently, the
length of the sequence describing it. The length of a word w will be denoted

[w].

The empty word €4 over A is the empty sequence of letters, or equivalently,
the word over A consisting of no letters. By convention, the empty word has
length 0. When the context of A is clear, we will simply write £ to denote

the empty word. |

By convention, if a letter a € A appears n times consecutively in a word w
over A, we will often write a™ rather than

aaa . ..a.
——

n times

For example, the word baab over the alphabet A = {a,b} would be written

as ba’b.

Definition 1.5.2. The set of all non-empty words over A will be denoted
by A*, and the set of all words over A will be denoted by A*. Note that
A* = AT U {e}. The concatenation of two words u = ajasy...a, € A" and
v =biby...b,, € AT (where ay,...,am,b1,...,b, € A) is the word w = uv

over A, where uv is the concatenation of u and v as sequences. That is,
w = aas... anblbg . bm

The set A* with the operation of concatenation of words is verifiably a semi-
group, and is hence called the free semigroup on A. If A is a finite set, the

free semigroup A" will be said to have rank |A|.

Similarly, A* with the operation of concatenation is a monoid with identity
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¢, when adopting the convention that
EW = WE =W
for all w € A*. A* will be called the free monoid over A. |

Definition 1.5.3. Let A be an alphabet, and let w € A* be a word. Then a
prefiz of w is a word u € A* such that there exists v € A* with

w = uv,

where uv is the concatenation of u with v. Note that the empty word and
the word w itself are always prefixes of any word w. We will use the notation

u <, w to mean that u is a prefix of w.

Similarly, a suffiz of w is a word v € A* such that there exists u € A* with

Again, note that the empty word and the word w itself are always suffixes of

any word w. We will use the notation v <; w to mean v is a suffix of w.

A proper prefix u of w is a prefix v which is not equal to the whole word w
itself, or the empty word. We will write © <, w in this case. Similarly, a
proper suffiz v of w is a suffix which is not equal to w or the empty word. In

this case, we will write v <; w. |

Definition 1.5.4. Let u be a prefix of a word w, so that uv = w for some
suffix v of w. Then the word w stripped of the prefix u is the word v such
that uv = w. Similarly, for a suffix v of w, the word w stripped of the suffix

v 1s the word w such that wv = w.

1

We denote the word w stripped of prefix v by v " w. Similarly, we denote

the word w stripped of suffix v by wv=. ]

Examples 1.5.5. ¢ 01001110.01001001_.01001011 is a word over the alpha-
bet {0, 1, _}, of length 26;
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e ABBA is a word of length 4 over the two letter alphabet {A, B}, Waterloo
is a word of length 8 over the alphabet {a,e,l,0,r,t,W}. Both are words
over the alphabet {a,e,l,0,r,t,W A, B}. The W-count of Waterloo is 1,

but the o-count of Waterloo is 2.
e Water is a prefix of Waterloo, whereas loo is a suffix. Both are proper.

e (Water)™!(Waterloo) = loo, and (Waterloo)(loo)™! = Water. A

1.6 Generating and presenting semigroups and monoids

Of course, not every subset of a semigroup is a subsemigroup. However, for
a semigroup S and a subset X C S which is non-empty, there is always
a subsemigroup of S containing X (S itself would do). In this section, we
discuss how to generate subsemigroups from a given subset of a semigroup.
We will discuss related concepts such as indecomposability for semigroups,
finite generation, and finish with the theory of semigroup and monoid pre-

sentations.

To begin, we have already noted that for any non-empty subset X of a
semigroup S, there exists a subsemigroup of S containing X. Hence the
intersection of all subsemigroups of S that contain X is non-empty, and it
is a short exercise to see that this intersection is also a subsemigroup of S.

Hence we make the following definition.

Definition 1.6.1. For a semigroup S and a subset X C S, the subsemigroup
generated by X is the intersection of all subsemigroups of S containing X.
The subsemigroup generated by X will be denoted (X), and X will be called

a semigroup generating set for (X).

Equivalently, (X) is the smallest subsemigroup of S containing X, and can
equivalently be defined as the set of all finite products of elements in X. The
elements of X will be called the generators of (X). [

By convention, we will write (x) instead of ({z}), when X = {z} is a singleton

set. We note that every instance of the word semigroup can be replaced in
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the above definition by monoid to obtain the definition for the submonoid

generated by X.

In this instance, the identity element 1 is not required to be in a monoid

generating set X for (X), as (X) is a submonoid and hence contains 1.

Examples 1.6.2. o Let X = {1} be the singleton subset of N. Then as
1 € (X) and (X) is a subsemigroup of (N, +), it must follow that

n=1+1+---4+1¢c(X)
—_—————

n times

for all n € N. Hence N C (X), and it follows that N = (X). Hence {1} is a

semigroup generating set for N;
e By the same reasoning, {1} is a monoid generating set for (N°, +);

e Let X be any non-empty subset of N, and consider the semigroup (N, x),
where x : N — N is defined by m xn = m for all m,n € N. As (X) can be

considered as the set of all finite products of elements of X, then as
Ny *xNo*-+-*kNKp =N

for any finite product of elements ny, ny, ..., nx € X, it follows that (X) C X.
As X C (X) by definition, it follows that X = (X), and hence in particular
any non-empty subset X of N is a subsemigroup of (N, ). A

We now give a definition of the order of a semigroup element, noting that

this definition generalises the concept of the order of a group element.

Definition 1.6.3. An element x of a semigroup S is said to have finite order

if (x) is finite. Otherwise, z is said to have infinite order.

The order of an element x (of finite order) is the size of (z). |

In the next definition, we distinguish the specific case where there exists a

singleton generating set for a semigroup (such as N for example).
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Definition 1.6.4. Let S be a semigroup. If there exists x € . such that
(x) = {x,2%,2% ...} =8,
then S will be called a monogenic semigroup. ]

Given a generating set X for a semigroup S, and an element s € S, then s
can certainly be written as a finite product of the elements of X. If s = xy,

then we will say that s can be decomposed into the product of x and y.

However not all elements will have this property (for example, 1 € N cannot
be written as the sum of two natural numbers). Hence we give the following

definition to distinguish these elements.

Definition 1.6.5. Let S be a semigroup, let X C S be any non-empty
subset, and let s € S. If there exist two elements =,y € (X) such that

s =2y,

then s will be called decomposable over X. That is, s € (X)2.

Otherwise, s is said to be indecomposable over X. When X = S, we will also
say that s is either a (semigroup) decomposable or (semigroup) indecompos-

able element of S, respectively. |

Of course, if S is a monoid, then any element of S is a semigroup decompos-
able element, but it might be that a given element is only trivially decom-
posable into a product involving the identity. We thus distinguish monoid

indecomposability in the following definition.

Definition 1.6.6. Let M be a monoid with identity 1, and let m € M. If
there exist z,y € M \ {1}, such that

m=2xy,

then m will be called a (monoid) decomposable element of M. Otherwise, m

will be called a (monoid) indecomposable element of M. |
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Examples 1.6.7. o In (N, +), the only indecomposable element is 1, as any

other element n € N can be written as the sum of 1 and n — 1;

e In the monoid (N° +), every element is decomposable in the semigroup
sense, but 1 is the only indecomposable element in the monoid sense for the

same reasoning as above;

e In the monoid ({0, 1}, x), 0 is decomposable in both the semigroup and
monoid sense as 0 = 0%, but 1 is decomposable in the semigroup sense and

indecomposable in the monoid sense, as 1 = 12. A

We will next see that given a generating set X for a semigroup S, that X

must contain every semigroup indecomposable element of S.

Lemma 1.6.8. If X is any semigroup generating set for a semigroup S, then

X contains the set of semigroup indecomposable elements of S'.

Proof. Let s € S be a semigroup indecomposable element of S. Then as
S = (X), s can be written as a finite product of elements of X. There

cannot exist a decomposition
S =T1T2...Ty

of s into a product of n elements of X where n > 2, as this contradicts
indecomposability of S.

Hence it must be that s is an element of X, and hence the set of all inde-
composable elements of S is contained within X. O]
We now will see that images of generating sets under epimorphisms are also

generating sets, as in the following pair of lemmas.

Lemma 1.6.9. Let M, N be monoids, let X C M be a monoid generating
set for M, and let p : M — N be a monoid epimorphism. Then o(X) is a

monoid generating set for N.

Proof. Firstly, as ¢ is surjective, then every n € N \ {ly} has some

33



m € M\ {1y} such that n = ¢(m). Moreover, as any m € M \ {1}
can be written as a finite product m = z125...2, of letters x; from X,
then it follows that every n € N \ {1y} can be written as a finite product
n = p(r1)p(x2)...p(x,) of images p(x;) of letters x; from X. Hence p(X)

is a monoid generating set for V. O

Lemma 1.6.10. Let S,T be semigroups, let X C S be a semigroup generat-
ing set for S, and let ¢ : S — T be a semigroup epimorphism. Then p(X)

s a semigroup generating set for T.

Proof. The proof is the same as for Lemma [1.6.9, replacing instances of the

word monoid for semigroup, and ignoring instances of identities. m

We next note that indecomposable elements of a semigroup S are preserved

under isomorphism.

Lemma 1.6.11. Let S, T be isomorphic semigroups, let ¢ : S — T be a
semigroup isomorphism between them, and let Z(S) and Z(T) be the set of

semigroup indecomposable elements of S and T respectively. Then

Proof. Let s € S be a semigroup indecomposable element of S. Suppose for
a contradiction that o(s) is a semigroup decomposable element of T'. Then

there exist z,y € T such that

o(s) = zy.

As p is an isomorphism, then it is surjective in particular. Hence there exist

u,v € S such that x = p(u) and y = p(v), and hence

p(s) = p(u)p(v) = p(uv).

As ¢ is injective, then s = uv. This is a contradiction, as now s is semigroup
decomposable in S. Thus ¢(s) € Z(T'), and hence as s € Z(S) was chosen
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arbitrarily, we have ¢(Z(S)) C Z(T'). The reverse inclusion follows from the

same argument by applying the inverse of ¢, and hence the result follows. [

We now return to concepts relating to generating sets for semigroups. As a
group may be described as finitely generated, so too can a semigroup or a

monoid, as we see in the following definition.

Definition 1.6.12. A semigroup S is said to finitely generated as a semigroup
if there is a finite subset X C S such that S = (X). In this instance, S will

be called a finitely generated semigroup.

Similarly, a monoid M is said to be finitely generated as a monoid if there
is a finite subset X C M such that M = (X), where (X) is the submonoid
generated by X. [ |

Note that finitely generated groups are finitely generated as monoids, and

finitely generated monoids are finitely generated as semigroups.

Examples 1.6.13. o (N, +) is finitely generated as a semigroup by the set
{1}, as we saw in Examples

e Similarly, (N° +) is finitely generated as a monoid, again by {1};

o (N, %) from Examples is not finitely generated as a semigroup, as
X = (X) for all non-empty X C N. Hence to satisfy (X) = N, it must be
that X = N, which is infinite. A

Every finite semigroup and monoid is of course finitely generated, by taking
the whole semigroup or monoid itself as a generating set. Any property which
holds for any finite semigroup, such as being finitely generated, will be called

a finitary property.

One such related finitary property is that of being finitely presented, which
is commonly studied in group theory. We now introduce the theory of semi-

group presentations in order to define finitely presented semigroups.

Recall Definition [1.5.2] which defined the free semigroup and free monoid

over a set A. A more abstract definition of what it means for a semigroup
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to be free can be given, as in the following.

Definition 1.6.14. Given a set A, a semigroup S is said to be free over
A if there exists a mapping o : A — S, such that for any semigroup T
and mapping ¢ : A — T, there exists a unique semigroup homomorphism

¥ S — T such that ¢ = a o1. That is, the following diagram commutes.
A—- 85
X lqp
T
|

Of course, replacing the word semigroup in the above definition by monoid
gives an abstract definition of what it means for a monoid to be free. Sim-
ilarly, replacing all instances of the word semigroup by commutative semi-
group above gives the definition of what it means for a commutative semi-

group to be “free commutative”.

We now qualify that the free semigroups and free monoids defined in Defini-

tion [1.5.2 are indeed free over their respective sets.
Lemma 1.6.15. For any alphabet A, the free semigroup AT is free over A.

Similarly, the free monoid A* is free over A.

Proof. Let A be a set. Take the mapping a : A — AT as the inclusion
mapping, defined by a(a) = a for all @ € A. Suppose that ¢ is any mapping
from A to any semigroup 7. Define ¢ : At — T by

Ylaras ... an) = plar)p(az) . .. p(am).

Then 1 is a semigroup homomorphism, for if © = ayas...a,, € A" and
v = blbg .. bn c A+, then

Y(uv) = Y(ajas . . . aypbibs ... by)
= p(a1)p(az) ... (am)e(b1)p(bs) - - . o (bn)
=Y(aras ... am)Y(bibs...by)
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= Y(u)y(v).

Letting a € A be any element, then

p(a) = ¥(a) = P(ala)) = (o )(a),

and hence ¢ = aop. If ¢’ : AT — T is any other semigroup homomorphism
such that ¢ = a0/, then a0t/ = a o). But for all a € A, as

(op)(a) = ¢(ala)) = ¥(a),

then v o4 = 1. Similarly, o o ¢’ = 9)’, and hence it follows that ¢ = ¢/
Thus 9 is the unique semigroup homomorphism such that ¢ = a o). Hence

AT is free over A.

The case showing the free monoid A* is free over A is the same as AT, taking
instead 1" to be any monoid M with identity 1,;, and the map ¢ : A* — M
to be given by

b AT M= () = ola))p(as) ... olay) fu=aay...a, € A"

1ar if u=ce.

]

As an important consequence of the abstract definition of freeness, we obtain

the following lemma.

Lemma 1.6.16. Let S be a semigroup, let X be a set, and let ¢ : X — S
be a mapping such that ¢(X) is a generating set for S. Then there exists a
semigroup epimorphism ¢ : X+t — S.

Proof. Define ¢ : X+ — S by

(a1 ) = @(21)p(22) - - p(2n)

Then 1 is a semigroup homomorphism, for if u = z125...2, € X and
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V=Y1Y... Y, € X, then

Y(uv) = V(X129 . .. T¥1Ya - - Yn)

Further, as ¢(X) is a generating set for S, then for any s € S, there exist
X1, To, ..., Ty, € X such that

s=p(r1)e(x) ... p(Tm) = V(122 . .. Tp),

and hence v is surjective. O

We now are ready to define a semigroup presentation, which precisely for-

malises quotients of free semigroups by congruences.

Definition 1.6.17. Let S be a semigroup. If X is a set, and R is a binary
relation on X such that S = (X : R), where

(X:R)=XT/R
then we say that (X : R) is a semigroup presentation for S. [

Any semigroup S has a generating set (as S = (S)), and hence by
Lemma [1.6.16] we can always find a generating set X and epimorphism
¢ : Xt — S. By the first isomorphism theorem (Theorem , S is
isomorphic to the quotient Xt /ker . Hence every semigroup is isomorphic

to the quotient of a free semigroup by a congruence.

Moreover, taking R = ker 1), as ker 1 is a congruence, then R* = ker. Hence

every semigroup has a semigroup presentation.

Of course, wherever we have used the word semigroup, there is an analogy

for monoids. Hence we also give the following definition.

Definition 1.6.18. Let M be a monoid. If X is a set, and R is a binary
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relation on X such that M = (X : R), where
(X:R)=X*/R,
then we say that (X : R) is a monoid presentation for M. |

By convention, if X = {z1,x2,... 2}, and R = {(u, v1), (ug, v2), ..., (Un,vn)}

are finite sets, we will often write
(X 1 R) = (21,9, ..., Tyt Up = U1, Ug = Vg, ..., Uy = Vp)
for semigroup and monoid presentations, in a slight absuse of notation.

Example 1.6.19. Let X = {z}, and take R = (). Then R is trivially a
binary relation on X*. We claim that R* = A, the equality relation on X*.

Firstly, A is a congruence on X7, as seen in Examples , and it con-
tains R = (. Hence as R* is the smallest congruence on X+ containing R,
then R C A. Conversely, as A = {(w,w) : w € X'}, then any element
(w,w) € A is also an element of Rf, as R* is a reflexive relation. Hence

A C R*, and we have shown our claim. Thus
(w1 0) = X*/A,

which is isomorphic to {z}* by the isomorphism ¢ : {x}* — {z}*/A defined
p(z*) = [z*]a.

Moreover, {x}* is isomorphic to N under addition, by the isomorphism
¢ {2}t — N defined 9 (2*) = k. Hence N has semigroup presentation
(x:0). A

We now define finitely presented semigroups and monoids, as follows.

Definition 1.6.20. For a semigroup 9, if there exists a finite set X and a
finite binary relation R on X such that

S=(X:R),
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then S will be called finitely presented as a semigroup, with finite semigroup

presentation (X : R).

Similarly, for a monoid M, if there exists a finite set X and a finite binary
relation R on X* such that

M= (X : R),

then M will be called finitely presented as a monoid, with finite monoid
presentation (X : R). |

We finish this section by introducing decision problems that are related to
the concepts of generation. The first decision problem we will describe is the

word problem for a semigroup, defined below.

Definition 1.6.21. Given a semigroup S and X C S a finite semigroup
generating set for S, the word problem of S with respect to X is given by

WP(S, X) = {(u,v) € XT x Xt :u=gv},

where © =g v if v and v represent the same element in S when written as

words over the generating set X.

The word problem of S is said to be decidable with respect to X if there exists
an algorithm taking S, a finite generating set X C S and any
(u,v) € Xt x X' as inputs which determines whether or not
(u,v) € WP(S, X). |

Examples 1.6.22. e The free semigroup A" over A has decidable word
problem with respect to A, simply by taking two words in u,v € A" and
reading them. If |u| # |v|, then u # v. Otherwise, check if the first letter of
u and v are equal, if not, then u # v. Otherwise, check if the second letter of
u and v are equal, and so on. If all letters have been checked and are equal,

then u = v;

e Any finite semigroup S has decidable word problem. Given any generating

set X of S, and two words u, v € X, there are only finitely many possibilities
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for what u and v can equal in the semigroup S, hence an exhaustive algorithm

checking all the possibilities is viable. A

A more general version of the word problem can be given, by asking if two
words over a finite generating set are equal in a subsemigroup of a given

semigroup. Hence we define the membership problem as follows.

Definition 1.6.23. Given a finitely generated semigroup S, a finitely gen-
erated subsemigroup 7" of S and a generating set X for S, the membership
problem of T in S is the set of words over X which represent an element

in T, when considered as a product of generators in X.

The membership problem is said to be decidable if there is an algorithm
taking S, X and a finite subset Y of X* generating 7', which decides whether

or not a word w over X represents an element in (V). |

The final decision problem of consideration in this thesis will be the finite
generation problem, which asks if a given collection of semigroups or monoids

are finitely generated, as in the following definition.

Definition 1.6.24. Given a collection C of semigroups (or monoids) S;, each
of which can be somehow described by a finite set of data, it is said to have
decidable finite generation problem if there exists an algorithm taking the
finite set of data, and determining whether or not each S; is generated by
some finite subset X; of S;. |

1.7 Direct products, subdirect products and fiber prod-

ucts

In this section, we focus on the definitions which make up the main subject
of study of this thesis, namely subdirect products and fiber products. We
begin with an overview of the definitions in terms of semigroups, alongside
examples. We then introduce a number of important results such as Fleis-
cher’s lemma, and its associated corollaries. Finally, we highlight some of

the motivating examples of subdirect products of groups that we introduced
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in this chapter, in greater specificity.

We begin by recalling the direct product structure for groups, which we now

define for semigroups.

Definition 1.7.1. Given two semigroups S and 7', the direct product of S
with T is the Cartesian product

SxT=A{(st):se€SteT},
together with pointwise multiplication
(s,8)(u, v) = (su, tv),

where su is a product in S, and tv is a product in T'. In this way, S x T is

a semigroup. S and T are called factors of the direct product. The maps
defined by

s S XT — S :=(s,t) —s,

mr: SXT —=T:=(s,t)—t.
are known as the projection maps onto S and T, respectively. ]

When S and T are both monoids or both groups, then S x T is a monoid or
a group. Of course, we can also define a finite direct product of n semigroups
to be the set of all n-tuples with pointwise multiplication. We outline the

specific case when the factors are all the same in the following definition.

Definition 1.7.2. Let S be a semigroup. For k£ € N, the finite direct power
S* is the k-fold Cartesian product

Sk:tS'xSx---xS,

J/

k times

together with the pointwise operation

(81, §9,... Sk)(tl,tg, e ,tk) = (Sltl,Sth, Ce ,Sktk).
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In this way, S* is a semigroup. |

Finitary properties have been well studied for direct product of groups. For
such results classifying finite generation and finite presentation for direct
products of semigroups, we refer the reader to the work of Robertson, Ruskuc
& Wiegold [26], and the later work of Aratjo & Ruskuc [I].

We now give a more general property of semigroups that includes the direct
product, by thinking about its substructures. This is the definition of a

subdirect product, which is ubiquitous throughout this thesis.

Definition 1.7.3. Let S and T be two semigroups. A subdirect product
of S with T' (sometimes referred to as a subdirect product of S x T') is a
subsemigroup U of the direct product S x T', such that the projection maps
defined

s : U — S = (s,t) = s,

U —T:=(s,t)—t
are surjections. In this case, we will write U <,q S x T |

Again, we can define a subdirect product of a finite number of n semigroups
as a subsemigroup of the direct product of those n semigroups, where each

projection mapping onto the i-th factor is a surjection.

Examples 1.7.4. e The direct product S x T itself is a subdirect product
of semigroups S and T, as every element of S appears in some first coordi-
nate, and every element of T" appears in some second coordinate. Hence the

projection maps onto S and T are surjections;

e The semigroup given by Ag := {(s,s) : s € S} is a subdirect product of
a semigroup S with itself, as every element of S appears in some first and

second coordinate. Ag is known as the diagonal subdirect product;

e Let F' be the group with presentation
(zy | [y 2 ya] = oy~ a7 ?ya®] = 1)
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Then ((z,y™ '), (y,z), (@71, 271, (y~1,y)) is a subdirect product of F with
itself, as every generator of F' appears in some first and second coordinate of

a generating pair. A

We will think of being a subdirect product as more of a property of a semi-
group rather than a direct construction. A particular type of constructible

subdirect product is a fiber product of semigroups, which we now define.

Definition 1.7.5. Given semigroups S,7,U and epimorphisms ¢ : S — U,
YT — U, the fiber product of S and T with respect to p, 1 is the set

(e, ) :={(s,1) € S X T : p(s) = (1)}

with multiplication inherited from S xT'. U is called the fiber, or fiber quotient
of (g, ). If V is a subdirect product of S x T which is also a fiber product,
we will write V' <g S x T'. [ |

We now qualify in the following lemma that fiber products are indeed exam-

ples of subdirect products.

Lemma 1.7.6. For semigroups S,T,U and epimorphisms ¢ : S — U,
T — U, l(p, ) is a subdirect product of S x T.

Proof. If (s,t), (s',t') € II(p,v), then (s,t)(s',t') = (s¢',tt") € (p, 1), as

p(ss’) = @(s)p(s') = Y()P(t') = (i),

and hence II(p, 1) is a subsemigroup of S x T'. Moreover, for any s € S, as
©(s) € U and ¢ is surjective, there exists some ¢ € T such that ¢(s) = (),
and hence (s,t) € [I(p, ). Similarly, for any t € T, as ¢ is surjective, there
exists some s € S such that ¢(t) = ¢(s), and hence (s,t) € II(¢p, ). Thus

the projection maps

s (p, ) = S = (s,t) — s,
mr (e, ) = T = (s,t) — t.

are surjections, and II(y, ) is a subdirect product of S x T. O
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Examples 1.7.7. e For semigroup S and 7T, the direct product S x T is a
fiber product. We take U to be the trivial group {1}, ¢ to be the constant
map given by

p:S—=U:=p(s) =1,

and similarly ¢ to be the constant map given by

Y:T = U:=9y(t) =1

e For a semigroup S, the diagonal subdirect product Ag = {(s,s) : s € S} is
a fiber product. We take U = S, ¢ : S — S to be the identity mapping (so
that p(s) = s), and ¢ = ¢. Then ¢(s) =Y (t) < s =t. A

Our previous comments relating to being able to define direct and subdirect
products for n semigroups still apply for fiber products. We now state an
important result relating subdirect products to fiber products, known as

Fleischer’s lemma.

Lemma 1.7.8 (Fleischer’s lemma, [4, Lemma 10.1]). Let S,T,U be semi-
groups, and let U <,q S x T'. For the projection maps

s : U — S = (s,t) = s,
mp U — T = (s,t) —t,

denote by o the congruence kermg on U, and denote by p the congruence
kermr on U. Then U s a fiber product of S with T if and only if

cop=poo.

Proof. (=) If U is a fiber product of S with 7', then there exist epimorphisms
p: S =V, ¢¥:T—V onto a common image V', such that

U={(s,t) € SxT:p(s)=1()}
Let ((s1,%1), (S2,t2)) € 0 0 p. Then there exists (s3,t3) € U such that
((s1,11), (s3,83)) € 0, ((s3,13), (52, 12)) € p.
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By the definitions of ¢ and p, it must be that s; = s3, and t3 = t5. Hence
(s1,t2) € U, and thus ¢(s1) = ¥(t2). As (s1,t1) € U and (sq,t2) € U, it
follows that

P(s2) = P(t2) = p(s1) = P(t1),

and hence (s2,t1) € U also. As

((Sbtl)v (SQvtl)) € p, ((827t1)7 (S27t2>> € o,

then ((s1,t1), (s2,t2)) € poo. As ((s1,t1), (s2,12)) was an arbitrary element
of oo p, then we have shown that 0o p C poo. The reverse inclusion follows

by a symmetric argument, and hence

cop=poo.

(<) If cop = poo, then 0o p is a congruence by Lemma [1.3.7 Let
t: U —= U/(o o p) be the natural quotient mapping ¢(u,v) = [(u, v)]y0p. AsS

o C o o p, there is a natural epimorphism from U/o to U/(o o p) given by
m:Ujo = Uf(oop):=[(u,v)|s = [(40)]rop-

As U is a subdirect product, then S = U/ by the first isomorphism theorem.
Hence there exists an epimorphism ¢ : S — U/(0op) with ¢« = mgoyp (recalling
that our convention is to compose from left to right). A similar proof shows
that there also exists an epimorphism ¢ : T — U/(o o p) with ¢ = 77 0 1.

We have the following commuting diagram.

U—"=" T

L,
TS SN ¥
A

S —~5 U/(o0p)

We claim that

U=A{(u,v) € §xT:p(u) =)}
If (w,v) € U, then i(u,v) = (75 o ¢)(u,v) = (u), and
v(u,v) = (mr 0 ) (u,v) = 1(v). Hence p(u) = (v).
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Conversely, if (u,v) € SxT is such that p(u) = ¥ (v), then as U is a subdirect
product of S with 7', there exist s € S and ¢t € T such that (u,t) € U and
(s,v) € U. Now

t(u, 1) = (75 0 ) (u,v) = p(u) = P(v) = (rr 0 P)(s,v) = u(s,v),

and hence ((u,t),(s,v)) € oo p. Hence there must exist (x,y) € U such that
((u,t),(x,y)) € o and ((x,y), (s,v)) € p. This implies however that z = u

and y = v, and hence (u,v) € U. Thus we have shown that

U={(u,v) € SxT:p(u)=1(v)},
and U is a fiber product. n

In varieties of algebras for which the composition of congruences is a com-
mutative operation (such as in groups, where congruences are equivalent to
normal subgroups), then fiber products and subdirect products are one and
the same as a consequence of Fleischer’s lemma. Such varieties are called
congruence permutable. The varieties of semigroups and monoids are not
congruence permutable however, as semigroup and monoid congruences do

not commute under composition in general.

For the rest of this section, we outline some of the previous results (sans
proof) in the theory of subdirect products for groups that we motivate this
thesis with, as discussed in the introduction. These all notably involve sub-

direct products of free groups.

The first result we highlight is a corollary of Bridson & Miller [3], which finds

uncountably many non-isomorphic subdirect products of two free groups.

Theorem 1.7.9 ([3, Corollary B]). Let Fy and Fy be non-abelian free groups.
Then there are uncountably many subdirect products G of Fy x Fy, with non-

isomorphic first cohomology groups (with associated G-module 7). Il

As a consequence of this result, as two isomorphic groups have isomorphic

first cohomology groups, then F; x F5 contains uncountably many non-
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isomorphic subdirect products. This gives a generalisation of the work of
Baumslag & Roseblade [2] on direct products of free groups of rank two,
which we highlight below.

Theorem 1.7.10 ([2, Theorem 1]). There are wuncountably many
non-isomorphic subgroups of the direct product of two free groups of rank
two. 0

In particular, the authors prove this using subdirect products of two free
groups of rank two. These results in part motivate our study of the number
of non-isomorphic subdirect products of two free monogenic semigroups in
Chapter [2|

Turning now to examples involving finitary properties, we first note that
many finitary properties of groups are preserved under taking the direct

product. That is, the statement
G x H has property P if and only if G and H have property P

is satisfied for P being the properties of being finitely generated, finitely pre-
sented, residually finite, amongst others. It is also satisfied for many other
interesting non-finitary properties, such as nilpotency. Further generalisa-
tions of such statements for direct products of semigroups are considered by
Robertson, Ruskuc & Wiegold [26, Theorem 2.1, Theorem 8.3] in the cases of
finite generation and finite presentation respectively, and by Gray & Ruskuc

[12, Theorem 2] in the case of residual finiteness.

This is not necessarily the case for subdirect products however. In the work
of Bridson & Miller, an example is given showing that finite presentation
of direct product factors cannot guarantee finite generation of a subdirect
product of those factors. We present this example for motivation, without

proof, referring the reader to [3, Example 3| for further detail.

Example 1.7.11 ([3, Example 3]). Let A = (a;, a3 : 0) and B = (b, by : 0)

be two free groups of rank 2, and let

Q= (c1,¢c2: qu(c), q2(c), .. .)
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be any two-generated group which is not finitely presented. Let ¢ : A — @
and ¢ : B — @ be the unique epimorphisms extending the maps defined by
v(a;) = ¢; and ¥ (b;) = ¢;. The fiber product II(p,¥) of A x B is not finitely

generated. A

Further, Grunewald [13] has classified when subdirect products of free groups
are finitely presented. This was reproved later by Baumslag & Roseblade [2]

Theorem 2], with the following generalisation.

Theorem 1.7.12 (|2, Theorem 2|). Every finitely presented subgroup of a
direct product of two free groups is a finite extension of a direct product of

two free groups of finite rank. 0

Not every finitely generated subdirect product of two free groups has this
property, and hence there exist finitely generated subdirect products which

are not finitely presented.

On a similar note, a final example we mention is due to Mikhailova [2I]. In
this work a set of defining relations is given for a group which is a finitely
generated subdirect product of two free groups, but has undecidable word
problem. This is yet another example involving subdirect products of free
groups, that motivate our study in this thesis of subdirect products of free

semigroups and monoids.
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Chapter 2

Subdirect products involving the free

monogenic semigroup

As we saw in Chapter [, Baumslag & Roseblade showed that the direct
product of two free groups can have uncountably many subgroups up to iso-
morphism (Theorem [1.7.10]), which was then extended to subdirect products
of non-abelian free groups by Bridson & Miller (Theorem [1.7.9). This il-
lustrates some of the sub-structural complexity that the direct product can

create (and in particular, the fiber product construction for groups).

Notably, their result used the direct product of two free groups of rank at
least 2, and we recall from Section [1.7]that some examples of those subgroups
can be non-finitely generated, finitely generated whilst not being finitely pre-
sented, and being finitely generated whilst having the membership problem
being undecidable. In particular, we indicated that these examples include
subdirect products, which perhaps gives us motivation to believe that sub-
direct products involving free semigroups can provide further instances of

interesting and erratic structural behaviour.

By way of contrast, however, subgroups and subdirect products of the direct
product of two free groups of rank 1 (that is, the free cyclic group Z under
addition) do not exhibit this same behaviour. The group Z x Z is the unique

(up to isomorphism) free abelian group of rank two, and hence every non-
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trivial subgroup of Z x Z is free abelian, and of rank less than or equal to
two (this is illustrated and proved in [I8]). Hence its non-trivial subgroups

are isomorphic to either Z, or Z x Z.

As a corollary, every subgroup of Z x Z is therefore finitely presented and
has decidable membership problem, and of course there are only countably
many of them up to isomorphism. That every subgroup of Z is isomorphic
to either the trivial subgroup or Z itself is a major contributing factor for

these resulting “well-behaved” properties.

By way of comparison, the corresponding free monogenic object in the variety
of semigroups is isomorphic to the natural numbers N under the operation of
addition. Similarly to Z, its subsemigroups are well understood due to the
following result of Sit & Siu [27].

Theorem 2.0.1 (Sit & Siu, [27]). Every subsemigroup M of N is of the form
M=XUY, where X C{1,...,N}, andY ={m € N:m > N,d | m} for
some d, N € N. l

As with Z and Z x Z, the subsemigroups (and hence subdirect products)
of N are all finitely presented and there are only countably many of them
up to isomorphism. It is for these reasons and those outlined above that
we investigate the subdirect products and subsemigroups of N x N in this

chapter.

Reflecting on the work of Baumslag & Roseblade [2], and Bridson & Miller
[3] on free groups of rank at least two, our main aim for this chapter will be
to prove that N x N in fact has uncountably many subsemigroups and subdi-
rect products up to isomorphism in Section 2.1, and derive related corollaries
about semigroups with elements of infinite order such as N¥ in Section
We will go on to investigate subsemigroups and subdirect products of N to-
gether with a finite semigroup in Sections 2.2] and 2.4 respectively; classifying
for which finite semigroups S there are uncountably many subsemigroups and

subdirect products of N x §.

We note that this chapter is largely based on the paper [7], cowritten by the
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author.

2.1 Subsemigroups of N x N

In this section, we will see that the direct product N x N contains uncount-
ably many subsemigroups up to isomorphism, and we will further derive a
corollary about the number of subsemigroups up to isomorphism of the di-
rect product of two infinite semigroups. Later, in Section 2.3 we will draw

parallel results on the number of non-isomorphic subdirect powers of N.

We begin by adopting notation for the purposes of this section.

Notation 2.1.1. Given a non-empty subset M C N, we will define X, to
be the subset {1} x M of N x N, and Sj; to be the subsemigroup of N x N
generated by the set Xj,. |

We comment that (m,n) € Sy if and only if n can be written as the sum of

exactly m (not necessarily distinct) numbers from M.

Examples 2.1.2. (a). Let M = {1}. Then X}, consists of the single pair
(1,1), and hence Sy = ((1,1)) = {(n,n) : n € N}. In this case, Sy is

isomorphic to N, via the natural mapping (m,m) — m.

(b). Let N = {1,2}. Then Xy = {(1,1),(1,2)}, and

Sy ={(m+n,m+2n):m,n e N}\{0,0)}. A

In fact, we will see that Sy from Examples (b) is isomorphic to the free

commutative semigroup of rank 2, as the following result documents.

Lemma 2.1.3. Sy, is a free commutative semigroup if and only if |M| < 2.
Proof. 1t |[M| =1, then M = {m} for some m € N. Hence
Sy = {((1,m)) = {(n,nm) : n € N}.

Then the mapping ¢ : Sy — N := (n,nm) — n is clearly bijective, and
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o((n,nm)+(p,pm)) = ¢((n+p, (n+p)m)) = n+p = p((n, nm))+e((p, pm)),

and hence is an isomorphism from Sj; to the free commutative monogenic

semigroup.

If M| =2, 1let M = {my,my}. It suffices to show that any given relation in
Sy is trivial. As a given relation in Sy, can be viewed as an equivalence of

two non-zero sums of elements from X, then it is of the form
p(1,my) + q(1,mo) = r(1,my) + s(1,ms) (2.1)

for some p, q,r,s € NV (not all zero). Simplifying and equating components,

we obtain the relations

ptqg=r+ts,

pmy + qgme = rmy + SMao,

which are equivalent to the integer equations

p—r=s—g
(p—1r)my = (s — q)ms.

As m; # mo by assumption, to avoid contradiction it must be that
p—1=s—q=0, and hence p = r,q = s and the relation given in (2.1)) is

trivial. Hence Sy, is a free commutative semigroup, with rank 2.

If M| > 3, let my, ma, mg € M be any three distinct naturals. Then

ms(1,my) +mq (1, ms) + ma(1,mg) (2.2)

is a non-trivial relation between the generators X,;, and hence Sj; cannot

be free commutative. O]

As a consequence of the preceding result, there are only two non-isomorphic
semigroups in the family {Sy, : M C N, |M| < 2}, and hence for the rest
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of the chapter we will only consider the semigroups Sy, where | M| > 3. We
will also utilise the relation ([2.2) later when discussing 3-element subsets.
We will largely consider their possible isomorphisms by the images of their

indecomposable elements, which we now describe.

Lemma 2.1.4. The indecomposable elements of Sy are exactly the elements
Of XM

Proof. If an element (p,q) € Sy has p > 1, then (p,q) is necessarily a sum
of p elements of X;; by construction of Sy, and is decomposable. Hence
the indecomposable elements must be contained within X,;, as these are the

only elements of Sy, with first component equal to 1.

Conversely, as the elements of X, have first coordinate equal to 1, then they

are indecomposable in N x N, and hence indecomposable in S),. O

For two 3-element subsets M = {mq,ma, m3}, N = {nq,ns,nz} of N, any
isomorphism from Sy, to Sy must map X, to Xy by Lemma[1.6.11] Hence
without loss of generality, we can fix the labelling of M and N such that a
given isomorphism ¢ : Sy — Sy satisfies ¢(1,m;) = (1,n;) for
i=1,2,3.

We now use this fact in the next result to classify when two 3-element subsets

M, N C N give rise to isomorphic semigroups Sy; and Sy.

Lemma 2.1.5. Let M = {my,ma,mz}, N = {ny,ng,n3} be two 3-element
subsets of N.  Then there is an isomorphism ¢ : Sy — Sy satisfying

na(ms — my) = ny(mg — my) + nz(mg — my). (2.3)

Proof. (=) Suppose that Sy = Sy via the isomorphism ¢. As noted in

Lemma equation ([2.2)), the relation

ma(1,m1) + ms(1,ma) + mi(1,ms) = ms(1,m1) + ma(1,ma) + ma(1,m3)
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holds in Sy;. Applying ¢ to the left hand side of this relation, we see that

w(ma(1,mq) +ms(1,ma) +mq(1,ms))
=map(1,m1) +mzp(1,ma) + mip(l,ms)
:m2<1,n1) +m3(1,n2) +m1(1,n3). (24)

Similarly, applying ¢ to the right hand side of ([2.2)) gives
w(mg(1,my) +mq(1,ms) + ma(1,mg3))

=map(1,m1) +mip(l,ms) + map(l, ms)
=mas(1,n1) + mi(1,ng) +ma(1, ng). (2.5)

Simplifying (2.4) and (2.5)) and equating second components gives the equa-
tion

many + Mgng + Ming = mgny + Ming + Mang,
from which ([2.3)) is obtained after factorisation of ni, ns and ns.

(<) Assume that (2.3) holds. As any element z € Sy, can be written as a

linear combination of elements from X,;, let
z = ai(l,my) + as(l,ma) + az(1,m3) € Sy

be such a combination, for some a1, as, a3 € N° not all zero. Define the

mapping ¢ : Sy — Sy on such a linear combination by
o(x) == a1(1,n1) + az(1,n2) + as(1, n3).

As the factors aq, as, a3 are not necessarily uniquely determined by x as seen
in (2.2)), we first show that ¢ is well defined. To this end, suppose «;, 5; € Ny

(not all zero, i = 1,2,3) are such that

oq(l,ml) + 052(1, mg) + Oé3<1, m3> = Bl(l,ml) + 62(1,7712) + 53(1,7713).
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Let v, = 4

then

4

4

4

Ll

— B;. Noting that (2.3) is equivalent to the relation

n1<m2 — m3) -+ Tlg(m3 — ml) —+ ng(ml — m2) = 0,

Sy ai(Lmi) = 300 Bi(1,my)

Yo =2 Biand 30 aamy = 300 Bim
S yi=0and 30 ym; =0

Y22 = =1 — Y32, Y22 = —711My — 7313,
Y1my = —yamy — y3my and y1my = —Y2mg — Y3m3
Sy % = 0, 7a(ma — my) = 3(mg — mg)

and %(ml - m2) = 73(m3 - ml)

Z?;l v = 0 and 2?21 yini(mi —mgy) = v3(0) = 0 (by (2.6))

Z?:l ~v; = 0 and Z?:l ~in; = 0 (as my —mg # 0)
Z?:l Q= Z? 1 Bi and Z? 1 Qilli = Z?:l Bini
Z?:l a;(1,n;) = Zz  Bi(1,m).

It follows that ¢ is well defined, as now

3 3
Z:ozzlmZ :Zallnz Z/Bz]-nz = Zﬁllmz
i=1 =1

Moreover, noting that (2.6) is equivalent to

ml(ng — ’I’Lg) —|— m2<n3 — TLl) + m3(n1 — 712) = O,

(2.6)

(2.7)

by rearrangement, then swapping the roles of m and n, and the roles ([2.6)

and (2.7 in the above series of implications also shows that ¢ is injective.

That it is a homomorphism and surjective follows directly from definition,

and thus ¢ is an isomorphism between Sj; and Sy.

]

Examples 2.1.6. (a). Let M = {1,2,3}, N = {2,4,6}. We expect Sy, and

Sy to be isomorphic, as N = 2M. Indeed, as 4(3 — 1)
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then setting m; = ¢ and n; = 2¢ for i = 1,2, 3 gives
na(ms —my) = ny(ms — ma) + nz(me — my).

Hence by Lemma [2.1.5] Sy, and Sy are isomorphic, with isomorphism ¢
satisfying (1,47) = (1,2d) for i = 1,2, 3.
(b). Let m; = i for i = 1,23, ny = 2,ny = 1,ng = 3, and let
M = {mqi,ma,m3}, N = {n1,ng,n3}. We will show that Sy, and Sy are
isomorphic, but the attempt at constructing a homomorphism ¢ : Sy; — Sy
satisfying

e(1,1) = (1,2), ¢(1,2) = (1, 1), ¢(1,3) = (1,3)

does not give an isomorphism. Indeed, note that ¢ is not even well-defined,

2(1,1) +3(1,2) + (1,3) = (6,11) = 3(1,1) + (1,2) + 2(1, 3),
but
e(2(1,1) +3(1,2) + (1,3)) = 2(1,2) + 3(1,1) + (1, 3) = (6, 10),
and

0(3(1,1) + (1,2) +2(1,3)) = 3(1,2) + (1,1) + 2(1,3) = (6, 13).

This is verified by Lemma [2.1.5} as 1(3 — 1) # 2(3 — 2) + 3(2 — 1). However,
Sy and Sy are clearly isomorphic, as M = N. An example of a non-trivial

isomorphism between Sy, and Sy is ¢ : Sy — Sy satisfying

770(1’ 1) = (173)7 1/}(172) = (172)7 ¢(173) = (1’ 1)7
as2(3—1)=3(3—-2)+1(2—-1).

(¢). Let M ={1,2,3}, N = {1,2,100}. Suppose there were a labelling of M
and N such that (2.3) holds. If ny = 100, then as ([2.3)) is equivalent to the
condition

ni(me — ms) = na(my — ms) + nz(me — mq),

o7



then it follows from the triangle inequality that
100|mg — ms| < ng|my — mg| + nglma — my|.

But the differences |m;—m;| are at most 2, and hence it can be quickly verified
that right hand side of this inequality is at most 5, which is a contradiction.
Hence ny # 100. The same contradiction is obtained using supposing
ny = 100, and a similar contradiction can be obtained from rearranging
supposing that ng = 100. Hence there is no labelling of M and N such that
holds, and hence S); cannot be isomorphic to Sy. A

Lemma and the relation (2.3) will be our main tools in obtaining un-
countably many pairwise non-isomorphic semigroups S}, and hence motivate

the following definition.

Definition 2.1.7. A subset M C N will be called 3-separating if |M| > 3,
and additionally, for any two triples (my, ms, m3) and (n, ne, ng) of distinct

elements from M, the following holds:

na(ms — my) =nq(ms — mg) + nz(my — my) 1)

= (m17m27m3) = (n17n27n3)'

|
Examples 2.1.8. (a). The set M = {1,2,3} is not 3-separating, as
23—1)=3(3—2)+1(2— 1),
but (1,2,3) # (3,2, 1).
(b). For the set {2,3,5}, the possible triples of distinct elements are
(2,3,5),(2,5,3), (3,2,5), (3,5,2), (5,2,3), (5,3, 2).

A direct calculation of all possibilities (which we omit for brevity) verifies
that the only pairs of triples (m;, ms, m3) and (ny, ne, ng) satisfying condition
(2.3)) are precisely those with m; = n;, for i = 1,2, 3, and hence {2,3,5} is a
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3-separating set. A

We now focus on extending such examples of finite 3-separating sets to infinite
3-separating sets. This will aid us in constructing infinite semigroups Sy,
for which any pair of 3-generated subsemigroups are non-isomorphic, as a
consequence of Lemma [2.1.5] Our approach will be inductive, and we begin
by deriving a condition on pairs of elements from 3-separating sets which

guarantees that the induction holds.

Lemma 2.1.9. Let M be a 3-separating set. Then for any two pairs (my, ms),

(n1,m2) of distinct elements from M, the following condition holds:
my —my =Ny — Ny < (My, my) = (ng,n2). (C2)

Proof. We prove the contrapositive. Suppose that there exist two pairs
(m1,ms), (ny,ns2) of distinct elements from M with (mq,mg) # (nq,n2),
but

mip — Mo = N1 — No. (28)

It follows that my # ny, as otherwise (2.8]) gives that my = ns. Similarly,
mso # ngy. This leaves the following three cases: either m; = ng; mg = nq; or
{my, mg,n1,n2} is a set of four distinct naturals. In each case, we show that

M is not 3-separating:

Case 1: my = na. In this instance my # mny, for otherwise
mp — mg = Ny — Ny = Ny — ngy, and hence n; = ny which is a contradic-
tion. Thus the two triples (ny, my,ms) and (msg, my,n;) are non-equal and
consist of distinct elements from M. We will further show that they satisfy
the left hand side of condition (C1J).

Letting d = my — nq, then it also follows from (2.8) that d = my — my,
and hence the triples (ny,my,mo) and (mg, my,n;) may be re-expressed as

(n1,m1 + d,ny + 2d) and (ny + 2d,ny + d, ny) respectively. Thus considering
(C1)), we have

mg(mg — ml) + n1<m1 — nl)
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=(n1+2d)(ny +2d—ny —d) +ny(ny +d —ny)
=(ny + 2d)d + dny

= 2d° 4 2dn,

=(n1 +d)(ny +2d —ny)

=mq(mg — ny),

and hence the two non-equal triples (ni,my,ms) and (mg, my,ny) violate
(C1), and M is not 3-separating.

Case 2: my = ny. This case can be handled identically to Case 1, reversing
the roles of the indices 1 and 2.

Case 3: {my, ma,n1,na} is a set of four distinct naturals. We claim that the
two triples (ng, n1, ms) and (my, mg, ny) of distinct elements of M satisfy the

left hand side of (C1)).
Let d = my—ms = n;—nsy. Then the two triples (ng, ny, ms) and (my, mo, ny)

can be re-expressed as (ng,ns + d,m; — d) and (my, my — d,ng + d). Thus

considering ((C1)), we have

(m1 — d)(m1 —d—- TLQ)
= m% —2dmy + d* — nomy + dns

=my(my —d — (ng +d)) + (ng + d)(na + d — ny)

and hence the two non-equal triples (ng,m1,ms) and (mq, mo,ny) violate
(C1), and M is not 3-separating. O

We remark that any subset N (with |N| > 3) of a 3-separating set M is
3-separating. Hence constructing a countably infinite 3-separating set will
yield uncountably many 3-separating subsets. To start this construction, we
next show that finite 3-separating sets can be added to, whilst keeping the
3-separating property.

Lemma 2.1.10. If M is a 3-separating finite set, then there exists v € N\ M
such that M U{z} is also 3-separating.
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Proof. If M U{x} is not 3-separating for some z € N\ M, we will show that
there are only finitely many such possibilities for x. This will complete the
proof of the lemma, as we are still left with infinitely many choices of = to
pick from N\ M so that M U {x} is 3-separating.

As M U {z} is assumed to not be a 3-separating set, there exists a pair
of triples (mjq,ma, m3), (n1,ng, ng) of distinct elements from M U {x} with

(m17m27m3) 7é (77’17”2;”3)7 but
na(ms — my) = ny(mg — ma) + nz(mg — my). (2.9)

At least one of the m;,n; is equal to = as M is 3-separating. At most one of
the m; can be equal to x, and at most one of the n; can be equal to z, giving

us the following three possible cases:

Case 1: Fxactly one of myi, mag, m3,ny,ng, ng is equal to x. In this instance,
(2.9) can be regarded as a linear equation in x with non-zero coefficient.
Hence for a given choice of the m;, n; which are not equal to x, there is at
most one such z such that holds. As there are only finitely many choices
for the five of my, ms, m3, ny, ny, n3 which are not equal to x, there are only
finitely many such z violating .

Case 2: m; = n; = x for some distinct i, j € {1,2,3}. In this instance,
can be rearranged into a quadratic equation of z, in particular with non-zero
quadratic coefficient. There will be at most two solutions for x for any choice
of the four of my, mo, m3, n1, ne, ng which are not equal to z, and hence again
there are only finitely many such x violating .

Case 3: m; = n; = x for some i = 1,2,3. As in Case 1, can be
rearranged into a linear equation in z, with the coefficient of x being of the
form m; — my, + ny — n; for j,k € {1,2,3} \ {i}. If this coefficient were
zero, then m; —my, = n; —ny, and hence as m;, my, nj, n; are elements of M
which is 3-separating, then (m;,my) = (n;,ny) by Lemma [2.1.9) But then
my = ny for each [ = 1,2, 3 which contradicts the choice of (my,ms, m3) and

(nla na, 77/3)-
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Hence again in this instance, (2.9) can be regarded as a linear equation in
x with non-zero coefficient, there will be at most one solution for x for any

choice of the four of my, ms, ms, ny, ny, n3 which are not equal to x, and thus
only finitely many x violate (2.9). O

We now construct an infinite 3-separating set in the following corollary.

Corollary 2.1.11. There exists an infinite 3-separating set M.

Proof. Let M; be any finite 3-separating set (such as in Examples (b)).
By Lemma [2.1.10} there exists an z; € N\ M; such that My = M; U {z} is

3-separating.

Continuing iteratively, we obtain an infinite strictly ascending chain
M1CM2CM3C...

of finite 3-separating sets. Letting M. = |J;cyy M;, we claim that My is 3-
separating. Suppose for a contradiction that M., is not 3-separating. Then
there would exist two non-equal triples (my, ma, m3) and (nq,ng, ng) of dis-
tinct elements from M, violating . However, any finite subset of M,
is contained within some M;, and hence {m, ms, ms, ny, ny,n3} is contained
within some M; which is 3-separating, contradicting the choice of triples.

Hence M is an infinite 3-separating. O

The existence of M., from Corollary [2.1.11] is enough to prove the main

theorem of this section, which we now present.

Theorem 2.1.12. There are uncountably many pairwise non-isomorphic

subsemigroups of N x N.

Proof. Let My, be an infinite 3-separating set, such as in Corollary 2.1.11

We claim that any two semigroups in the collection

C = {Sy: M C Ma|M| > 3} (2.10)
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are non-isomorphic. Suppose for a contradiction that Sy, and Sy were iso-
morphic, with M, N C M, |M|,|N| > 3, but M # N, via isomorphism
@ . SM — SN.

Without loss of generality, we can assume that M \ N is non-empty, and

hence we can choose some m; € M \ N. Let my, m3 be any other distinct

elements from M.

The elements (1,m;) for i = 1,2, 3 belong to X, and are thus indecompos-
able in Sy, by Lemma As the images of (1, m;) must be indecomposable
in Sy by Lemmall.6.11] and the indecomposables of Sy are the set X, then

each (1,m;) must be mapped to (1,n;) for some n; € N, where i = 1,2, 3.
Hence the subsemigroups
<(17m1)7 (17 m2)7 (17m3)> S SM;
<(17 nl)v (1a n2)7 (1a 7’L3)> S SN

are isomorphic via the restriction of ¢ t0 X, my.ms}- But by Lemma [2.1.5
na(ms — my) = ny(mg — ma) + ng(mg — my).

As M, is 3-separating, it must be that (mq,ms, ms) = (n1,n2,n3) by (CI).
However this is a contradiction, as m; = ny € N, but m; was chosen to be in
M\ N. Hence Sy; 2 Sy if M # N. As there are uncountably many subsets
of M, the result of the theorem follows. O

As N is an infinite monogenic semigroup, we can obtain the following corol-
lary about the number of subsemigroups of the product of two infinite semi-

groups.

Corollary 2.1.13. If S and T are infinite semigroups, each containing an
element of infinite order, then the direct product of S and T contains un-

countably many pairwise non-isomorphic subsemigroups.

Proof. Let s € S, t € T be elements of infinite order. Then as (z) = (y) = N,

it follows that S x T contains the subsemigroup (x) x (y), which is isomorphic
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to N x N. As N x N contains uncountably many pairwise non-isomorphic

subsemigroups by Theorem [2.1.12] so too does S x T [

As the final result of this section, we note that Theorem [2.1.12] can be gen-

eralised to finite direct powers N*.

Theorem 2.1.14. For k > 2, the direct power NF contains uncountably

many pairwise non-isomorphic subsemigroups.

Proof. Let M., be an infinite 3-separating set, such as in Corollary
Then for any M C M, with |M| > 3, define the set
Yy = {(1,...,1,m) : m € M}, and the subsemigroup Ty = (Yy) < NF.
Then the map

o : Ty — Sy = (n,...,n,p) — (n,p)

is verifiably an isomorphism between Ty, and Sy, and hence the result follows

from Corollary [2.1.11] O

2.2 Subsemigroups of direct products of N with a finite

semigroup

In the previous section, we saw that although N has only countably many
subsemigroups up to isomorphism, finite direct powers of N (in particular,
N x N) have uncountably many. It is also the case for two finite semigroups
S, T that the direct product S x T" has only finitely many subsemigroups up
to isomorphism (as |S x T'| = |S| x |T|). It is perhaps natural to then ask the
same question for direct products involving N that are somehow “inbetween”
N and N x N.

In this section, we aim to answer that question directly, characterising for
which finite semigroups S does N x S have countably many subsemigroups
up to isomorphism. Later in Section [2.4] we will give an accompanying result

on the number of non-isomorphic subdirect products.

We begin this section by dealing with the case where S is a finite group, in
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the following lemma.

Lemma 2.2.1. Let G be a finite group. Then every subsemigroup of N x GG

1s finitely generated, and hence N X G has countably many subsemigroups.

Proof. We will provide a generating set for any such T'< N x G. Let m € N
be fixed so that (m,1g) € T, which exists as G is a finite group, and any
(n,g) € T is such that the second coordinate of (n, g)l9 is 14. For all n € N,
we define the set

G, ={9€G:(ng) T}

Then given any n € N and g € G, it follows that
(n +m, g) = (nag)(m7 1G> S T7

and thus g € G, ,,. Hence as G,, C G,.,, for all n € N, we obtain an
ascending chain
Gn g Gn+m g Gn+2m g s

which must eventually stabilise (meaning there exists some i € N with
Gpiim = Gryjm for all j > 1), as G is finite. Hence the sequence (G});en is

such that there exists jo € N with G; = G4, for all j > jo. Fix such a j.

We will show that T is generated by the set

X = U ({n} X Gn)a

1<n<jo+m
which is finite.

Firstly, as X C T by construction, then the semigroup generated by X is
contained in T' (that is, (X) C T'). It remains to show that every element of
T can be written as a product of elements of X (i.e. T C (X)), and we will

proceed by induction on n.

To this end, let (n,g) € T. If n < jo+m, then clearly (n,g) € X. Otherwise,
assume for the inductive hypothesis that any (p,h) € T with p < n is also
in (X). If n > jo + m, then by assumption as g € G,,, and furthermore as
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n —m > jo it follows that G,, = G,,_,, so that g € G,,_,,,. By the inductive
hypothesis, it is assumed that (n —m, g) € (X), and hence

(TL - m7g)<m7 1G) = (n7g) S <X>7

completing that proof that 7' is finitely generated by X. Moreover, N x G
has only countably many finite subsets, and hence as any subsemigroup T’

is finitely generated, there are at most countably many subsemigroups of
N x G. O

This result will play an important role in determining the number of sub-
semigroups of N x .S, and hence we now discuss the case where S is a union
of groups. Such a semigroup is called completely reqular, as in the following

definition.

Definition 2.2.2. A semigroup S is said to be completely reqular if there
exists a family of subgroups {G; : i € Z} of S, such that

s=Ja.
i€T
That is, S is a union of groups. |

We now give an equivalent formulation of complete regularity in terms Green’s
‘H relation, using Corollary from Chapter [1}

Lemma 2.2.3. A semigroup S is completely reqular if and only if every

H-class of S is a group.

Proof. (<) If every H-class of S is a group, then noting that S is the union
of its H-classes H for s € S (as H, certainly contains s), then S is a union

of groups and hence is completely regular.

(=) Let S be completely regular, and let s € S be arbitrary. As S is a union
of groups, then s lies in some subgroup G; of S. If e is the identity of Gj,

then there exists s’ € GG; such that ss’ = e = §'s.

Moreover, as se = s = es, then by Lemmal|l.4.4] it follows that (s, e) € £ and
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(s,e) € R, and hence (s,e) € H. Thus as H; = H,, and e is an idempotent,
then by Corollary it follows that Hy is a group. As s € S was chosen
arbitrarily, and the set {Hs : s € S} covers every H-class of S, then the

result follows. N

We now give the main theorem of this section, which says the property of

complete regularity of S determines the number of subsemigroups of N x S.

Theorem 2.2.4. The following are equivalent for a finite semigroup S:
(i) N x S has only countably many subsemigroups;
(ii) Nx S has only countably many pairwise non-isomorphic subsemigroups;

(iii) S is completely reqular.

Proof. That (i) = (ii) is immediate.

(i) = (iii) We will prove the contrapositive. Suppose S is not completely reg-
ular. Then there exists a H-class H of S which is not a group by Lemma|2.2.3

Fix some x € H. Then as S is finite, z has some idempotent power by
Lemma [1.2.10, i.e. z¥ = 2% for some k € N. It must be that & > 1,

for otherwise x is an idempotent in H, which would then be a group by

Corollary [1.4.7]

Moreover, we claim that
T # 1 (2.11)

for any i > 2. Suppose to the contrary, that z = x' for some i > 1. In

particular, ¢ can be chosen so that i > k, as z = 2% for all p € N. Thus

As k > 1, and ¥ = z2*~' = 2% 'z, then by Lemma [1.4.4] it now follows
that  and z* are both L-related and R-related in S, and hence H-related.
But then H = H, = H_ contains the idempotent z¥, and hence H would be

a group; a contradiction. Thus we have shown ([2.11)).
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Define for M C N\ {1} the subsemigroup

Tor = {(1,2%), (m,z) :m € M) <N x S.

Then the generators of T}, are all indecomposable in Ty, as 1 is indecompos-
able in N and x is indecomposable in its monogenic subsemigroup (z) < S,
for otherwise x = 227 = 2%/ for some i, j € N, contradicting (2.11]).

We will show for M, N C N\ {1} with M # N that Ty, % Tn. Suppose to
the contrary, and let ¢ : Ty — T be an isomorphism. It can be assumed
without loss of generality that M \ N is non-empty, hence let m € M \ N.

As 2% is idempotent, for all m € M we have
(1, 2" = (mk, (")) = (mk, 2%) = (m, 2)F,

and hence

& (p(1,27)"™ = (p(m, 2))". (2.12)

Applying the projection map m : Ty — N := (n,2') — n to (2.12) and
dividing by k, for all m € M we obtain that

mmip(l,2%) = mo(m, x), (2.13)

and hence as m > 1 it follows that mp(1,2%) < mp(m,z). In particular,
me(m,z) > 1 and thus o(m,z) # (1,2%) for all m € M. As (1,2%) is an
indecomposable element of Tl it must be mapped onto by an indecomposable
element of Ty, and hence it must be that ¢(1,2%) = (1,2*%). But then by
([2.13), it follows that m = mp(m, z) for all m € M, and in particular that

~

m = me(m,x) € N which is a contradiction.

Hence for M, N C N\ {1}, M # N implies that Ty 2 Tn. As there are
uncountably many subsets of N\ {1}, there are uncountably many pairwise

non-isomorphic subsemigroups Ty, of N x S as required.
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(iii) = (i) If S is completely regular, then it is a union of groups by definition,
and in particular every H-class Hy (where s € S) is a group (as a subgroup

G of S with identity e is contained in the H-class H., which is a subgroup

by Theorem [1.4.6]). As

NxS=Nx (| JH,) =N x H,),

seS seS

then N x S is a finite union of semigroups N x H,, which are pairwise disjoint.
As H, is a group for all s € S, then N x H, has only countably many sub-
semigroups by Lemma [2.2.1] Hence it follows that N x S has only countably

many subsemigroups, as required. O

We finish the section with some examples of finite semigroups illustrating

Theorem 2.2.4

Examples 2.2.5. We will consider how many subsemigroups of N x S there
are up to isomorphism, for all of the two element semigroups S up to iso-

morphism. Namely, they are
e The two element cyclic group Z, under addition modulo 2;

e The two element semilattice {0,1} under multiplication of real num-

bers;

e The two element zero semigroup {x,0}, with multiplication defined
st =0 for all s,t € {z,0};

e The two element left zero semigroup {a, b}, with multiplication defined
st = s for all s,t € {a,b};

e The two element right zero semigroup {c,d}, with multiplication de-
fined st =t for all s,t € {c, d}.

For S = Z,, there are only countably many subsemigroups of N x S by
Theorem [2.2.4] as Zs is a group, and hence a completely regular semigroup.

For S = {0, 1} under multiplication, as 0 = 0 and 1? = 1, then both {0} and
{1} form trivial subgroups of S, and hence as S = {0} U{1}, it is completely
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regular. Hence N x S has countably many subsemigroups in this case. This
is also exactly the same for S = {a,b} (as a®> = a, b* = b) and S = {c, d}.

The last case to consider is S = {z,0}. There can be no s € S such that
st =xs =x, as st =0 for all s,t € S. Hence x cannot lie in a subgroup of
S, and S is not the union of groups. Thus N x {z,0} has uncountably many
non-isomorphic subsemigroups. By the proof of Theorem [2.2.4] the family of
subsemigroups {7y, : M C N\ {1}} where T}, is given by

Ty ={(1,0), (m,x) :m e M) ={(n,0),(m,z) :n e Nym e M}

is an example of uncountably many non-isomorphic subsemigroups of
N x {z,0}. A

2.3 Subdirect powers of N

In this section, we strengthen the statement of Theorem [2.1.12| and show
that of the uncountably many pairwise non-isomorphic subsemigroups of
N x N, uncountably many of them (up to isomorphism) are subdirect prod-

ucts. We extend this statement to the finite direct power N* as in Theo-

rem 21141

For the purposes of this section, we again adopt Notation [2.1.1, We begin

by classifying when the semigroups Sy, are subdirect products.

Lemma 2.3.1. Sy, is a subdirect product of N x N if and only if 1 € M.

Proof. 1f Sy is a subdirect product, then there exists some n € N such that
(n,1) € Sy. As 1 is indecomposable in N, then (n, 1) is indecomposable in
S, and hence belongs to X, by Lemma [2.1.4], and son =1 and 1 € M.

Conversely, if 1 € M, then the element (1,1) € Sy;. Hence for all n € N; the
element (1,1)" = (n,n) € Sy. Thus the projection maps from Sy, onto each

coordinate are surjections onto N, and S, is a subdirect product. O

As we saw in Theorem [2.1.12] we obtained uncountably many pairwise non-
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isomorphic subsemigroups Sy, of N x N by taking subsets M of an infinite
3-separating set. Given Lemma [2.3.I) we next establish the existence of
an infinite 3-separating set which we will use to obtain uncountably many

pairwise non-isomorphic subdirect products in a similar fashion.

Lemma 2.3.2. There exists an infinite 3-separating set M., with 1 € M.

Proof. The proof is the same as for Corollary [2.1.11] taking M; to be any
finite 3-separating set containing 1, such as {1,2,4}. O

We now give the analogy to Theorem [2.1.14] with a focus on subdirect prod-

ucts in the following theorem.

Theorem 2.3.3. There are uncountably many non-isomorphic subdirect prod-
ucts of N* for k > 2.

Proof. Let M, be an infinite 3-separating set containing 1, whose existence
is established in Lemma [2.3.2] For k& = 2, the collection

C'={Sy:MC My, |M|>3 1€ M}

is an uncountable subset of the collection C established in (2.10]) from The-
orem [2.1.12] The proof that Sy, and Sy are non-isomorphic for M # N
follows exactly as in the proof of Theorem [2.1.12] and the proof that each

Sy € C' is a subdirect product follows from Lemma [2.3.1}

For k > 2, for a subset M C M, with |[M| > 3 and 1 € M, let
Y = {(1,...,1,m) : m € M}, and take Ty, := (Yy;) < NF. The map-
ping
o : Ty — Sy = (n,...,n,p) — (n,p)

is verifiably an isomorphism between T); and Sy, and that there are uncount-
ably many such Tj; up to isomorphism hence follows from the case where
k = 2. That each Ty, is a subdirect product of N* follows as (1,...,1) € Ty,
and hence (n,...,n) € Ty for all n € N. O
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We note that in contrast to the examples stemming from the theorem of
Baumslag & Roseblade given in Theorem [1.7.12] that every finitely gener-
ated commutative semigroup is finitely presented. This is a result of Rédei,
which is proved in Clifford & Preston’s monograph [9, Theorem 9.28]. Hence
there are no examples of subsemigroups or subdirect products of N* which are
finitely generated, but not finitely presented. Moreover, there are no exam-
ples of finitely generated subdirect products with undecidable membership
problem either. Every finitely generated subdirect product of N* has decid-
able membership problem, as any k-tuple (ny,...ny) can be decomposed into
at most N generators where NN is the largest of the n;, and hence there are

only finitely many possible products to check.

2.4 Subdirect products of N with a finite semigroup

In this section, we conclude the chapter by providing a subdirect product
analogue for Theorem Specifically, we will classify the finite semi-
groups S for which N x S has only countably many subdirect products up
to isomorphism. We end the section and the chapter with some examples of

subdirect products of N x S which are not finitely generated.

We begin by stating and proving the main result of the section.

Theorem 2.4.1. The following are equivalent for a finite semigroup S':
(i) N x S has only countably many subdirect products;

(il) Nx S has only countably many pairwise non-isomorphic subdirect prod-

ucts;

(iii) For every s € S, there exists somet € S such that at least one of ts = s

or st = s holds.

Proof. The implication (i) = (ii) is immediate.

(ii) = (iii) We will prove the contrapositive. Let s € S be such that

st # s and ts # s for all t € S, (2.14)

72



and fix such an s.

Suppose for a contradiction that there were some u,t € S such that ust = s.
Then u"st™ = s for all n € N. But as S is a finite semigroup, u has some

idempotent power (i.e. v/ = u? for some j € N). Hence
s =u¥st¥ = ulst? = st
which contradicts ([2.14]). Hence we have just shown that (2.14) implies

ust # s for all u,t € S. (2.15)

As S is finite, then s has some idempotent power s* = s?* for some k € N

by Lemma [1.2.10, and in particular it must be that £ > 1 by (2.14)). Fixing
such a k, we define for M C N\ (2NU {1}) the semigroup

Ty = <(1,sk),(2,t),(m,s) teS\{s,s"}, me M) <NxS§.

Then T, is a subdirect product as (1, s%)" = (n, s*") € Ty for all n € N and
hence projection onto the first coordinate is surjective, and moreover every
element of S appears as a second coordinate of one of the generators for T},

so that projection onto the second coordinate is also surjective.

Next we will show that all the generators of T),; are indecomposable in T};.
Firstly, as 1 is indecomposable in N, then (1, s*) is indecomposable in T,.
Secondly, with the given generating set, we can see that the only decompos-
able element in T} of the form (2,t) is (1,s%)? = (2, s*), which has already
been excluded from the set of generators, and hence (2,t) for t € S\ {s,s*}

is indecomposable.

Finally, suppose for a contradiction that a generator of the form (m, s) were
expressible as a non-trivial product of generators. Then such a product
cannot include a generator of the form (1,s*) or (n,s) for n € M \ {m} by
and . But such a product can also not consist only of elements
of the form (2,¢) because m is odd, and hence (m, s) is indecomposable for

all m € M. Thus the generators of T), are indecomposable elements.
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We will now show that if M # N, then Ty, 22 Ty. Suppose for a contradiction
that ¢ : Ty — T were an isomorphism. Without loss of generality, we may

assume M \ N is non-empty.

For all m € M, as s* is idempotent, then
(1, Sk)mk = (mk, <3k)mk> = (mk, Sk) = (m, S)ka

and hence

& (p(1, ") = (p(m, 5))". (2.16)

Applying the first coordinate projection map m; : Ty — N to (2.16) and
dividing by k gives

m - mp(1,s%) = me(m, s) for all m € M, (2.17)

and thus it follows that m (1, s*) < mp(m, s) for all m € M.

As (1, s%) is an indecomposable element of Ty, then the image (1, s*) must
be an indecomposable element of Ty, and thus m¢(1,s*) € {1,2} UN. We
will in fact show that

mp(l,s%) = 1. (2.18)

Having shown this, by , it follows that m = mp(m,s) for all m € M.
As p(m, s) is indecomposable in Ty and hence a generator, then it must be
that m € N for all m € M, and thus M C N. But this will be enough
to obtain a contradiction, as M \ N was supposed to be non-empty, thus

contradicting the assumption of isomorphism.

To show ([2.18)), we will consider each of the cases for mp(1,s*). First,
suppose for a contradiction that mp(1,s*) = 2. Then for any m € M,
mip(m,s) = 2m by ([2.17). But ¢(m,s) is an indecomposable element of
Ty, and hence mp(m,s) € {1,2} UN. As N C N\ (2N U {1}), then N
consists of only odd numbers, and so it must be that mp(m,s) = 2. This
is a contradiction, as then m = 1 by which implies 1 = m € M, but
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M C N\ (2NU {1}).

The second case to consider for a contradiction is mp(1,s¥) € N. As
mip(L, s¥) < mp(m,s) for allm € M by (2.17), then mp(m,s) > 2 for
every m € M. Considering the images of the generators of T, not of the
form (2, ), it follows that

go({(l,sk)}u{(m,s) : mGM}) C{(n,s) : ne N}. (2.19)

As ¢ is an isomorphism, and the generators of both Ty, and Ty are indecom-
posable, then the generators of the form (2,¢) in Ty alongside the generator
(1, s¥) must be mapped onto by generators of Ty;. Hence by (2.19)), we would

have to have

@({(2,1&) ; tES\{s,sk}}) D{(L,sM}u{t) : teS\{s "},

which is impossible, as the left hand set has |S| — 2 elements, but the right
hand set has |S| — 1 elements. This completes the proof of (2.18])), and hence
the contradiction that T, and T are isomorphic for M # N.

Hence we have shown that {7y, : M C N\ (2NU {1})} is an uncountable

collection of pairwise non-isomorphic subdirect products of N x S.

(iii) = (i) We will prove that every subdirect product T < N x S is finitely
generated, which will be sufficient as there are only countably many possible

finite generating sets.

For every n € N, define the set
Spi={se€S:(n,s)eT}.

As T is subdirect, then any s € S belongs to some S,. Hence for every
s € S, choose mg € N such that (mg,s) € T, and let m be the least common

multiple of all of the m.

We will show that
Sp € Spym for all n € N. (2.20)
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Suppose s € Sy, so that (n,s) € T. By assumption, there exists some ¢t € S
such that either st = s or ts = s, and in particular it follows that either
t's = s or st' = s for all i € N. As m is the least common multiple of all m,

then m = Im; for some [ € N, and we have
(n+m,s) = (n,s)(my,t) €T
if st =s, and
(n+m,s) = (my,t)(n,s) €T
if ts = s. In either case, s € S, 1., as required.

Hence every n € N gives rise to an infinite ascending chain
Sn g Sn-‘,—m g Sn+2m g s

of subsets of S, which must eventually stabilise (meaning there exists some
i € N with Syt = Sntjm for all j > i) because S is finite. Considering the

sequence (S;);en, then there must exist jo € N such that

Sj = Sj—i—m for allj Z j(). (221)

We will show that 7' is generated by the finite set X, where

X:= J {n}xS. (2.22)

1<n<jo+m
As X is a subset of T by construction, then the subsemigroup generated by
X is contained in 7. Conversely, let (n,s) € T. We will prove by induction

on n that (n,s) can be written as a product of elements from X.

Firstly, if n < jo + m then the element (n,s) already belongs to X, and
there is nothing to show. Otherwise, suppose for the inductive hypothesis
that any (p,s’) € T with p < n can be written as a product of elements
from X. As n > jo + m, then n —m > jy, and hence S, _,, = 5, by .
Hence (n —m,s) € T, and thus by the inductive hypothesis (n — m,s) can

be written as a product of elements from X.
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Recall that there exists t € S with st = s or ts = s (implying either st' = s
or t's = s for all © € N), and that we can express m as m = Im; for some

Il € N. As my <m < jo+ m, then (my,t) € X, and so we have
(n7 S) = (TL -m, S)(mtat)l

if st = s, and

(TL, S) = (mta t)l<n -m, S)
if ts = s. In either case, we have expressed (n,s) as a product of elements
from X. This completes the proof of finite generation of 7', and hence of
(iii) = (i). O

We conclude the chapter with some examples of finite semigroups illustrating

Theorem [2.4.1} in comparison with Examples [2.2.5]

Examples 2.4.2. For every two element semigroup .S up to isomorphism, we

will consider the number of subdirect products of N x .S up to isomorphism.

Firstly, as we saw in Examples N x § has only countably many sub-
semigroups up to isomorphism for S being the two element cyclic group, the
two element semilattice, the two element left zero semigroup and the two ele-
ment right zero semigroup. Hence as subdirect products are subsemigroups,
then there can also only be countably many subdirect products of N x S up

to isomorphism.

The only other case to consider is S = {z, 0}, the two element zero semigroup.
As st =0 for all s,t € {x,0}, however, there can be no t € {z,0} such that
either xt = = or tx = x. Hence by Theorem N x S has uncountably

many subdirect products up to isomorphism.

As in the proof of Theorem [2.4.1} for any subset M C N\ (2NU {1}), define
Ty = ((1,0), (m,z) :m e M) <N x N.

Then the collection C = {Tjy : M C N\ (2N U {1})} is an example of
an uncountable collection of pairwise non-isomorphic subdirect products of

N x {z,0}. A
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Chapter 3

Counting finitely generated subdirect
products and fiber products of free

semigroups

In Chapter [2 we motivated our study of subdirect products involving the
free monogenic semigroup by the prior results and examples involving free
groups outlined in Chapter [1| (in particular [2], [3], [13], [21]). As we saw
in Chapter [2| it is perhaps surprising that the number of non-isomorphic
subdirect products involving the free monogenic semigroup is uncountable.
This gives some indication that even relatively basic infinite semigroups such
as the free semigroups of finite rank can provide interesting and perhaps

unexpected substructural behaviour.

As we noted in Chapter [I| every subdirect product of two groups arises
as a fiber product of the two groups, and more generally this holds true
for congruence permutable algebras due to Fleischer (Lemma . The
varieties of semigroups and monoids are not congruence permutable however,
and hence asking a question for both fiber products and subdirect products

may result in inequivalent answers.

It will be an aim of Chapter [4]to discuss sufficient and necessary properties for
finite generation of fiber products of free semigroups and free monoids. Hence

in this chapter as a precursor, we wish to begin a combinatorial discussion
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into how many such subdirect products there are, and how many of those

are fiber products, similar to the aims of Chapter 2]

Hence leading on from the motivations of Chapter 2, we begin in Section
where we will define sets of “letter pairs”, which can be used to naturally
generate subdirect products of finitely generated semigroups. We then calcu-
late the number of such sets of letter pairs that finitely generate a subdirect

product of two free semigroups of finite rank.

In Section [3.2] we mirror the motivations and results of Section [3.1 and
calculate the number of sets of letter pairs which also turn out to generate

fiber products of two free semigroups of finite rank.

In Section we finish the chapter by analytically discussing the proportion
of sets of letter pairs which generate the subdirect products from Section
within the power set all possible sets of letter pairs, and comment on their
abundancy. Further, we analytically discuss the proportion which also gener-
ate fiber products, within the sets of pairs that generate subdirect products,

and comment on their sparsity.

We note that the contents of this chapter are largely based on the results in

Section 6 of the paper [6], written by the author.

3.1 Sets of letter pairs generating subdirect products

of free semigroups

In order to facilitate the investigation we outlined at the beginning of the

chapter, we will adopt the following notation and definitions throughout.

Notation 3.1.1. For this chapter, A and B will be finite alphabets. A subset
X of A x B will be called a set of letter pairs.

As sets of letter pairs are also subsets of A* x BT, we can consider the

subsemigroups of A* x BT that they generate. Hence for a given set of letter
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pairs X, the maps

Tar (X)) = AT = (u,v) = u,

e+ 1 (X) = BY = (u,v) = v

will be projections onto the first and second coordinates respectively. The

relations A and p will be the compositions

A = ker my+ o ker mp+,

1 = ker mp+ o ker w4+,
recalling that the congruences ker 74+ and ker mp+ are defined

ker ma+ = {((u,v), (v, v")) € (X)
ker g+ = {((u,v), (u/,0v")) € (X) x (X) :v =1}

X
=
<
H
:\
—

Finally, for a natural number m, we will use the notation m for the set
{1,...,m}. |

One intuitive way to generate a subdirect product of AT x BT is by choosing
a set of letter pairs X such that m4(X) = A and 7p(X) = B. In this way,
we ensure that every a € A is paired in X with some b € B and vice versa.
It follows that (X) is a subdirect product of AT x Bt as every u € AT is

paired in (X) with some v € BT of the same length, and vice versa.

Conversely, if a set of letter pairs X generates a subdirect product of AT x B,
then for any a € A, there is some v € B* such that (a,v) € (X). As a is an
indecomposable element of AT, then it must be that (a,v) € X. Hence as a
was arbitrary, then m4(X) = A. A similar argument shows that 75(X) = B,

and hence we have proved the following.

Lemma 3.1.2. Let X be a set of letter pairs. Then (X) is a subdirect product
of AT x Bt if and only if ma(X) = A and 7p(X) = B. O

We now illustrate this construction, with examples of sets of letter pairs that

generate subdirect products of AT x BT,
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Examples 3.1.3. (a) Let A = B = {a,b}, and X = {(a,a), (b,b)}. Then
(X) = {(u,u) : v € AT} is a subdirect product of AT x BT, which in

particular is isomorphic to AT,

(b) Let A= B = {a,b}, and X = {(a,a), (b,b), (b,a)}. Because the only pair
in X with an a as the first coordinate is (a, a), then any pair (u,v) € (X)
can have a as the i-th letter of v only if a is also the i-th letter of v. Then

recalling the notation m = {1,...,m}, we can see
(X) ={(u,v) € AT x B : (Ju| = [v])(¥i € |u])(|ul; = a = [v]; = a)},
which is a subdirect product of AT x B*. A

Not all sets of letter pairs will yield a subdirect product of A™ x BT, however,
and not every subdirect product is generated by letter pairs. A natural
question is to ask how many sets of letter pairs generate subdirect products
of AT x BT. We now give the main result of this section, which gives an

expression for the number of sets of letter pairs generating subdirect products
of AT x Bt.

Lemma 3.1.4. Let A, B be finite alphabets, and further let
S(AXxB)={XCAxB:(X)<aq A" xB"}.

Then
|A|—1

[S(Ax B)| =) (-1)k('2') (2141=F — 1)IB1, (3.1)

k=0

Proof. As A, B are finite, let A = {ay,...a,}, and B = {by,...b,}. We
will proceed by constructing a bijection between S(A x B) and the set
M0 ({0,1}) of m x n binary matrices with no zero rows or columns, and

count the latter.

We define the mapping

f:S(Ax B) - M;,,({0,1}) := X — My,
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where

1 if(ai,b')EX,
(Mx)i; = ’
0 otherwise.

We first verify that f is indeed a function. Recalling the notation
m = {1,...,m}, any set X € S(A x B) has for each i € m some j; € n
such that (a;,b;,) € X, as (X) is subdirect. Similarly, for each j € n, there
is some i; € m with (a;;,b;) € X. The image of any X € S(A x B) therefore
has no zero rows or columns by the above argument, and is hence an element

of M,,»({0,1}).

Moreover, f is well defined and injective by construction. We will further

show that f is surjective, and thus a bijection.

Let M € M,,,({0,1}). Consider the set
X ={(ai,b;) e AxB:iem,jemn, (M),; =1}

Then we claim X € S(A x B). As M has no zero rows, every i-th row of M
has some j; € n such that (M); ;, = 1. Hence (a;,b;,) € X for all i € m, and
thus m4(X) = A.

Similarly, as M has no zero columns, every j-th column of M has some
i; € m such that (M);,; = 1. Hence (a;;,b;) € X for all j € n, and thus
m(X) = B, proving the claim.

Moreover f(X) = M by construction, and we have hence shown that f is a
bijection. We now calculate |M,, ({0, 1})|, which will be sufficient to prove

the lemma.

We proceed by an inclusion-exclusion argument. For any ¢ € m, let A;
denote the set of binary m x n matrices with no zero columns, whose i-th

row is a zero row. For a subset I C m, let

A = ﬂAi.

icl

By the inclusion-exclusion principle, as |M,, ,({0,1})] is precisely the num-
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ber of matrices with no zero columns that do not belong to any A; (as they

can have no zero rows), then

(Mo (0,11 = D (=14 .
ICm
Ay is the set of m x n binary matrices with no zero columns, whose i-th row

is a zero row for each 7 € 1.

For a subset I C m and a matrix M € Aj, entries in a given column of M
which are not also in any of the zero rows corresponding to I can take two
possible values. Excluding the singular case where all of these values are 0
(as we must exclude the zero column), then there are 2™~ — 1 possibilities

for a fixed column of M. As there are n columns, then this gives (271l —1)"

choices for M, and so |A;| = (2l — 1), Hence

(Mo ({0,11)] = Y (=) —1)m.

ICm

Noting that as the summands depend only on || which varies from 0 to m,

and there are (m) possible subsets of size |I|, then we have

My ({0.11)] = 3 (-1l ([}j) (2m 1y,

[]=0

Changing summation index to k£ and noting that the & = m summand is

equal to zero, then we have shown that
m—1 m
M n({0,1})] = Z(—l)k(k) (2mk —1)n.
k=0

We have now shown (3.1)y as m = |A], n = |B], and
IMmn({0,1})] = |S(A x B)|, thus completing the proof of the lemma. [
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3.2 Sets of letter pairs generating fiber products of free
semigroups
In this section, we now ask how many sets of letter pairs generate fiber

products of AT x BT. We briefly recount Fleischer’s lemma for the reader,

which characterises when a subdirect product is a fiber product.

Lemma 1.7.8 (Fleischer’s lemma, [4, Lemma 10.1]). Let S,T,U be semi-
groups, and let U <gq S x T. For the projection maps

s : U — S :=(s,t) — s,
mp U =T :=(s,t) —t,

denote by o the congruence kermg on U, and denote by p the congruence
kermp on U. Then U is a fiber product of S with T if and only if

cop=poo.

Recalling Notation [3.1.1] this is equivalent to A = p. We now use this lemma

in the following examples.

Examples 3.2.1. (a) We saw in Examples (a) that for A = B = {a, b},
the subsemigroup

(X) ={(u,u) :ue A"}

of AT x BT is a subdirect product generated by the set of letter pairs
X = {(a,a),(bd)}. Recalling Notation [3.1.1 for two elements
(u,u), (v,v) € (X) we have
((u,u), (v,v)) € X & (u,v) € (X)
S U=
& (v,u) € (X)

< ((w,u), (v,0)) € p.

Hence A = i, and (X) is a fiber product of AT x BT by Fleischer’s lemma.
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(b) Recalling Examples (b), we saw that for A = B = {a,b}, the

subsemigroup
(X) = {(u,v) € A" x B* : (Ju] = [o]) (¥ € [ul)(Jul; = a = [o}; = )},

is a subdirect product of AT x B% generated by the set of letter pairs
X = A{(a,a),(bb),(bya)}. Recalling Notation [B.1.1, we have
((a,a), (b,b)) € p, as

((a,a), (b,b)) € p & (b,a) € (X),
but ((a,a), (b,b)) & \, as
((a,a),(b,b)) € A < (a,b) € (X).

Hence as A # p, then (X) is not a fibered product of AT x B* by Fleischer’s

lemma. A

We will shortly establish a bijection between the sets of letter pairs gen-
erating fiber products of AT x BT  and a certain set of binary |A| x |B|
matrices. In order to do this, we first remind the reader of the definition of

a submatriz.

Definition 3.2.2. Let m X n matrix M with entries a;; for i € m, j € n.
A submatriz M’ of M is an |I| x |J| matrix with entries a;; for i € I, j € J,
where I is some non-empty subset of m, and .J is some non-empty subset of
n. ]

We now establish the aformentioned bijection in the following result.

Lemma 3.2.3. Let A, B be finite alphabets, and further let
FAxB)={XCAxB:(X) <y At x B*}.

Then F(Ax B) s in bijection with the set M}y 5/({0,1}) of [A| x|B| binary
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matrices with no zero rows and columns, that do not contain any of
01 10 11 11
, , , (3.2)
11 11 0 1 1 0

Proof. Let A={ay,...,an}, B={b,...,bn}.

as submatrices.

Define the mapping
f:F(AxB) = M;, ({0,1}) :== X — My,

where

1 if (ai,b~)€X,
(Mx)i; = ’
0 otherwise.

We will first verify that f is a function with codomain M, ({0,1}). As in
the proof of Lemma [3.1.4] the image of every set X € F(A x B) certainly
has no zero rows or columns, as (X) is subdirect. Moreover, suppose for a

contradiction that the image of some X € F(A x B) contains the submatrix

01
1 1)
Then by the definition of f, there exist indices i1, i, € m and j1, jo € n where

(ai,, b;,) & X, but (a;,,bj,), (ai,, b;), (aiy, bj,) € X. Recalling Notation [3.1.1]
it follows that ((a;,,bj,), (@i, bj,)) € p as

((ai17 bj2)’ (aiza bj1>) SRS (ai27bj2) S X7
but ((ai1>bj2)7 (ai2>bj1)) g >‘a as
((ailvbj2)7 (ai2>bj1)) EXNS (ainb]d) € X.

This is a contradiction of Fleischer’s lemma, as (X) <g AT x BT, but
A # p. Similar contradictions will be obtained supposing the image of some
X € F(A x B) contains any other submatrix from (3.2]), and hence f is a
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function with codomain M, ({0,1}).

Again f is well-defined and injective by construction, hence it remains to
show that f is surjective. For a matrix M € M;;({0,1}), let

X ={(a;,bj) e AxB:iem,jen, (M),;=1}.

Then we claim (X) is a fiber product of AT x BT, and hence that
X € F(A x B). The argument that X is a subdirect product follows ex-
actly as in the proof of Lemma [3.1.4, Assume for a contradiction that
(X) is not a fiber product. By Fleischer’s lemma, there exist two pairs
(u,v), (u',v") € (X) such that either

((w,0), (u',0")) € X and ((u, v), (u',0)) & p,
or vice versa. Note for two pairs (u,v), (v/,v") € (X) that

((u,v), (W', 0") € X & (u,v) € (X)
& Vi€ lul, (Jul;, [v'];) € X
& Vi € |ul, ((Juli [0]:), ([l [V']:) € A,

and a similar proof also gives that

((u7 U)? (ulvvl)) SRS Vi€ |u|7 <(|u’27 |U’i)7 (|u/|i7 |U,|l)) € M.

Hence there are two pairs (a;,,b;,), (@i, bj,) € X with either

((ain bj1)7 (ai27 bjz)) € A and ((aim bj1)’ (aizv ij)) Q/ 22
or vice versa. Thus either
(a’h’ bj2) € X and (aizvbﬁ) Q/ X>

or vice versa. In either case, it must be that i; # i, and j; # j» to avoid
contradiction, and hence the matrix entries (M), j,, (M), jo, (M), , and

(M), j, form the corners of a 2 x 2 submatrix M’ of M. But now as ex-
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actly three of (a;,,b;,), (aiy, bj,), (aiy, bj,), (@i, bj,) are in X, M’ must be a

submatrix from (3.2)), which is a contradiction of choice of M.

Hence (X) is a fiber product, and thus X € F(A x B). By construction,
f(X) = M, and thus we conclude the proof that f is surjective, and hence a
bijection. O]

As a corollary of this result, we will count the number of sets of letter pairs
that generate fiber products of AT x B*. We first give a necessary definition
used in the proof of this result, which utilises the proof of [I7, Theorem 3.1].
As such, note that we now drop Notation [3.1.1} so that our proof coincides
with the notation of [I7, Theorem 3.1].

Definition 3.2.4. For k € N, a permutation o of length k is a length k string
over the alphabet k, containing each element of k exactly once. The set of all
permutations of length & is denoted Si. For example, 3214 is a permutation

in S4.

Given a pemutation o of length k, the i-th letter of o is the i-th element of
the string. This is denoted |o|;. For example, [3214|3 = 1. |

We now give the main result of the section.

Corollary 3.2.5. Let A, B be finite alphabets, and further let
FAxB)={XCAxB:(X) <y At x B*}.

Then
min{|A],| B[}

IF(AxB)| =Y K S(Alk)S(B| k), (3.3)

k=1

where Sa(n, k) is the Stirling number of the second kind.

Proof. As Lemma establishes a bijection between F (A x B) and the set

fa/ ({0, 1}) of [A[ x [B| binary matrices with no zero rows and columns
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that do not contain any of

R

as submatrices, then it suffices to calculate |My, 5 ({0,1})]. We will utilise
and follow the proof of [I7, Theorem 3.1], which calculates the number of
|A| x | B| binary matrices with no submatrices from (3.2)) to be

min{|A,[ B[}

> KA+ LEk+1)Sy(B| +1,k+1).
k=0

We will establish a bijection between M, | 5/({0,1}) and the set of all triples

(p, v, 0) where p, v and o are as follows for some 1 < k < min{|A|, |B|}:
(i) p,v are set partitions of |A| and |B| respectively into k subsets;
(ii) o is a permutation of length k (recalling Definition [3.2.4)).

As the authors of [I7, Theorem 3.1} comment, any matrix M € My, 5 /({0,1})
can be transformed via row and column exchanges into a block diagonal,
|A| x | B] matrix of the form

A o - (0] [0]
o - [0} [0
o [ .- 1] 0]
07 {07 -~ [07 [0]

where [1] is a block of ones, [0] is a block of zeros, and [0'] is either a block
of zeros or empty. For any |A| x |B| binary matrix with no submatrices
from (3.2)), after this transformation, the diagonal consists of blocks of ones,
except possibly the last block which could be a block of zeros. As M has no
zero rows and columns however, this is not a possibility. Hence any matrix

M € My, 5({0,1}) can be transformed via row and column exchanges into
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a |A| x |B| block diagonal matrix of the form

] [ - [0]
o ] -+ [0]
0] [0] 1]

Having originally labelled the rows and columns of M by 1 to |A| and 1
to | B| respectively in the natural way, we can track the resulting effects of
the row and column operations, and then associate the [1] blocks with the
permuted row and column labels as in [I7, Theorem 3.1]. We then obtain two
set partitions pu = {C4,...,Cx} and v = {Dy, ..., Dy}, where the subsets of

i are ordered by the largest element, and likewise for v.

Moreover, in exactly the same way as [I7, Theorem 3.1], we also obtain a

length k& permutation ¢ from this process, where o is defined by

lo|; = j < C; and D; form a [1]-block.

This hence associates a unique triple (u, v, o) to any given M € My, 5 ({0,1}).
Conversely, given a triple (u, v, o) where u = {C,...,Cy} is ordered by the
largest element of each subset, v = {Dy, ..., Dy} likewise, and o is a length

k permutation, then we can define the matrix M where

1 if (4,7) € C; X Dy, for some [ € k,
(M)s; = l

0 otherwise.

Suppose for a contradiction that (M ); ; contains the submatrix
0 1
1 1)

Then there are indices iy, iy € |A[, j1,j2 € |B| such that

(i2,71) € Cp X Dy, for some p € k, (3.4)
(i1, 72) € Cq X D)y, for some q € k, (3.5)
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(i2,j2) € Cr X Dy, for some r € k, (3.6)

but
(i1,71) € Ci X Dy, for any I € k. (3.7)

As p is a partition, then it must follow that p = r from and .
Similarly as v is a partition and o is a permutation, then it must also follow
that ¢ = r from and , and so p = ¢ = r. But then as ¢ € C}, and
J1 € Dig|, by and (3.4), then (i1,51) € C, x Dy, which contradicts
B2).

Similar contradictions will be obtained assuming that (M), ; contains any
of the other submatrices from (3.2). Moreover, as any i € |A| belongs
to some C) as p is a partition, then there is an index j € |B| such that
(4,7) € C; X Djg|,- Hence M has no zero rows by construction. Similarly, M

has no zero columns, and hence M € M, 5 /({0,1}) as required.

This completes the proof that M}, 5 /({0,1}) is in bijection with the set of
all described triples (u,v,0). There are Sy(|A|, k) partitions of |A| into k

subsets, So(|B], k) partitions of |B| into k subsets, and k! permutations of
length k. As k can be at most min{|A|, |B|}, then we have proved (3.3). O

3.3 Proportion of sets of letter pairs generating sub-

direct products and fiber products

In this section, we want to use the results obtained in Lemma to consider
the proportion of sets of letter pairs that generate subdirect products of
At x BT, within the power set of sets of all letter pairs, when allowing

|A| and |B] to grow arbitrarily large, but be equal to each other. That is,

determining
|S(A x B)|
im
|Al,|B|=oo |P(A X B)|
with |A| = |B|. We hence consider the proportion of all generating sets of

letter pairs which give a subdirect product of AT x AT, letting |A| grow

in a limit. We now introduce the next result to comment that there are
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an abundance of sets of letter pairs X € P(A x A) which give subdirect

products.

Proposition 3.3.1. For a given finite alphabet A = {aq,...,an}, let
S(AxA)={X CAxA:(X)<qATx AT}

Then S(Ax A
L IS(A x )]

— =1 3.8
|Al=oo [P(A x A)] (38)
Proof. Clearly as S(A x A) C P(A x A), then

[S(A x A)|

—= < 1.

[P(AXx A)| ~

We will now utilise Lemma [3.1.4] to obtain a lower bound for the above
ratio, and show that the limit of this lower bound is 1, proving (3.8)) by the
sandwich theorem. Recall that in Lemma [3.1.4] we found that

|A]-1

stax sl = 3o -0k -y (39)

k=0

As we will let |A| grow arbitrarily large in the limit, we can assume |A| > 2
without loss of generality. Hence considering |S(A x A)|, the sum of the first
two terms (k=0 and k = 1) from (3.9)) is precisely

(2|A| — 1)|A| — |A|(2\AI—1 — 1)|A|_

For the remaining terms (k > 2) in (3.1]), we note that the sequence

_ A
(a:k)Li‘Q " where z, := (lk’> (2141 _ 1)l
is strictly decreasing, as

T it (, 1 Al olA] '
T |A|—z'< +2'14'—<z+1>—1) A
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for i € {2,...,|A| — 2}. Hence

|A|—1
A _
Z (_Uk(‘k’) (2M41=F — 1)l > 0,
k=2
and thus
(2 — A A M- — DA< |S(A x A)].
Hence as

P S e Lt 1o
Sl ) oAl T 2lAP?

- (24 — DAl — 4] (2=t — 1)l
— 2|A\2 )

then combining the above and (3.10]) gives

1\ A |S(A x A)|
R SRR AL R
(1NJ A1 = [P(AxA) =

We will have completed the proof of the proposition having shown

|A] |Al
, 1 A . 1
ﬁ&«“ﬂ)‘ﬁ)ﬁ%@_ﬁ>_L

which is equivalent to showing

|4
|Al|l£>noo log (1 — W) = 0.

As the limit in (3.11)) is equivalent to

log (1 — 214
lim 8 ( ) ,
|A|—= o0 |A|~1

then using L’Hopital’s rule gives

_log (1—2714) _ 2-14110g(2)
lim = lim
|A| =00 | A1 |Al=oo —| A|72(1 — 2-141)
—|Al? log(2
R e,

oo 241 (1 — 27141
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which is zero, as |A|? grows asymptotically slower than 2!/, hence proving
(3.11) and thus the proposition. H

Similarly to Proposition [3.3.1] we now consider the proportion of sets of
letter pairs X € S(A x B) that also generate fiber products of AT x BT,
allowing |A| and | B| to grow arbitrarily large, but be equal to each other. In
the following result, even though generating sets for subdirect products are

abundant, we will see that the same is not true for fiber products.

In particular, we now show in the final result of the chapter that almost no
sets of letter pairs generate fiber products of AT x AT, letting |A| and grow
in a limit.

Proposition 3.3.2. For a given finite alphabet A = {ay, ..., a,}, let

S(AxA)={X CAxA:(X)<q AT x AT},

and let
FAXxA)={XCAxA:(X) <, AT x AT}
Then F(Ax A)
X
lim =0. 3.12
|A]=oo |S(A x A) (312)
Proof. By Corollary [3.2.5]
|A]
IF(Ax A)| =) kI Sy(|A k)? (3.13)
k=1

where Sy(|A[, k) is the Stirling number of the second kind. The number of
ways to partition the set |A| into k£ non-empty unlabelled blocks is less than
the number of ways to assign the elements of |A| into k possibly empty
unlabelled blocks. There are Sy(|A|, k) ways to achieve the former, and %
ways to achieve the latter. Hence

1Al 1A

Al 2
IF(Ax A<D k! (F) < A< A[ AP < AP (3.14)
k=1 ’ k=1
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Now utilising Proposition and ((3.14)), we have

0< fim FAXA_ o FAxAL AP
T A5 [S(A X A)| Ao [P(A X A)| T jajSee 2M4F T
As
b AP (2~ 141)(1A1=3loga(lAD) (3.15)
1Al oo 21AP |A] =00 '

and limy 4|0 (|A| — 3logy(|A|)) = oo by standard analytic arguments, then

(3.15)) is equal to zero, and (3.12)) follows. ]
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Chapter 4

Finitary properties for fiber products

of free semigroups and monoids

As discussed in Chapter [2] and Chapter [3] our consideration for subdirect
products of free semigroups in particular has been motivated by prior re-
sults and examples involving free groups outlined in Chapter [ We also
noted that subdirect products and fiber products only coincide in congru-
ence permutable varieties by Fleischer (Lemma [1.7.8)), and hence not in the
varieties of monoids and semigroups. Hence the classical questions relating
to finitary properties that have been asked for subdirect products of groups
can be asked for fiber products of monoids and semigroups, with possibly

inequivalent answers.

In the case of subdirect products of free groups, we outlined some of these
finitary properties such as finite generation, finite presentability, decidability
of the membership problem, word problem, and so on that have been well
studied (see Section [1.7)). The literature for semigroups and monoids related
to finitary properties is more recent however, as the area is somewhat less

explored.

As subdirect products have a general setting in universal algebra, this al-
lows for the natural finitary property questions of decidability, generation

and presentation to be asked that were answered for free groups. Mayr &
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Ruskuc [I9] have investigated such questions of generation and presentation
for subdirect products of general algebras. Specifically relevent to this work,
via congruences on a free monoid, they gave an example of a fiber product
over a finitely presented quotient which is itself finitely presented, but whose

factors are not finitely presented [19] Example 7.3].

They also gave an example of a fiber product of finitely generated free
monoids over a finite fiber which is not finitely generated [19, Example 7.1],

which motivated them to ask the following question:

Question 4.0.1 ([19, Problem 7.2]). Find necessary and sufficient condi-
tions for a fiber product of finitely generated monoids over a finite monoid to
be finitely generated. More specifically, is it decidable whether a fiber prod-
uct of two finitely generated free monoids over a finite quotient is finitely

generated?

In this chapter, we take the points outlined above (and our findings from
Chapter [2| and Chapter [3) as our motivation to begin a study of finitary

properties for fiber products of free semigroups and monoids.

We begin in Section 4.1, where we will concentrate on finite generation for
fiber products of free monoids. Namely, we aim to show that finite generation
of a fiber product of two (finitely generated) free monoids over a finite fiber
is decidable. We will also determine all such finite fibers ensuring finite
generation, directly answering Question Moreover in Section [£.2] we
will show that finite generation implies finite presentation for these fiber

products, as well as giving an appropriate presentation.

In Section {4.3| we consider the same question, this time for free semigroups,
and, perhaps somewhat surprisingly, show that the answers in two cases dif-
fer substantially. In particular for finite fibers, we will show that there are
no finitely generated fiber products of two free semigroups. In the more
general case, we will show that finitely generated fiber products of free semi-
groups must have finitely generated, [J-trivial, idempotent-free fiber quo-
tients. Given this, we will show that these conditions are not sufficient for

finite generation by considering the case where the fiber quotient is a free
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commutative semigroup.

We note that the results of this section are based on Sections 3 and 4 of the

paper [0], written by the author.

4.1 Finite generation for fiber products of free monoids

over finite fibers

In Chapter [} we saw for two finite alphabets A and B that a set of letter
pairs is likely to finitely generate a subdirect product of A*™ x BT (Proposi-
tion . We also saw that the same cannot be said for generating a fiber
product of AT x BT (Proposition . Alongside these results, it is with
the motivation of Question [4.0.1]that in this section, we will investigate finite

generation for fiber products, particularly for free monoids.

It will be our main aim to classify for which finite monoid fibers M and which
epimorphisms ¢ : A* — M, ¢ : B* — M is the fiber product of A* with B*
with respect to p, ¥ finitely generated. We hence begin the section by briefly
recalling Definition for the reader.

Definition 1.7.5. Given semigroups S,7T,U and epimorphisms ¢ : S — U,
Y : T — U, the fiber product of S and T with respect to p, is the set

(g, 1) :={(s,t) € S X T': p(s) = ¥(t)}

with multiplication inherited from S xT'. U is called the fiber, or fiber quotient
of II(p, ). If V' is a subdirect product of S x T" which is also a fiber product,
we will write V' <g S x T [ |

The notation from Definition will be adopted throughout this section.
We will also focus on when the alphabets A and B are finite, as a consequence

of the following result.

Proposition 4.1.1. Let S, T and U be semigroups, and let ¢ : S — U,
VT — U be epimorphisms. If I(p, ) is finitely generated as a semigroup,
then so are S, T and U.
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Proof. The projection maps from any generating set X of I1(p, 1)) are semi-
group epimorphisms onto .S and 7', and hence as X is a finite generating set
for II(¢, 1)), then the projection map images are finite generating sets for S
and T by Lemma [I.6.10] As ¢ is a semigroup epimorphism from S to U, and
S is finitely generated, then the image of any finite generating set for S is a
finite generating set for U, again by Lemma [

We note that a free monoid A* over an alphabet A is finitely generated as a
monoid if and only if the free semigroup A' over A is finitely generated as a
semigroup, which is precisely when A is finite. Thus throughout the section,
A and B will be finite alphabets.

Our next result shows that for a finitely generated fiber product of two free

monoids over a finite fiber, the associated fiber need be a group.

Lemma 4.1.2. For two finite alphabets A and B, let ¢ : A* — M and
Y B* — M be epimorphisms onto a finite monoid M. If Il(p,1) is finitely
generated, then M is a group.

Proof. We will prove the contrapositive: if M is not a group, then II(ip, 1))

is not finitely generated.

Recalling Lemma [1.2.10] and Lemma [1.2.11] as M is assumed to be a finite
non-group, then there exists some m € M and k € N such that m* is
idempotent but m* is not the identity of the monoid. Consequently, m has
no inverse in M. In particular, m can be chosen from ¢(A) which is a
generating set for M by Lemma for otherwise every generator from

©(A) would have an inverse and M would be a group.

Hence as 1 is also a surjection, there exists some a € A, v € B* such that
o(a) =m = (v). It now follows that the set

{(a™,v*) : i € N} (4.1)
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is contained in II(p, ), as
cp(a““) — go(a)““ — mz’k — (mk)l — mk — <w(v)>k — w(vk>

for all © € N. Suppose for a contradiction that IT(¢p, 1)) were finitely generated,
and let
X ={(uj,v;): 1 <i<p} C A" x B* (4.2)

be a finite generating set. We will attempt to write any element (a™* v*)
from (4.1) as a finite product of elements of X.

As p(a?) = ¢(a)) = m? for all j € N, it follows that p(a?) # 1y for all
J € N, as m was assumed to have no inverse. Hence denoting the empty
word of B* by ep (which maps to 1,; under 1 necessarily), it follows that
(a’,ep) & U(p,v) for all j € N. Thus any element (a*, v¥) from can

be written as a finite product of elements of X', where
X' ={(uj,v;) € X :v; # ep}.

The element (a**,v*) can be decomposed into at most k|v| elements of X',

as v* can be decomposed into at most k|v| elements of B*. As

(aik7 Uk) = (uil7vil>(ui27 Uiz) s (uiqa Uiq)
for some elements (u;,,v;;) € X" with ¢ < k[v|, then it follows that
™| < IK[v],

where | = max;<;<,|u;|. This is a contradiction, as the above inequality
must hold for all i € N. Hence II(p, ) cannot be finitely generated. O

In the next result, we refine the condition from Lemma [£.1.2] and show that
for a finitely generated fiber product of two free monoids with a finite fiber,

the associated fiber need be a cyclic group.

Lemma 4.1.3. For two finite alphabets A and B, let ¢ : A* — G and
Y @ B* — G be epimorphisms onto a finite group G. If I(p, ) is finitely
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generated, then G is cyclic.

Proof. We will prove the contrapositive: if G is not cyclic, then II(p, 1) is not
finitely generated. We will proceed by creating an infinite set of indecompos-
able elements for I1(p, ). The result will then follow, as any decomposable

element of I1(¢p, 1) must be included in a generating set.

By Lemma [1.6.9] every element of G\ {15} is expressible as a finite product
of elements from ¢(A). Hence ¢(A) is a monoid generating set for G, and

thus in particular also a group generating set.

As G is non-cyclic, we claim there exist two distinct elements g, h € p(A)
such that
gh' # 1¢ for all i € N°. (4.3)

For otherwise, we can choose € ¢(A) such that for all g € ¢(A) there is
some i € NY with gz = 1¢. This implies g = 27" and so every g € p(A) is a

power of x, contradicting that GG is non-cyclic and proving the claim.

Fixing such g, h € p(A) satisfying (4.3)), there exist two letters a,b € A with
g = p(a) and h = @(b). Denoting the orders of g and h by |g| and |h|

respectively, the set
{(ab'Mal9=1 ep) € A* x B* i € N} (4.4)
is contained in II(p, 1), as
o(abMalo1=1) — ghilhlglal=1 — g(plAlyiglal=1 _ gilol=1 _ 1, — yp(ep)

for all 7 € N. Moreover, we claim any element of (4.4)) is indecomposable in
[I(¢, ). Suppose for a contradiction that

(abﬂh'a‘g'_l, ep) = (u,v1)(uz,v2) . .. (up, vp) (4.5)

is a non-trivial decomposition of (ab!"lal?/=! ep) into a product of elements
(uj,v;) € A* x B*. It must be that every v; = e, and hence p(u;) = 1 for

all j. In particular, the proper prefix u; of ab’"al9=1 maps to 1¢.
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As p(ab’) = gh! # 1 for all 0 < j < i|h| by (&.4)), then u; = ab’"la? for some
1 <j<|g| — 1. However, as

plabMa?) = gh'Mg? = g/,

then ¢(ab’"a’) cannot equal 14 for any 1 < j < |g| — 1 by minimality of |g|.
Hence it must be that u; = ab™a!9—1, which is a contradiction as must
then be a trivial decomposition. Hence as i was arbitrary, every element of
the set

{(ab'Mal9=1 ep) € A* x B* ;i € N}

is indecomposable, finishing the proof. O

We now utilise Lemma and Lemma to give a full characterisation
for when a fiber product of two free monoids over a finite fiber is finitely

generated.

Theorem 4.1.4. For two finite alphabets A and B, let ¢ : A* — M and
Y B* — M be epimorphisms onto a finite monoid M. Then I(p, ) is
finitely generated if and only if |p(A)| = [(B)| =1, and M s a finite cyclic
group.

Proof. (=) We prove the contrapositive. If M is not a cyclic group, then

II(p, ) is not finitely generated by Lemma and Lemma |4.1.3] If M is
a cyclic group, then it has a group presentation

and assume first that |@(A)| > 1. We will proceed by constructing an infinite
set of indecomposable elements of I1(p, 1), which will be enough to show that
II(¢, 1) is not finitely generated.

As |p(A)| > 1, we can choose a,a’ € A such that p(a) # p(a’). We will
show by induction that for all £ € N, we can construct a length k& word
up = ajag . ..ax € {a,a’}" such that p(a;...a;) # 1y forall 1 < i < k.

That is, no non-empty prefix of the word u;, maps to 1.
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For the base case, either p(a) # 1y or o(a') # 1y as ¢(a) # ¢(a’). Without

loss of generality, we can set u; = a, and ¢(ay) # 1.

Assume for the inductive hypothesis that we can find a word
Up—1 = @10z ... a1 € {a,a’}" of length k — 1 with ¢(a;...a;) # 1) for all
1<i<k-1.1f

QO(CLlaz ce ak—1a> = (,O(CllCLQ c. ak_la/) = 1]\/[7

then

olaras ... ap_1)p(a) = plaras . .. ap_1)p(a’),
implying ¢(a) = ¢(a’), which is a contradiction. Hence either
olarag ... ag—1a) # 1y or p(ajay . .. ag_1a’) # 1p. Both are words of length
k, and by the inductive hypothesis, p(a; ...a;) # 1y for 1 < i < k. Making
the appropriate choice of a or @’ to extend the word uj_; to a length & word

uy with p(uy) # 1y finishes the induction.

As M is a group and ¢ is surjective, for a given word wuy constructed as above,
there is a corresponding minimal length word vy € AT (not necessarily of
length k) such that

o(urvr) = o(ur)p(vg) = 1ar.

Let wy = uiv,. As any non-empty prefix v of wy with length less than or
equal to k is a prefix of ug, then ¢(u) # 1. Moreover, as vy, is chosen to be
the minimal word such that p(uxvg) = 1y, then it follows that ¢(u) # 1y

for any non-empty proper prefix u of wy. Hence the infinite set of elements
{(wy,ep) : k € N} C A* x B* (4.6)

is a subset of I(p, ), as p(wg) = 1y for all k£ € N. Moreover, any given
(wk, ep) can have no non-trivial decompositions in II(p, 1)), as every non-

empty proper prefix u of wy has the property that p(u) # 1.

Hence (4.6)) is an infinite set of indecomposable elements of II(y, ) which
must be contained in any generating set, showing that II(p, 1) is not finitely
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generated. A similar proof gives that |¢(B)| > 1 implies II(p, ) is not
finitely generated.

(<) Suppose M is a cyclic group with group presentation

and |¢(A)| = |¢(B)| = 1. By Lemma [1.6.9, ¢(A),(B) are monoid gener-
ating sets for M, and hence also group generating sets. As M is cyclic, it
must follow that p(A) = {2} and (B) = {x9} for some 1 < p,q < n with
ged(p,n) = ged(g,n) = 1. A pair (u,v) € A* x B* is also an element of
(e, v) if

plu) =9 (v)
s (@) = (a0l

plul (modn) _ .qlv] (modn)

T

< plu| (modn) = g|v| (modn).

Hence

(¢, ) = {(u,v) € A" x B" : plu| = q|v[ (modn)}.
We will show that every non-identity element of II(p, 1) as decribed above
can be written as a finite product of elements from the set

X = {(u,v) € A" x B* : plu| = q|v| (modn),0 < |u|, |v| < n}

\{(u,v) € A* x B* : |u] = |v| =n or |u] = |v] = 0}.

Noting that X is a subset of II(, ¢) which is finite, this will be sufficient to

conclude the proof that I1(¢, ) is finitely generated as a monoid.

For a given non-identity pair (u,v) € II(p,v), we can write |u| = kin + r;
and |v| = kyn + 7y for some ki, ko € N® and 0 < 7,75 < n. Hence we can
write

u=ur1T9... Tp,

for some ', z; € A* with |u/| = rq, |x;] = n for 1 < i < ky, and similarly we
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can write
/
v :’Uylyg...yk2

for some v, y; € B* with |v/| = rq, |y;| = n for 1 <i < ky. The pairs (z;,£p)

for 1 < i < ky are all elements of X, as |z;| = n, |eg| =0, and
plzi| = pn =0 = q0 = qleg| (mod n).

Similarly, the pairs (e4,y;) for 1 < i < ky are all elements of X as well. As

|v/| = |u| (modn) and |v'| = |v| (mod n) by definition, then
pl| = plu| = qlv] = q|v'| (mod ). (4.7)

Hence as 0 < [u'| < n, 0 < |v'| < n, then the pair (v/,v) is an element of X.

Hence

(u,v) = (W, v')(w1,e8)(x2,€8) - - - (Thy,€8) (€4, y1) (€5 Y2) - - - (€45 Uky)

is a decomposition of (u,v) into a finite product of elements of X. This
concludes the proof that X is a monoid generating set for I1(¢, 1), and thus
[I(p, ) is finitely generated as a monoid. O

We now briefly give some examples of epimorphisms that satisfy the condi-
tions of Theorem m (and provide a generating set for the fiber product),
and that do not satisfy the conditions (finding a specific infinite set of inde-

composable elements).

Examples 4.1.5. (a) Let {1} be the trivial cyclic group, let A = B = {a, b},
and let ¢ : A* — {1} be given by p(a) = ¢(b) = 1, extended uniquely to
a homomorphism on A* (so that p(w) = 1 for all w € A*). Similarly, let
Y B* — {1} be given by ¢(a) = ¥ (b) = 1, again uniquely extended to a
homomorphism on B* (so that ¢(w) = 0 for all w € B*).

Then {1} and ¢, ¢ match the conditions of Theorem 4.1.4} and hence I1(¢y, 1)
is finitely generated. In fact, as every word in A* is mapped to 1 by ¢, and
every word in B* is also mapped to 1 by v, then II(p, 1) = A* x B*.
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By the proof of Theorem [.1.4] (taking p = 1, ¢ = 1, 2 = 1), a monoid
generating set for II(¢, ) is given by

X ={(u,v) € A* x B* : |u] = [v|mod 1,0 < |ul, |v| < 1}
\{(u,0) € A" B* ful = o] = 1 or [u] = |o] = 0}
= {(u,v) € A" x B": 0 < [ul, [v] <1, |ul # [v]}
= {(ca,a), (ea,b), (a,ep), (b,ep)}.

For example, (aba?,ba) € I1(p, 1)), and can be written as the product

(aba?,ba) = (a,ep)(b,ep)(a,e5)*(c4,b)(ca, a).

(b) Let Zy = {0,1} be the cyclic group of order two, let A = B = {a, b},
and let ¢ : A* — Zs be given by ¢(a) = 0 = ¢(b), uniquely extended to a
homomorphism on A* (so that p(w) = 0 for all w € A*). Let ¢ : B* — Zs
be given by ¥ (a) = 0, ¢(b) = 1, uniquely extended to a homomorphism on

B*. In this manner, for any w € B*, we have

1 if w contains an odd number of bs.
Y(w) =
0 otherwise.
Then I(p, ) = {(u,v) € A* x B* : |v], = 0mod 2}. By Theorem as
lo(B)| = 2, then II(¢, 1) is not finitely generated. Let

I ={(ca,ba™b) € A* x B*: m € N} C II(p, ).

If an element (e4,ba™b) € I were monoid decomposable over II(¢, 1), then
it must be that
(€4,ba™b) = (g4, ba")(e4,a°D)

for some 0 < r,s < m, with r + s = m. This cannot happen, as
P(ba™) = 1, but ¢(c4) = 0, so (ea,ba”) & II(p,7). Hence every element
of I is indecomposable, which is an example of an infinite set of indecompos-

ables causing I1(p, 1)) to be non-finitely generated. A
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4.2 Finite presentation for fiber products of free monoids

over finite fibers

Theorem [4.1.4shows that finitely generated fiber products of two free monoids
over a finite monoid are restrictive in their nature, as the epimorphisms must
map every generating letter of each free monoid onto one element of a cyclic
group. Given this restrictive behaviour, we can ask whether or not all such
finitely generated fiber products are finitely presented, and if not, give a
characterisation for the finitely presented ones. In fact, it will be our main

aim for this section to prove the following theorem.

Theorem 4.2.1. For two finite alphabets A and B , let ¢ : A* — M and
W @ B* — M be epimorphisms onto a finite monoid M. Then (p, ) is
finitely generated if and only if it is finitely presented.

As we wish to concern ourselves with finitely generated fiber products of free

monoids over finite fibers, we will adopt the following notation as a result of

Theorem [4.1.41.

Notation 4.2.2. For the rest of this section, F' will be the finite cyclic group

of order n, with group presentation F' = (z : 2" = 1).

A and B will be finite alphabets, €4 and e will denote the empty words in
A* and B* respectively. The maps ¢ : A* — F and ¢ : B* — F will be
epimorphisms onto F', which satisfy p(A) = {2} and ¢(B) = {x9} for some
1 < p,q <n with ged(p,n) = ged(g,n) = 1.

[I(¢p, 1) will be the fiber product of A* and B* with respect to ¢, 1. Note
that II(¢, 1)) is finitely generated by Theorem [4.1.4]

Finally, I and I' will be the sets of formal symbols defined
[:={y(u,v) :u € A*,v € B*, plu| = qlv|modn, 0 < |ul|,|v] < n}
and

[:=T\{y(u,v):u€ A* v e B* |ul = |v| =nor |ul = |v] =0}
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Note that if y(u,v) € I" with |u| = n, then necessarily |v| = 0 and hence

v =ep. Conversely, if y(u,v) € I with |v| = n, then necessarily u =c4. W

In order to prove Theorem [4.2.1, we will first introduce two lemmas which
establish a set of relations that a finitely generated fiber product of two free

monoids over a finite fiber satisfies.

Lemma 4.2.3. Recall Notation[L.2.2. Then the relations

(v(ea,v)v(u,eB), Y(u,ep)y(ea,v))  (lul = |v| =n); (R1)

(v(Ea, )7 (us v1), Y(u, v2)y(Ea,v3)) (0 <oi| <n,|v| = |vs] =n, (R2)
|v1] = |vg|, vv1 = vau3);

(v(u,ep)y(ur,v), Y(uz, v)y(us,ep)) (0 <|ui| <n,ful = |us| =n, (R3)

|ur| = |ug|, vuy = ugug)
over I' hold in I (p, ).

Proof. Let m : I' — Il(¢,%) be given by w(v(u,v)) = (u,v), and let
7w ' — T(p,9) be the unique homomorphism extending 7 to I'*, whose
existence is established by Lemma [1.6.15] Then in the case of (R1]), we have

(5147 U)(uv EB)
(u,v)
(

u,ep)(ea,v)

m(y(ea,v)y(u,ep))

= ﬂ(y(u, EB)’Y(EAa U))?

and so (R1)) holds in II(p, ). In the case of (R2)), we have

= 7(y(u,v2)v(e4,v3)),
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and hence (R2)) holds in TI(¢, ). In the case of (R3)), we have

m(y(u, e)y(u1,0)) = (u,ep)(ur, v)

(
= (uuy,v)
= (ugus,v)
= (u2,v)(us, £p)

= m(y(u2,v)v(us, €B)),

and hence holds in TI(p, v). O

Lemma 4.2.4. Recall Notation [4.2.2)  Let ~y(uy,v1),y(u2,v2) € I' with
0 < |ui|,|us] < n, 0 < |v1],|ve] < n and define ug,uy € A*, v3,v4 € B*
in terms of uy, U, Vo, Vo as follows:

Uy = uguy, |ug] =n if |ujus| > n,

Vivy = U3y, |vgl =n if |vive] > 0.

Then the relation
(7(u1, v1)y(ug, va), w) (R4)

over T holds in T(p, 1), where

w = v(ugug, v1Vs) if Jujus|, |[vivg| < n,
or w = y(ug, v1v2)y (U4, £B) if Jugug| > n, |vivs| < n,
or w = y(uiuz,vs)y(ca,vs) if |ujus| < n,|vive| > n,
or w = y(uz,v3)y(us,€p)y(€a,va) if Jurual, [vive| > n,
or w = y(ugug, ep)y(ca, v102) if |ujus| = |vyvg| = n.

Proof. Let 7 : T' — TI(¢,%) be given by w(v(u,v)) = (u,v), and let
m I — II(p, 1) be the unique homomorphism extending 7 to I'*, whose

existence is established by Lemma [1.6.15]

Let y(uy,v1), y(uz, v2) € I' be two formal symbols with 0 < |us[, |us| < n and
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0 < |v1],|va] < m. As plu;| = q|v;| (mod n) for i = 1,2, then
pluruz| = p(lua] + |uz]) = q(|vi] + [v2]) = glorve| (mod n).

Hence if |ujus| = n then glvyvg| = 0 (mod n), implying |vivs| = 0 (modn). It
must then be that |v;v5] = n also, accounting for the possible sizes of v; and
v9. Similarly, |vyva| = n implies |ujus| = n also. Hence there are five cases

to check for |ujus| and |vyvy|:

Case 1: If |uyuq|, |v1ve] < m, then
m(y(ur, v1)y(ug, v2)) = (ur, v1)(ug, v2) = (urug, vive) = T(y(urug, v1v2)),

and so (R4)) holds.

Case 2: If |ujus| > n, |v1v9] < n, then

m(y(u, v1)y(uz, v2)) = (ur, v1)(uz, v2)
= (U1U2,U1U2)
= (uguy, v102)
= (ug, v1v2)(u4,€p)
=T

(7 (us, viv2)Y(ug,€R)),

and so (R4)) holds.

Case 3: If |uyus| < n,|vyvz| > n, then

(Y (w1, v1)y (w2, v2)) = (ur, v1)(uz, va)
= (U1U2, U1UQ)
= (U1U2, U3U4)
= (uruz, vs)(£a, v4)
=

(v(uruz, v3)y(ea,v4)),

and so (R4l holds.
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Case 4: If |uyusl, |v1v9] > n, then

m(y(ur, v1)y (2, v2)) = (w1, v1)(uz, va)
= (ujug, v1v3)
= (usuy, v304)
(us,v3)(ug,e5)(€a,vs)

= (v (ug, v3)Y(us, €5)Y(4, 1)),

and so (R4 holds.

Case 5: Finally if |ujus| = |vive| = n, then

7T(7<U1,U1)7(U2702)) = (U1,U1)(u2,?}2)
= (U1U27U17J2)
U1U2758)(5A>U1U2)

~(
= m(y(uruz, €)7v(ca, V102)),

and so (R4)) holds.

As this covers all possible cases, then (R4) holds in II(p, ) as claimed. [
We now use Lemma [4.2.3] and Lemma to prove Theorem [4.2.1, which
we restate below.

Theorem 4.2.1. For two finite alphabets A and B |, let ¢ : A* — M and
Y B* — M be epimorphisms onto a finite monoid M. Then I(p, ) is
finitely generated if and only if it is finitely presented.

Proof. (<) is immediate from the definition of finite presentation.

(=) Recall Notation .22 let # : I — TII(p,¢)) be given by
7(y(u,v)) = (u,v), and let 7 : I'" — TI(¢, %) be the unique homomorphism
extending 7 to [, whose existence is established by Lemma [1.6.15]

For the set R of relations (R1))-(R4), we claim that II(p,1)) has monoid
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presentation given by
(e, ¥) = (T': R). (48)

As R and I' are finite, this will be enough to prove the Theorem. As 7(I")
is a monoid generating set for II(¢, 1) by the proof of Theorem 4.1.4] then
m(I'*) = (g, 1), and hence by the first isomorphism theorem

I /ker m = T1(¢p, ¢).

As (I': R) = I'*/R* by definition (where R* is the smallest congruence on I'*
containing R), we will show that ker 7 = R¥, which will suffice to prove the

claim in (4.8]).

As the set of relations R over I' hold in II(gp,?) by Lemma and
Lemma [4.2.4) then R C kernm. Hence as kerm is a congruence containing
R, it follows that R* C ker .

To show that ker 7 C R*, we first make the following two claims:
Claim 1: For all w € T'*, (w, wywows) € R* for some
wy € {y(u,v) €T :0 < |u], |v] < n},

wy € {y(u,v) €T : |u| =n}", (4.9)
wz € {y(u,v) €T : |v| =n}".

Claim 2: If (w,w') € ker 7, then (w,wywows), (W', whwhwy)) € R* for some

wy,w) € {y(u,v) €T :0 < |ul, |v] <n},
wa, wy € {y(u,v) €T : |u| =n}", (4.10)
ws € {y(u,v) €T : o] = m}?

with wy = w], we = wh, ws = wy.

Claim 1 will be used to prove Claim 2, which is sufficient to prove that
ker 7 C R! by symmetry and transitivity of R*, and hence finish the proof of

the theorem. It thus remains to prove these two claims, which we now do.
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Proof of Claim 1: For the purposes of this proof, we will refer to those
elements y(u,v) € I' with either u = €4 or v = ep as e-type letters of T

Otherwise, v(u,v) € I' will be referred to as ¢-type.

Let w € I'*. We will use (R1))-(R4) in the following rewriting procedure on w
(described by (A1) to (A3)) to prove the claim. An example of this rewriting
procedure is given immediately following this theorem in Example [4.2.5]

(A1) If w contains a letter (uy, v;) of ¢-type which is immediately preceded
by a letter y(ug,vs) of e-type, then by (R2)) and (R3) there exists a letter
v(us, v3) of ¢-type, and a letter v(uy, vy) of e-type such that

(7(u2, v2)y(ur, v1), v(uz, v3)y(us, v4)) € R.

Repeatedly using a sequence of and on all such ¢-type letters
which are immediately preceded by e-type letters allows us to rewrite w as
w)ywz), where wy is a word consisting of ¢-type letters (which is possibly
empty if w contains no ¢-type letters), and wy) is a word consisting of e-type
letters (which again is possibly empty if w does not contain letters of e-type).

Hence
(w,w(l)w(z)) € Rﬁ (4.11)

for some wuy € {y(u,v) € T' : 0 < Ju|,|v] < n}*, and for some
we) € {y(u,v) €T :u=¢ey orv=cep}*

(A2) If Jway| > 2, then w() contains a ¢-type letter y(ui,v:) which is im-
mediately followed by another ¢-type letter v(us, ve). Then by (R4), there is
a word w(z) starting with a single ¢-type letter, immediately followed by at

most two e-type letters such that

(v(ur, v1)7(u2, v2), wez) € R.

Repeatedly using (R4) from right to left on the letters of w) allows us to

rewrite w(ywz) as wiw) for wy a ¢-type letter (or er), and wyy a (potentially
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empty) word consisting of e-type letters. Hence
(wayw(e), wiwg) € B (4.12)

for some w; € {y(u,v) € T' : 0 < Ju|,|[v] < n} U {er}, and some
wy € {y(u,v) €T :u=¢ey orv=cep}*.

(A3) The relation (R1|) describes commutativity between the letters y(uq, vy)
of e-type with u; = 4, and letters y(ug, v2) of e-type with vy = ep. As w
is a product of letters of e-type, then we can repeatedly use (R1]) on the

letters of wy).

This allows us to rewrite ws) as wows, where ws is a (possibly empty) word
consisting of e-type letters v(u, v) with v = ep, and w3 is a (possibly empty)

word consisting of e-type letters v(u,v) with u = 4. Hence
(wrw(ay, wywaws) € R*, (4.13)

where wy € {y(u,v) € ' : |u|] =n}*, and ws € {y(u,v) € ' : [v] =n}*.

At the end of this rewriting procedure, combining (4.11)), (4.12)) and (4.13)

by transitivity of R* finishes the proof of Claim 1.

Proof of Claim 2: Let (w,w’) € ker . The fact that
(w, wiwyws), (W', wiwywy) € R

for w;, w; as described in (4.10) follows from Claim 1. It remains to show
that w; = w) for ¢ = 1,2,3. We will do this by considering the lengths of the

first and second coordinates of 7(w) and m(w’) respectively.

Let ma« : II(p, %) — A* and wp« : II(p, 1)) — B* be projections onto the first

and second coordinates respectively. As
m(w) = w(w)7(w2)m(ws) = m(wh)m(wh)m(ws) = 7 (w'),

then by considering the lengths of the first coordinates of both 7(w) and
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7(w'), we have
|ma= (m(w))| = |mas (m(wi)m(we)m(ws))| = |ma (mw(wi))] + |ma=(w(w2))]
as |- (m(ws))| = |ea] = 0, and similarly
[7as (m(w'))| = ma (7 (wi) (wh)m(wh))] = [7ra- (7 (wh))] + [mas(m(w5))]-
As m(w) = m(w'), then it follows that
|mas (7 (w1))] 4 [ma (7 (w2))] = |7as (w(w)))] + |mas ((w5))]-

As wy,why € {y(u,v) € T' : |Ju| = n}*, then |ma«(m(wq))| = nlwy| and

|4 (m(wh))| = n|wh|, hence
|74 (7 (w1)) | 4 nfwa| = |7 (7 (w]))] + njwh). (4.14)

Similarly, by considering the lengths of the second coordinates of both 7 (w)

and w(w’), we see that
|7 (7 (wn))[ + nfws| = [mp- (7 (wy))] + nfws|. (4.15)

We first consider the case of w; and wj. If wy = ep, then necessarily
m(wy) = (ea,ep), and hence |ma«(m(wy))] = 0. Now by taking congruences

modulo n on (4.14)), we see that
|74+ (7(w]))| = 0mod n,

and as wy € {y(u,v) € I': 0 < |ul, |v| < n}*, it must be that w] = ep«. A
similar proof shows that if w} = er, then wy = ep. Hence wy = wj if either
is equal to ep. Otherwise, it must be that wy = y(u,v) and w] = y(u',v’) for

some 0 < |ul,|v], ||, || < n.

Again considering (4.14) modulo n, we see that |u| = |u'| mod n, which im-
plies that |u| = |v/| on account of their sizes. As u and u’ are both length |u|
prefixes  of  mwa«(m(w)) and  wa(m(w'))  respectively, and

Ta-(m(w)) = ma(m(w')), it must be that v = «'. A similar proof taking
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congruences modulo n on (4.15)) shows that v = v/, and hence w; = wy.

In the case of we and wj, as wy,wh € {y(u,v) € I' : |ul = n}*, then
w(wy) = (u,ep) and w(wh) = (u/,ep) for some w,u/ € A* with
lu| = |/| = 0modn. By ([L.14), as w; = wi, then |w,| = |wh]. Now as
u and u’ are both length n|ws| suffixes of 7ma«(mw(w)) and 74+ (7(w')) respec-

tively, and 74« (m(w)) = ma«(7(w")), it must be that u = /. Hence wy = wj.

A very similar proof shows that w3 = wj when considering the second coor-
dinates rather than the first. This concludes the proof of Claim 2, and hence
of the theorem. O

We finish the section with an example of a presentation for a finitely gener-
ated fiber product of two free monoids over a finite fiber, which includes an

example of the rewriting procedure described in the proof of Theorem [4.2.1

Example 4.2.5. Let {1} be the trivial group, let A = B = {a,b}, let
@ A* — {1} be the constant mapping p(w) = 1 for all w € A*, and
let ¢ : B* — {1} be the constant mapping ¢)(w) = 1 for all w € B*.

We saw in Examples [4.1.5] (a) that II(¢, 1) is equal to A* x B*, and was
finitely generated by the set

X = {<€A7 a)? (5147 b)? (av 8B>7 (bv gB)}'

We will find a finite monoid presentation for A* x B*. As in the proof of
Theorem [£.2.1] the set of formal symbols I' will be given by

I' = {7(6,4, CL), 7(5,47 b), ’}/(CL, 53)7 7(b7 53)}'

Let © = v(ea,a), y = v(ea,b), z = v(a,ep) and t = y(b,ep). Then consider-

ing Lemma and Lemma 4.2.4] the relations on I' of the form (R1) are
given by the set

{(:L‘Z, Z&C), (xta t.%'), (yz, Z@/)a (yta ny)},
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and as n = 1, there are no relations of the form (R2), (R3] or (R4]). Hence
R ={(zz,z2), (at,1x), (yz, 2y), (yt, ty)}, and Il(p, 1) = A" x B* has presen-
tation

W, ¥) = (2, y, 2, t : (x2, 22), (at, 12), (y2, 2y), (yt, ty))
by the proof of Theorem [4.2.1}
We now using the writing procedure (A1)-(A4) described in Theorem [4.2.1]

on the word w = zzyt € I'*. Firstly, as there are no relations of the form

(R2) or (R3) on I', then “using a sequence of (R2) and (R3] on all such

¢-type letters” as described in (A1) is redundant. Hence w is unchanged by
(A1). Similarly, as there are no relations of the form , then “Repeatedly
using from right to left on the letter of w)” as instructed in (A2) is
also redundant. Hence w is unchanged by (A2).

As in (A4), however, we can repeatedly use (R4]) on w to rewrite w as wows,
where
wy € {y(u,v) € I': |u| =n}* = {z,t}"

and
ws € {y(u,v) € I': o] = n}" = {z,y}".
We do this in the following steps.

(i) As (zz,2z) is in R (by (R4)) and hence also in R¥, and R* is a congru-
ence, then
(zz, 22) (yt, yt) = (w2yt, zoyt) € R (4.16)

(ii) As (yt,ty) is in R (by (R4)) and hence in R, then

(zx, z2)(yt, ty) = (zayt, zaty) € R (4.17)

(iii) As (xt,tz) is in R (by (R4))) and hence in R?, then

(2, 2)(xt, tx)(y,y) = (z2aty, 2tzy) € R (4.18)
(iv) Finally, combining (4.16)), (4.17) and (4.18)) by transitivity of R*, we

117



have (zzyt, 2tzy) € RF.

We have now reached the end of the rewriting procedure, and have rewritten

xzyt as ztxy. A

4.3 Finite generation for fiber products of free semi-

groups over infinite fibers

In Section 4.1 we classified the epimorphisms and finite fibers which result
in a finitely generated fiber product of two free monoids, and further showed
in Section that all such fiber products are also finitely presented.

In this section, we move from monoids to semigroups, and it is for the same
reasons highlighted in Section that we again focus on finite generation
and presentation for fiber products of free semigroups. As a consequence
of Proposition , we will again consider the free semigroups A" and B*
when A and B are finite alphabets.

We wish to ask the same questions of fiber products of free semigroups over
finite fibers that we did for free monoids in Section [£.1] However, we now
show that fiber products of free semigroups over a finite fiber are not finitely

generated in the following result.

Proposition 4.3.1. For two finite alphabets A and B, let ¢ : At — S and
W . Bt — S be epimorphisms onto a finite semigroup S. Then TI(p, 1)) is

not finitely generated, and hence is also not finitely presented.

Proof. We will find an infinite subset of I1(i, 1) consisting of indecomposable
elements, which must hence be contained in any generating set. Fix any
(u,v) € I(p,v). Then ¢(u) = 1(v) = s for some s € S.

As S is a finite semigroup, then s has some idempotent power s* for k € N

by Lemma [.2.10] As
p(u™) = p(u)* = (s°)" = s" = ¢ (v)* = P("),
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for all 7 € N, then the set
{(u™,v%) : i € N} (4.19)

is a subset of TI(p, ). Suppose for a contradiction that there were a finite
generating set

X ={(uj,v;): 1 <i<p} C A" x B
for I1(¢, ). Then any element (u* v¥) from the set in ([4.19)) can be written

as a finite product of elements from X.

As v* can be decomposed in BT into a product of at most k|v| elements of
B7, then the element (u** v*) can be decomposed into a product of at most
klv| elements of X. As

(™, ") = (i, vi,) (Ui, 035) - - (uiy 03,)
for some elements (u;,,v;;) € X with ¢ < |v|, then it follows that
[ < Uklol,

where | = maxj<;<,|u;|. This is a contradiction, as the above inequality

must hold for all 7 € N. Hence II(y,¥) cannot be finitely generated. ]

Proposition gives a stark contrast to the case of finite generation and
presentation for free monoids given in the results of Theorem and The-
orem 4.2.1. We obtain the following necessary condition for finite generation

of a fiber product of two free semigroups as a direct corollary to Proposi-

tion 4311

Corollary 4.3.2. For two finite alphabets A and B, let ¢ : AT — S and
Y : BT — S be epimorphisms onto a semigroup fiber S. If II(p, 1)) is finitely
generated, then S is infinite. 0

We now wish to obtain further necessary conditions on a semigroup fiber S
for a fiber product of two free semigroups over S to be finitely generated.

We begin by showing that any fiber S for a finitely generated fiber product
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of two free semigroups cannot contain idempotents.

Proposition 4.3.3. For two finite alphabets A and B, let ¢ : AY — S and
Y Bt — S be epimorphisms onto a semigroup fiber S. If TI(p, ) is finitely

generated, then S is idempotent-free.

Proof. We prove the contrapositive, hence assume that S has an idempotent
e € S. In particular, e’ = e for all i € N. As ¢, 1) are surjections, then there
exists u € A*, v € BT such that p(u) = e =9 (v). As

for all 7 € N, it follows that the set
{(u*,v) : i € N}

is a subset of II(p, ). Suppose for a contradiction that I1(¢, 1) were finitely

generated, and let
X ={(us,v;) :1<i<p}C AT x BT

be any finite generating set for II(y,). Then for any i € N, the element

(u',v) is expressible as a finite product of elements of X.

As v is decomposable into at most |v| factors in BT, it follows that (u’,v) is

decomposable into a product of at most |v| elements of X. As
(u',v) = (wiy, viy) (Wiy, v3y) - - - (i, vs,)
for some elements (u;,,v;;) € X with ¢ < kfv|, then it follows that
| < o,

where | = max;<;<, |u;|. But this is a contradiction, as the above inequality
must hold for all 7 € N. Hence II(¢, ) is not finitely generated. ]

Proposition in particular implies that S cannot be a group, and hence

investigating Green’s relations on the associated fiber S (which we defined in
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Section is our next aim. In particular, we will show that Green’s relation
J on S must be trivial (recalling Definition [1.4.2)) for II(y, ) to be finitely

generated in the following result.

Proposition 4.3.4. For two finite alphabets A and B, let ¢ : AY — S and
Y : BT — S be epimorphisms onto a semigroup fiber S. If TI(p, ) is finitely
generated, then S is J-trivial.

Proof. We will prove the contrapositive, hence suppose that S is not J-
trivial. Then there exists s,t € S with s # ¢, but (s,t) € J. By Lemmal|l.4.4
there exist x,2’,y,vy" € S! with

s =uxty and t = 2'sy/. (4.20)

In particular, it follows that

= (x2')'s(y'y)" for all i € N. (4.21)

If S is a monoid, then in particular it has an idempotent and hence I1(¢p, )

is not finitely generated by Proposition [4.3.3

If S is not a monoid, then S* = SU{1}. As s # t, it follows from (4.20)) that
at most one of x and y can equal 1, and similarly at most one of 2’ and ¢’

can equal 1.

Asmn=1<m=1and n=1for all m,n € SU{1}, to avoid a contradic-
tion it must be that at most one of xz’ and y'y can equal 1. We consider all

of the possible cases:

Case 1: xx' # 1 and y'y # 1. In this case, it follows that both xa’ € S and
yyeS.
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As ¢,1 are surjections, then there exist u,w,w’ € A", v € BT with
p(u) = s = P(v) and p(w) = z2’, p(w') = y'y. Hence by (4.21), as

pw'u(w)’) = p(w) p(u)p(w')' = (va')'s(y'y)" = s = ()
for all 7 € N, then the set
{(w'u(w')",v) : i € N}

is a subset of II(p,1)). Suppose for a contradiction that I1(p, 1)) were finitely

generated, and let
X:{(ui,vi) 01 §Z§p} CA+ x BT

be any finite generating set. For any i € N, the element (w'u(w’)’,v) can
be decomposed as a finite product of elements of X, and in particular must
be decomposable into a product of at most |v| elements of X (as v can be

decomposed into a product of at most |v| elements in BT).
As

(wiu<w/>iv U) = (uil7vil)(ui27 Uiz) B (uiq7 Uiq)
for some elements (u;,,v;;) € X with ¢ < |v], it follows that

[whu(w')'] < o],

where | = maxj<;<,|u;|. The above inequality must hold for all ¢ € N
however, which leads to a contradiction. Hence it follows that I1(¢, %) is not

finitely generated in this case.

Case 2: xz' = 1. In this case, y'y # 1, or equivalently y'y € S. As
s =s(y'y)’
for all i € N by (4.20)), then the set

{(u(w')’,v) : i € N}
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(where u, w’, v are as in Case 1 is a subset of II(, 1), similarly to Case 1. The
proof by contradiction that II(p, ) is not finitely generated is now similar

to Case 1, ignoring instances of the word w.

Case 3: y'y = 1. In this case, xa’ # 1, or equivalently xx’ € S. As
s = (x2')'s
for all 7 € N by , then the set
{(w'u,v) : i € N}

(where u,w,v are as in Case 1) is a subset of II(p,1), again similarly to
Case 1. Once more, the proof by contradiction that II(¢, ) is not finitely
generated is now similar to Case 1, this time ignoring instances of the word

w'.

This concludes all of the cases, and hence in any situation, II(p, ) is not
finitely generated. This completes the proof of the contrapositive, and hence

of the proposition. O

Noting that Green’s relation J contains £, R, and H, it then follows as a
corollary to the above that S must be K-trivial for a fiber product of two
free semigroups over S to be finitely generated, for K any Green’s relation.
This completely characterises Green’s relations on S, and rules out classes
such as groups, inverse semigroups, bands, semilattices, left (right) groups,
and others (definitions of which can all be found in [16]).

Perhaps the most natural examples of semigroups which are infinite but
finitely generated, idempotent-free and J-trivial (thus satisfying the condi-
tions of the results of this section) are the finitely generated free semigroups

themselves. These will be the topic of discussion in Chapter [5

Finitely generated free commutative semigroups of course also have these
properties. We will work for the remainder of the section to prove the fol-

lowing result:
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Theorem 4.3.5. For two finite alphabets A and B, let ¢ : AT — S and
Y : BT — S be epimorphisms onto the free commutative semigroup S with

semigroup presentation

S =(r1,09,..., Ty 2z = x;2;,1 < 4,5 < nj.
Then I1(p, ) is finitely generated if and only if n =1 (so that S = N), and
either |p(A)| =1 or [¢(B)| = 1.

In particular, this result will demonstrate that though the required con-
ditions found in this section are rather restrictive, they are necessary but
not sufficient for finite generation through the example of free commutative
semigroups. We introduce the following lemmas which will aid us in proving

Theorem (.3.5

Lemma 4.3.6. For two finite alphabets A and B, let ¢ : AT — S and
W : BT — S be epimorphisms onto the free commutative semigroup S with

semigroup presentation
S = (21,20, ..., Ty ;7 = x4, 1 < 4,5 < n).
If n > 1, then Il(p, 1) is not finitely generated.

Proof. First, any semigroup generating set for S must contain x, x,, ..., x,.
As ¢(A), ¥(B) are semigroup generating sets for S by Lemma then
each of x1, 29, ..., x, are in both ¢(A) and ¥ (B). Thus in particular there
exist a,a’ € A, b,V € B with p(a) = x1 = ¢(b), and p(a’) = x9 = (V).

As
pla'd’) = p(a)'p(a’) = 212y = 2227 = Y(V)P(b)" = YD)
for all 7 € N, it follows that the set
{(a'a’,b'b") : i € N} (4.22)
is a subset of II(¢,1). We claim that every element of (4.22) is indecom-

posable in II(p, ), which is enough to prove that II(p,) is not finitely
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generated, as any generating set must contain ({4.22)).

Suppose to the contrary; that an element (a’a’, b'd") of ([4.22)) can be decom-

posed into a non-trivial product
(a'd',b'b") = (u,v)(u', v')

for some (u,v), (v',v") € II(¢,v). As this product is non-trivial, then u is a

proper prefix of a’a’, and v is a proper prefix of b'b".

The possible proper prefixes of a'a’ and Vb are of the form @/ and v'b*
respectively, for some 1 < 7 <4, and 0 < k < . But the images of such

prefixes are
p(a’) = pla) = a1,
and
(BB = DB )(b)* = woak.
As n > 1, then z; # x5, and hence :le # xox¥ for any 1 < j < i, and
0 < k < 4. This is a contradiction, as ¢(u) # ¥(v), but (u,v) € (p,).

Hence it must be that II(p, ) is not finitely generated in the case where
n > 1. O

We thus restrict to the case where S is the free commutative semigroup of
rank one; which we will consider as the natural numbers N in the following

lemma.

Lemma 4.3.7. For two finite alphabets A and B, let ¢ : AT — N and
Y : BT — N be epimorphisms onto N. If |@(A)| and |¢(B)| > 1, then
[(p, 1) is not finitely generated.

Proof. As ¢, 1) are surjections onto N and ¢(A) and ¢(B) are semigroup gen-
erating sets for N by Lemma [I.6.10] then there exist some a € A, b € B with
p(a) =1 = (b). Moreover, as |p(A)|, | (B)| > 1, then there exist a’ € A,
b € B with ¢(a’) = p, (V') = q with p,q > 1. Either p > ¢, or ¢ > p, which

we will consider separately as cases.
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Case 1: p > q. In this case, p = c¢q + d for some ¢ € N, 0 < d < q. Let

w = (V')°b?, hence

Y(w) =) P(b)* = cg+d =p. (4.23)

p(a(d)) = p(a)p(d) =1 +ip=ip+1 = (w)¥(b) = b(w'b),

then the set
{(a(a)’,w'D) : i € N}

is a subset of II(¢, ). We will show that any element (a(a’)?,w'b) is inde-
composable in II(p, 1), which will be sufficient to show that II(p, ) is not
finitely generated (as any generating set for II(p, 1)) must contain the set of

indecomposables).

Suppose to the contrary, that (a(a’)?, w'b) were reducible. Then
(a(a’)', w'b) = (u,v)(u', )

for some (u,v), (v/,v") € I(p,1). Then u is a proper prefix of a(a’)’, hence
u = a(a’)? for some 0 < j < i and thus p(u) = 1+ jp. It follows that
o(u) = 1mod p.

Moreover, as ¢(u) = ¥ (v), then ¥(v) = 1 mod p also. As v is a proper prefix

of w'b, the possibilities for v are as follows:
(i) v=w! (V)" for some 0 < j <i—1, 0 <k <cwithj+k>0;
(i) v =w(B) forsome 0 < j<i—1, 0<1<d.

In the instance of (i), we have

Y(v) = p(w) (V)" = jp + kg = kqmodp,

and in the instance of (ii) we have

W(v) = p(w) () P(b) = jp+ cqg + 1 = (cg+ [) mod p.
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Askg<pfor0<k<candcg+1<pfor0<I[<d, then the set
{kq,cq+1:0<k<c,0<1<d}

form a set of least positive residues modulo p. As ¢(v) = 1 mod p, then one
of the elements of this set must equal 1. However as ¢ > 1 by assumption,
then there can beno 0 < k <cor 0 <[ <dsuchthat kg=1orcq+1=1.
This is a contradiction, and hence it must be that the pair (a(a’)’,w'd) is

irreducible in II(p,1). Now as i was arbitrary, it follows that the set
{(a(a)’,w'D) : i € N}

is an infinite set of irreducible elements of II(p,1)) as claimed, and hence

[I(¢, 1) is not finitely generated.

Case 2: ¢ > p. In this case, we can write ¢ = ¢p + d for some ¢ € N,

0 < d < p, and similarly to the case for p > ¢, it will follow that the set
{(w'a,b(b)") : i € N}

(where w = (a’)°a?) is an infinite set of irreducible elements of I1(¢, 1)) by
a very similar proof to Case 1; replacing all instances of p, q,a,d’,b, V', p, 1
by q,p,b,b',a,d’, 1, p respectively, and reversing the coordinates of any pair.

Hence again, II(p, ) is not finitely generated. O

We are now ready to prove Theorem [4.3.5] as the final result of the section,

which we now restate.

Theorem 4.3.5. For two finite alphabets A and B, let ¢ : AT — S and
Y : BT — S be epimorphisms onto the free commutative semigroup S with

semigroup presentation
S = (x1,%a, ..., Ty ;¥ = T2, 1 < 4,5 < n).

Then (i, ) is finitely generated if and only if n =1 (so that S 2 N), and
either |p(A)| =1 or |¢(B)| = 1.
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Proof. (=) We prove the contrapositive. If n > 1, then II(, ¢) is not finitely
generated by Lemma [4.3.6]

Otherwise, if n = 1 but both |p(A)| > 1 and |[¢)(B)| > 1, then II(p, ) is not
finitely generated by Lemma [£.3.7]

(<) Assume that n = 1, and either |p(A)] = 1 or |¢(B)] = 1. As
S = N, we will view the fiber as N and consider the epimorphisms as onto

N.

In particular, as ¢, 1 are surjections and p(A) and ¥ (B) are semigroup
generating sets for N by Lemma |1.6.10} it must be that either ¢(A) = {1}

or ¥(B) = {1}. We will consider the case where p(A) = {1}, and argue that
the case for ¢(B) = {1} is similarly proved.

In this case, ¢(a) =1 for all a € A, hence p(u) = |u| for all u € A*. Tt thus
follows that

(e, 1) = {(u,v) € AT x B : Ju| = ¢(v)}.

We will show that any element of II(¢, 1) can be written as a finite product

of elements of the set
X = {(u,v) € (p,¥) : v € B}.

X is finite, as there are only finitely many possibilities for v € B, and any cor-

responding wu such that (w,v) € X has bounded word length,
as [u] = $(v).
Let (u,v) € II(g, ). If |[u| = 1, then v € B and hence (u,v) € X. Otherwise,

as

U= Q102 ... 0, V=">b1by... by,

for some ay, as, ..., aj € A and by, by, ..., b € B, then for 1 < i < |v| let

Wi = Ap;+10p;+2 - - - Ap;+1(b;)

where p; = 0, and p; = p;—1 + ¥ (b;—1) for 2 <i < ||
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As |w;| = |ap,410p,42 - - - Qpipvy)] = ¥ (b;), then it follows that

(w;, b;) € X for each 1 <i <|v|.

We will also argue that

(u,v) = (wy, by) (w2, b2) . .. (W[, bpy|),

which is sufficient to prove that every element of II(p, ) can be written as

a finite product of elements from X, proving finite generation. As
(wl, bl)(wg, bg) e (wm, b|v|) = (wlwg .. .’wm, blbg .. .b|v|) = (w1w2 .. .wm, U),

it remains to argue that u = wywsy ... wy,|.

The first letter of wy is a;. For every 1 < i < |v|, each letter of w; (except
for the last letter) has an index which is precisely one less than that of the

following letter by construction.

For all ¢ < |v], the last letter of w; has index p; + 1 (b;), and the first letter of
w;41 has index p;11 + 1. Hence as p;11 + 1 = p; +1¥(b;) + 1 by definition, the
index of the last letter of w; is precisely one less than that of the first letter

of Wi41-
In the case of i = |v], the last letter of wy, has index

Pl + ¥(by) = ppoj—1 + Y (bjpj—1) + (b))
= Ploj—2 + V(bp|=2) + Y (bj=1) + (b))

|v]

= w(be)

= (bibs ... b))
= ¢(v)

= [u|
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The above arguments on letter indices combine to give that
wiwsy . .. ’UJM = a1y ... CL‘U‘ = u,

which completes the proof that (u,v) can be written as a finite product of
elements of X, and hence of the proof that II(p, 1) is finitely generated
when n = 1 and |p(A)| = 1. The case when [¢)(B)| = 1 can be proved in a

symmetric manner, using the generating set

X ={(u,v) € U(p,¢) :u € A}. O

We end the section with an example of a finitely generated fiber product of

two free semigroups over a free commutative semigroup

Example 4.3.8. Take S = N. Let A = B = {a, b}, and define ¢ : A* — S
by ¢(w) = |w| for all w € AT. Further define ¢» : BT — S by ¥(a) = 1,
(b) = 2 uniquely extended to a homomorphism on BT, so that ¢(w) =
|w|q + 2|w]p for all w € BT.

Then TI(¢p, 1) = {(u,v) € A* x B* : |u| = |v|, + 2|v]s}. Moreover, TI(¢, 1))
is finitely generated by Theorem as S = N and |p(A)] = 1. Asin the
proof of Theorem {4.3.5, a finite generating set for I1(y, ) is given by

X ={(u,v) € (p,¢) : v € B}
= {(a,a), (b,a), (a* b), (ab,b), (ba,b), (b*,b)} A
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Chapter 5

Deciding finite generation for fiber
products of free semigroups and

monoids

In the previous chapter, we classified those fiber products of free semi-
groups/monoids over finite semigroups/monoids which are finitely generated,
which were the results of Proposition and Theorem respectively.
We saw that, in the monoid case, the structural properties of the fiber are
somewhat strong whenever we have finite generation, but as a consequence

implied finite presentation.

We saw in the case of free monoids, the fiber need be a cyclic group in the
finite case. For finitely generated fiber products of free semigroups, we saw
that the fiber need be an infinite (but finitely generated), J-trivial idempo-
tent free semigroup (see Proposition [£.3.1] Proposition [£.3.3] and Proposi-

tion [4.3.4)).

Of course, the associated epimorphisms for the fiber product play a role too.
In the cases of finite generation seen so far, we have found restrictions for at
least one of the epimorphisms to be a constant map on the given alphabet
(see Theorem , Theorem . Though the conditions giving finite
generation for fiber products of free monoids (given in Proposition

are strong, the problems of finite generation and presentation for such fiber
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products are decidable as a result.

Another notable decision problem is the membership problem (which we refer
the reader to Definition for recap) for a semigroup. In the scope of
this work, it is a natural question to ask whether given semigroups 5,7, U,
epimorphisms ¢ : S — U, ¢ : T — U, and a pair (s,t) € S x T whether or
not (s,t) belongs to the fiber product II(p, ). In fact, the decidability of
the word problem for the fiber is sufficient for decidability of the membership

problem for a fiber product outlined, as seen in the following result.

Proposition 5.0.1. Let S,T,U be semigroups, and let ¢ : S — U and
Y T — U be epimorphisms onto U such that the associated fiber product
(¢, 1) is finitely generated as a semigroup.

If the word problem of U 1is decidable, then the membership problem for
(p, ) in S x T is decidable.

Proof. Let X be any generating set for S x 7', and let w be a word over X.
Letting mg : S xT'— S and 7 : S x T"' — T be projections onto S and T'
respectively, then w € II(p, ) if and only if p(mg(w)) = P (mr(w)).

As TI(yp, ) is finitely generated, then U is finitely generated by Proposi-
tion [.1.1} Letting Y be any finite generating set for U, then we can write
o(mg(w)) and ¢ (mr(w)) as words over Y. As the word problem of U is decid-
able, then it is decidable whether or not ¢(mg(w)) and ¢ (mr(w)) represent
the same element of U, and hence whether or not w € II(p, 1), completing
the proof. O]

Our results indicate that decision problems for the fiber product are linked
with the properties of the fiber. Hence as the main aim for this chapter,
considering the problem of finite generation, we seek an example of a fiber
satisfying the conditions of Corollary [4.3.2] Proposition [£.3.3] and Proposi-
tion [4.3.4] whose fiber product has decidable finite generation problem.

Perhaps the most natural example of semigroups which are idempotent free,

J-trivial, infinite but finitely generated with decidable word problem are
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the (finite rank) free semigroups themselves. Hence in this chapter, we will
consider the finite generation problems for fiber products of free semigroups

and monoids over free semigroup and monoid fibers.

We begin with Section [5.1, where we obtain equivalent conditions to finite
generation for fiber products of free semigroups and monoids. Namely, we
will show that such fiber products are finitely generated if and only if they

have finitely many indecomposable elements.

Having completed this, we will then introduce the machinery of two-tape
automata in Section [5.2] with some worked examples, and construct such
automata from fiber products of free monoids over free monoid fibers. In
Section [5.3] we will show the automata constructed in Section [5.2] determine

the indecomposable elements of the associated fiber product.

We conclude with Section by showing that the finite generation problem
for fiber products of free monoids over free monoid fibers is decidable, using
the automata. We then derive analogous results for fiber products of free
semigroups over free semigroup fibers. We finish with some examples of such

finitely generated fiber products.

We note that this chapter is based on Section 5 of the paper [6], written by
the author.

5.1 Equivalent conditions to finite generation for fiber

products of free semigroups and monoids over free
fibers

As mentioned at the beginning of the chapter, we will be considering the
finite generation problem for fiber products of free semigroups and monoids
over free fibers. In this section, we first give the following recharacterisation
of finite generation for such a fiber product of two free monoids in relation

to decomposition.

Lemma 5.1.1. For two finite alphabets A and B, let ¢ : A* — M and
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v B* — M be epimorphisms onto a monoid M. Then I1(p,v) is finitely
generated as a monoid if and only if (i, 1) has finitely many indecomposable

elements.

Proof. (=) Every generating set for I1((, 1)) must contain the set of indecom-
posable elements, hence if I1(p, ) is finitely generated, I1(¢, ) has finitely

many indecomposable elements.

(<) We will show that the set of indecomposable elements is a generating
set for II(¢, v). Hence let (u,v) € I(p,¥) \ {(e4,€B)}.

If (u,v) is indecomposable, then we are done. Otherwise, if (u,v) is decom-
posable, we will prove by induction on the sum of the lengths of u and v that

(u,v) can be written as a finite product of indecomposable elements from

(g, ).

For the base case, let

m= min (Ju|l+ |v]).
(u,v)€ll(p,9),
(uvv)#(aAv‘EB)

Then any pair (u,v) € II(p,¥) with |u| + |v| = m is necessarily indecompos-

able, for otherwise there is a non-trivial decomposition
(u,v) = (ur,v1)(uz, v2)
for some (u1,v1), (ug,v9) € Il(¢p, 1), but as
] + [vr] < Jua] + [ua] + [or] + [va] = [ul 4 [v] = m

and similarly |ua| + |v2] < m, we would obtain a contradiction on the mini-

mality of m. This proves the base case.

Assume for the inductive hypothesis that any pair (u,v) € II(¢,v) with
|u| + |v| = k can be written as a finite product of indecomposable elements

of TI(¢, ), and consider for the next step any pair (u/,v") € I(p, ) with
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[u/| + |[v'| = n, where

n= min (Ju]+|V]).
(u/7vl)en((p7¢)7
! |+’ |>k
If (u/,v") is indecomposable, then there is nothing to show. Otherwise, (u',v")

is non-trivially decomposable into a product
(', v") = (uy, v1)(uy, v3)
for some (u},v]), (uh, vh) € (p, ). As
Jur| 4 [or| <[] + us] + o3| + [va] = '] 4[] =,

and similarly |ub| + |v5| < n, it must follow from minimality of n that |u}|+
1] <k, ub] + vg| < k.

By the inductive hypothesis, each of (u},v]) and (u),v)) can be written
as a finite product of elements of TI(¢,%), and hence so can (v',v’). This

completes the proof of the induction, and hence of the lemma. O

We now give the following analogous statement for fiber products of free

semigroups as a corollary to this result.

Lemma 5.1.2. For two finite alphabets A and B, let ¢ : AT — S and
Y : BT — S be epimorphisms onto a semigroup S. Then I(p, ) is finitely
generated as a semigroup if and only if Il(p, ) has finitely many indecom-

posable elements.

Proof. The proof is precisely the same as for Lemma [5.1.1], without account-

ing for empty words. O

Given the similarity between Lemma and Lemma [5.1.2] we will concen-
trate on first obtaining results on finite generation for fiber products of free
monoids over free fibers. We will then derive the analogous results for fiber

products of free semigroups over free fibers later in the chapter.
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5.2 Two-tape automata construction for fiber prod-

ucts of free monoids over free monoid fibers

As a consequence of Lemma and Lemma [5.1.2] deciding finite genera-
tion for II(p, 1) is equivalent to deciding whether its set of indecomposable
elements is finite. In this section, we will construct a finite automaton from
a fiber product of two free monoids over a free fiber, and show in section
that it accepts a language corresponding to the fiber product’s inde-
composable elements. For a fiber product of two free monoids over a free
monoid fiber, if the accepted language of the automaton is finite, then we

will have decided that the fiber product is finitely generated as a consequence
of Lemma B.1.1]

As the fiber products under consideration are semigroups of pairs of free

words, we will use two-tape automata, which we now define.

Definition 5.2.1. A two-tape automaton A is a 6-tuple
A=(Q,%1,%,0,, F),

where:

e () is a finite set of states;

e 3, Yy are two finite alphabets forming the input alphabet

Y= (Z1U{e}) x (Z2U{ea})

where €1, €9 are the empty words over X; and > respectively;
e ) is a subset of Q x X x @ called the transition relation;
e 1 € Qand F C (@ are the initial state and set of final states respectively.

Pictorially, the initial state + and any final states ¢; € I’ will be represented
respectively by the following nodes :
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All other states will be represented by a regular circular node. A transition

(¢, (a,b),q;) of 6 will be represented pictorially by the edge

O

and say that the edge has label (a,b). Where there is more than one edge
going from state ¢; to state g;, we will write each label alongside a single

arrow, rather than drawing multiple arrows.

A path p of length n in A is a sequence of transitions p = (¢;—1, 04, ¢;)"q. A
cycle is a path p = (¢;—1,0i,¢;)1~, with ¢ = ¢,. A two-tape automaton is

said to be acyclic if it contains no cycles.
As ¥ C ¥} x X3, then there is a natural surjective homomorphism
7w Xt — 3% x X% defined by

w(0109...0,) =01 090y
where the right hand side is considered as a product of pairs in the product
monoid 37 x X5. The mapping 7 will be called the product monoid mapping.

A pair (u,v) € X7 x X3 will be a label for a path p = (g;_1, 04, ), if

(o109 ..0n) = (u,v).

An input is a word w € ¥7. We will say that the automaton A accepts an
input w = 0109...0, € X7 if there exists a path p = (¢;_1, 04, ¢;)"; with
g = t, and g, € F. The language accepted by A is the set of all words
w € X1 which A accepts, and will be denoted L(.A). [ |

Two-tape automata provide us with a way of considering pairs

(u,v) € X7 x X5 as labels of the automaton. As the input alphabet is a
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direct product, then the automaton can either read either letters from u, or
from v, or from both u and v at the same time (hence being able to read

from “two tapes”).

We now provide an example of a two-tape automaton, illustrating the con-
nection between the language accepted by it and the corresponding language

in the product monoid.
Example 5.2.2. Let A = (Q, X1, 35,0, ¢, F'), where

e Q={q,n};
[ ) 21 = 22 = {a,b},
° )= {(QO, (aab)7QI)7 (Q17U7 ql) HEGS 2}7

o t=q, F={n}

Pictorially, A has the following form:

(a,b)
c:0€EXN

We can see that every input of the form (a,b)w for w € ¥* is accepted by
the automaton, and conversely every input accepted by the automaton has

to be of this form. Hence

L(A) = (a,0)X* = {(a,b)w : w € 3*}.

Considering the natural mapping of this language into X} x 33, then
m(L(A)) = {(u,v) € ] X X3 : uy = a,v; = b}.

That is, for every pair of words (u,v) € ¥} x 33 where u begins with an a,
and v begins with a b, there is at least one corresponding word in ¥* that

the automaton accepts, and vice versa. A

From a given fiber product of two free monoids over a free monoid fiber,

we now construct a two-tape automaton that can be used to decide whether
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the fiber product is finitely generated. The automaton will be designed to
accepted all input words whose image (under the map 7 defined in Defini-
tion is an indecomposable element in the fiber product. This will be
proved later in Section [5.3], but we first give the construction in the following
definition, for which we ask the reader to recall the notation of Definition|1.5.3
and Definition [1.5.4]

Definition 5.2.3. Let A, B, C' be finite alphabets, and let ¢ : A* — C*,
Y 1 B* — C* be two epimorphisms. Given the fiber product II(p, ), the
two-tape automaton A, associated with I1(p, 1)) is the 6-tuple

"43071# = (Q721722767 L, F)’

where:
hd Q = Ql U QQ U {’/7 (60780)}7 for

Q1 = {(u,ec) € CT x {ec} : (Fw € p(A))(u <, w)},
Q2 = {(ec,v) € {ec} x CF : (Fw € P(B))(v <5 w)};

e 3, =A, ¥y = B, so that
S = (AU {za}) x (BU{ep});

e 0=, A CQxYxQ, where

Ay ={(v, (a,ep), (ec,e0)) 1 a € A, p(a) = ec},

Ay ={(t,(ea,b), (ec,ec)) : b€ B,(b) =ec},

Az = {(t, (a,b), ($(0)"pla),ec)) 1 a € Ab € Byyp(b) <, la), v(b) # ect,
Ay ={(t.(a,0), (ec,(a)'(b)) s a € A,b € B,p(a) <, b(b),¢(a) # ect,
As = {((u,e0), (€4, 0), (¥(b ) u,ec)) 1 b € Bu#ec, ( ) <p u},

Ao ={((w,ec), (€4,0), (ec,u™ ¥ (D)) s b € Byu# ec, u <, (b))},

A7 = {((ec,v), (a,ep), (ec, ( )M)) ta € Av # ec, (a) <, v},

As = {((ec,v), (a,ep), (v p(a),ec) s a € Av # ec, v <, pla)},
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e ¢ is an initial state, and F' = {(e¢,e¢)}.

Note that there are no transitions into the initial state, and no transitions
out of the final state. |

As the above definition is written techincally, we now give two examples
which illustrate how to construct the two-tape automaton associated with a

fiber product.

Examples 5.2.4. (a) Let A = {a,b} = B, and let C = {z}. Define
¢ A" — C* and ¥ : B* — C* by p(a) = ¢(b) = x (which is uniquely
extended to an epimorphism from A* onto C*), and ¥(a) = z,v¥(b) = x?

which is uniquely extended to an epimorphism from B* onto C*).
Yy

The fiber product II(p, ) can be described as

() = {(u,v) € A" x B : |u| = |v]a + 2v[s}.

We now illustrate how to construct A, from II(p, ). Firstly, as every state
and transition is written in terms of the images of the alphabets A and B,

then we note that

p(A) = {z},9(B) = {,27}.

For the states in @), the possible words w € @(A) are simply w = =,
which has no proper suffixes. Hence ) is empty. For )5 however, as
¥(B) = {x, 2%}, then w = 2 has a proper suffix . Hence Qy = {(e¢,z)},
and thus

Q@ ={v. (ec. @), (ec,ec)}-

For the transition relation §, we consider each set A; individually. Firstly,
Ay is empty, as ec € p(A). Similarly, A, is also empty, as e¢ € ¥(B).

For Asz, we will obtain two edges, as 1¥(a) which is a prefix of both

=z,
pla) = x and (b)) = x. As Y(a)tp(a) = 7'z = e, and
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Y(a)"to(b) = x7'z = ¢, then

A3 = {(L7 (av CL), (80750»7 (L7 (b7 a)? (50750))}'

For A4, we will obtain four edges, as ¢(a) = x = ©(b), which are both
prefixes of 1(a) = x and ¥ (b) = 2%. These edges are

(Lv (a’ a)) (507 50))7(L7 (a’ b)a (507 $))7
(”7 (b7 CL), (507 50))7(L7 (b7 b)? (507 CL‘))

Two of these edges have already been included in ¢ from As, which will be

accounted for when we take the union of the A;.

For Aj, there are no states of the form (u,e¢) for u # ¢, hence Ay is empty.

The same is true for Ag.

For A; however, the only state of the form (e¢,v) for v # e¢ is (e¢, ). As

p(a) = x = p(b) are prefixes of x, then we obtain the two edges

A7 - {((50,37), (G’EB)’ (50,50))7 ((60755)’ (b> 53)7 (50750))}'

Finally, considering Ag, as (¢, x) is the only state of the form (e¢,v) for
v # e¢, and x is a prefix of both ¢(a) = x and ¢(b) = z, then we’d again

obtain the two edges

A8 - {((80,1‘), (CL,?EB), (8075()))’ ((80,%’), (b7 53)7 (50760))}7

which were already accounted for in As.

Taking the union of the A; as our transition relation ¢, then we obtain the
picture for A, given in Figure overleaf.

(b) Let A = {a,b} = B, and let C = {z}. Define ¢ : A* — C* and
Y : B* = C* by p(a) = z, p(b) = 2* (which is uniquely extended to an
epimorphism from A* onto C*), and ¢(a) = x?,1(b) = x (which is uniquely

extended to an epimorphism from B* onto C*).
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Figure 5.1: A, for II(p, ) given in Examples (a).

The fiber product can be given by

(e, ¢) = {(u,v) € AT x BT : Jula + 2Juls = 2Jvla + 0]}

As the images of the alphabets are

p(A) = {z, 2%} = ¥(B),

then the only proper prefixes are =, and hence we create the states (z,e¢)

according to @1, and (e¢, z) according to ()3, so that

Q = {La (807 50)7 (x,ac), (507 x)}
Turning to the transition relation 4, as ec does not appear in either ¢(A) or
1/}<B), then Al = Ag = Q)

For As, the non-empty prefixes of words in p(A) = {z,z%}, are z or z?
which are mapped onto by b and a via 9, respectively. This gives us the set

of three edges
A3 = {(Lv (CL, b)v (80750))7 (Lv (bv a)? (807 50))7 (L7 (b7 b)v (Iv 6C>>}‘

For A4, the non-empty prefixes of words in (B) = {z,2%}, are x or 22
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which are mapped onto by a and b via ¢, respectively. This gives us the set

of three edges
A4 - {(La (a’ b)? (807 60))7 (L’ (b7 a)’ (50’50))7 (L7 (CL, CL), (5@,17))}.

For As, the only state of the form (u,e¢) for u # e¢ is (x,e¢). As ¥(b) =«

which is a prefix of z, then we obtain the set of edges

As = {((37,80), (gAvb)> (50750»}'

Similarly for Ag, as the only state of the form (u,e¢) for u # e¢ is (z,e0),
then x is a prefix of both 1(b) = z and 1 (a) = 2. This gives us the set of

two edges

AG = {((l’, 50)7 (5147 b)’ (507 50))7 ((l’, 50)7 (5147 a)’ (507 IE))}

For Ay, the only state of the form (e¢,v) for v # ¢ is (¢, ). As ¢(a) = x

is a prefix of x, then we have the set of edges

A7 = {((507 :L‘), (a7 EB)’ (50’ 50))}'

Finally for Ag, we're considering edges from the state (e, z) similarly to A;.
As x is a prefix of both ¢(a) = x and p(b) = 22, then we have the set of two
edges

AS = {((507 :L“), <a7 63)? (507 50))7 ((5(1? x)? (b’ EB)v (ma 50))}'

Taking 0 to be the union of the A;, we obtain the picture for A, given in
Figure [5.2] overleaf. A
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(514’ CL)

Figure 5.2: A, for II(¢,1) given in Examples (b).

5.3 The language recognised by the two-tape automa-
ton associated with II(p, )

We now aim to show that A, as constructed in accepts a language
which corresponds to the set of indecomposable elements of II(y,1). This
will aid us in deciding finite generation by Lemma[5.1.2] Hence we introduce

the following result.

Theorem 5.3.1. Let ¢ : A* — C*, ¢ : B* — C* be two epimorphisms with

A, B,C finite alphabets, and let A, ., be the associated automaton given in
Definition[5.2.3] Then
m(L(Apy)) =T,

where 7 is the product monoid mapping defined in Definition and L 1is
the set of indecomposable elements of I1(p, ).

Our strategy for proving Theorem [5.3.1] will be to prove each inclusion sep-

arately, by proving the following two lemmas.

Lemma 5.3.2. For ¢,v,T defined in Theorem|5.5.1

m(L(Agp)) € T.
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Lemma 5.3.3. For ¢,¢,T defined in Theorem |5.5.1

T Cm(L(App))-

We first introduce and prove the following technical lemmas (Lemma [5.3.4]

and Lemma |5.3.5)) in order to prove Lemma and Lemma later in

the section.

Lemma 5.3.4. Let ¢ : A* — C*, ¢ : B* — C* be two epimorphisms with
A,B,C finite alphabets, and let A, be the associated automaton given in

Definition |5.2.3|
If a path from v to a state (u,v) € Q has label (o, B) € A* x B*, then

pla)v = p(B)u. (5.1)

Proof. We will prove inductively on path length that (5.1)) holds for any given
path of length k& from ¢ to (u,v) with label (a, 3).

For the base case, the paths p of length & = 1 originating from ¢ are precisely
the transitions described in Aj, Ay, Az and A4. The paths p € A; ending
in state (¢, ec) have labels (a,ep) for a € A, satisfying ¢(a) = ec = ¥ (ep),
and hence holds. The case for A, is similar.

The paths p € Ay are of the form p = (1, (a,b), (¥(b)'¢(a),ec)) for some
a € A, b € B. Hence the possible labels are («, 3) = (a,b), and the states
are (u,v) = (1(b)"'¢(a), ec)). Thus

and so (5.1) holds.  Similarly, the paths p € A, are of the form
p=(1,(a,b), (ec, p(a)"*(b)) for some a € A, b € B. Hence

pla)v = p(a)p(a) P (b) = ¥(b) = ¥(B)u,
and so (5.1]) holds. This proves the base case for paths of length & = 1.

Assume for the inductive hypothesis that if a path from ¢ to (u, v) has length k
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and label («, 3), then it satisfies (5.1]). Consider now a path p’ of length k+1,
from ¢ to (v/,v’) with label (o/, 5’). Then there is a path p from ¢ to a state
(u,v) of length k& with some label (o, 8), and a transition t € AsUAgUA;UAg

from (u,v) to (v, v").

There are two possible cases for the label of the transition ¢, which we will

consider separately:

Case 1: t has label (4,b) for some b € B. In this case, t belongs to either

As or Ag. Hence the state (u,v) is of the form (u,e¢) for some u # ec.

Moreover, as the path p’ has label (¢/, ") = («, 8)(€4,b), then the path p
has label (o, 8) = (¢, 8'b71). If ¥(b) <, u, then it follows that ¢t € Aj, and
hence by definition it follows that (u/,v") = (¢(b)'u,ec). Thus

Otherwise, if u <, ¥(b), then t € Ag, and it follows that (v/,v") = (ec, u™ ' (D)).

Hence

B ( )
ﬁ/ 1)
a')vv’ by the inductive hypothesis

Y(B)u

U(
U(
o
(

a '

In both scenarios, (5.1)) is satisfied, proving the inductive step.

Case 2: t has label (a,ec) for some a € A. This time, ¢t belongs to either A,

or Ag. Hence the state (u,v) is of the form (e¢,v) for some v # ec¢.

Thus the path p’ has label (¢/, 8') = (o, 8)(a,ep), and hence the path p has
label (a, 8) = (a/a™,8'). In the case where p(a) <, v, then t € A; and
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hence by definition it follows that (u/,v") = (ec, ¢(a)"'v). Thus

(

(o'a” )

(8")u by the inductive hypothesis
(B

/)u/

Otherwise, if v <, p(a), then ¢ belongs to Ag, and hence (v/,v") = (v"p(a), ec)
by the definition of Ag. Thus

p(a ) = p(a'a™)p ( )

o/a"Hou

S )uu’ by the inductive hypothesis

g

Again, (5.1)) is satisfied, proving the inductive step. Hence the result holds
for paths of arbitrary length. O

(
(
(
(

I
< & € €6

Lemma 5.3.5. For the automata A, associated with the fiber product
(p, ), let p = (gi-1,0i,q:)7—, be a path of length n with gy = . Define

d=pomysom, VW=9omp«om

where mw is the product monoid mapping defined in Definition [5.2.1
- o A* x B* — A* is projection onto the first coordinate, and

s 1 A* X B* — B* is projection onto the second coordinate.

Then either
Gn = (V(oy...0,) ' ®(01...00),20) (5.2)
if W(oy...0n) <, ®(o1...0,), or

G = (e, ®(o1...0,) V(o) ...0,)) (5.3)

if ©(oy...04) <, V(oy...0,).
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Proof. We will proceed by induction on n. For the base case where n = 1,
the path p is a transition (¢,01,¢1) € A1 U Ay U Az U Ay,

If p € Ay, then 01 = (a,ep) for some a € A with p(a) = e¢. Hence

(1) = (poma-om)(a,e0) = p(a) = ec, W(oy) = (Yomp-om)(a,20) = <o,

and q; = (e¢,ec) = (V(01)1®(01),e¢) as expected. The case for p € Ay is

almost identical.

For p € Az and p € Ay, (5.2)) and (5.3) follow by definition of Az and Ay,

respectively. This proves the base case.

Assume for the inductive hypothesis that for all paths p = (¢;_1, 0y, ¢;)¥_, of
length k, either

= (V(oy...00) ' ®(01...04),e0), (5.4)

if U(oy...0%) <p ®(0q...0%), or

q = (ec, ®(o1...0%) W (oy...0%)), (5.5)
if ®(oy...0k) <, Y(oy...0%).

Consider the state g, for a k + 1 length path p’ = (¢/_;,07,¢)5*! in the

case where ¢, # (e¢, £¢). By the inductive hypothesis, state g}, satisfies either
63 or G3).

In the case of (15.4)), then as we assume
U(o)...0%) ' ®(0]...0}) # ec, the transition (g}, 0}, )1) i either an

element of A5 or Ag. Hence 0, = (€4,b) for some b € B.

If (b) <, (o} ...0}) ' ®(0]...0}), then by the definition of Ay, we have

Qhpr = (D(0) V(0] ...0}) T @(0} ... 0}), ec)
= ([W(0) ..o )v (b)) 2(0) ... 0%),ec)
= ([®(0} ... o) U (ohy)] " @0} .. 0h), ec)
(

V(o) ...0hy) B0} o) ),
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and so holds. Otherwise if ¥(o}...0}) ' ®(c}...0}) <, ¥(b), then by
the definition of Ag,

o, V(o) ...a,) " 0(0] ... 03)] (b))
(01 01) " W(ay ... a)1(b))

ec, ®(o] ... 0’,;)_1\11(0'1 o)V (0741))
(o7 -

0k+1) 1111(01 0-;6—1—1))’

/
k11

Q

and so [5.3] holds.

The case for (5.5) can be proven symmetrically. Hence the inductive step

has been proved, and the result follows for arbitrary n. O

We are now in a position to prove Theorem by proving Lemma 5.3.2

and Lemma |5.3.3| which we restate and prove below.

Lemma 5.3.2. For ¢,¢,T defined in Theorem |5.5.1
m(L(Agw)) € T.

Proof. Let o105 ...04 € L(A,) be a word of length &, and consider the im-
age

m(o102...01) = (a, B) € A* x B*.

As 0109...04 € L, there exists a length k path p = (g;—1,0:,¢:)F; in A, .,
from gy = ¢ to (e¢,ec) with label («, ). By Lemma [5.3.4] it follows that
() = ¥(F), and hence (a, 5) € T(p, ¥).

Suppose for a contradiction that («, 5) were decomposable in I1(¢, 1). Then
there would exist (o, '), (o, 5") € Il(¢, %) \ {(4,e5)} such that

(a,8) = («/, 8')(a", B") (5.6)
is a non-trivial decomposition of (a, 3).

By the definition of the transition relation ¢ in Ay, either oy = (a,ep),
o1 = (ea,b), or 01 = (a,b) for some a € A, b € B. The first two situations
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lead to a contradiction, as either p = (i, (a,ep),(ec,ec)) or
p = (¢, (ea,b), (ec,ec)), and hence either («a, 5) = (a,ep) or (o, B) = (£4,b)
which are indecomposable.

Thus o7 = (a,b) for some a € A, b € B. In particular, it must be that
o1 = (Jal1,|B]1) (and moreover, («, 3) € AT x BT).

Suppose o = €4. Then as (¢, ) € (p,¥) \ {(ea,ep)}, it must be that
B € BT and (5') = ec. Writing 8" = biby ... b; for some by, by, ..., b; € B,
it would follow that

w(ﬁ/) = w(blbz ces bi) = w(bl)w(bz) .- T/J(bz) =E&c,

and hence in particular t¢(b;) = e¢. This is a contradiction, as

U(|611) = ©(F1) = ¥(b1) = ec and o1 = (|a|i,|B]1), but there are no
transitions in 0 of the form (¢, (||, |B]1), q1) where ¥(|8|1) = e¢. Hence

o #eqg

A similar proof shows that (5 # ¢ep, and hence it must be that
(o, B") € AT x BT. Letting (o, f) = (a1a2 . .. o[, b1b2 . . . bjg)), then

(Oé/, B/) = (a1a2 ¢ 7o) ble e bn)

forsome 1 <m < |a|, 1 <n < || withm+n < |a|+|8|. Asaias...a,, and
Ta(m(o109...03)) (for 1 <4 < k) are prefixes of «, then there is a minimal
M € N such that ajay . .. a,, = ma«(7(0102 . .. o). Similarly, we can choose

an N € N minimally such that b1by...b, = mp:(7(0102...0N)).

It cannot be that the length k of path p is equal to one, for then
(a, B) = w(o1) = (a,b) for some a € A,b € B, with either ¢(a) # ¢ or
(b) # e¢, and hence by definition of ¢ it would follow that («, 8) is inde-

composable.

Thus k£ > 1, and further by definition of d, each o; for ¢ > 1 is either equal
to (a,ep) or (£4,b) for some a € A, b € B, and so it cannot be that M = N.
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Letting 1 = min{M, N}, it then follows that

(aras . ..apm,b1bs ... by) for some n' <nif M < N,
m(o10g...0,) =
(aras ... Gp,b1be ... by) for some m’ < m if N < M.

In the first case where u = M, we claim that
(0109 ... Opree) = (@102 . .. A, b1bo . byrgy), (5.7)

for all 0 < ¢t < mn —n'. We will show this by proving the case for ¢t = 0, and
then showing that the case for t = [ implies the case for t = [ + 1, when

l<n—n'

For the first case where t = 0, we have already seen that

7T(O'10'2 .. .O'M) = (a1a2 vy, blbg e bn’)

If the case for t = [ is true, then

7T(0'102 ce UM—H) = (a1a2 € ) blbg e bn’+l)7

For the next case t = [+ 1, we will determine o,;4;11 by considering the state
M1 As P(bibe...byy) <, Y(biba...b,) for I < n — n/, and
W(biby ... b,) = @(ajas .. .ay), then

P(biby ... b)) <, plaras ... ap). (5.8)
Recalling the definitions of ® and ¥ from Lemma [5.3.5] as
O(0109...0041) = (pomas o) (o109 ... op11) = @(aras . .. apy,)
and
U(o109...00m41) = (Yompsom)(o10a...0041) = Y(b1ba ... byyy),
then by and Lemma , the state qury; is either in @ or

qu = (ec,ec). The latter case leads to a contradiction, as then
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(o, B) = (a1ag...ap,b1by...byyy) with 0’ +1 < n < |B]. Hence it must

be that ¢y € Q1, and hence o111 = (€4,b) for some b € B.
As
T B* (71'(0’10'2 Ce UM+IUM+Z+1)) = blbg . bn’+lb:

and 7ps«(m(0102...0p0n1141)) i a prefix of B') then it must be that
b = by Thus as wa«(m(o109...op0nv1)) = (aras. .. ay), we have
shown that

7T(O‘10'2 ce UM—}—H—I) = (a1a2 vy, blbg e bn’+l+1)>

and have hence proved our claim in (5.7)), as ¢ = 0 implies t = 1, and t = 1
implies t = 2 and so on, until £ = n — n/. Thus in the case that u = M, in

particular we have

7T(O'10'2 e UM+n—n’) = (a1a2 v Oy, ble “ee bn)

Hence by Lemma [5.3.5 it follows that quin—n = (ec,ec), as
(a1ag ... Qpm,biby. .. b,) € Il(p, 7). As there are no transitions leading out
from the state (ec,ec) by the definition of §, it must then be that

qx = QM+n—n’, and thus (Oé, 5) = (O/v 5/>

This is a contradiction of the non-triviality of the decomposition in ([5.6)),
and hence (a, #) is indecomposable in the case where y = M. The case for

i = N is similar to 4 = M, when showing that

’/T<0'102 c UNth) = (a1a2 .. '@m’+t7b162 c. bn)

for 0 <t < m/ —m, and deducing that ¢nim—m = (¢c,€¢), again showing
by Lemma that (o, B) = (o, 3').

Thus we have shown that (a, 8) € I for any (o, 8) € 7(L(A,)), and hence
the result follows. O

Lemma 5.3.3. For ¢,¢, T defined in Theorem |5.5.1
T Cm(L(Apy)).
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Proof. Let (o, 8) € Il(p, ) be an indecomposable element. We will con-
struct a path p = (g;_1,04,¢)F, with ¢qo = ¢ and ¢ = (e¢,ec) so that
0103 ...05 € L(Ayy), and m(o105 ... 0k) = (o, B).

In the particular case where @ = £4, it must be that § € BT. Writing
[ = biby ... b, for some by, by, ...b, € B, then as

ec = @(a) =(B) = ¢Y(biby ... bn) = (b1)p(b2) ... ¥ (bn),

it follows that ¢(b;) = ¢ for each 1 <1i < n. Hence if (o, §) is indecompos-
able with a = ¢4, it follows that (a, 5) = (4, b) for some b € B. Now the

transition

P = (Lv (8147 b)? (80750)) € AQ
is a path accepting the word o = (£4,b) € ¥*, with 7(0y) = (o, 8), and
hence (a, ) € m(L(A,,)) in this particular case.

Similarly, if 5 = g, then (a, 8) = (a,ep) for some a € A, and the transition
p = (i, (a,ep),(ec,ec)) € Ay is a path accepting the word
o1 = (a,ep) € ¥*, with m(01) = (o, §). Hence again, (o, §) € 7(L(Ayy))-

We will thus consider the final case where (a, ) € AT x BT. Hence suppose

(avﬁ) = (alaIZ - Al blbg .. b|ﬁ|)

for some a1, as, ..., a1q € A, by, by, ..., bz € B. Define the sequence of triples
p = (g1, 04, qi)i-i'f'm*l € Q X ¥ x Q (where @, ¥ are as in Definition |5.2.3))
by g = ¢, 01 = (a1,b1), and (recalling the definitions of ® and ¥ from

Lemma [5.3.5))
(\I/(O'l . O'i)_l(I)(O'l c. O',L'),EC) if \I/(O'l c. Ui) S q)(O'l ce O'l')
(80, (I)(O'l C O'Z')_l\ll<0'1 c O'z)) if @(0’1 C 0'7;) Sp ‘1/(0'1 e O'i)

hS]

q; =

for 1 <1 <la|+|B| — 1, and finally

Qj,_1,E€ if i1 €
i — (gl_ B) gi—1 € Q2 (5'9)

(ea,br, ) ifqg_1€
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(Where ji,1 = |7TA*(7T(O'1...O'Z',1))| -+ 1, and kifl = |7TB*(7T<O'1...0'1',1))| +1
for 2 <i<la|+ 8] —1).

Firstly, each ¢ is a well defined state in A,,, as for each
1 <i<lal+|pl -1, ®(o109...0;) is a prefix of p(a), ®(o102...0;) is
a prefix of (), and p(a) = ¥ (B). Hence either ®(oy03...0;) is a prefix of

V(o109 ...0;), or vice versa for each i.

Moreover, ¢; # (¢, ec) for i < |a|+ |5] — 1 by indecomposability of («a, ).
Hence as each ¢; € Q1 U Qs for 1 < i < |a|+ |5 — 1, then each o; is a well
defined element of ¥ in A, .

We make the following claims about the sequence of triples

P = (gi-1, 04, qi)ﬁ'f'ﬁ‘*l just defined:

Claim 1: (¢;—1,0i,q;) € 0 for 1 <i <|a|+ |B] — 1, and hence p is a path in
Ay

Claim 2: m(0103 ... 0a45-1) = (@, B).

From Claim 2, it follows that ¢||1|5-1 = (¢¢,€c) by Lemma as

(0102 - Tjaj1-1) = p(a) = Y(B) = V(0102 - Olaj1i51-1),

and thus o103 ... 0ja+i8-1 € L(Ayw). Hence (o, 8) € m(L(A,y)), complet-
ing the proof of the result.

It thus remains to prove Claim 1 and Claim 2.

Proof of Claim 1: In the case of i = 1, oy = (ay,b;) by definition. As
®(01) = ¢(a1), and W(o1) = ¢(br), then as p(a) = (), either
P(b1) <, plar) or p(ar) <, ¢(br). Hence either

@ = (V(o1) ' ®(01),e0) = (¥(b1)"p(ar), ec)

if 7»b(bl) Sp QO(CLl), thus (q07017q1) = (Lv (a17b1>7(@D(bl)ilgp(a’l)?gc)) € A3 as
required, or

¢ = (ec, P(01) " W(01) ™) = (g0, (ar) " (br))
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if @(al) SP w(b1)7 thus (q07017Q1) = (Lv (a1,b1)7(50790(a1)_1¢(bl)) c A4 as
required.

For i > 1, the triple (¢;_1, 0y, ¢;) is such that ¢;_1 € Q1UQ2. We will consider
the cases where ¢;_1 € ()1 and ¢;_1 € )5 separately, showing in both cases
that (qifl,O'i,qi) edforl<i< |Oé’ + |5’ — 1.

If ¢1 € Qi then ¢1 = (V(oy...011) ' ®(0y...0;.1),ec) and
o; = (€a,by,_,) by construction, where k;_y = |mp«(7m(0109...0,-1))| + 1.
If V(oy...00) <, ®(01...0;), then as ®(oy...0;) = P(0y...0;-1), and
U(oy...04) = ¥Y(oy...0i-1)0(bg,_,), it follows that (b, ,) is a prefix of

U(oy...0i_1) '®(01...0;_1). Moreover, by construction,

g =Y(oy...00) ' ®(0y...0:),e0)

(W(oy...0i-1)¥(0)] ' ®(0y...0i_1),60)

V(o) ' W(oy...001) ' ®(01...0i1),6c)
O(0y

(
’l/)(bki)_l\I/(CTl...O'i_l)_l ...O'i_l),6c).

Hence (qi_1,0:,¢5) € As C 0 by definition. Similarly if
@(01...0'1') Sp \IJ<O'1...O'Z'), then as @(01...01‘) = (I)(O'l...Uifl) and
\I]<O'1 Ce Oi) = ‘I/<O'1 . O-ifl)w(bkifl); it follows that ‘IJ<O'1 . O'Z',l)_lq)((fl Ce O'ifl)

is a prefix of ¢(by, ,). Moreover, by construction,

¢ = (ec,®(o1...03) " W(oy...09))
= (e¢,®(01...0i-1) "W (0y...001)V(0y))
= (ec, [W(oy...001) ' ®(01...00-1)] ()
= (e, [Y(oy...001) ' ®(01...041)]  b(by,)),

thus (¢;—1,04,¢) € Ag C d by definition.

Otherwise, if ¢;_1 € Qa, then ¢y = (¢, ®(01...0;_1) (01 ...04_1)) and
o; = (aj,_,,ep) by construction, where j;_1 = |ma+(7(0102...05-1))] + 1. A
similar proof to the case where ¢; 1 € @y gives that (¢;_1,0:,¢) € Ay C 4 if
O(oy...04) <, V¥(oy...04), and that (¢i_1,04,¢) € Ag C ¢ if
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\I]<O'1 . -Oi) Sp (I)<O'1 . 0-7,)

Thus having considered all cases, we have shown that (¢;,_1,0;,¢;) € § for

1 <i<l|al+|8] — 1, concluding the proof of Claim 1.

Proof of Claim 2: We will show that m(o102...0a+)81-1) = (o, ). Firstly,
we will consider the possible values for each j;, k; as defined in the construc-
tion of the o; for 1 < i < |a| + |B] — 1.

In the case of ji, as o1 = (a1, b1) by definition, then

J1=|ma(m(o1))| +1=|a| +1=2.

More generally for ¢ > 1, if 0; = (aj, ,,€p), then
ji = ’ﬂ'A*(O'l .. O',L)’ +1= (|7TA*(O'1 .. .0'1;1)’ + 1) +1 :jifl + 1,
whereas if 0; = (€4, b, ,), then

ji = |7TA*<O'1...U7;)| + 1 = |7TA*(O'1...O'Z',1)| + 1 :jifl-

It follows that the set
SA:{jiZQSiS|Oz|+|5|—1,0i€AX{€B}}

is equal to {2,3,4...,m} for some m < |a], and moreover satisfies

ji < ji <1 <. Now as
Ta=(m(0102 ... Olaj4|8-1)) = a1aj, aj,, - Qj;
for i, Jiys - Ji, € Sa with p = |S4| and 4y < iy < --- <y, it must be that
Ta=(T(0102 . .. Oja|+]8]-1)) = Q10203 . . . Gy (5.10)
A very similar proof shows that when considering the values of k;, the set

Sp=1{ki:1<i<l|a|+|8]—1,0i € {es} x B}
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is equal to {2,3,4...,n} for some n < |f], satisfies k; < ky < i < i, and

hence we can similarly deduce that

T B* (7'{'(0'10'2 e O'|a|+‘[3|_1>> = b1b2b3 N bn- (511)

Together, (5.10) and ((5.11]) imply that

7T(0'10'2 c. O"a|+|/3‘_1) = (a1a2a3 N ) b1b2b3 c. bn)>
and hence to prove the claim it remains to show that m = |a|, and
n= 6.
As m < |a|, suppose for a contradiction that m < |a|. As m = |S4| + 1, it
follows that |Sa| < |a| — 1. As
[Sal + 158 = la| =1+ 8] =1 = |a[ +[8] - 2,
it now follows that

| + 8] =2 < |a| =14|S| = |B] —1 < |SB|.

But as |Sp| = n — 1, it follows that |3| —1 < n — 1, and hence |3| < n which
is a contradiction, as we saw that n < |8|. Hence it must be that m = |a].
A similar proof shows that n = ||, and hence we have proved Claim 2, and
thus the result. ]

By proving Lemma and Lemma [5.3.3] we have now proved Theorem
which we restate below.

Theorem 5.3.1. Let ¢ : A* — C*, b : B* — C* be two epimorphisms with
A, B,C finite alphabets, and let A, be the associated automaton given in
Definition[5.2.3]. Then

m(L(Anw)) = T.

where 7 is the product monoid mapping defined in Definition and T is
the set of indecomposable elements of T1(p,1)).
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5.4 Decidability of finite generation for fiber products

of free semigroups and monoids over free fibers

Having constructed automata recognising a language corresponding to the
indecomposable elements of the fiber product II(p, ), in this section we will
use the automata to determine finite generation of II(y, ). We begin by
presenting the following result as a corollary to Theorem [5.3.1] which gives
a necessary and sufficient criterion for the fiber product of two free monoids

over a free monoid fiber to be finitely generated.

Theorem 5.4.1. Let ¢ : A* — C*, ¢ : B* — C* be two epimorphisms with
A, B,C finite alphabets, and let A, ., be the associated automaton given in
Definition[5.2.3] Then the following are equivalent:

(i) I(p,1) is finitely generated;

(ii) A,y is acyclic.

Proof. For (i) = (ii), we will prove the contrapositive: if A, has a cycle,
then I1(¢p, 1) is not finitely generated.

Hence let (q;—1,04,¢;)%, be a cycle in A, 4, so that go = gx. As there are
no transitions of the form ((e¢,e¢), 04, ¢i) or (¢i—1,0,¢) in § by definition,
then it must be that qo € @1 U Q2. That is, either ¢y = (u,e¢) for some
u € CT with u <; w for some w € (A), or go = (¢¢,v) for some v € C*

with v <g w’ for some w' € ¥(B).

We will consider the case for ¢y = (u,e¢), as the case for gy = (¢, v) can be
given by a similar symmetric argument. As u is a suffix of w = ¢(a) for some
a € A, and ® is surjective, then there exist by,...,b;,0},...,b, € B such that
P(by...bj)u = w and (b ...b)) = w. In particular, each b;,0; € B can be
chosen so that 1(b;) # e and ¥(b}) # ec.

We construct the sequences of transitions (p;_1, 7, pi)le and (r;_1, pi,7i)',

where

L. (p077—1ap1) = (Lv (a7b1)7 (w(b1>71wagc))v
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2. pi = (W(by..b)tw,ec), i = (ea, b)) for 1 <i < j |
3. 10 = qo, pi = (ea,b), ri = (V... b)) tu,ec) for 1 <4 < 1.

Note that (po, 71, p1) € Az as¥(by) <, ¥(br...bj)u, Y(by...bj)u=w = ¢(a),
and thus ¥(b1) <, p(a) with ¢(by) # e¢. Further, for 1 <i < j,

(pifl, t'“pz) = ((w(bl e bi,l)*lw, Sc), (EA, b,L), ("(ﬂ(bl e bi)*lw, 60)) € A5,
as (b ... bi_1)"tw # ec, w(bi) <p Y(by ... b)) w, and
w(bz)ill/}(bl c. bi,l)*lw = [Q/J(bl ce bz;l)lﬁ(bi)]ilw = w(bl Ce bl-)*lw.

Similarly, (ro, pi, 1) = ((u,0), (e, b)), (¥ (V) "'u, e0)) € As, as u # ec and
(b)) <, u. Moreover for 1 < i <1,

(Ti—lv Piy Ti) = ((@Z)(bll .- 'b;—l)_1u7 50)7 (514’ b;)7 (¢(b3 s bg)_luv 50)) € A57
as YOy .. V) tu # o, Y(b) <, (b .. b ) u, and
D(O) T (b - By) T = [0 b)Y (B)] T e = (0 b)) T

Noting that py = ¢, p; = @ = qr = 10 and 1, = (e¢,e¢), it follows that
the concatenation of the sequence (p;_1,7;, pi)gzl, n copies of the sequence
(gi—1,04,q:)% 1, and (r;_1, pi, 7i)F_; gives a path of length j + kn + 1 in A,

originating from ¢ and ending in (e¢,e¢).
This path has label 77y ... 7;(0102...0%)"p1p2 - .. pi, and hence
T1To ... Tj(0102 ... oK) p1p2...p1 € L(Apyp)
for all n € N. Thus by Theorem [5.3.1],
m(nmy...7j(0109...08) " p1pa...p) €L

for all n € N. Hence by Lemma it follows that II(p, ) is not finitely

generated, as it has infinitely many indecomposable elements.

For (ii) = (i), suppose that A, , has no cycles. As A and B are finite, it
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follows that () and ¢ are finite, and hence A, is a finite automaton. As
A, has no cycles, then there are only finitely many paths in A, ,, and
thus the language accepted by A, is finite. By Theorem (e, 1)

has finitely many decomposable elements, and hence is finitely generated by

Lemma [5.1.11 O

For a given fiber product II(p, ), the associated automaton A,, can be
viewed as a directed graph with finitely many nodes and edges. As it is
decidable whether or not a finite directed graph has cycles, we have shown

the following result.

Theorem 5.4.2. Given a fiber product I1(p, 1) of two free monoids A* and
B* over the free monoid fiber C* (where |A|,|B|,|C| < o0), it is decidable
whether or not (@, 1) is finitely generated as a monoid. [

Having dealt with the case for free monoids, we are able also derive analagous
results for free semigroups. Given epimorphisms ¢ : AT — CF,
¢ : BT — Ct (with A, B,C finite alphabets), we can extend ¢ and v
naturally to epimorphisms ¢’ : A* — C* ¢ : B* — C* by mapping €4 and
ep to e¢.

As TI(¢', ") = (e, v) U{(ea,ep)}, then II(¢p, 1)) is finitely generated as a

semigroup if and only if II(¢’,7’) is finitely generated as a monoid. From
Lemma this gives us the following corollaries.

Corollary 5.4.3. Let ¢ : At — C*, ¢ : Bt — C" be two epimorphisms
with A, B, C' finite alphabets, and let Ay 4 be the associated automaton given
in Definition where ¢’ : A* — C* and ' : A* — C* are the natural
monoid epimorphism extensions. Then the following are equivalent:

(i) (¢, 1)) is finitely generated;

(i) Ay g is acyclic. O
Corollary 5.4.4. Given a fiber product 11(p,1) of two free semigroups A*

and BT over the free semigroup fiber Ct (where |A|,|B|,|C| < o0), it is
decidable whether or not Il(p, 1) is finitely generated as a semigroup. [
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We conclude the chapter with some examples of finitely generated and non-

finitely generated fiber products of free monoids over a free monoid.

Examples 5.4.5. (a) Recall from Examples [5.2.4] (a) that the fiber product
(e, 9) = {(u,v) € A" x B* : Ju| = [v]a + 2Jv]s}

has the associated two-tape automaton A, given by Figure [5.3] printed

below.

Figure 5.3: A,y for II(¢,1) given in Examples (a).

We saw in Example that II(p, ) was finitely generated. This is now
evidenced once more by Theorem [5.4.1] as we can see by inspection of

that A, has no cycles.

(b) Recall from Examples that the fiber product
(e, ) = {(u,v) € AT X BT : |ulq + 2fuly = 2Jv]s + [v]s}

has the associated two-tape automata A, given by Figure , overleaf.

Then by Theorem [.4.1}, II(p, ) is not finitely generated, as it has a cycle
between the states (¢, ) and (z,e¢). The automaton accepts words in the
language

{(a,a)[(b,ep)(ca,a)]"(a,ep) € ¥* : m € N}.

Considering the image of these words under the product monoid mapping 7,
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(€A7 a)

Figure 5.4: Ay for II(yp, 1) given in Examples (b).

then by Theorem [5.3.1] it follows that the set
{(ab™a,a™ ™) € A* x B* :m € M}

is an infinite set of indecomposable elements of II(¢, v).
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Chapter 6

Concluding remarks and further

questions

In this concluding chapter, we briefly summarise the thesis by reflecting on
our findings, and pose some arising questions for future research. A num-
ber of these questions have also been posed in [7] and [6], written by the

author.

In Chapter[2] we commented that Z xZ had only two non-trivial subgroups up
to isomorphism, and hence contained only finitely many subdirect products
up to isomorphism. By contrast, we proved that the direct product N x N
has uncountably many subsemigroups up to isomorphism (Theorem [2.1.12)).
This was later used to prove that the finite power N¥ had uncountably many
subdirect products up to isomorphism (Theorem [2.3.3)).

Both N and Z are examples of finitely generated commutative semigroups,

but have different subdirect substructure. We thus ask the following.

Question 6.0.1 (|7, Question 4.1]). Is it possible to characterise all pairs
of finitely generated commutative semigroups S , T' such that there are only

countably many pairwise nonisomorphic subdirect products of S and T

We also give a generalisation of this question to finitely generated free semi-

groups of other varieties, as below.
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Question 6.0.2 ([7, Question 4.3]). How many pairwise non-isomorphic sub-
semigroups and subdirect products does F' X F' contain, where F'is a finitely
generated free semigroup in some other well-known semigroup varieties, such

as inverse semigroups or completely regular semigroups?

We derived that the direct product of two semigroups, both of which with
infinite order elements, has uncountably many subsemigroups up to isomor-

phism (Corollary [2.1.13]). We ask the following additional questions based

on this result.

Question 6.0.3. Does Corollary generalise to subdirect products?
That is, if S and T are semigroups with elements of infinite order, can we al-
ways find uncountably many subdirect products of S x T  up to isomorphism?
If not, for which S and T is this true?

We also classified in Theorem [2.2.4] and Theorem the finite semigroups
S for which N x S has only countably many subsemigroups, and subdirect
products respectively. We found that in both cases, the structure of S played
the key role in determining countability. In the subsemigroups case, S needed
to be a union of groups. In the subdirect product case, every element of S
needed to have a relative left or right identity. We saw in Examples
that such semigroups can be as small as order 2. This is surprising, as we saw
that N had only countably subsemigroups up to isomorphism, but N x {z, 0}
did not, for {x,0} the two element zero semigroup. In a similar vein to
Question we ask the folllowing.

Question 6.0.4 (|7, Question 4.2]). Given a finitely generated infinite com-
mutative semigroup S, is it possible to characterise all finite semigroups T’
such that S x T has only countably many pairwise non-isomorphic subsemi-

groups or subdirect products? Do these characterisations depend on S7

Leading on from the results of Chapter [2, we continued our combinatorial
survey of subdirect products of free semigroups in Chapter |3| with a view
towards finite generation. In particular, we found the number of sets of letter
pairs which generated subdirect products of free semigroups in Lemma

Within these sets, we then counted the number which also generated fiber
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products in Corollary [3.2.5l The analytic comparison of Proposition (3.3.1
suggested that finitely generated subdirect products of this type were nu-
merous, but we argued in Proposition that few of them arise as fibered

products.

Sets of letter pairs are just one example of finitely generating subdirect prod-
ucts however. Any finite generating set for a subdirect product of free semi-
groups has a bound on the length of the words in each factor. Sets of letter
pairs are the special case where this bound is set to be one. We hence ask

the following.

Question 6.0.5. Given a bound k € N, how many subsets of AT x BT
consisting of pairs (u,v) with |u|,|v| < k generate a subdirect product of
A* x BT? How many generate fiber products? Is it decidable when a given

subset generates a fiber product? Is there a matrix characterisation of such
subsets, as in the proofs of Lemma and Corollary [3.2.5]

In Chapter [4], we concentrated on the finitary properties of finite generation
and finite presentation, in particular for fiber products of free semigroups
and monoids. We saw that for finite fibers, fiber products of free monoids
are finitely generated only in the case where the fiber is a cyclic group, and
the associated epimorphisms are constant on the alphabet (Theorem .
In the case of finite generation however, we saw that we also have finite
presentation, and gave such presentations in the proof of Theorem [£.2.1 We
argued that this perhaps indicates that fiber products of free semigroups are

hard to finitely generate.

Contrastingly, we showed that fiber products of free semigroups over finite
fibers are never finitely generated or presented (Proposition . We saw
that, for finitely generated fiber products of free semigroups, the fiber need be
an infinite, J-trivial, idempotent-free finitely generated semigroup (Propo-
sition m, Proposition , and Proposition . These conditions on a
semigroup are particularly restrictive, but we saw in Lemma that they
are not sufficient to ensure finite generation. Additional requirements for the

epimorphisms are also likely necessary. We ask the following questions based
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on this material.

Question 6.0.6 ([0, Question 7.1]). Does there exist a finitely generated
subdirect product (non-fibered) of two free monoids with a finite quotient,

which is not finitely presented?

Question 6.0.7. Find further necessary conditions on a fiber product of free
semigroups to be finitely generated. What are the necessary conditions for
the Cayley graph of the fiber?

Question 6.0.8 ([, Question 7.3]). Does Theorem [4.1.4] generalise to fiber
products of free monoids over infinite fibers? That is, is every finitely gen-

erated fiber product of two free monoids also finitely presented?

We finished our study in Chapter [5] where we discussed the finite generation
problem for fiber products of free semigroups and monoids, particularly with
free fibers. We determined, in general, that the number of indecomposable
elements of a fiber product ultimately decides whether it is finitely gener-
ated or not (Lemma Lemma . We utilised a two-tape automatic
construction in order to decide the cardinality of the set of indecomposables,
showing that such automata accept a language in bijection with the indecom-
posables (Theorem . We deduced that this set was finite if and only
if the automata constructed were acyclic (Theorem ,Corollary ,
which is a decidable property of graphs. We concluded that the finite gen-

eration problem for fiber products of free semigroups and monoids over free

fibers is decidable (Theorem [5.4.2) Corollary |5.4.4]).

The following questions arise from these results.

Question 6.0.9. In the case of finite generation for a fiber product of two
free semigroups/monoids over a free fiber, can we deduce a finite presentation

for it, given the associated two-tape automaton?

Question 6.0.10. Can two-tape automata be used to recognise the indecom-
posable elements of fiber products over other infinite fibers? What properties

of such automata can be deduced, and how do they relate to the structure

of the fiber?
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