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Product decompositions of semigroups induced by action pairs

Scott Carson! Igor Dolinka’ James East? Victoria Gould! Rida-e Zenab*

Abstract

This paper concerns a class of semigroups that arise as products U S, associated to what
we call ‘action pairs’. Here U and S are subsemigroups of a common monoid and, roughly
speaking, S has an action on the monoid completion U that is suitably compatible with the
product in the over-monoid.

The semigroups encapsulated by the action pair construction include many natural classes
such as inverse semigroups and (left) restriction semigroups, as well as many important con-
crete examples such as transformational wreath products, linear monoids, (partial) endomor-
phism monoids of independence algebras, and the singular ideals of many of these. Action
pairs provide a unified framework for systematically studying such semigroups, within which
we build a suite of tools to ensure a comprehensive understanding of them. We then apply
our abstract results to many special cases of interest.

The first part of the paper constitutes a detailed structural analysis of semigroups arising
from action pairs. We show that any such semigroup U S is a quotient of a semidirect product
U xS, and we classify all congruences on semidirect products that correspond to action pairs.
We also prove several covering and embedding theorems, each of which naturally extends
celebrated results of McAlister on proper (a.k.a. F-unitary) inverse semigroups.

The second part of the paper concerns presentations by generators and relations for
semigroups arising from action pairs. We develop a substantial body of general results
and techniques that allow us to build presentations for US out of presentations for the
constituents U and S in many cases, and then apply these to several examples, including
those listed above. Due to the broad applicability of the action pair construction, many
results in the literature are special cases of our more general ones.
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1 Introduction

The motivation for the current work comes from many different directions. The basic philosoph-
ical underpinning is the desire to understand mathematical structures by sets of data that are
sufficient to determine the entire structure, yet are intrinsically simpler. In particular, we draw
inspiration from classical techniques and constructions in group theory, and seek to understand
the (much) more complicated and wider context of these techniques and constructions within
the realm of semigroups and monoids.

One approach is to use presentations. Here the idea is to define an algebraic structure—often,
and originally, a group—in terms of generators and relations between them. It is possible in this
way to capture some infinite groups using a finite amount of information: i.e., via a finite number
of generators and a finite number of relations, resulting in a finitely presented group. Important
examples include the Artin braid groups [1,5] and Thompson’s groups F', T and V' [13]. On the
other hand, it is also useful to determine finite groups via (finite) presentations. For example,

the well-known Coxeter presentation of a finite symmetric group [92] tells us how to calculate all
products by dint of the products between certain transpositions; cf. [(6]. Group presentations
were introduced as far back as the mid-nineteenth century [23,59], and have since been central

in approaches to algebraic and differential topology, geometric group theory, algebraic combina-
torics, representation theory and many other branches of mathematics. Semigroup presentations
go back to the mid-twentieth century, and again have proven a crucial tool in the above fields.
For some early studies, see for example |1, 2, , 101], and for early papers with connections to
logic see [34, 102, 116]; some historical information can be found in [97].

A second approach to the above philosophy involves the concept of products, which covers a
wide range of mathematical constructions prominently featuring in the areas of algebra, topology,
category theory, mathematical logic and graph theory, just to name a few. The idea behind the
introduction and use of such constructions is two-fold. Firstly, one of the most basic tasks of
almost any coherent mathematical field or theory is to describe the many ways in which the
objects of study are constructed; in many cases, the philosophy is to go from smaller, simpler
structures towards larger, more complicated ones. This is exactly how various types of products
permeate mathematics: think of direct products in general algebra, semidirect, wreath, and free
(amalgamated) products in group theory, product topologies, tensor products in linear algebra,
ultraproducts in model theory, cap and cup products in algebraic topology, various types of
graph products, pullbacks in category theory, and so on. However, there is also the reverse
task: to understand the structure of a given mathematical object in as much detail as possible,
one attempts to break it down into more elementary parts and describe the mutual relationships
between the parts. Quite often, this happens by recognising that the given structure is isomorphic
(or in some other way ‘equivalent’ or ‘similar’) to a product of some kind. Smaller structures
obtained as a result of such a decomposition are often expected or required to be substructures
of the original, but not always.

A flagship instance of the phenomenon just described is the decomposition of finite abelian



groups into the direct product of cyclic (sub)groups of prime power order. For groups, and indeed
monoids, there is an exact correlation between internal and external direct products. However,
as soon as one moves away from monoids, even just as far as semigroups, this correlation is
lost. In particular, an external direct product S x T' of semigroups S and T need not contain
subsemigroups isomorphic to either S or T, yet clearly S x T is determined by S and 7.

Another natural class of examples illustrating the same phenomenon—but where the smaller
parts are not necessarily substructures—are the almost-factorisable inverse semigroups of Law-
son [76]. A semigroup S from this class decomposes as a product S = EG, where G is the group
of units of some different inverse monoid M, and where F is the semilattice of singular (i.e., non-
identity) idempotents of M. Here we have E C S, yet G € S; in fact, we even have GN S = @.
Nevertheless, the structure of S is closely governed by that of the constituents £ and G, and in
fact S is an idempotent-separating homomorphic image of a semidirect product E x G.

Yet another natural example is the semigroup S of singular (i.e., non-bijective) partial trans-
formations of a finite set X. This semigroup can be decomposed as S = ET, where E is the
(monoid) semilattice of all partial identities, and 7" is the semigroup of singular (full) transfor-
mations of X. This time we have T' C S but F ¢ S, although we do not have the extreme
E NS = @; rather, E'\ S consists only of the identity map. Many more such examples exist.

The main goal of the current study is to provide a unified framework for working with a large
class of structures including the kind just described; presentations will form an important set of
tools. The central notion throughout is that of an action pair (U,S). Such a pair consists of
subsemigroups U and S of a common monoid M, such that S acts on the monoid completion
Ul = UU{1} in a way that is suitably compatible with the product in M. The formal definitions
are given later in the paper, including various other conditions that are required. But it is worth
noting that ‘compatibility’ here means that

s-u="%u-s for all s € S and u € U,

(In the above expression, - is the product in M, and the action of S on U' is denoted by
(s,u) — *u.) It follows quickly from this that the set product

US={us:uel, seS}

is a subsemigroup of M. It is important to note that US might contain neither U nor S, nor
even isomorphic copies of either. On the other hand, if U and S are both submonoids of M,
then US contains both U and S as submonoids.

An important natural class of examples extending those discussed above come from (subsemi-
groups of ) inverse semigroups [77], and more generally left restriction semigroups [56] . If S is an
inverse semigroup with semilattice of idempotents E, then (E,.S) is an action pair in the monoid
completion S', with respect to the conjugation action: *e = ses™! for e € E! and s € S. More
generally, (F,T) is an action pair for any subsemigroup 7' < S and any subsemilattice F' < F for
which F! is closed under conjugation by elements of T. (Almost-)factorisable inverse monoids
and semigroups |14, 76] are (very) special cases of this. Other similar examples involve products
of idempotents and one- or two-sided units of arbitrary monoids [35]. Many other examples are
considered throughout the paper, some with very different behaviour to those discussed so far.
The class of semigroups arising from action pairs is extremely rich, and part of our motivation
stems from the desire to obtain a comprehensive understanding of such semigroups, analogous
to that of more specialised classes such as inverse and (left) restriction semigroups.

As well as this introduction, and the preliminary Chapter 2, the paper consists of two main
parts:

e Part I constitutes a detailed structural analysis of semigroups arising from action pairs, and

e Part II concerns presentations by generators and relations for semigroups in this class.



We now give a very brief overview of the main highlights of the paper. More detailed summaries
can be found in the opening remarks of both parts, and in the introductions to the chapters
within.

As we have just indicated, the first part of the paper is devoted to analysing the structure of
a semigroup U S arising from an action pair (U, S). Chapter 3 contains a number of preliminary
results on actions and semidirect products that will be used extensively throughout the rest of
the paper. Our notion of semidirect product is slightly more general than the usual one, which
is essential to capture the widest possible collection of applications. Chapter 4 introduces action
pairs, provides an extensive collection of examples (and non-examples for contrast), and contains
the first main structural result:

e Theorem 4.53 shows that US is a homomorphic image of a semidirect product U x .S, and
classifies all congruences on semidirect products that correspond to action pairs.

Chapter 5 concerns the special class of proper action pairs; these extend the notion of proper
(a.k.a. F-unitary) inverse semigroups, and more generally proper left restriction semigroups.
The main results of this chapter are broad generalisations of McAlister’s celebrated Covering
Theorem [36] and P-Theorem [37] for inverse semigroups. These new results encapsulate many
extensions of McAlister’s theorems to other more specialised classes:

e Theorem 5.39 shows that US has a proper cover, by which we mean that there is a proper
action pair (U’,S’) in a suitable monoid, with U’ 2 U and S’ = S, and a natural surmor-
phism U’S" — US. Further, if S or U is a submonoid of the monoid containing US, then
the surmorphism U’S’ — US restricts to an isomorphism U’ — U or S’ — S, respectively.

e Theorem 5.60 shows that a proper monoid US embeds in a semidirect product U x (S/0o),
where U is a monoid containing U, and where o is a special congruence on S akin to the least
group congruence on an inverse semigroup. Theorems 5.47, 5.82 and 5.102 are variations on
this result, and show that when U has certain additional structural properties (such as being
commutative, a semilattice or a left-regular band), then an embedding US — U x (S/o)
of the above kind exists where U also has the relevant structural property.

As applications, we give new proofs of the generalisations of McAlister’s above-mentioned theo-
rems to the class of left restriction semigroups [9,17,75,98].

In the second part of the paper we turn our attention to presentations by generators and
relations. As discussed above, presentations are extremely important tools when working with
any kind of algebraic structure, and several results exist for building presentations for algebras
that arise from others via natural constructions. See for example [21,24,41,65,74,105-107]; the
introduction to [36]| contains a fuller discussion and many more references. Chapter 6 contains
many general results on presentations for a semigroup US arising from an action pair (U, S) in
several important cases:

e Theorems 6.5, 6.13, 6.28, 6.30 and 6.32 concern the case in which U and S are both
submonoids of the over-monoid. As we will see, one complication that must be overcome
is the fact that the semidirect product U x S need not be a monoid in this case.

e Theorems 6.36, 6.44 and 6.50 only assume that one of U or S is a submonoid. Other
conditions must be satisfied in these cases in order to obtain usable results.

The general machinery developed in Chapter 6 is then applied to a number of important examples
in the remaining chapters:

e Free left restriction monoids are treated in Chapter 7; see Theorem 7.13.



e Chapter 8 concerns several monoids and semigroups of (partial) endomorphisms of an
independence algebra. See especially Theorem 8.40, which gives a presentation for the N-
semilattice of finite-codimensional subalgebras of an arbitrary strong independence algebra.

e A number of transformational wreath products are covered in Chapter 9, the main results
here being Theorems 9.33, 9.59 and 9.68-9.70.

The potential for further applications is vast.

The article also includes several other results of independent interest. For example:

e In Section 3.2 we prove a number of results on (our more general) semidirect products,
including the fact that a semidirect product U x S is a monoid if and only if U and S are
both monoids, with S acting monoidally on U by monoid morphisms; see Corollary 3.13.

e Theorem 6.50 gives a presentation for a semidirect product U x S in the case that S is a
monoid and U an arbitrary semigroup. This complements |11, Theorem 3.1], which treats
the reverse case, where U is a monoid and S a semigroup. By contrast, |74, Corollary 2]
gives a presentation for U x S when it is a monoid (which occurs when the conditions
discussed in the previous point hold). Our Theorem 6.30 extends this result, by relaxing
the assumption that S acts by monoid morphisms, and applies to the largest submonoid
of U x S with identity (1,1).

e In Section 7.2 we show that the free left restriction monoid over any set has a unique
minimum (monoid) generating set; see Proposition 7.11, Theorem 7.13 and Remark 7.14.

e In Section 8.3, we prove several results on independence algebras with suitably large sub-
algebras, and show that these are precisely the algebras displaying the most ‘freedom’ in
(partial) automorphisms; see especially Propositions 8.26-8.30.

e In Section 8.5, we give a number of results on generating sets for groups of (finitary)
automorphisms of independence algebras, which provide a common generalisation of the
following two facts: (i) finite symmetric groups are generated by transpositions, and (ii)
finite-dimensional general linear groups are generated by ‘elementary row operation’ ma-
trices. See Theorems 8.47 and 8.50.

Throughout the text we pose a number of open problems and enticing directions for future
studies.
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2 Preliminaries

This article is intended to be largely self-contained, and accessible to a broad audience of alge-
braists. Accordingly, we now gather the basic definitions and facts concerning semigroups and
presentations we need, and fix most of the notation we will be using. For more background on
semigroups, and for proofs of the various assertions below, see for example [16,62,64]. For inverse
semigroups in particular, see [77] or [64, Chapter 5|; for (left) restriction semigroups, see [50].



2.1 Semigroups

A semigroup is a set with an associative binary operation, typically denoted by juxtaposition. A
monoid is a semigroup with an identity element. Unless otherwise specified, the identity of any
monoid is denoted by 1.

A semigroup morphism is a map ¢ : S — T, where S and T are semigroups, and where
(xy)p = (x¢)(yep) for all z,y € S. A monoid morphism is a semigroup morphism between
monoids that additionally maps the identity to the identity.

If S is a semigroup, then S' denotes the monoid completion of S. Formally:

e S' =S if S is already a monoid;

e otherwise, S' = SLI{1}, where 1 is a symbol not belonging to S, and acting as an identity
for S1. (Here and elsewhere U denotes disjoint union.)

If S happens to be a subsemigroup of a specified monoid M, then we often assume the identity
of S is the same as that of M; we will always be clear about this.

An element z of a semigroup S is (von Neumann) regular if x = xax for some a € S. For
b = axa, we then have x = xbz and b = bxb. A semigroup is (von Neumann) reqular if all its
elements are regular. An element z € S is an idempotent if x = 2. We generally write E(S) for
the set of all idempotents of S. Clearly any idempotent is regular. A semigroup S is a band if
S = E(S): ie., if every element of S is an idempotent. A semilattice is a commutative band. A
band S is left-reqular if xyx = xy for all z,y € S; right-regular bands are defined symmetrically,
but they will not arise in our investigations. Left-regular bands are of course generalisations of
semilattices, but they are important for many reasons, one of which is that they include many
semigroups of geometric significance [31,32].

A semigroup S is inverse if for every x € S there is a unique element a € S such that x = zax
and a = axa; this element is then denoted a = x~!. Equivalently, a semigroup S is inverse if
it is regular and its idempotents commute; the set E(S) is therefore a semilattice. Inverse
semigroups can also be defined as a variety of unary semigroups (i.e., semigroups equipped with
an additional basic unary operation); they are precisely the class of semigroups with a unary
operation x — z~! satisfying the identities

(@) =z = 221, (zy) !t =yl and ez~ lyy! = yy~lozL.

A relation o on a semigroup S is left-compatible if (x,y) € 0 = (az,ay) € o for all a € S.
Right-compatibility is defined symmetrically, and a relation is compatible if it is both left- and
right-compatible. A (left or right) congruence is an equivalence relation that is (left- or right-)
compatible. We will need the following basic result a number of times; it is surely well known,
but we include a short proof for convenience.

Lemma 2.1. If o is a right congruence on a monoid M, then the o-class of 1 is a submonoid
of M.

Proof. Let T be the o-class of 1. Clearly 1 € T. Now let a,b € T. Since a,b o 1, and since o is
a right congruence, we have abo 1b =bo 1. O

As in [6,118], a mid-identity (a.k.a. mid-unit or middle unit) of a semigroup S is an element
a € S such that xay = zy for all z,y € S.

A retraction is a morphism ¢ : S — T, where S is a semigroup, 7" < S a subsemigroup, and
¢l = idp. Obviously retractions are surjective.



Lemma 2.2. Suppose a is a mid-identity of a semigroup S, and let T < S.

(i) The following diagram commutes, with all sets subsemigroups of S, and all maps surmor-

phisms:
T
fi :z»—iy Ya‘:»—mx
Ta al
g1 :x»—)% Aﬂm—)xa
ala

(ii) If Ta < T, then aTa < aT, and fi and go are retractions.

(iii) If aT < T, then aTa < Ta, and fo and g1 are retractions.

Proof. This is all easily checked, and we just give a couple of sample calculations. To show
that fy is a morphism, let x,y € T. Then

(xf1) - (yfi) = va-ya==zay-a=xy-a=(vy)fi.
If Ta < T, then for any ¢t € T we have (ta) fi = taa = ta, so that f is a retraction. O

Remark 2.3. Although T'a, aT and aTa are subsemigroups of S, they might not be subsemi-
groups of T. See Remark 3.24 for a specific example of this, where aT' N'T = &; in fact,
al'=S\T.

Remark 2.4. Lemma 2.2 also follows from [19, Theorem 2.15], which concerns sandwich semi-
groups in (locally small) categories. The simplest case of a sandwich semigroup is a semigroup
variant [60,61]. The variant of a semigroup S with respect to an element a € S is the semigroup
S = (S, %,), where the ‘sandwich operation’ %, is defined by x *, y = zay for all z,y € S. Of
course if @ is a mid-identity of .S, then %, is precisely the original operation in S.

We also need the following simple result.
Lemma 2.5. Let S be a semigroup, and suppose P < S is a semilattice. If x,y € S are such

that [x € Py and y € Pz or [x € yP and y € xP], then = = y.

Proof. By symmetry, we assume that x € Py and y € Px, so that = py and y = qx for some
p,q € P. But then

r = py = pqx = qpr = (qq)pr = q(qpx) = qx = Y. O

Green’s Z, £, ¢, 7 and 2 relations on a semigroup S [58] will not play an explicit role in
our study, but since we do mention them in passing from time to time it is convenient to define
them here. The first three of these relations are defined, for z,y € S, by

t Ry < xSt =ySt, r Ly o Ste=Sly and x Ly & Styst = §lyst,

These can also be characterised in terms of divisibility. For example, z & y if and only if x = ya
and y = xb for some a,b € S!; this is in turn equivalent to having either z = y or else z = ya
and y = zb for some a,b € S. The final two of Green’s relations are defined by

H =ANYL and D =R%\N L,

where the latter denotes the join of Z and £ in the lattice of all equivalence relations on S: i.e.,
is the least equivalence containing #Z U .Z. It is well known that in fact ¥ = Z o0 ¥ = L o %.
For some classes of semigroups (some of ) Green’s relations can be characterised equationally. For
example, if S is inverse, then  Zy < xz ' =yy~ L.



2.2 Transformation semigroups

Certain semigroups of (partial) transformations will play an important role throughout, so we
revise their definitions here. Let X be an arbitrary set. A partial transformation of X is a
function A — X for some A C X. The set PTx of all such partial transformations of X is a
monoid under ordinary relational composition, called the partial transformation monoid.

As usual, we denote by dom(«) and im(«) the domain and image of a partial transformation
a € PTx, with their standard meanings. For z € dom(«) we write za for the image of « under «,
and we compose partial transformations from left to right. Note, for example, that

dom(af) = dom(B)a~' = {z € dom(a) : zav € dom(B) } for o, € PTx.
The kernel of a € PTx is the equivalence
ker(a) = {(z,y) € dom(a) x dom(a) : za = yar},
and the rank of « is the cardinal
rank (o) = |im(c)| = |dom(c)/ ker(a)|.

Here dom(a)/ ker(«) is the quotient of the set dom(«) by the equivalence ker(«): i.e., the set of
all ker(a)-classes. Important submonoids of PTx include:

o Tx ={a € PTx : dom(a) = X}, the full transformation monoid,
e Tx = {a € PTx : « is injective}, the symmetric inverse monoid,
e Gx ={a € Tx : a is bijective}, the symmetric group.

As the name suggests, Zx is an inverse monoid. The inverse of @ € Tx is the ordinary inverse
mapping o', and the idempotents of Zy are precisely the partial identity maps ids (A4 C X).
These are not the only idempotents of PTx when | X| > 2.

When X is finite, the sets
Sing(P7x) = PTx \ Ox, Sing(Tx) = Tx \ Gx and Sing(Zx) =Zx \ Gx

are subsemigroups, indeed two-sided ideals, of PTx, Tx and Zx, respectively. For arbitrary X,
we also have the subsemigroup PTx \ Tx of all strictly partial transformations of X, which is in
fact a right ideal of PTx. When X = {1,2,... ,n} for some integer n, we typically denote PTx
by PT,, and similarly for 7T, Z,, and so on. We often make use of the standard two-line notation
for partial transformations. For example, a = ( 12343 g) € PTs has domain {1,3,4,5,6}, and
maps 1 — 2, 3+— 3, and so on.

2.3 Left restriction semigroups

Left restriction semigroups arise in many different contexts and have many different names.
Essentially, one can define them in three different ways:

e by a representation: up to isomorphism, they are precisely subsemigroups of partial trans-
formation semigroups closed under the map a + idgom(a);

e as a generalisation of inverse semigroups: they possess a distinguished semilattice of idem-
potents E (not necessarily all the idempotents), such that every % p-class contains an
idempotent of F, and the so-called ‘ample condition’ holds; here Zg is a relation contain-
ing Green’s %-relation;



e they form a variety of unary semigroups (see below).

For more details and background we refer the reader to [76]. It is convenient here to take the
third option:

Definition 2.6. A left restriction semigroup is a unary semigroup S satisfying the following

identities, where we write the unary operation as s — s™:
(L1) 2tz =1, (L3) (y)t = ohyt,
(L2) oty =yta™, (L4) zy™ = (zy)*a.

Right restriction semigroups are defined dually, and there is also a notion of a (two-sided)
restriction semigroup; the latter have two interacting unary operations, but it is not necessary
to give the definitions here. Archetypal examples of left restriction semigroups include:

e any inverse semigroup S, with st = ss~1,

e the partial transformation monoid PTx for any set X, with a™ = idgom(a)-

If the left restriction semigroup S is a monoid with identity 1, it follows immediately from (L1)
that 17 = 1. Any monoid trivially becomes a left restriction monoid, upon defining s™ = 1 for
all s, but such structures are generally not of interest to us.

The identities (L.1)—(L4) are rather compact, and some important properties are not imme-
diately apparent. For example (writing =; to indicate an application of (L1), etc.), we have

(L5) o™ =3 (z72)t = 2™,
so that each T is an idempotent. We then also have
(L6) (zF)" =5 (zTa®)T =3 2T (a")" =2 (2F) T2t = 27,

+

so that the operation T is itself idempotent.

It follows from (L3) that the set
P(S)={sT:5€ 8}

is a subsemigroup of S. By (L2) and (L5), P(S) is in fact a semilattice. By (L6), P(S) is closed
(indeed, fixed pointwise) under *. The elements of P(S) are called projections.

2.4 Presentations

We conclude this preliminary chapter by establishing the notation we use for presentations.
Presentations exist for any variety of universal algebras; here we explain how they work for
semigroups and monoids, both for the sake of concreteness, and since these are our intended
applications.

Let X be a set, and X the free semigroup on X, which consists of all non-empty words
over X under the operation of concatenation. Let R C X+ x X' be a set of pairs of words,
and write R? for the congruence on X+ generated by R. We say a semigroup S has (semigroup )
presentation Sgp(X : R) if S = XT/R* or equivalently if there is a surmorphism Xt — §
with kernel Rf; if ¢ is such a surmorphism, we say S has presentation Sgp(X : R) via ¢. The
elements of X and R are called generators and relations, respectively, and a relation (u,v) € R is
sometimes displayed as an equation, u = v. A normal form function is a function N : § — X
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such that N(s)¢ = s for all s € S. If we write ~ = R* = ker(¢), then it follows from the
definitions that

N(ug) ~u and N(st) ~ N(s)N(t) for all u € X and s,t € S. (2.7)

There is also a corresponding notion of monoid presentations. The free monoid on the set X is
denoted by X*, and is defined by X* = X+t U{.}. Here ¢ is the empty word, which is the identity
of X*. We say a monoid S has (monoid) presentation Mon(X : R), where R C X* x X*, if
S = X*/RE. We also speak of monoid presentations via surmorphisms X* — S (with kernel R*),
and normal form functions N : S — X*; typically we assume that N(1) = .

On occasions, we will identify Sgp(X : R) with the semigroup X+ /R* itself, and similarly
for monoid presentations. Consider such a semigroup Sgp(X : R), and another semigroup 7.
Any function f : X — T extends uniquely to a morphism ¢ : XT — T, which is defined by
(1 2k)p = (1 f) -+ (zf) for any z1,..., 2 € X. Standard notions of universal algebra tell
us that if ¢ preserves R, in the sense that u¢ = v¢ for every (u,v) € R, then R C ker(¢). In
this case, ¢ induces a morphism @ : Sgp(X : R) — T, defined by [w]® = w¢ for w € X, where
[w] denotes the Rf-class of w.

The next result has a simple proof, and is essentially folklore. Although we state it for
monoids (as that is the context in which we will most often apply it), it holds more generally
for arbitrary classes of (universal) algebras admitting presentations, so in particular there is a
semigroup version as well, whose explicit statement we omit.

Lemma 2.8. Suppose a monoid S has presentation Mon(X : R) via ¢ : X* — S, and let
N : S — X* be a normal form function. Suppose w:.S — T is a surmorphism onto a monoid T,
and suppose ker(m) = QF, where Q C S x S. Then T has presentation Mon(X : RU Rq) via
¢ : X* = T, where Ro = {(N(s),N(t)) : (s,t) € Q}. O

The next result also has a semigroup version, which we omit. For the statement, recall that
left-regular bands were defined in Section 2.1.

Lemma 2.9. Let M = Mon(X : R), where X is an alphabet and R C X* x X*. Also, let
Ry = {(mQ,x) cxe X}, Ry={(xy,yx):xz,ye X} and Ry={(zyz,azy):z,yc X}
(i) If Ry C R*, then M is commutative.
(ii) If Ry U Ry C RE, then M is a semilattice.
(iii) If Ry U Ry C RY, then M is a left-regular band.
Proof. (i). This is clear.

(ii). Since Ry C R%, M is commutative. Since Ry C R*, M is idempotent-generated. Since any
idempotent-generated commutative semigroup is a semilattice, the result follows.

(iii). Write ~ = RF, and for w € X* write W for the ~-class of w. We must show that

(a) u? ~wu for all u € X*, and (b) wvu ~ wv for all u,v € X*.

In fact, it suffices to prove (b), as (a) follows upon taking v = ¢. We first show that

(¢) zvr ~ v for all z € X and v € X*.

11



We prove this by induction on k = £(v), the length (number of letters) of v. If kK =0 then v = ¢,
and (c) says 22 ~ 2, which holds because R; C Rf. So now suppose k > 1, and write v = v’y
where v € X* and y € X. Since £(v') = k — 1, we have 20’ ~ zv'z by induction. Since R3 C R,
we have xy ~ xyzx. It then follows that

/ / / /
TV = VY ~ TV TY ~ TV TYT ~ TV YT = TUL,

completing the proof of (c).

We now prove (b) by induction on I = ¢(u). If I = 0 then u = ¢, and (b) says v ~ v, which
is obviously true. So now suppose [ > 1, and write u = zu/, where v’ € X* and z € X. Since
(u') =1 —1, we have v'v ~ vw/vu’ by induction. By (¢) we have zu'v ~ zu'vz. It then follows
that

wv = zu'v ~ zu'vu’ ~ zu'vzu = uou,
completing the proof of (b), and hence of the lemma. O

Remark 2.10. If R, C Rf, then of course M is idempotent-generated, but it need not be a
band.
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Part 1
Structure

This paper concerns a certain class of semigroups arising from what we will call action pairs.
This first part of the paper is devoted to a structural analysis of such semigroups and pairs.

Roughly speaking, an action pair (U, S) consists of two subsemigroups of a common over-
monoid M, with an action of S on U! that is suitably compatible with the operation of M.
Associated to such a pair is another subsemigroup of M, namely the (internal) product

US={us:uel, seS}.

The semigroup U.S does not always contain U or S as subsemigroups, and does not even need
to contain isomorphic copies of either. Nevertheless, we will see that the structure of US can be
concisely described in terms of the structure of U and S, the action of S on U, and some other
data. We will also see that action pairs provide a natural context in which to extend a number of
important classical results on inverse semigroups, left restriction semigroups, and more general
structures.

There are three chapters in this part of the paper. Chapter 3 contains preliminary material
on actions and semidirect products, which will underpin all that follows.

In Chapter 4, we introduce action pairs (and more generally weak action pairs), discuss a
number of examples (including the class of left restriction semigroups), and prove a structure
theorem that will be used extensively in the second part of the paper when we study presentations.
This result, Theorem 4.53, states that a semigroup US arising from an action pair (U, S) is a
homomorphic image of a semidirect product U x S, so that US = (U x S)/6 for a suitable
congruence #. The theorem also classifies the congruences on semidirect products leading to
action pairs, showing how they are built from natural families of right congruences on S.

Chapter 5 contains a number of further structure theorems, all of which involve so-called
proper action pairs. The resulting ‘product semigroups’ US include all proper left restriction
semigroups, and in particular all proper (a.k.a. F-unitary) inverse semigroups. A very brief
summary of the main results is as follows:

(i) A semigroup US arising from an arbitrary (weak) action pair (U, S) can be covered by a
proper semigroup U’S’ with U’ = U and S’ = S. See Theorem 5.39.

(ii) Any proper semigroup US can be naturally embedded in a semidirect product U x (S/o),
where U contains U, and where o is a conguence on S akin to the least group congruence on
an inverse semigroup. See Theorem 5.60. When U has additional structural properties (such
as being commutative, a semilattice or a left-regular band), we can adjust our construction
to ensure that I/ has the same structural property as well; see Theorems 5.47, 5.82 and 5.102.

As applications of these results, we provide short proofs of the above-mentioned classical re-

sults on left restriction semigroups; this class includes inverse semigroups, but with a different
interpretation of the unary operation.

3 Actions and semidirect products
Actions and semidirect products are important tools in practically every part of algebra, and

they will play a crucial role throughout the current work. In this chapter we gather various facts
that we need in the rest of the paper.
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3.1 Actions
A (left) action of a semigroup S on a set M is a map S x M — M : (s,z) — ®x such that
S(tz) = ' for all s,t € Sand x € M.

All actions are assumed to be left actions. Our choice of the (left) superscript notation for actions
is for readability, particularly as many expressions below involve both actions and products; it is
convenient to keep the former ‘vertical’ and the latter ‘horizontal’. If S happens to be a monoid
with identity 1, then we say the action is monoidal if

Ly =2 for all x € M.

The actions that arise in later chapters will almost always be monoidal when S is a monoid. (A
notable exception is Theorem 4.53.) We will also generally be interested in the case that the
action preserves an algebraic structure on M. If M happens to be a semigroup, then the action
is by semigroup morphisms if

xy) =%z -y for all for all s € S and z,y € M.
If M happens to be a monoid with identity 1, then the action is by monoid morphisms if
xy) =%z %y and 1=1 for all for all s € S and z,y € M.

On many occasions in the paper, we will be concerned with the case in which a semigroup S acts
on a monoid M by semigroup morphisms, but not by monoid morphisms; see Example 3.3(ii)
for an important/motivating case. In such cases, the elements °1 (s € S) play a crucial role, so
it is convenient to record some of their properties. (All of these properties are trivial when the
action is by monoid morphisms.)

Lemma 3.1. Suppose a semigroup S acts on a monoid M by semigroup morphisms, and for
s € S write st =%1. Then for all s,t € S and x € M we have

(i) sTst =sT, (iii) st(st)™ = (st)" = (st)TsT,

(i) 5(tT) = (st)T, (iv) st Sz =%r =5z sT.

Proof. These are all easily established, and there are some interdependencies; for example (i)
follows from (iv) with x = 1. As an example calculation, st - Sz =51 -5z = 5(1 - 2) = Sz, giving
the first half of (iv). O

Remark 3.2. The reader will note that we have used the notation s™ for the unary operation
in a left restriction semigroup (cf. Section 2.3), and also for the elements °1 arising from a
semigroup action on a monoid. This choice is deliberate, and it will transpire that there are deep
connections between the two ideas; see especially Section 4.3.

We conclude this section with some useful examples that we will often revisit.

Example 3.3. (i) Consider arbitrary semigroups S and M, such that M contains an idempo-
tent e. Then *z =e (s € S, z € M) defines an action of S on M by semigroup morphisms,
which we call the constant action with image e. If S is a monoid, this action is monoidal
if and only if M = {e}. If M is a monoid, the action is by monoid morphisms if and only
ife=1.
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(ii) Consider an inverse semigroup S, and let E = E(S) be the semilattice of idempotents. Then
Se = ses™! defines an action of S on E! by semigroup morphisms, as follows from standard
facts about inverse semigroups; cf. Section 2.1. For example,

Sef) =sefs P =ss lsefs ™t =ses lsfs i =%e.°f forallse S ande, f € EY,

where we used the fact that the idempotents e and s~!'s commute. (Taking f = e = €2 in

the above shows that indeed *e € E! for s € S and e € E'.) With respect to this action, we
have st = %1 = ss~! for all s € S. Thus, the action is by monoid morphisms if and only if
ss~! =1 for all s € S, which is equivalent to S being a group. If S happens to be a monoid,
then the action is monoidal.

(iii) Let X be a non-empty set, and consider the power set P(X) = {A: A C X} as a monoid
(indeed, semilattice) under N, with identity X. The partial transformation monoid PT7x
(cf. Section 2.2) acts monoidally on P(X) by semigroup morphisms, via

A= Aa"! = {z € dom(a) : za € A} for AC X and a € PTx.

This action is not by monoid morphisms, however, as *°X = dom(«) for all &« € PTx. On the
other hand, the induced action of the full transformation monoid 7y < P7Tx is by monoid
morphisms, as dom(a) = X for all a € Tx.

3.2 Semidirect products

Typically, to define a semidirect product U x S, for semigroups U and S, one begins with
an action of S on U, or equivalently a representation of S by endomorphisms of U; see for
example [103,119]. However, in order to encompass all of our desired applications, we need a
slightly more general notion:

Definition 3.4. Suppose U and S are semigroups, and suppose S has a left action on U (the
monoid completion of U) by semigroup morphisms, denoted

0:Sx U = U (s,u) — Su.
The semidirect product U x S = U %, S is the semigroup
UxS={(us):uecl, seS} with operation (u,s) - (v,t) = (u- v, st). (3.5)

Throughout the paper, we omit the ¢ subscript, and write U xS = U %, .S. Context will always
make it clear which action is in play.

Remark 3.6. In (3.5), it is possible to have *v = 1 ¢ U, but we always have u - *v € U.

If S acts on U itself, then it also acts on U'; if U # U, then we additionally define *1 = 1
for all s € S. In this case, U x S as in Definition 3.4 agrees with the ordinary semidirect product.
Throughout the paper, we will frequently be interested in actions on U! that do not arise in this
way. (An action of a semigroup on a monoid M might not restrict to an action on M \ {1}, even
if the latter is a subsemigroup of M.)

As an example, let S = Tx for an arbitrary set X with | X| > 2, and let U = P(X) \ {X}
be the N-semilattice of all proper subsets of X. Then the action of S on U! = P(X) given in
Example 3.3(iii) does not arise from an action on U. (If a € Tx has image A C X, then A € U,
but “A = X ¢ U.) In this case, we will see that the semidirect product U x S maps naturally
onto PTx \ Tx, the semigroup of all strictly partial transformations of X; cf. Example 4.30 and
Proposition 4.46.
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For the rest of this section, we fix semigroups S and U, and assume that S acts on U! by
semigroup morphisms. We begin the following observation.

Lemma 3.7. If U x S is a monoid, then U and S are both monoids, and the identity of U x S
is (1,1), where as usual we write 1 for the identity of both U and S.

Proof. Suppose U x S is a monoid with identity (e, f). So for all w € U and s € S,
(u,s) = (u,s) - (e, f) = (u-’e,sf) and similarly (u,s) = (e-Tu, fs). (3.8)

Looking at the second coordinates of (3.8), it follows that S is a monoid with identity f = 1.
Looking at the first coordinates, and taking s =1 € S (and remembering f = 1), we have

u=u-te=e-tu for all u € U. (3.9)

But then for any u € U, several applications of (3.9) gives

ue=-e-t(ue) =e-u-le=u-te=u,

so that e € U is a right identity for U. In particular, e is an idempotent; combining this
with (3.9), it quickly follows that e is also a left identity for U. O

So U x S being a monoid implies that U and S are both monoids, but the next result shows
that the converse is not true in general.

Recall that we have a fixed action of S on U'. This can be extended to an action of S on U!
in an obvious way: if S # S!, then we additionally define 'u = w for all w € U!. This action
of S! is of course monoidal if S # S', but need not be monoidal if S = S! is a monoid. In any
case, we also have the semidirect product U x S, which contains U x S as a subsemigroup.

We now define 1 = (1,1) € U! x S!. One might initially expect U! x S! to be a monoid with
identity 1, but this is not always true. (But if U! x S' is a monoid, then its identity is 1, by
Lemma 3.7.) Rather, we have

1-(u,s) = (‘u,s) and (u,s) -1 = (ust,s) for any u € U' and s € S*, (3.10)
where again we write st = *1 for s € S

Lemma 3.11. (i) 1 is a left identity for U' x S* if and only if the action of S* on U' is
monoidal,

(i) 1 is a right identity for Ut xSt if and only if the action of S* on U is by monoid morphisms,

(iii) U! x S is a monoid with identity 1 if and only if the action of S* on U' is monoidal and
by monoid morphisms.

Proof. This all follows from (3.10). The only (slightly) non-obvious part is the forwards implica-
tion in (ii). For this, we note that if 1 is a right identity, then (1,s) = (1,5)-1 = (s*,s) = sT =1
for all s € S. O

Remark 3.12. In general, 1 need not be a left or right identity for U' x S, and in fact it need
not even be an idempotent, as 1-1 = (11,1) = (1, 1). It is quite possible to have 1+ # 1. For
example, this is the case for the constant action of S = S' on U' whose image is a non-identity
idempotent; cf. Example 3.3(i).

Combining Lemmas 3.7 and 3.11, we immediately obtain the following neat characterisation
of monoid semidirect products:
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Corollary 3.13. The following are equivalent:

(i) U xS is a monoid,

(i) U and S are both monoids, and the action of S(= S') on U(= U') is monoidal and by
monoid morphisms. O

Even though 1 need not be a left or right identity for U! x S! (cf. Remark 3.12), it does
nevertheless have the following very important property.

Lemma 3.14. The element 1 is a mid-identity for U' x S*.
Proof. For any u,v € U' and s,t € S, we have
(u,8)-1-(v,t) = (us™,s) - (v,t) = (us™ - v, st) = (u-*v,st) = (u,s) - (v,t),
where we used Lemma 3.1(iv) in the third step. O

Remark 3.15. We noted in Remark 3.12 that 1 might not be an idempotent of U! x S', but
now we have seen that it is always a mid-identity. It is well known, and easy to see, that any
reqular mid-identity must be an idempotent. Thus, U! x S* gives a neat example of a semigroup
with a non-regular mid-identity (when 11 # 1). The square of any mid-identity is always an
idempotent mid-identity, and here this is 1-1 = (17, 1).

The next result is not essential for our purposes, but it seems worth recording; it of course
leads to an alternative proof of Lemma 3.14.

Proposition 3.16. The mid-identities of U' x S' are precisely the elements of the form (e, 1)
for which ‘e is a left identity for the subsemigroup {‘u:u € U'} < U,

Proof. Throughout the proof we write V = {!u : w € U'}. (This is a subsemigroup because
Yy -ty = Y(uw) for all u,v € U')
Suppose first that (e, f) is a mid-identity for U! x S, and let u € U! be arbitrary. Then

(luvl):1'(u71):1'(e7f)'(u71):(1e'fu7f)'

It follows that f = 1, and then also that 'u = le - fu = le - lu, so that le is a left identity for V.

Conversely, suppose e € U is such that !e is a left identity for V, and let (u, s), (v,t) € U'xS*
be arbitrary. Then

(u,s) - (v,t) = (u-°v,st) and (u,8)-(e,1) - (v,t) = (u-°e-*v,st) = (u-°(ev), st),
so we must show that u - *(ev) = w - *v. But this follows quickly from

(ev) = *H(ev) = *((ev) = *(e- 1) = *('v) = *To = 0. O

The remaining results of this section concern certain natural subsemigroups of U x S. We
begin by defining

My ={(u,s) €UxS:u=us"} and My ={(u,s) €U x §:u="u}.

(We will soon see that these are indeed subsemigroups. In My, note that 'u is defined even if
1¢S.) We also define

M=MNM={(us)eUxS:'u=u=us"}.
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Lemma 3.17. We have M = {(u,s) € U x S :u=tusT}.

Proof. We must show that for any u € U and s € S, we have 'u = v = us™ < w = lust. The
forwards implication being clear, suppose u = 'us™. Then

Yy =1lus™)y =1(tw) - MsT) =1u- (1-8) T =tu-sT =
and ust =tust - st =lust =,
where we used parts (i) and (ii) of Lemma 3.1. O

The statements below refer to the element 1 = (1,1) € U' x S?, which might not belong to
U x S, and in particular might not belong to any of the subsets My, Ms or M. When 1 does
belong to U x S (i.e., when U and S are monoids), it belongs to any of these subsets if and only
if it belongs to all of them, and this is equivalent to having 1 = 1T.

Lemma 3.18. (i) M; = (U x S)-1 is a left ideal (and hence a subsemigroup) of U x S, and 1
is a right identity for My (but not necessarily an element of Mj ).

(il) My =U x S if and only if
u=us" forallue U and s € S, (3.19)
in which case M = M.

Proof. (i). First let (u,s) € M;. Then (u,s) -1 = (ust,s) = (u,s). This shows that
M; C (U xS)-1, and also that 1 is a right identity for M.

Conversely, suppose (u, s) € (U x S) -1, so that (u,s) = (v,t) -1 = (vtT,t) for some v € U
and ¢ € S. Tt follows that u = vtT € U (as v € U) and s =t € S, so that (u,s) € U x S. Using
Lemma 3.1(i), it also follows that us™ = vt™ - tT = vt* = u, so that (u,s) € M.

This completes the proof that M; = (U x S) - 1. Since (U x S) -1 is clearly closed under left
multiplication by elements of U x S, and since M1 C U x S (by definition), it follows that M;
is a left ideal of U x S.

(ii). This is immediate from the definitions. O

Remark 3.20. Condition (3.19) is satisfied, for example, when the action of S (or equivalently
of S) on U! is by monoid morphisms (i.e., s* = 1 for all s € S), but this is not necessary. For
example, (3.19) still holds if U has a right identity e that is not a left identity, and the action
of S on Ul(# U) is constant with image e, as then us*™ = ue = u for all w € U and s € S.

The situation for M, is slightly more complicated, as we do not always have My = 1-(U % 5):
Lemma 3.21. (i) My C1- (U x S), with equality if and only if

lwetU  foraluecU. (3.22)
(il) My is a right ideal (and hence a subsemigroup) of U xS, and 1 is a left identity for Ms (but
not necessarily an element of My ).

(iii) My =U x S if and only if
u="u forallu e U, (3.23)

in which case M = M. Moreover, (3.23) is equivalent to the action of S' on U' being
monoidal.
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Proof. (i). If (u,s) € My, then 1- (u,s) = (*u,s) = (u,s). This shows that My C1- (U x S),
and also that 1 is a left identity for Mo.

Next we assume that (3.22) holds, aiming to prove the reverse inclusion in this case. To do
so, let (u,s) €1-(U x S), so that (u,s) = 1- (v,t) = (lv,t) for some v € U and t € S, so
(u,8) € U x S by (3.22). We also have 'u = '(lv) = "o = v = u, so that (u,s) € My, as
required.

If, on the other hand, (3.22) does not hold, then 'u & U for some u € U. In this case, for
any s € S we have 1- (u,s) = (*u,s) € U x S, so certainly 1 - (u,s) & M.

(ii). Since the reverse inclusion in part (i) does not hold in general, we must prove this directly,
so let (u,s) € My and (v,t) € U x S. So 'u = u, and we have (u,s) - (v,t) = (u-5v,st) € U x S,
with

Y -*v) =tu-100) =u- Yo =u- v
We have already seen that 1 is a left identity for Mo.

(iii). The first claim is again immediate.

For the second, we first observe that monoidality clearly implies (3.23). For the converse, sup-
pose (3.23) holds. We must show that '1 = 1. This is clear if '1 ¢ U, as then '1 € U' \ U = {1},
so we now assume that 11 € U. For any u € U, we use (3.23) to calculate

Hou="tu=11-w)=u=u and similarly u-11=u.
Thus, '1 € U is an identity element of U, so that U' = U, and '1 = 1 by definition. U

Remark 3.24. Condition (3.22) does not hold in general. For example, when S = S! and
U # U', and the action of S on U! is constant with image 1(¢ U), we have

My, =g and 1-(Ux8)={1}xS=U'%8)\(UxS).

Clearly (3.23) implies (3.22); that is, (3.22) holds when S! acts monoidally on U? (i.e., 'u = u
for all u € U'). However, the reverse implication (3.22) = (3.23) need not hold. For example,
if e is a non-identity idempotent of U, then the constant action with image e satisfies (3.22) but
not (3.23).

We now give the corresponding result for M = M; N Ma.
Lemma 3.25. (i) M C1-(U % S) -1, with equality if and only if

lust e U forallueU and s € S. (3.26)

(il) M is a subsemigroup of U x S, and 1 is a two-sided identity for M (but not necessarily an
element of M ).

(iii) M is a monoid with identity 1 if and only if U and S are monoids and 1 = 1T.
(iv) M =U xS if and only if
u="lusT forallueU and s € S, (3.27)

and this is equivalent to (3.19) and (3.23) both holding.

Proof. Throughout the proof we use Lemmas 3.1, 3.18 and 3.21 without explicit mention. We
begin with the second part.
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(ii). Since M; and My are subsemigroups of U x S, so too is M; N My = M. Since 1 is a right
and left identity for My and Mo, respectively, it is a two-sided identity for My N Ms = M.

(i). By part (ii) we have M =1-M -1 C1-(U x S) - 1.
Next, we assume that (3.26) holds, and let (u,s) € 1- (U % S)-1. So

(u,s) =1-(v,t)-1= Yot for some v € U and t € S.
So (u,s) € U x S by (3.26). As in the proof of Lemma 3.17, one can check that
Yust =t(lott) ¢+ = tott = u,

so that (u,s) € M, by the same lemma.

If, on the other hand, (3.26) does not hold, then 'us™ ¢ U for some v € U and s € S. In
this case, 1 - (u,s) -1 = (fust,s) € U x S, so certainly 1- (u,s)-1¢& M.

(iii). By part (ii), M is a monoid with identity 1 if and only if 1 € M, and we noted just before
Lemma 3.18 that this is equivalent to the stated conditions.

(iv). The equivalence of M = U x S with (3.27) follows from Lemma 3.17. The equivalence
of M =U xS with (3.19) and (3.23) follows immediately from the original definition of M. O

Remark 3.28. Asin Remark 3.24, condition (3.26) is not always satisfied, but it is (for example)
when S! acts monoidally on U?.

As in Remark 3.20, condition (3.27) is satisfied (for example) when the action of S on U! is
monoidal and by monoid morphisms, but this is again not necessary. Indeed, consider the case
in which U has a right identity e that is not a left identity, and suppose S # S'. Consider the
constant action of S on U'(# U) with image e, and extend this to a monoidal action of S*(# 9)
on U' in the usual way. Then for any v € U and s € S, we have 'us™ = ue = u.

By Lemmas 2.2 and 3.14, we have the following commutative diagram, with all sets subsemi-
groups of U x S1, and all maps surmorphisms:

UxS
firx— x1 wﬁ 1-x
(UxS)-1 1-(UxS)
g1:x — 1.x A»—}xl
1-(UxS)-1

By Lemma 3.18(i), the semigroup on the western side of this diagram is equal to M;. By
Lemma 3.21(i) the eastern semigroup is My precisely when (3.22) holds. Since (3.22) clearly
implies (3.26), it follows from Lemma 3.25(i) that the southern semigroup is M in this case.
Thus, we have the following:

Proposition 3.29. If 'u € U for all uw € U, then the following diagram commutes, with all sets
subsemigroups of U xS, and all maps retractions:

UxS

flixHy &:)j»—)l-x
M,y

Mo

glcxk g2:x — x-1
M
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Remark 3.30. It follows that under the 'u € U assumption from Proposition 3.29, the sub-
semigroups My, My and M of U x S can also be identified with quotients of U x S:

M, = (U % S)/ker(f1), My =2 (U x S)/ker(f2) and M = (U x S)/ker(F),
where F' = f1g1 = fago is the retraction
F:UxS)—->M:x—1-x-1 given by (u,8)F = (*us™, s) foru e U and s € S.
The kernels of these maps can be described easily. For example:
o (u,s)f1=(v,t)f1 & ust =vtt and s =+,
e (u,s8)fa = (v,t)fo & 'u="'vand s=t, and
o (u,8)F = (v,t)F & lust =1vtT and s =¢.

Remark 3.31. The 'u € U assumption from Proposition 3.29 is precisely condition (3.22).
When (3.19) additionally holds,

fi:UxS—>M =UxS and go: M =My — M

are identity maps; cf. Lemma 3.18(ii). The analogous statement holds for f, and g; when (3.23)
holds.

As we have already mentioned, the actions considered in the rest of the paper will almost
always be monoidal. It is therefore convenient to record the next result, which summarises the
main points above in the case that the action of S* on U! is monoidal. For the statement, recall
(see for example [104]) that the local monoid at an idempotent e of a semigroup 7 is the set

eTe=el'NTe={ete:teT}={teT: et =1t=te},
and is the largest subsemigroup of 71" that happens to be a monoid with identity e.

Proposition 3.32. Suppose S acts on U' by semigroup morphisms, and suppose this action is
monoidal if S is a monoid. Then

M={(u,s) €UxS:u=us"}
s a subsemigroup of U x S, and the map
F:UxS = M:(u,s) (us™,s)
is a retraction. If U and S are monoids, then M is a (local) monoid with identity 1 = (1,1).

Proof. The monoidality assumption in the statement is equivalent to the action of S' on U!
being monoidal. It follows from Lemma 3.21(iii) that

M=M ={(us)eUxS:u=us"} <UxS.

Monoidality also means that Proposition 3.29 applies, and together with M = Mj, this gives
the assertion regarding the retraction F' = fi; cf. Remark 3.31. The final assertion follows from
parts (i) and (iii) of Lemma 3.25, and the fact that monoidality implies (3.26) and 1 =1F7. O
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4 Action pairs

In this chapter we introduce the kinds of semigroups that are the focus of the paper. These
are certain products of the form US, where U and S are subsemigroups of a common over-
monoid M satisfying natural axioms. After giving the relevant definitions and basic properties
in Section 4.1, we discuss several examples in Section 4.2. Section 4.3 treats the class of left
restriction monoids, showing how these fit into our general framework, and providing the tools
for studying many of our motivating examples in Part II of the paper. Section 4.4 contains the
main structural result of the chapter, Theorem 4.53, which characterises our product semigroups
as quotients of semidirect products by certain special congruences that we abstractly axiomatise.
Finally, Section 4.5 contains several results on generating sets for these congruences, which then
feed into presentations in Part II.

4.1 Basic definitions and properties

The general set-up we will be concerned with involves two subsemigroups of a common semigroup;
since the latter embeds in its monoid completion, we may assume without loss of generality that
it already is a monoid. Thus, we have U, S < M, where M is a monoid, subject to various natural
assumptions to be detailed below. We denote the identity of M by 1, and write U? = U U {1}
and S' = SU{1}. Note that U = U if U happens to be a submonoid of M, and similarly for S*.
In any case, we also have U', St < M.

Lemma 4.1. IfU,S < M, for some monoid M, and if SU C U'SY, then US < M.
Proof. This follows from US -US CUU'- 81§ =US. O

Note that the semigroups U and S need not be contained in the product US. Indeed, this will
be the case for several of our motivating examples. Of course, if U and S are both submonoids
of M, then U, S CUS.

Here is the first key definition.

Definition 4.2. A weak (left) action pair in a monoid M is a pair (U, .S) of subsemigroups of M
for which the following condition holds:

(A1) S has a left action on U'! by semigroup morphisms, written (s, u) + “u, such that

s-u="°u-s forall s€ S and u e U'.

If the following condition also holds, we call (U, S) a (left) action pair:

(A2) us=vt = u-*1=v-'1forall u,v € U! and s,t € S.

Remark 4.3. Strictly speaking, it would be more precise to speak of a (weak) action triple
(U, S, ¢), where ¢ : S x U' — U : (s,u) — ®u is the specific action from (A1). However, as with
semidirect products in Definition 3.4, we omit the label ¢ for brevity, and the action will always
be clear from context.

For the time being, we have resisted using the notation st for the elements *1 (s € ), for
reasons that will soon become clear; see Proposition 4.7.

It of course follows from Lemma 4.1 and (A1) that US < M for any (weak) action pair (U, S)
in M. Most of the results of this paper concern action pairs, but some hold more generally for
weak action pairs; see for example Proposition 4.46, and Theorems 5.39 and 6.5.
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The main role played by the monoid M in Definition 4.2 is to provide a common environment
in which the semigroups U and S exist, or, more specifically, a context in which to form products
of the form us and su, for u € U and s € S. Consequently, M could be replaced in the definition
by any monoid containing U and S, and we will often speak simply of ‘an action pair (U, S)’,
without explicitly specifying the common over-monoid M.

Remark 4.4. Note that we do not assume in (A1) that S acts by monoid morphisms (i.e., that
#1 =1 for all s € S), but we will soon see that this special case is very important. On the other
hand, if S happens to be a submonoid of M, then it follows from (A1) that u = 1-u = 'u-1 = tu
for all u € U', meaning that S acts monoidally in this case.

In any case, is important to note that s = s-1=%1-s for all s € § in any weak action pair.
When we return to the s™ = ®1 notation later, this says that

s=sTs for all s € S.

Many of the action pairs we consider will satisfy stronger assumptions:

Definition 4.5. A strong (left) action pair in a monoid M is a pair (U, S) of subsemigroups
of M for which the following conditions both hold:

(SA1) sU' CUlsforall s € S.
(SA2) us =uvt = u=wv for all u,v € U and s,t € S.

We call (SA2) the left-uniqueness property.

Remark 4.6. It is worth observing that sU' C U's in (SA1) is equivalent to sU C U's. The
condition sU C Us of course implies sU' C U's, but not conversely in general; see Example 4.30.

The terminology obviously suggests that any strong action pair is an action pair, even though
no action was specified in Definition 4.5. This is indeed the case, as we will show in Lemma 4.15.
First, however, we give an alternative characterisation of action pairs, which shows that certain
key properties of the elements °1 (s € S) determine the whole of the action.

Proposition 4.7. Let U and S be subsemigroups of a monoid M. Then (U,S) is an action
pair if and only if (SA1) holds and there exists a map S — Ul : s — st satisfying the following
conditions:

s=s5"s forallse S, (+1)

stt = (st)Ts forall s,t € S, (+2)
(st)" = (st)Tst for all s,t € S, (+3)
us=vt = ust =ovt" for all u,v € U and s,t € S. (+4)

Proof. (=). Suppose first that (U,S) is an action pair. Since (Al) = (SAI), it remains to
demonstrate the existence of a suitable map s — sT. For this, we define s™ = 1 for all s € S.
Properties (+3) and (+4) then follow immediately from Lemma 3.1(iii) and (A2), respectively,
and we noted in Remark 4.4 that (+1) holds. For (42), let s,¢ € S. Then (A1) and Lemma 3.1(ii)
give

stt =5(tT) . s = (st)Ts.

(«). Conversely, suppose (SA1) holds, and also that S — U : s+ sT satisfies (+1)—(+4).

We begin by defining an action of S on U!. To this end, let s € S and v € U'. By (SA1) we
have su = vs for some v € U', and we define *u = vs*. It follows quickly from (+4) that this is
well defined. Thus, for any s € S and u € U', we have

+

Su=ws for any v € U! such that su = vs. (4.8)
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We will soon show that this does indeed define an action by semigroup morphisms. But first we
observe that for s, u,v as above, we have

su=wvs=vs"s="u-s, (4.9)
where we used (+1) in the second step. Next we note that
51 =s" for all s € S. (4.10)

Indeed, this follows immediately from (4.8) with « = v = 1. Combining (4.10) with (+4), we
obtain (A2).

In light of (4.9), it remains to check that (4.8) does indeed define an action of S on U! by
semigroup morphisms: i.e., that

sty = 5("u) and (uww) = *u - v for all u,v € U and s,t € S. (4.11)
To do this, we begin by showing that
S - 5T =Sy for all uw € U' and s € S. (4.12)
To see this, first note that for any s € S, (+1) and (+4) give
l-s=s=s".5 = 1-sT=s".5T,

so that each sT is an idempotent. Combining this with (4.8), we quickly obtain (4.12).

Beginning with the second part of (4.11), let s € S and u,v € U'. Several applications
of (4.9) gives
(w) - s=s-uv="u-s-v="nu-%v-s,

and it then follows from (+4) that *(uv) - s™ = *u - %v - s*. We then apply (4.12) to both sides
to deduce *(uv) = *u - Sv.

For the first part of (4.11), let s, € S and u € U'; we must show that “u = (*u). This

time (4.9) gives

Sty st =st-u=s-'u-t=">"u)- st

It then follows from (+4) that stu - (st)* = $(*u) - (st)*. Since *'u - (st)* = s'u, by (4.12), the
proof will be complete if we can show that

S(tu) - (st) = 5("u). (4.13)
For this we use (4.9), (4.12), (4.9) and (+2) to calculate
Stu)-s=s-'u=s-tu-tT =%"u)-s-tT =5"u)- (st)" -s.

It then follows from (+4) that *(*u)-s* = *(*u)- (st)*-sT. Combining this with (4.12) and (+3),
we finally deduce that

Sty = 3(tu) - 57 = 5(tw) - (st)T - sT = *(tu) - (st)
This completes the proof of (4.13), and hence of the proposition. O
Remark 4.14. Proposition 4.7 allows us to specify an action pair (U, S) either by means of:

e an action (s,u) — *u, as in Definition 4.2, or

e an appropriate map S — U': s — s7.

24



The proof of the proposition shows how the two formulations are interchangeable, but it is worth
drawing this out explicitly here:

e Given an action pair (U, S), as in Definition 4.2, the map S — U' : s+ sT = *1 satisfies
(+1)—(+4).

e Conversely, if (U, S) satisfies (SA1), and if S — U! : s — st satisfies (+1)—(+4), then
(U, S) is an action pair (as in Definition 4.2) with respect to the action of S on U! given
in (4.8).

In all that follows, we will use either viewpoint, as convenient, typically without further comment.

Here is the promised result justifying the terminology of strong action pairs; it also gives a
criterion for distinguishing the strong ones.

Lemma 4.15. (i) Any strong action pair is an action pair.

(ii) An action pair (U,S) is strong if and only if s* =1 for all s € S, meaning that the action
of S on Ut is by monoid morphisms.

Proof. (i). The trivial map S — U!: s+ s* =1 always satisfies conditions (+1)—(+3). If
(U, S) is a strong action pair, then this trivial map also satisfies condition (+4).

(ii). Suppose first that the action pair (U, S) is strong, and let s € S. Then from s*-s =5 =1-s,
it follows from (SA2) that s™ = 1.

Conversely, suppose s = 1 for all s € S. Together with (A2), this clearly implies (SA2).
Since (SA1) always follows from (A1), it follows that (U, S) is strong. O

It follows that strong action pairs have the following equivalent definition:

Definition 4.16. A strong (left) action pair in a monoid M is a pair (U, S) of subsemigroups
of M for which the following conditions both hold:

(SA1)" S has a left action on U' by monoid morphisms, written (s, u) — *u, such that

s-u="%u-s forall s € S and u € U'.

(SA2) us=vt = u=vforall u,v € U and s,t € S.

Remark 4.17. We have seen that a pair (U, S) of subsemigroups of a monoid M is a strong
action pair if and only if

e (SA1) and (SA2) both hold (cf. Definition 4.5), or equivalently

e (SA1)" and (SA2) both hold (cf. Definition 4.16).
Since (SA1)' = (Al) = (SAl), (U, S) is also strong if and only if
e (Al) and (SA2) both hold.

In Section 6.1, we will prove one result (Theorem 6.5) concerning pairs (U, S) satisfying (SA1)’,
but not necessarily (SA2). This limited attention does not seem to warrant naming such pairs.

The next lemma involves restricting action pairs to subsemigroups; it follows quickly from
an examination of Definitions 4.2 and 4.16.
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Lemma 4.18. If (U, S) is a (strong) action pair, then so too is:

(i) (U,T) for any T < S,

(i) (V,S) for any V < U for which V' is closed under the action of S. O
For the next statement, we say that an action pair (U, S) in M eztends to (V,T) if:
e (V,T) is an action pair in M,
e U<V and §<T, and

e the map S — U' : s+ s is the restriction of the map T — V! :t — tT.

The third condition can be formulated equivalently in terms of actions of S and T on U' and V1.
Lemma 4.19. (i) Any action pair (U,S) extends to (U',S).

(ii) An action pair (U,S) extends to (U,S') and (U, SY) if and only if the following condition
holds:

eus=v = ust =v forallu,v € U" and s € S.

(iii) Any strong action pair (U,S) estends to (U, S), (U,S') and (U',S'), and these are all
strong.

Proof. (i). This follows immediately from Definition 4.2, given that (U!)! = U!.

(ii). Given part (i), we just need to prove the claim for the pair (U, S'). We first observe
that (SA1) clearly holds for this pair. There is only one way to extend the map S — U! : s+ s
to a map S! — U! satisfying (+1), since the latter implies 17 = 1. Ttems (+1)—(+3) all clearly
hold for this extended map, while (+4) holds if and only if the stated condition holds.

(iii). Item (SA1) is clear in each case. For (SA2), suppose us = vt for some u,v € Ul and
s,t € S'. Then for any z € S we have u(sx) = v(tx), with sx,tx € S, so it follows from
left-uniqueness of (U, S) that u = v. O

The condition stated in part (ii) of the previous lemma leads to the following useful fact.

Lemma 4.20. If (U, S) and (U, S) are both action pairs in M, then US is a submonoid of M
if and only if U and S are both submonoids.

Proof. With the backwards implication being clear, suppose U .S is a submonoid, so that us =1
for some v € U and s € S. Since us = 1-1 with u,1 € U! and 5,1 € S, we can apply (A2) in
the action pair (U, S') to deduce that ust =1-1" =1-1= 1. But then

where we used (+1) in the third step. It follows that also v = w-1 = us = 1. Thus,
l=u=s5€UNS. O

The next result provides a necessary condition for an action pair to be strong.
Lemma 4.21. If (U, S) is a strong action pair, then
(i) UNS C {1},
(i) 1eUS & 1eUNS & UnS={l} & UNnS#wo.
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Proof. (i). If € UN S, then from z - = 1 - 22, left-uniqueness implies = = 1.

(ii). The following implications are all obvious:

UnS={1} = 1eUNS = UNS#o and 1leUNS = 1€US.

Part (i) gives UNS # @ = UNS = {1}, so it remains to show that 1 € US = 1 € UNS. Since
(U, S) is strong, (U, S') is a (strong) action pair, by Lemma 4.19(iii). The required implication
then follows from Lemma 4.20. O

Remark 4.22. The assumption that (U, S) is strong cannot be removed from Lemma 4.21. For
example, let M be a left restriction monoid with semilattice of projections P; see Section 2.3 for
the definitions. We will show in Proposition 4.37 that (P, M) is an action pair, and we note that
PN M = P need not contain only the identity element.

Now we provide a sufficient condition. Recall that a right unit of a monoid M is an element
s € M such that 1 = st for some t € M. We write R(M) ={s € M : 1 € sM} for the submonoid
of all right units of M. (The submonoid R(M) is also Green’s #Z-class of 1 € M.)

Lemma 4.23. Suppose (U, S) is an action pair in a monoid M.
(i) If s€e SNR(M), then sT = 1.
(ii) If S C R(M), then (U, S) is strong.

Proof. By Lemma 4.15(ii), it suffices to prove the first part. For this, suppose s € SN R(M),
so that 1 = st for some ¢ € M. Combining this with (+1), we have 1 = st = sTst = sT. O

Remark 4.24. It of course follows from Lemma 4.23(ii) that (U, S) is strong if S is contained
in the group of (two-sided) units of M.

The condition S C R(M) is certainly not necessary for (U, S) to be strong; see Example 4.30
(out of many other examples considered in the paper).

The final result of this section shows that (A2) is equivalent to an ostensibly stronger condi-
tion.

Lemma 4.25. If (U, S) is an action pair, then for any u,v,w € U' and s,t € S, we have

us =vt = u-w=uv-tw.

Proof. Combining us = vt with (A1), we have
w-Sw-s=us-w=vt-w=v-'w-t.
It then follows from (A2) that u-%w-s* = v-tw-#T, and Lemma 3.1(iv) completes the proof. [

Before we move on, we note that there are obviously right-handed versions of our action
pairs. By symmetry/duality, results concerning right pairs can be directly obtained from their
left-handed counterparts, so we focus only on the left. The left-handed theory is our chosen
focus, as it applies directly to all of our motivating examples.

There is also a notion of right-uniqueness (for left action pairs), where us = vt = s=t,
in contrast to the left-uniqueness property (SA2). Right-uniqueness is satisfied, for example,
by free left restriction monoids, which are the topic of Chapter 7. However, right-uniqueness is
equivalent to certain right congruences on S (introduced in Section 4.4) all being trivial, so there
is no need to develop a parallel theory in this case.
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4.2 Examples

The following collection of examples and non-examples highlight some subtleties in the defini-
tions. They also show that the semigroups US arising from (weak/strong) action pairs (U, S)
include some well known classes. Additional examples will be explored in greater depth in the
next section, and in Part II of the paper.

Several of the examples discussed below use the transformation monoids P7x, Tx, Sing(7»),
and so on, as defined in Section 2.2. Some involve inverse semigroups, as defined in Section 2.1.
For the calculations in such examples, we make use of the previously-mentioned fact that idem-
potents of an inverse semigroup commute. It is also clear that every idempotent of an inverse

semigroup is its own inverse. On a number of occasions we make use of the easily checked fact
that if U and S are submonoids of a monoid M, and if SU C US, then US = (U U S).

We begin with a somewhat degenerate construction:

Example 4.26. Let U and S be arbitrary semigroups, and assume U NS = @. Let 0 and 1 be
symbols not belonging to U U S, and let M = U U S U{0,1}. Then M is a monoid under the
product that extends the original products in U and S, and where additionally

us=su=0, 2z0=0r=0 and zl=1lx==x foralue U, se S and x € M.

(So M is the monoid completion of the 0-direct union of U and S.) For any action of S on U by
morphisms, (U, S) is a weak action pair in M with respect to the extended action of S on U?.
We then of course have US = SU = {0}.

The next series of examples involve idempotents and one- or two-sided units.

Example 4.27. Let M be an inverse monoid, and let
E=EM)={ecM:e=¢e?} and G=GM)={geM: g9 =g lg=1}

be the semilattice of idempotents, and group of units of M. It is easy to see that (E,G) = (E*, G')
is a strong action pair in M:

(SA1) For g € G and e € E(= E'), we have ge = (geg~!)g, with geg™! € E. This shows that
gE C Eg. In fact, it is easy to see that gE = Fg. (The action of G on E(= E') from
(A1) or (SA1) is given by 9e = geg™!.)

(SA2) Suppose eg = fh for some e, f € E and g,h € G. Then from e = fhg~! we obtain
e = fe. Similarly, f = ef, and since idempotents commute, it follows that e = f.

(Alternatively, one could verify conditions (A1) and (A2), and then apply Lemma 4.23(ii).)
The resulting subsemigroup EG = GE < M is the largest factorisable inverse submonoid of M.
See [14,12] for more on factorisable inverse monoids, and [21] for presentations. By the symmetry
afforded by the inversion map, (F,G) is also a strong right action pair.

If we write E” = E'\ {1}, then (E”,G) is also a strong action pair in M (cf. Lemma 4.18(ii)).
The subsemigroup E’G = GE* = EG \ G is an almost-factorisable inverse semigroup in the
sense of Lawson [70]; see also [28]. Note that this class of inverse semigroups has an abstract
definition, and it is a highly nontrivial result that any almost-factorisable inverse semigroup has
the form EG \ G for suitable F and G (and M).

Generalisations of Example 4.27 will be discussed in Section 4.3.

Example 4.28. Following on from the previous example, let M be an arbitrary monoid, F the
set of idempotents of M, and G the group of units. Since E need not be a submonoid, we also
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write U = (E) for the submonoid generated by the idempotents. Since the conjugate of an
idempotent by a unit is an idempotent, we have an action of G on U given by 9u = gug™!, with
respect to which ¢ - u =9u - g. Thus, (A1) holds, meaning that (U, G) is a weak action pair. Of
course it follows that (SA1) holds as well. We have UG = GU = (E U G) by |38, Lemma 32].

Since 91 =1 for all g € G, conditions (A2) and (SA2) are equivalent for the pair (U, G), and
we note that these need not hold in general (although we have just seen in Example 4.27 that
they do hold when M is inverse). For a specific example of this, let M = T = {«, 8,7, d}, where

a=(11), A=(33), v=(3) and d=(37).
Then U = F ={a, 8,7} and G = {v,d}, yet ary = 34.

Example 4.29. Again let M be an arbitrary monoid, and let G, F and U = (FE) be as in the
previous example. This time let

L=LM)={seM:1ec Ms} and R=RM)={seM:1esM}

be the submonoids of left and right units.

Let s € L, so that 1 = s’s for some s’ € M. For any idempotent e € E, we have se = (ses’)s,
and it is easy to check that ses’ is an idempotent. This quickly leads to sU C Us, so that (SA1)
holds for the pair (U, L). We have UL = (E'U L) by |34, Lemma 2.5].

Condition (SA2) still does not hold for (U, L) in general. Indeed, this is again witnessed by
M = T, from Example 4.28, since when M is finite every left unit is a (two-sided) unit so that
L = G is the group of units. Even though (U, L) is not left-unique in general, we still always
have U N L = {1}; see [31, Lemma 2.1], and cf. Lemma 4.21.

Regarding condition (A1) for the pair (U, L), for each s € L we fix some s’ € M such that
1 =s's. Then for s € L and u € U(= U') we define *u = sus’ € U, and we have su = “u - s.
We also have *(uv) = %u - %v for all s € L and u,v € U. However, for (A1) to hold, we also
require that $'u = (*u) for all s,t € L and u € U: i.e., (st)u(st) = s(tut’)s’ for all such s,t,u.
This would be the case if we could choose the elements s’ in such a way that (st)’ = ¢'s’ for all
s,t € L, as is the case for example when M is inverse (and s’ = s~ 1).

The above discussion concentrated on the pair (U, L). We note that the pair (U, R) might not
even satisfy (SA1). For a specific example of this, let M = PBy be the partial Brauer monoid
over N={0,1,2,...}. The definition of this monoid is somewhat involved, so we refer the reader
to [34]. Consider the elements

NN R N

from PBy. Then n € F C U, and since aff = 1 we have a € R. We then have

o= N\ e

but we claim that an & Ua, which then of course implies that aU € Ua. In fact, an does not
even belong to PBy - a, as every element of PBy - v contains at least one lower ‘hook’ (inherited
from «), while an does not.

For more on monoids generated by idempotents and one-sided units, see [34,35].

Example 4.27 involved a (strong) action pair (U, S) for which U and S were both submonoids
of M; in such cases, the monoid U S contains both U and S. The next example, which is one of
our original sources of motivation, provides a contrast.
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Example 4.30. Let n be a positive integer, and write n = {1,...,n}. In addition to the monoids
PTn, Tn, and so on, let &, = {id4 : A C n} be the semilattice of partial identities, and write
Sing(&,) = &, \ {idn}. Then the following are all strong action pairs in P7p:

(Ens Tn), (En, Sing(Tn)), (Sing(€n), Tn), (Sing(&y), Sing(75))-
Indeed, conditions (SA1) and (SA2) follow from the laws
a-idy =idy,-1 - @ and ida-a=aly. (4.31)

One can check (though it is not entirely obvious, and in any case follows from results of later chap-
ters; cf. Remark 8.64) that the subsemigroups US of PT,, corresponding to the above pairs (U, S)
are:

® & Tn =P,
o &, -Sing(T,) = Sing(PT,), and
o Sing(&n) - Tn = Sing(&y) - Sing(Tn) = PTn \ Tn-

It is also worth noting that &, - Sing(7,) = Sing(P7T,) contains Sing(7,) but not &,; it does
however contain Sing(&,) = &, \ {ida}, a crucial property that features heavily in Chapter 6.
Presentations for the semigroups Sing(7,), Sing(P7T,) and PT, \ T, can be found in [29-32].
Also, while Sing(&,,) - Tn = Sing(&y) - Sing(7y,) = PT, \ Tn contains Sing(&,,), it is disjoint from
both 7, and Sing(7,).

We also observe that if (U, S) = (Sing(&,), Tn) or (Sing(&,), Sing(7y)), then the condition
aU' C Ula in (SA1) cannot be replaced by alU C Ua (cf. Remark 4.6). Indeed, if a € 7, is
any map with image A C n, then «-idg = o # idp - « for any B C n. For the same reason, the
action of S on U = &, does not restrict to an action of S on U = Sing(&,), as “id4 = idy, when
im(a) = A C n.

Similar considerations show that none of the above pairs satisfy the right-handed version
Ula C aU' of (SA1) when n > 2. Indeed, let a € T, be an arbitrary constant map, and fix
some @ C A C n. Then for any B C n, a -idp is equal to either a or else the empty map, and
so is never equal to id4 - a. This all shows that ids - a € Ua \ aU!, and so Ula € aU?.

We also have strong action pairs (£,,Gy,) and (Sing(&,),Gy) in PT,. These lead to the
(almost-)factorisable inverse semigroups

En-Gn=1, and Sing(gn) “Gp = Sing(In)a
which are special cases of Example 4.27.

Generalisations of Example 4.30 will be discussed in Chapters 8 and 9.

Example 4.32. Extending the last example, consider again the full and partial transformation
semigroups 7Tx and PTx over an arbitrary set X. Consider also the power set P(X) = {A: A C X},
as a semilattice under intersection. Note that Tx acts on P(X) via

A= Aa"! for Ae P(X) and o € Tx.

Now let S be a subsemigroup of Ty, let F' be a subsemilattice of P(X) such that F! = FU{X}
is closed under the action of S, and set U = {id4 : A € F'}. Then (U, S) is a strong action pair
in M = PTx, as again follows from (4.31). So we have the subsemigroup

US={idg-a:ael, AcF}={aly:a€ S, AeF} <PTx,
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with composition given by

als-Ble = (aB)] anBa-1 for a,f € S and A,B € F.

When S = Tx and F' = P(X), we of course obtain US = PTx, but varying S and F' gives rise
to other interesting cases.

(i)

(i)

(iii)

Consider the case in which X =N = {0,1,2,...}. Define transformations 1,72 € Ty by
n=(933%7)  and e =(§33%1),

and define the (infinite cyclic) subsemigroups S; = (y1) and Sy = (72) of PTy. Let F be
the set of all subsets of N of the form x + N = {z,z + 1,2 +2,...} withz > 1. So Fis a
subsemilattice of P(N), and FU{N} is closed under the actions of both S; and Sy (F is closed
under the action of Sa, but not of S1). So (U, S1) and (U, S2) are both strong action pairs
in P7y, and in fact we have US; = USs. This shows that the ‘S component’ of a (strong)
action pair (U,S) is not uniquely determined by the semigroup US itself. Note also that
US, = USs contains no total maps, and also no idempotents. So in general, a semigroup
US can be disjoint from both U and S. Clearly US; = US> contains no isomorphic copy
of U (as U consists entirely of idempotents), but any element of US; = US, generates an
infinite cyclic subsemigroup, which is isomorphic to both S; and Ss.

Now let X =Z = {0,+1,+£2,...}, and define
3= (%123") e Tz

Let S5 = (y3), and let F' be as in (i), but now considered as a subsemilattice of P(Z). Note
that F'U {Z} is not closed under the action of S, and in fact (U, S3) is not a weak action
pair at all, as even (SA1) fails. For example, with P = {1,2,3,...} € F and N = BP =
{0,1,2,...} ¢ FU{Z}, we have 73 -idp € y3U*; on the other hand, dom(vs - idp) = N, yet
every element § of U'vs has dom(§) = Z or else dom(d) C P. However, we do have

ANBaleF for all A,B € F' and o € S3,

and it follows from this and the rule a4 - 8[5 = (a8)[ 4nga-1 that USs is still a semigroup.
In fact, by identifying P7y as a subset of P77z (consisting of all partial maps with domain
and range contained in N), we have US] = USy = US3, where S; and S are as in (i) above.
This time, note that S3 consists of units of 7Tz.

Again consider X = N, and let S = (v1), with 73 € Ty as in (i). This time we let F' consist
of all finite subsets of N, which is again a subsemilattice of P(N) closed under the action
of S. The resulting strong action pair (U, S) leads to the subsemigroup US of P7x, as usual.
This time US contains a single idempotent, namely the empty map & (which is of course a
zero of US), and we note that US is a nilsemigroup, in the sense that every element of US
has a power equal to @. It follows that US does not contain any subsemigroup isomorphic
to U or to S.

Among other things, the above examples show that if one is given a semigroup known to be of
the form US for some (strong) action pair (U, S), it is not necessarily obvious what U and/or S
might be.

It is also worth noting that the reflection monoids of Everitt and Fountain [39,10] are also

special cases of the construction in Example 4.32, or indeed of Example 4.27.

The next example features a weak action pair (U, S) in partial transformation monoids, and

here we no longer assume that U consists of partial identities.
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Example 4.33. Let Y and Z be disjoint non-empty sets, let X =Y UZ, and let M = PTx. Let
S <PTy and V < PTz be arbitrary subsemigroups. We may also regard S as a subsemigroup
of PTx (as any partial transformation of Y is of course a partial transformation of X'), and we
additionally define U = {idy Ua : @ € V'}. So U is a subsemigroup of PTx, and clearly U = V.
It is easy to check that

af=pa=a forallacSand fcU"=UU/{idx}. (4.34)

It immediately follows that condition (SA1) holds for the pair (U, S). However, condition (SA2)
only holds if |[U| =1, as aff = &/ for all a,o¢’ € U and § € S. By contrast, the right-handed
version of (SA2) holds: af =do'f = pf=p forall @,/ € U and 3,5 € S.

It also follows from (4.34) that condition (A1) holds with respect to the constant action:
“B = idy for all « € S and B € U!. Condition (A2) is equivalent to (SA2), so still fails
(unless |U| = 1). So the weak action pair (U,S) is not an action pair. In this case we have
US = S(=9U).

In Example 4.27 we considered factorisable inverse monoids, which came from strong action
pairs present in any inverse monoid. As a foreshadowing of the next section, we now consider
another action pair present in any inverse semigroup, though these are generally not strong.

Example 4.35. Let S be an inverse semigroup with semilattice of idempotents E = E(S).
Define the map S — E! : s + st = ss7!. It is easy to check that (SA1) holds for the
pair (F,S), and that the unary operation s — s satisfies (+1)—(+4). For example, if s,t € S,
then

stT = stt™! = ss sttt = stt7LsTs = (st)(st)"ts = (st)Ts,

giving (+2). For (+4), suppose es = ft for some e, f € E and s,t € S. Then certainly
(es)™ = (ft)™. But

16 — 6658_1 = 65+ a,l’ld similarly (ft)+ - ft+7

(es)t = (es)(es) ™! =ess te ™! = ess™
so that es™ = ftT, as required. It follows from Proposition 4.7 that (F,S) is an action pair in
the monoid S'. By Lemma 4.15(ii), this pair is strong if and only if ss~! = 1 for all s € S, which
occurs precisely when S is a group.

To understand the pair (E,S) via the original Definition 4.2, we need to understand the
action of S on E. For this, let s € S and e € E. Then se = ss”'se = ses 's = ses™ ' - 5. It
follows from the proof of Proposition 4.7 (see (4.8)) that e = ses™!- st = ses - s57! = ses™1.
This all shows that the action of S on F is given by conjugation, as in Example 3.3(ii).

As usual, the pair (E, S) leads to the subsemigroup ES of S, and of course we have ES = S.
Although this is not an interesting/new subsemigroup, it leads to a number of other interesting
subsemigroups, as (E,T) is an action pair for any 7' < S, by Lemma 4.18(i). We will explore
this in more detail in the next section, where we extend our scope to left restriction monoids.

4.3 Left restriction monoids

As just noted, another family of natural examples comes from the class of left restriction monoids,
as defined in Section 2.3. For the duration of this section we fix some such monoid M with
identity 1. So M has a (basic) unary operation s — s* satisfying

L) rte =, (Le) 2y = (ey)*a.
(L2) 2Tyt =yTa™, (L5) ztat =2a™,
(L3) (aFy)" =2ty (L6) (aF)" =a™.
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(Recall that the defining identities are (L1)—(L4), while (L5) and (L6) are consequences.) It
follows quickly from (L1) that 17 = 1. As before, in the calculations to follow we write =1 to
indicate an application of (L.1), and similarly for =9, and so on.

The following subsets of M will play an important role in all that follows:

E=EM)={s€M:s=s}, L=LM)={seM:1€ Ms},
P=P(M)={s":s5¢€ M}, R=R(M)={seM:1€sM},
T=T(M)={seM:s" =1}, G=GM)=LNR.

The elements of P are called projections. By (L2), (L3) and (L5), P is a (monoid) semilat-
tice. By (L6), P is fixed pointwise by the T operation, meaning that v = u™ for all u € P.
If M is inverse (with st = ss7!), then P = E is precisely the semilattice of (all) idempotents
of M. However, this need not be the case for an arbitrary left restriction semigroup, as for
example with PTx (with a® = idgem(a) and P = {id4 : A € X}), although we always of course
have P C E. In fact, E need not be a subsemigroup at all, let alone a semilattice; again con-
sider PTx. The other subsets defined above are submonoids, however. The submonoids L and R
consist of all left and right units of M, respectively, and G is the group of (two-sided) units. We
have L = R = G if M is finite (see for example [34, Lemma 2.3]), but this need not hold for
infinite M. We will discuss T shortly, but our first goal is to show that (P, M) is an action pair;
see Proposition 4.37. For this, and for later use, it is convenient to prove a simple fact, which
we have already seen in Example 4.35 for the special case of inverse semigroups.

Lemma 4.36. If S is a left restriction semigroup with semilattice of projections P = P(S), then
(us)™ = us™ for anyu € P! and s € S.

Proof. This is obvious for u = 1; otherwise, (us)" =¢ (u*s)" =3 u™s™ =¢ us™. O

Proposition 4.37. Let M be a left restriction monoid, and write P = P(M). Then (P, M) is
an action pair.

Proof. We use Proposition 4.7. For (SA1), let s € M. Then for any u € P we have
su=¢ su’ =4 (su)Ts, (4.38)

which gives sP C Ps.

It remains to check that the map M — P : s — sT (i.e., the T operation itself) satisfies
conditions (+1)—(+4). Now, conditions (+1) and (42) are simply (L1) and (L4), respectively.
For (+3), let s,t € M. Then

(st)" =1 ((sTs)t)T = (sT(st))" =3 sT(st)" =2 (st)Fs™.

Finally, for (+4), suppose u,v € P and s,t € M are such that us = vt. Then certainly
(us)™ = (vt)™, and it follows from Lemma 4.36 that us™ = vt™. O

Remark 4.39. If S is a left restriction semigroup, then (P, S) is an action pair in the monoid S?,
where again we write P = P(S) = {s* : s € S}. Indeed, this follows from the same proof as
above.

Alternatively, when S is a left restriction semigroup, S! becomes a left restriction monoid in
a unique way by putting 17 = 1. Proposition 4.37 says that (P!, S!) is an action pair in S!, and
we then apply (both parts of) Lemma 4.18.

Remark 4.40. Given any action pair (U, S) we have the associated semigroup US. In the case
of the pair (P, M), this subsemigroup is precisely PM = M itself. Thus, the pair (P, M) does
not lead to an ‘interesting’ subsemigroup of M. Similarly, the results of Chapter 6 will be of
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no use in describing presentations for M by means of the pair (P, M), since they assume we
already know a presentation for M (and P). Nevertheless, knowing that (P, M) is an action pair
is useful in describing many more such pairs below (using Lemma 4.18). The pair (P, M) will
also be extremely important in Chapter 5.

The proof of Proposition 4.37 utilised the alternative formulation of action pairs from Propo-
sition 4.7, but it is convenient to understand the associated action of M on P(= P!). To do
so, fix some u € P and s € M. Then su = (su)ts, by (4.38). By the proof of Proposition 4.7
(see (4.8)), we therefore have u = (su)Ts™ = (su)™, where we used (+3) in the last step. To
summarise, the action of M on P is given by

Su = (su)T for s € M and u € P. (4.41)

1 1

If M is inverse (with s = ss™!), then this action has the simple form Su = su(su)™! = sus™!;
cf. Examples 3.3(ii) and 4.35. It is worth noting that the action (4.41) goes back to work of
Fountain on the narrower class of adequate semigroups [11]; see also [53] where it is used in the
broader class of Ehresmann semigroups.

Next we wish to prove a result concerning action pairs of the form (Q,S), where @ < P
and S < M. The set T introduced above will play an important role in this, specifically in
determining which of these pairs are strong.

Lemma 4.42. Let M be a left restriction monoid, and write T = T(M) and R = R(M). Then
(i) T is a submonoid of M,

(il) R C T, with equality if M is inverse,

(ili) M\T ={s € M : s 1} is a right ideal (and hence a subsemigroup) of M.

Proof. (i). Define the relation o = {(s,t) € M x M : s =t*}. Clearly o is an equivalence
(it is the kernel of the map s — sT), and it follows quickly from Lemma 3.1(ii) that o is a left
congruence. Lemma 2.1 then tells us that T'= {s € M : s o 1} is a submonoid.

(ii). Lemma 4.23(i) gives R C T. If M is inverse, and if s € T, then 1 = s* = 557!, s0o s € R.

(iii). Let s€ M\ T and t € M. So sT # 1, and we must show that (st)™ # 1. But if (st)* =1,
then st = st -1=s"(st)" =3 (sT - st)* =1 (st)T =1, a contradiction. O

Remark 4.43. The equality T = R need not hold if M is not inverse. For example, in PTx we
have
T(PTx) = Tx and R(PTx)={a € Tx : « is injective}.

The same example also shows that the right ideal M \ T' (which is P7x \ Tx in this case) is not
always a left ideal.

The next result follows immediately from Proposition 4.37, and Lemmas 4.15 and 4.18.

Proposition 4.44. Let M be a left restriction monoid, and write P = P(M) and T = T'(M).
Then

(i) (Q,S) is an action pair for any Q < P and S < M such that Q' is closed under the action
of S given in (4.41),

(ii) such a pair (Q,S) is strong if and only if S CT. O
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Remark 4.45. In particular, (P,S) and (P, S) are both action pairs for any S < M, where we
write P* = P\ {1} < P. Such pairs are strong if and only if S C 7. Thus, the following action
pairs are all strong:

(P,T), (P,R), (P,G), (P, T), (P,R) and (P’,G).

As usual, these lead to the subsemigroups PT', PR and so on. We first note that PG(= GP) is
in fact a factorisable inverse monoid. Indeed, this follows from the easily checked facts that:

e E(PG) =P,

1

e g u= gilug*1 € PG is an inverse of ug for any u € P and g € G.

The inverse semigroup P°G(= GP’) = PG\ G is almost-factorisable. The submonoid PT
and the subsemigroup P’T are left-factorisable and almost-left-factorisable in the terminology
of [114]. Note that PG = GP has a left-right duality, where the corresponding right action is
given by e? = g~ leg, making it a restriction monoid; similar comments apply to the semigroup
P'G =GP,

(As we will see in Chapter 6, the very fact that P* = P\ {1} is a subsemigroup of P is
important in certain applications; see for example Assumption 6.33 and Remark 6.34.)

The action pair (P, L) is strong precisely when L C T. When M is inverse, this is equivalent
to L C R (cf. Lemma 4.42(ii)), and hence to L = R = G.

Finally, the action pair (P, M) itself is strong if and only if M = T, meaning that the left
restriction structure of M is trivial (s =1 for all s € M). When M is inverse, this is equivalent
to M being a group (ss~! =1 for all s € M), as we observed in Example 4.35. For the action
pair (Pb, M), one can check that

PPM=M\T={seM:s"#1}.

We showed in Lemma 4.42(iii) that this subsemigroup is in fact a right ideal of M.

4.4 The first structure theorem

Having now discussed an extensive collection of examples, including the class of left restriction
semigroups, we return to the general theory. The main goal of this section is to describe the
structure of a semigroup U S arising from an action pair (U, S), showing how such a semigroup can
be built from a semidirect product U x S and a special congruence. We do this in Theorem 4.53
below, but we begin with a simple result that holds more generally for a weak action pair (U, S).
For such a pair, the action from (A1) allows for the formation of the (external) semidirect product
U % S, as in Definition 3.4.

Proposition 4.46. If (U,S) is a weak action pair, then the map © : U xS — US given by
(u, s)m = us is a surmorphism with kernel

0 ={((u,s),(v,t) :u,v €U, s,t €S, us=nunt}.
Consequently, 6 is a congruence on U x S, and US = (U x S)/6.
Proof. If u,v € U and s,t € S, then
(u,s)m - (v, ) =us-vt =u-°v-st=(u-*v,st)mr = ((u,s) - (v,t))m,

so that m is a morphism. Surjectivity is clear, as is the description of the kernel. The final
assertion follows from the First Isomorphism Theorem. O
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Remark 4.47. Recall from Proposition 3.32 that
M={(u,s) eUxS:u=ust}
is a subsemigroup of U x S, and that the map
F:UxS—M:(u,s) (us™,s)

is a retraction. (Note that to apply Proposition 3.32 we need to keep Remark 4.4 in mind, which
says that if S is a monoid then it acts monoidally on U'.) Because of the identity s = sts
(cf. Remark 4.4), the following diagram commutes:

V " \’W (4.48)
UxS » US

™

In particular, 7f;; : M — US is still a surmorphism, so we also have
Us=M/9 where 9 =ker(ml) =01,

Now consider an action pair (U, S). Of course Proposition 4.46 holds for this pair, and we
keep the meaning of the surmorphism 7 : U xS — US, and the congruence 6 = ker(r). For any
u € U', we define the relation

0, = {(s,t) € S xS :us=ut}. (4.49)
We also continue to write s™ = 1 for s € S.
Lemma 4.50. Let (U,S) be an action pair, and let u,v € U and s,t € S.
(i) We have (u,s) 6 (v,t) < us™ =vtt and (s,t) € O,4+.
(i) If (U, S) is strong, then (u,s) 0 (v,t) < u="v and (s,t) € O,.

Proof. The second part follows from the first, given Lemma 4.15(ii). For the first part, suppose
(u,s) 0 (v,t): ie., us = vt. Then us™ = vt follows from (+4). Together with (+1), it follows
that usts = us = vt = vt*t = us™t, so (s,t) € O,,+. The converse is similar. O

Proposition 4.46 showed that, given an action pair (U, S), the semigroup US can be viewed
abstractly as a homomorphic image of a semidirect product U x S. Our next goal is to establish a
converse of this fact; namely, we wish to describe all homomorphic images of semidirect products
that correspond to action pairs in this way. To do so, we first establish some special properties
of the above congruence 6, and the associated relations ,,. Here and elsewhere, if o is a relation
on a semigroup T, and if x € T, we write x - 0 = {(xs,xt) s (s,t) € J}. The diagonal/equality
relation on any set X is denoted Ax = {(z,z) : z € X}.

Lemma 4.51. For an action pair (U, S), and with the above notation, the following all hold:

i) Forallu e U and s € S, we have (u,s) 0 (us™,s).
( , (u,s) 6 (us™,

)

(i) For all s,t € S, we have (s*,s) 0 (t*,t) = s=t.

(iii) For all u,v € U and s,t € S, we have (u,s) 0 (v,t) = us™ =vtT.
)

We have 01 = Ag.

(iv
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(v) For allw € U, the relation 0, is a right congruence on S.
(vi) For all u,w € U, we have 6, C Oy, .
(vii) For allu € U and x € S, we have x - 0, C Oxy,.
(viii) For all u,w € U and (s,t) € 0y, we have u - 5w = u-'w and (s,t) € Oy.sqp.

Proof. These are easily checked, using the definition of 6§ and 6,. We additionally use (+1)
for (i) and (ii), and Lemma 4.50 for (iii). We just give the details for (vii) and (viii).

(vii). We have

(s,t) €0y, = us=ut = zus=zaut = “w-xs="u-xt = (rs,xt) € Oay.

(viii). We begin by noting that
(5,t) €0, = us=ut = u-w=u-"w,
by Lemma 4.25. Combining this with (A1) and us = ut, it also follows that
w-tw-s=usw=utw=u-‘w-t=u-%w-t,

so that (s,t) € Oy.sq. O

We now use these properties of 6 (and the 6,) to construct a set of axioms to abstractly
characterise the quotients of semidirect products giving rise to action pairs. To keep the ‘concrete’
pairs (U, S) separate from the abstract, we will use the notation V' and T for the latter.

Definition 4.52. Suppose V and T are semigroups such that T has a left action on V! (the
monoid completion of V') by semigroup morphisms, written (s,u) ~ u, for s € T and v € V1.
For s € T, we write sT = %1 € V. Suppose o is a congruence on the semidirect product V x T
and for each u € V define the relation

ou={(s,t) €T xT: (u,s) 0o (u,t)}.

If V is not a monoid (so 1 ¢ V), we additionally define 01 = Ap. We say o is special if the
following all hold:

For all u € V and s € T, we have (u,s) o (us™,s).
For all s,t € T, we have (sT,s) o (t*,t) = s=*t.

For all u,v € V and s,t € T, we have (u,s) o (v,t) = ust =ovt™.

(S1)

(52)

(S3)

(S4) We have o1 = Ar.
(S5) For all u € V, o, is a right congruence on 7.

(S6) For all u,w € V', we have o, C 0yy.

(S7) For all w € V and = € T, we have x - 0y, C 0y

(S8) For all u,w € V and (s,t) € oy, we have u - *w = u - 'w and (s,t) € Ty

If T acts by monoid morphisms (i.e., if sT = 1 for all s € T'), then several simplifications
arise in (S1)—(S8). For example, (S1) is trivially true, and (S3) says (u,s) o (v,t) = u=wv.

Here is the main structural result of this chapter.
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Theorem 4.53. Suppose V and T are semigroups such that T has a left action on V' by
semigroup morphisms. Suppose also that o is a special congruence on the semidirect product
V xT. Then there is an action pair (U, S) in some monoid M such that

U=V, S=T and  US=(VxT)/o.

If T acts on V' by monoid morphisms, then (U, S) is strong.

Conversely, given any action pair (U, S), we have US = (U x S)/0 for some special congru-
ence 8 on the semidirect product U x S.

Proof. The last assertion follows from Proposition 4.46 and Lemma 4.51. The remainder of the
proof concerns the first two assertions, for which we fix V', T" and ¢ with the specified properties.
Without loss of generality, we may assume that 7" and V! are disjoint. With a slight abuse of
notation, we let 7' = T'U{1} be the monoid obtained from T by adjoining 1 (the identity of V1)
as an identity, whether or not T was already a monoid. The reason for doing this is that 7" might
be a monoid acting non-monoidally on V, and we will soon construct an action of T on V! that
is required to be monoidal. (But we stress that V = V! if V is a monoid.)

We denote the action of T on V! by (s,u) = *u (s € T, u € V'), and we extend this to a
monoidal action of T on V! in the usual way, by further defining 'u = u for all u € V''. We then
have the semidirect product V! x T, which contains V x T' as a proper subsemigroup. (Note
that V1 x T! is not necessarily a monoid, although (1,1) is always a left identity, as the action
of T' on V! is monoidal; cf. Lemma 3.11.) Throughout the proof, we write s* = *1 for s € T'!;
we will make frequent use of the properties of these elements listed in Lemma 3.1, often without
explicit reference. Since the action is monoidal, we have 1 = 1.

The main effort in the proof goes into establishing the following:

Lemma 4.54. There is a congruence ¥ on V' x T such that the following all hold:

¥l) o= E V>4T;

(X1)
($2) For all u,v € V!, we have (u,1) ¥ (v,1) & u=wv.
(£3) For allu € V! and s € T, we have (u,s) X (us™,s).
(X4)

¥4) For all u,v € V' and s,t € T, we have (u,s) ¥ (v,t) = ust =vtT.

Proof. We define ¥ by specifying its equivalence classes. Each o-class in V' x T will determine
a unique Y-class, so consider some such o-class K. By (S2), K contains at most one element of
the form (s™,s) with s € T

(K1) If K does contain such an element (s*,s), then K U {(1,s)} is a ¥-class. (Note that this
is just K itself if sT =1 € V. If st =1 ¢ V, then no o-class contains (s*,s).)

(K2) Otherwise, K is a 3-class.

All elements of V! x T not yet assigned to Y-classes are now assigned to singleton Y-classes.
These elements are precisely:

e (u,1), for each u € V1, and

e (1,s), for each s € T for which st =1 ¢ V (if any). (Note that such an element is still of
the form (1,s) = (sT,5).)
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It is clear from the construction that ¥ is an equivalence on V! x T, and that (31) and (¥2)
both hold. So it remains to show that ¥ is compatible, and establish (¥3) and (¥4). We begin
with these two conditions.

(323). This follows from (S1) when v € V and s € T, and is trivial when s = 1. When u = 1, (X3)
says (1,s) ¥ (s, s); this is clear if s7 = 1, and is true by definition of ¥ otherwise; cf. (K1).

(¥4). Suppose (u,s) ¥ (v,t), where u,v € V! and s,t € T'. We must show that ust = vt*.
This is obvious if (u,s) = (v,t), or follows from (S3) if (u,s) o (v,t), so we assume otherwise.
By construction (and by symmetry), it follows that (u,s) = (1,s) and (v,t) belongs to the o-
class of (sT,s), with sT € V; cf. (K1). But then (v,t) o (sT,s), and it follows from (S3) and
Lemma 3.1(i) that

as required.

As noted above, it remains (for the proof of the lemma) to establish the compatibility of X.
To do so, let (a,b) € ¥ and ¢ € V! x T". We must show that

c-(a,b) =(ca,cb) € ¥ and (a,b)-c = (ac,bc) € 3. (4.55)

Clearly (4.55) holds if a = b, so we now assume that a # b. Since a ¥ b, it follows that a and b
belong to a X-class of type (K1) or (K2). By the form of these classes, we may write

a=(u,s), b=(v,t) and c=(w,z), where u,v,w € V', s,t € T and x € T,
and we have
c-(a,b) = ((w-*u,xs), (w - “v,zt)) and (a,b) - c = ((u-*w,sz),(v-‘w,tx)). (4.56)
Case 1. Suppose first that (a,b) € o; in particular, we have u,v € V. If c € V- x T, then (4.55)
follows from the fact that o is compatible and ¢ C 3. So we are left to consider the cases in

which w = 1 and/or x = 1. We will soon consider these separately, but we first note that (S3)
gives ust = vt™. Combining this with (S1), we have

(ust,s) o (u,s) o (v,t) o (vtT,t) = (us™,t) = (s,t) € oper- (4.57)

Case 1.1. Suppose w = 1. Examining (4.56), we must show that

(a) (*u,zs) X (*v,xt), and (b) (us™,sx) X (vtT,tx).

For (b), we note that (4.57) and (S5) give (sz,tz) € 0,4+, and so
(ust,sz) o (us™,tx) = (vtT, tx).

For (a), we note that (4.57) and (S7) give (zs,2t) € 0u(yet+). There is now a subtle point
concerning the possibility that *(ust) might equal 1.

o If *(us™) = 1, then it follows from (S4) that zs = xt, and so (*(us™),zs) = (*(us™), xt).

o If “(ust) # 1, then *(us™) € V and (*(us™),xs) o (“(us),zt), by definition of o (ys+),
since (s, zt) € Ou(yet)-
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Either way, we have (*(us™),zs) 3 (*(us™),xt). Now,

T(usT) = Tu-"(s1) = Tu(xs) ™ and similarly T(ust) = T(vth) = Tv(xt)*.
Combining all the above with (33), we conclude that

(Cu,z5) ¥ (Fu(zs)t,ws) = (“(ush),zs) X (“(ust), xt) = (*v(zt)t,xt) B (v, xt),
completing the proof of (a).

Case 1.2. Now suppose z = 1. Since we have already dealt with the w = 1 case, we will also
assume here that w # 1. Examining (4.56) again, this time we must show that

(¢) (wu,s) X (wv,t), and (d) (u-3w,s) X (v-tw,t).
For (c), we note that (4.57) and (S6) give (s,t) € 0yyet+- Since wus™ € V (as u € V), it follows
that (wus™,s) o (wus™t,t). Combining this with (S1) and us™ = vt*, we have
(wu, s) o (wus™, s) o (wust,t) = (wot™,t) o (wo, ).
For (d), and keeping w # 1 in mind, we note that (4.57) and (S8) give
ust Sw=us"-tw and (8,t) € Opst .-

tw = vtt - tw = v - tw. So in fact,

By Lemma 3.1(iv) we have us™ - 5w = u - Sw and us™ -
u-Sw=v-‘w and (s,t) € oysu,
which gives (u - *w,s) o (u-*w,t) = (v - w,t), completing the proof of (d).

Case 2. We now assume that (a,b) ¢ o (but we still of course have (a,b) € ). By definition
of ¥, and swapping a and b if necessary, we may assume that a = (1,s), and that b = (v,t)
belongs to the o-class of d = (s, s), with sT € V. Since (b,d) € o, it follows from Case 2 that
c-(b,d) € ¥ and (b,d) - c € ¥. So by transitivity, we can complete the proof of (4.55), and
hence of the lemma, by showing that

c-(a,d)ex and (a,d)-ceX.
For this, we first note that
c-(a,d) = ((wz™,zs), (w-*(s),xs) and (a,d)-c = ((Cw, sz), (s - *w, sx)).
By (23), we have
ca= (wrt,zs) ¥ (wzT(zs)",zs) = (w(ws)",zs) = (w-“(s1),zs) = cd.

On the other hand, we have ac = dc, as w = st - w. We have now completed the proof of
Lemma 4.54. O

Returning now to the proof of the theorem, we fix a congruence ¥ on V! x T! as in
Lemma 4.54, and we define M = (V! x T!)/¥. We denote the Y-class of (u,s) € V! x T!
by [u, s], so that

M= {[u,s]:ueV' seT"} with operation [u,s] - [v,t] = [u-*v, st].

We already observed that (1,1) is a left identity for V! x T, so of course [1,1] is a left identity
for M. It follows from (¥3) that

[u,s] - [1,1] = [ust,s] = [u, ] for all uw € V! and s € T?,
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so that [1,1] is a right identity for M. Consequently, M is a monoid with identity [1,1].

Now we define
U={[u,1]:ueV} and S={[s",s]:s€T}.

Clearly U < M, and it follows from (X2) that U = V. We have S < M because of the rule
[sT,s] - [tT,t] = [(st)T, st], which itself follows from sT - *(¢T) = 5(t*) = (st)T. We have S =T
because of (S2).

Next we verify that (U,.S) is an action pair in M by using Proposition 4.7. Property (SA1)
follows from
[sT, 8] - [u,1] = [Fu, s] = [*u,1] - [sT, s].

We define the map S — U' : [sT,s] = [sF,s]T = [s7,1]. When checking (+1)-(+3) we make
extensive use of Lemma 3.1. For (+4), we must show that

[u,1] - [sT,s] = [v,1] - [tT,¢] = [u,1]-[sT,s]T = [v,1] - [tT,¢]T for all u,v € V! and s,t € T
Expanding the products, this amounts to showing that
[us,s] = [vtT,t] = [us™,1] = [vtT,1]
for all such w,v, s, t. For this we use (23) and (24):
[us™,s] = [vtT,t] = [u,s] =[v,t] = ust =vtT = [ust, 1] = [vtT,1].

This completes the proof that (U, .S) is an action pair in M.

If T acts on V! by monoid morphisms, then s =1 =1 for all s € T, and it follows that
[sT,s]T =[1,1] for all s, so that (U, S) is strong by Lemma 4.15(ii).

Next we note that
US = {[u,l][er,s] cu €V, SGT} = {[u,s] cu eV, seT}7

where in the last equality we use the fact that [u,1][s™,s] = [us™,s] = [u,s] foru € V and s € T,
which itself follows from (33). Finally, we define a map

UV:VxT—US by (u, s)¥ = [u, s].

It is clear that ¥ is a surmorphism (it is the restriction to V' x T' of the natural projection
VIx Tt - (VI xTYHY/Y = M). If u,v € V and s,t € T, then by the definition of ¥, and
by (1), we also have

(u,$)¥ = (v, )V & [u,s] =[v,t] & (u,s) X (v,t) & (u,s) o (v,t),
so that ker(V) = 0. Thus, US = (V x T)/o by the First Isomorphism Theorem. O

Remark 4.58. Recall from Remark 4.47 that the surmorphism 7 : U xS — U S factors through
the subsemigroup

M={(u,s) €UxS:u=ust} <UxS.

It is possible to use Theorem 4.53 to classify the congruences o on semigroups of the form M such
that M /o comes from an action pair. We have chosen not to do this, however, because semidirect
products are arguably the more natural /direct construction. Nevertheless, the semigroup M will
play a very important role in Chapter 5.
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4.5 Congruence conditions

We conclude Chapter 4 with a sequence of results concerning generating sets for the congruence 6
on U x S defined in Proposition 4.46, where (U, S) is an action pair in a monoid M. For
convenience, let us recall that

0= {((U,S),(’U,t)) cu,v €U, s,te S, us = Ut}.

The reason we are interested in describing such generating sets is that they feed into presentations
for the semigroup US = (U x S)/6 in Chapter 6.

The first result is the most general, and applies to any action pair (U, S). Roughly speaking,
it shows that 6 is generated by pairs of two kinds:

e pairs with fixed U-coordinate, coming from the right congruences ,, in (4.49), and

+

e pairs with fixed S-coordinate, coming from the s — s™ map in Proposition 4.7.

Lemma 4.59. If (U, S) is an action pair, then 6 = QF where
Q={((u,9),(u,1)) :ueU, (s,t) €0, } U{((u,5),(us",s) :uelU, secS}

Proof. Write 8’ = QF. It is easy to check that Q C 6, so 8’ C 6. It remains to show that 6 C ¢’,
so suppose (u, s) 6 (v,t). By Lemma 4.50(i), we have ust = vt™ and (s,t) € 0,,,+. But then

(u,8) 0" (us™,5) 0" (ust,t) = (vt,t) 0 (v,t). O

If the pair (U, S) is strong, then the previous result is essentially vacuous; cf. Lemma 4.50(ii).
The generating set 2 from Lemma 4.59 can be reduced when U and S are both submonoids of

the over-monoid M, as we now show. For the statement, recall from Remark 4.4 that s = s7s,
which tells us that (1,s) 6 (sT,s).

Lemma 4.60. If (U,S) is an action pair, and if U and S are both submonoids, then 6 = Of
where
Q= {((u, s), (u,t)) :u e U, (s,t) € 9u} U {((1,8), (s+,s)) 1s € S}.

Proof. Write = Q. It again suffices to show that § C #’. Given Lemma 4.59, it suffices to
show that (u,s) 6’ (us™,s) for all u € U and s € S. For this, we have

(u,8) = (u,1)(1,5) 0 (u,1)(sT,s) = (us™, s). O

Further simplifications are available when the pair (U, .S) is strong. We begin by discussing
certain conditions that might be satisfied by such a pair.

Lemma 4.61. Suppose (U, S) is a strong action pair, and consider the following conditions:
(i) ( )
(i) ( )
(ili) (GuelU) (VseS) s
) ( )
) ( )

Juel) (Vsel)s (vi) (3s,t € S) (FueU) s =ut,

VseS) (Fuel)s el

VueU) (Vs € S) us = usv,

(vii

) ( )

) ( ) ( )

(viii) (VueU) (Vse€ S) (v e U) us = usv,

(iv) (Vvse€S) (Fuel)s (ix) (FvelU) Vuel) (VseS)u=u-*
) ( ) ( )

(v) (Vse€S) Buel) (3tes) s=ut, (x) VuelU) (Vsel) (Fvel)u=u-
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The following implications hold:
(i) = (i)
4 4
(i) = (iv) = (v) = (vi) = (vii) = (viii)

) )

Proof. All implications other than (vi) = (vii), (vii) < (ix) and (viii) < (x) are obvious, and
in fact hold for non-strong action pairs as well. We treat the other implications now.

(vi) = (vii). If (vi) holds, then we have x = vy for some x,y € S and v € U. To show that (vii)
holds (with respect to this v), let w € U and s € S be arbitrary. Then u - sz = usvy = u - *v - sy,
0 (SA2) gives u = u - *v. But then us = u - *v - s = usv, as required.

(vii) < (ix) and (viii) < (x). Using usv = u-*v-s and (SA2), we have us = usv < u=wu-*v. O

Remark 4.62. The conditions listed in Lemma 4.61 are quite natural. Indeed, items (i)-(viii)
have the equivalent formulations:

(i) Some element of U is a right identity for S.
(ii) Every element of S has a right identity from U.
(iii) Some element of U is a left identity for S.

(iv) Every element of S has a left identity from U.

(vi

(vii) Some element of U is a right identity for US.

)
)
)
)
(v) SCUS.
)
)
)

(viii) Every element of US has a right identity from U.

While (ix) and (x) may not appear to be quite as natural, we have shown that they are equivalent
(when (U, S) is strong) to (vii) and (viii), and these alternative formulations will be useful in the
next proof.

One important special case in which all of conditions (i)-(x) obviously hold is when U is a
submonoid of the over-monoid M; note that we only have to check (i) and (iii), which clearly
hold in this case.

Remark 4.63. It is also worth noting that the conditions listed in Lemma 4.61 are not all
equivalent. For example, consider the partial transformation monoid M = P7T,, where n > 2,
and the subsemigroups U = Sing(&,,), S1 = T, and Sy = Sing(7,). As noted in Example 4.30,
the strong action pairs (U, S1) and (U, S2) give rise to the same subsemigroup:

USl = USQ = Sing(P%).
One can check that:

o (U, S1) satisfies only (viii) and (x), while

43



e (U, S) satisfies only (ii), (viii) and (x).

On the other hand, some of the conditions of Lemma 4.61 are equivalent under further
assumptions. For example, if every element of U has a left identity (which happens for example
if U is regular), then (iv) < (v). Indeed, suppose (v) holds, and let s € S be arbitrary. Then (v)
gives s = vt for some v € U and ¢t € S. But then if u € U is a left identity for v, it follows that
s = vt = uvt = us, showing that (iv) holds.

A similar argument shows that if U has a left identity, then (v) = (iii), so it follows that
(iii) « (iv) < (v) in this case.

Remark 4.64. Finally, we note that the implication (vi) = (vii) need not hold if (U, S) is not
strong. For example, consider the symmetric inverse monoid S = Zx where |X| > 2. Then
(U,S) is an action pair, where U = Sing(€x) = {ida : A € X}. Indeed, this is easy to check
directly, and it also follows from Remark 4.45, as Zx is inverse, and hence left restriction, and
U = P’ in the notation of that remark. Condition (vi) holds trivially for this pair, as we can
take s =t =u =id4 for any A C X. However, (vii) does not hold since

US ={a€Ix: :dom(a)# X}
does not have a right identity, let alone a right identity from U.

For the rest of this section, we assume that for each w € U, the right congruence 6, is
generated (as a right congruence) by some set of pairs €, C S x S. For any set X, and any set
of pairs ¥ C X x X, we write

= {(y,m) D(xyy) € E}.

Lemma 4.65. If (U, S) is a strong action pair, and if any of the conditions listed in Lemma 4.61
hold (e.g., if U is a submonoid), then 0 = QF, where

Q={((u,s), (u,t)) :ue U, (s,t) € Q}.

Proof. By Lemma 4.61 we may assume that (x) holds. As usual, it suffices to show that 6 C ',
where ¢/ = Qf. By Lemma 4.50(ii), this amounts to showing that (u, s) 6 (u,t) for all u € U and
(s,t) € 0y, so fix some such u, s,t. Since 6, is generated (as a right congruence) by €, there is
a sequence

§=81 =8 — =8 =1,

where s1,...,s; € S, and such that for each 1 < i < k,
s; = ajc; and  Sj11 = bic; for some (a;,b;) € O, U Q;l and ¢; € S

Since s = s; and t = s, we can show that (u,s) ¢’ (u,t) by showing that (u,s;) 6’ (u,s;y1) for
each 1 <4 < k. This is clear if ¢; = 1, since then

((u, 1), (u, 5i41)) = ((w,05), (u, b)) € QUOT C 6.
So now we assume that ¢; # 1. By (x), there exists v € U such that u = u - “v. First note that
b

. _ _ o _
u-""v-bj=u-b;rv=u-a;-v=u-%v-aq; =u-a,,

where we used (a;,b;) € 6, (which implies ua; = ub;) in the second step; (SA2) then gives
u - %y = u. It then follows that

(u7 Si) = (u7 ai) : (Uaci) o' (u7 bl) ’ (U7Ci) - (u7 si+1)7

as required. O
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Remark 4.66. The above proof shows that 6 is in fact generated by €2 as a right congruence.

The previous result showed that, under certain conditions, a generating set for the congru-
ence # can be constructed by incorporating generating sets for the right congruences 6,,. We
now aim to take this further, by additionally incorporating a generating set for the semigroup U.
This of course necessitates stronger assumptions, and these include requiring that the 6, behave
well with respect to joins. Before stating the result, we first establish some notation, which will
be of use throughout. For u,v € U we write

v=u & u=wu for some w € U'. (4.67)
(So < is Green’s > g-preorder on U.) It is easy to see that

v=u = 0,C46, for all u,v € U. (4.68)
It follows immediately that for any V C U,

\/ 6, C 6, for all u € U. (4.69)

veV,
v=u

Here and elsewhere, the join of equivalence relations is taken in the lattice of all equivalence
relations (over the same set). In particular, the join in (4.69) is the smallest equivalence relation
on S containing all of the 6, (v € V, v =< w); note that this join could involve infinitely many
terms. If U is commutative, it also follows from (4.68) that

Ouy V-V by, C Oy for all uy,...,u; € U, (4.70)

as u; = uy - - - ug for each i, by commutativity.

The next result concerns the cases in which we have equality in (4.69) or (4.70). The remaining
results of this section assume U and S are submonoids of the over-monoid M; one could state
them in greater generality, similarly to Lemma 4.65, but the combinations of conditions become
unweildy, and we prefer the cleaner statements below.

Lemma 4.71. Suppose (U, S) is a strong action pair in a monoid M, and suppose additionally
that U and S are submonoids of M.

(1) If there exists a subset V- C U such that

Hu:\/Hv for allu e U,

veV,
v=u

then 6 = QF, where
Q={((v,s),(v,t)) ;v EV, (5,1) €U}

(ii) If U is commutative, and if Oy, = 6,V 0, for all u,v € U, then for any monoid generating

set V for U we have 6 = QF, where
Q={((v,5),(v,1) :vEV, (5,1) € Ny}
Proof. (i). Suppose V' C U satisfies the stated assumption. As ever, it suffices to show that
6 C ¢, where 6 = QF. By Lemma 4.50(ii), this amounts to showing that (u,s) 6’ (u,t) for any

u € U and (s,t) € 0y, so fix some such u, s,t. By the assumption on 6, there is a sequence

S=81 =8 -+ —=>S,=1
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such that each (si, si11) € Uyey, (2 UQ, 1), where V, = {v € V : v < u}. Since (u, s) = (u, s1)
and (u,t) = (u, sg), it suffices to show that (u,s;) 0 (u,s;41) for each 1 < i < k, so fix some
such 4. Then (s, 8;1+1) € Q, UQ, ! for some v € V,,, and so ((v, 8;), (v,5:41)) € QU QL. Since
v < u we have u = wv for some w € U(= U'), and then

(u’ Si) = (w’ 1) ’ (v’ Si) o' (w’ 1) ’ (v’ 5i+1) = (ua 5i+1)'

(ii). Suppose the assumptions of (ii) hold, and let V' be an arbitrary generating set for U. It
suffices to show that the assumption of (i) holds with respect to this V. By (4.69), this amounts
to showing that

\/ 6,26, foralluel,

veV,
v=u

so fix some such u. Since U = (V'), we have u = vy - - - vy, for some vy,...,vp € V, and so

Ou = Ouyvy = 00, V-V Oy, C \/ 60,
veV,

v=u

since each v; < u by commutativity of U. U

The generating sets in Lemmas 4.65 and 4.71 can be further simplified in the (very) special
case that U and S are submonoids of M, with S a group. To deal with this case, we introduce
another piece of notation.

For an arbitrary weak action pair (U, .S), we define the sets
Su={se€S:us=u} for each u € U. (4.72)

It is easy to see that each S, is a (possibly empty) subsemigroup of S. When S is a submonoid
of M, each S, is a (non-empty) submonoid of S; if S is additionally a group, each S, is a
subgroup. The next result concerns this group case, when (U, S) is an action pair (not just a
weak action pair). For the statement, we fix a group generating set I',, for S, for each u € U;
so each S, is generated as a monoid by I', UT';!. Note that in this case S is contained in the
group of units of M, so the action pair (U, S) is automatically strong by Lemma 4.23(ii).

Lemma 4.73. Suppose (U, S) is a (strong) action pair in a monoid M, and suppose additionally
that U and S are submonoids of M, with S a group. Then 6 = QF, where

Q={((u,1),(u,s)) :ueU, se€ly,}.

Proof. Once again, it suffices to show that (u,s) 6" (u,t) for all u € U and (s,t) € 6, where
0" = QF. First note that (s,t) € 0, = us =ut = ust~' = u, so that st~* € S,. Tt then follows
that st~ = gy --- g for some g1,...,gr € T, UT, 1. For each 1 <i < k+ 1 write s; = g; - - - git.
Since s1 = s and sgy1 = t, it suffices to show that (u,s;) 0" (u, s;41) for each 1 <7 < k.

So fix some such 1 < i < k. If g; € T, then clearly (u,1) 8’ (u,g;). Otherwise, (u,1) 6’ (u,g; '),
so post-multiplying by (1, g;) gives (u, g;) ' (u,1). Either way (and keeping s; = g;$;+1 in mind),
it follows that

(u,5i) = (u, ) - (L, 8i11) 0 (u, 1) - (L, 8i41) = (u, 8i41),

as required. O
As with Lemma 4.71, the conclusion of Lemma 4.73 can be strengthened when the sub-
groups S, behave well with respect to joins. (The join \/, H; of a collection of subgroups is the

smallest subgroup containing the union |J;, H;.) The statement again uses the relation < on U
given in (4.67).
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Lemma 4.74. Suppose (U, S) is a (strong) action pair in a monoid M, and suppose additionally
that U and S are submonoids of M, with S a group.

(1) If there exists a subset V C U such that

Sy = \/ Sy for all u e U,

veV,
v=u
then 0 = QF, where
Q={((v,1),(v,8) :veV, sely}.

(ii) If U is commutative, and if Sy, = Sy V Sy for all u,v € U, then for any monoid generating
set V for U we have 8 = QF, where

Q={((v,1),(v,8) :v eV, sely,}.

Proof. Asin Lemma 4.71, part (ii) follows from part (i).

To prove (i), it suffices by Lemma 4.73 to show that (u,1) 6" (u,s) for all u € U and
s € Ty, where 8’ = QF so fix some such u,s. Then s € S, = vveVu Sy, where again we write
Vi={veV:v=u} sos=gi--gforsome gi,...,95 € Uyey, T UL, 1). (Recall that 'y is
a group generating set for S,.) Writing s; = g; - - - gx for each 1 <i <k + 1, we have s; = s and
Sk+1 = 1, so it suffices to show that (u,s;) ' (u,s;11) for each 1 < i < k. But for any such i, we
have g; € ', UT; ! for some v € V,,, and u = wv for some w € U. As in the proof of Lemma 4.73,
we have (v,1) € (v, g;), and (again remembering that s; = g;s;11), it follows that

(u7 si) = (w,1) - (v,9:) - (1,82‘4_1) o' (w,1) - (v,1) - (178i+1) = (u, Si+1)- O

Remark 4.75. As in (4.68), we have

v=u = S, C8, for all u,v € U.
It follows that
\/SUQSU forall u e U,
veV,
v=u

and if U is commutative, that
Sur V-V Sy, C Supoy, for all uy,...,u; €U.

Thus, in order to apply Lemma 4.74, we only need to check the forwards inclusion in the relevant
join equation.

5 Proper action pairs

Proposition 4.46 showed that the semigroup US arising from a weak action pair (U,S) is a
homomorphic image of a semidirect product U x S. Theorem 4.53 took this further in the
case that (U, S) is an action pair (not just a weak action pair), by additionally classifying the
congruences on semidirect products that lead to action pairs in this way. The purpose of the
current chapter is to prove a number of additional structure theorems concerning semigroups
arising from (weak) action pairs. These results are inspired by important classical results on
inverse semigroups, and wider classes such as left restriction semigroups, each of which involve
the notion of a proper semigroup from the relevant class.
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We discuss these classical results in Section 5.1 (see Theorems 5.11 and 5.12), as well as
some of the backstory behind their development. Section 5.2 shows that the mere existence of
an action of S on U! (for semigroups U and S) allows one to construct an action pair (U, S)
in a suitable monoid M, with U = U and S = S, and with the respective actions of S and S
on U' and U' matching up appropriately. Some aspects of this construction bear similarities
with ideas in the proof of Theorem 4.53. In Section 5.3 we introduce the key notion of a proper
action pair, and show that a semigroup US arising from an arbitrary weak action pair (U, S) has
a ‘proper cover’. More specifically, Theorem 5.39 shows that there exists a proper pair (U, S’)
with U’ =2 U and S’ & S, and a natural surmorphism U’S’ — US. As an application of this,
we show how to deduce the classical Theorem 5.11 as a corollary. Sections 5.4-5.7 contain four
embedding theorems for proper monoids.

e Theorem 5.60 (in Section 5.5) is the most general of these, and states that a monoid US
arising from a proper action pair (U, S) can be embedded in a semidirect product U x (S/o),
where U is a monoid containing U, and o is a certain natural congruence on S. When S is
inverse, o is the least group congruence. The monoid U constructed in the proof is defined
by means of a presentation that incorporates the structure of the monoids U and S/o, and
the action of S on U(= UY).

e Theorem 5.47 (in Section 5.4) is actually a special case of Theorem 5.60, stated and proved
under the additional assumption that the elements s™ = *1 (s € S) are central in U.
This allows us to construct a very different monoid & during the proof, and the resulting
semidirect product is in fact an (unrestricted) wreath product. In the special case that S is
left restriction, this & turns out to be a semilattice (built in a natural way from the ideals
of U = P(S)), and this allows us to deduce the classical Theorem 5.12 as a corollary.

e Theorems 5.82 and 5.102 (in Sections 5.6 and 5.7) are specialised versions of Theorem 5.60.
They show that when U is assumed to have certain additional structural properties (such
as being a semilattice or a left-regular band), then M = US embeds in U x (S/c), as above,
where U has the same structural property as U.

5.1 Background

In the early years of the development of semigroup theory, three directions of attack emerged
to understand the structure and behaviour of an inverse semigroup S. These all had reference
to the semilattice E = FE(S) = {z € S : 2 = 2} of idempotents of S, and were subsequently
developed and applied to much broader classes. Specifically these directions are:

e the use of Munn’s fundamental inverse semigroup Tg, built from order-isomorphisms of
principal ideals of E [93];

e the Ehresmann-Schein-Nambooripad approach, which uses the trace groupoid of S (which
has identities E), together with the natural partial order on S, to build an inductive
groupoid from which S can be recovered; a comprehensive account of the genesis of this
material is contained in Lawson’s monograph [77];

e McAlister’s theory of proper (a.k.a. E-unitary) inverse semigroups [36,37].

Our current inspiration stems from this final direction, and we now describe it in a little more
detail, beginning with the key definition(s). The following can be found, for example, on p55
of [17].

Definition 5.1. Let S be a semigroup, and A C S an arbitrary subset. We say S is A-unitary
if the following implications hold:

ax €A = z€A and rac€A = €A foralla € Aand xz € S. (5.2)
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Remark 5.3. Consider an inverse semigroup S, with semilattice of idempotents E = E(S).
Then S is E-unitary when the implications in (5.2) hold with respect to A = E. It is easy to
check (when A = E) that either of the implications in (5.2) follows from the other. Thus, S is
FE-unitary if and only if

exell = xek foralle € F and x € S.
It is again easy to check that this condition is equivalent to

e=er = vck foralle € Fand z € S. (5.4)

This all paves the way for the following:

Definition 5.5. An inverse semigroup S is proper if it is E-unitary, where E = E(S): i.e.,
if (5.4) holds (cf. Remark 5.3).

Remark 5.6. There are many other equivalent characterisations of proper (E-unitary) inverse
semigroups; see for example |64, Proposition 5.9.1]. One is for ZNo (or equivalently ZNo) to be
trivial, where # and .Z are two of Green’s relations, and where ¢ is the least group congruence.
Thus, one can coordinatise the elements of a proper inverse semigroup by an idempotent and a
group element. For broader classes, such as the left restriction semigroups we consider below,
being E-unitary is a weaker condition than being proper; the definition of proper semigroups in
these classes is given below.

In two landmark papers, McAlister showed that:

e any inverse semigroup has a proper cover [30]: i.e., a preimage under an idempotent-
separating morphism that is proper, and

e any proper inverse semigroup S is isomorphic to a so-called P-semigroup [37]. The latter
is built from an action of the group G = S/o (where here o is the least group congruence
on S) on a semilattice containing E. Both the difficulty and the beauty of this approach
is that the action of G on E is not in general closed. It is also worth noting that while we
know from the outset that S acts on E (cf. Example 3.3(ii)), we also need S/o to act on
(a semilattice containing) E.

Subsequently, O’Carroll [98] showed that a proper inverse semigroup S embeds into a semidirect
product F' x G, where F' is a semilattice containing E, and again G = S/o. Immediately one
sees a connection with (left) action pairs, since a proper inverse semigroup S is coordinatised by
two components, one from a semilattice and another from a group. Of course, S might not be
the internal product of these constituents.

There are many proofs of McAlister’s ‘P-theorem’, and of O’Carroll’s subsequent embedding
theorem. In addition to the original strategies, we mention here the approaches of Munn [95],
Billhardt [] and Steinberg [111], as well as the alternative strategy of Petrich and Reilly [99] using
only partial actions (which yields a somewhat differerent formulation, but which nevertheless
deserves mention here). A splendid account may be found in [78], where [99] is referred to as
‘the maverick alternative’.

The approach of McAlister and O’Carroll for inverse semigroups prompted analagous work
for larger classes of semigroups; see for example [3,9,19,75,83,112,113,115]. The extensions are,
roughly speaking, in two directions:

e One is to keep the condition of S being regular, but weaken the condition that E(S) forms
a semilattice: e.g., it could be a left-regular band (these satisfy the identities 22 = =

and zyx = xy).

49



e The other direction is to drop the condition that S is regular, and here the main body of
work retains commutativity of (certain) idempotents.

In particular, a theory analogous to that for inverse semigroups has been developed for left
restriction semigroups and the special (and in some sense generating) classes of left ample and
weakly left ample semigroups; see for example [9,43,16,51,52]. The results of this chapter take
this all much further, and apply to semigroups and monoids arising from (weak) action pairs.

Here is the appropriate extension to left restriction semigroups of the notion of a proper
inverse semigroup [17,57,75].

Definition 5.7. Let S be a left restriction semigroup with semilattice of projections P = P(5).
Define the congruence

c=05={(s,t)eSxS:es=et (Je € P)}
={(s,t) e SxS:es=ft (Ze,f € P)}.
We say S is proper if
s=t & st =t and sot for all s,t € S. (5.8)

Remark 5.9. In fact, o = ng is the least congruence on S that identifies all projections. As ex-
plained in [56], o is also a unary semigroup congruence, meaning that (s,t) € 0 = (s7,t7) € 0.
The latter also follows quickly from (A2) and the definition of o, as (P,S) is an action pair;
cf. Proposition 4.37 and Remark 4.39.

When S is inverse (regarded as a left restriction semigroup with s* = ss7!), o is the least
group congruence on .S. Definitions 5.5 and 5.7 are equivalent when S is inverse; see for exam-
ple [77] or [64, Chapter 5]. It is worth noting that sT = t* is equivalent to s Z t in an inverse
semigroup, where Z is one of Green’s relations.

If S is left ample (a left restriction semigroup that additionally satisfies the quasi-identity
rz = yz = w27 = yz1), then o is the least right cancellative monoid congruence on S [13]. If S
is weakly left ample (a left restriction semigroup in which P(S) = E(S5)), then o is the least
unipotent monoid congruence on S [52].

Definition 5.10. Let S be a left restriction semigroup. A cover of S is a left restriction
semigroup C together with a projection-separating surmorphism ¢ : C — S. Such a 9 is
called a covering morphism, and is required to be a unary semigroup morphism, in the sense
that (zy)y = (x¢)(yv) and T = (z¢p)* for all z,y € C. Tt follows quickly that 1) restricts to
an isomorphism P(C) — P(S). It is worth noting that when C' and S are inverse semigroups
(regarded as left restriction semigroups with % = za~!), any semigroup morphism C' — S
automatically preserves the ~! operation, and hence also the T operation.

Here are the formal statements of the results mentioned above:

Theorem 5.11 (cf. |9,17,86]). Every left restriction semigroup (and in particular every inverse
semigroup) has a proper cover.

Theorem 5.12 (cf. [9,75,98]). Let S be a proper left restriction semigroup (in particular an
inverse semigroup) with semilattice of projections P = P(S). Then S embeds into a semidirect
product Q x (S/c), where Q is a semilattice containing P.

As we have already stated, our main goal in the current chapter is to devise a suitable notion of
a proper (weak) action pair, and formulate and prove corresponding extensions of Theorems 5.11
and 5.12 in this context; see Theorems 5.39, 5.47, 5.60, 5.82 and 5.102. These more general
results will also lead to new proofs of Theorems 5.11 and 5.12.
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5.2 From actions to action pairs

(Weak) action pairs are defined in terms of an action of a semigroup S on the monoid comple-
tion U! of a semigroup U, where U and S are contained in a common over-monoid M. The
purpose of the current section is to show that the mere existence of an action (by morphisms)
leads to an action pair that mimicks the original action, in a technical sense made precise below.
This construction will be harnessed in the next section in order to show that any semigroup
arising from a (weak) action pair has a ‘proper cover’.

For convenience of reference, we will gather the standing assumptions for this section here,
and also fix some notational conventions:

Assumption 5.13. (i) We assume that U and S are semigroups, and that S has a left action
on U! via semigroup morphisms, denoted (s, u) — Su.

For example, if S has an action on U itself, and if U # U, then this can be extended to an

action on U' by additionally defining 1 = 1 for all s € S. In this case, the action of S on U! is

by monoid morphisms. More generally, however, we do not assume that the action in (i) is by

monoid morphisms.

(i) If S happens to be a monoid, then we assume in addition that the action of S on U! is
monoidal: i.e., that the identity of S acts identically.

Here, as usual, U' denotes U if U is a monoid or else U! = U U {1}, where 1 is an adjoined
identity. We use the same convention for S', and we assume without loss of generality (and for
notational convenience) that the identities of U! and S! are the same. But note that we do not
assume that U and S are contained in a common semigroup; in particular, we are not assuming
at this point that (U, S) is a (weak) action pair. However, we will show that (U, S) can indeed
be identified with an action pair (U, S) in a suitable monoid M.

The requirement for S to act monoidally (if it is a monoid) in Assumption 5.13(ii) is necessary
for the results of this section. In the next, we will apply these results in the case that (U, S) is a
weak action pair, and we noted in Remark 4.4 that whenever S is a monoid, it acts monoidally
on U' in this case.

The action of S on U! allows for the formation of the (external) semidirect product U xS, as
in Definition 3.4. As usual, and if necessary, we can extend the action of S on U! to a monoidal
action of S' on U! (it is already monoidal by assumption if S = S'), and we then have the
semidirect product U' x S', which contains U x S as a subsemigroup. Although U! x S! might
not be a monoid (cf. Lemma 3.11), it follows from Proposition 3.32 (and monoidality of the
action of S on U') that

M= {(u,s) €U xS" ru=ust} <U' x5!

is a monoid with identity (1,1). Here, as usual, we write sT = 1 for all s € S!  noting
that 17 = 1.

We begin by identifying two natural subsemigroups of M. To this end, we define
u=(u,1) and 5= (s",5s) forue U and s € S,

and we set B
U={u:ueU} and S={s:s€S5}.

It is clear that U C M, while S C M follows from Lemma 3.1(i).
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Lemma 5.14. Given Assumption 5.13, and with the above notation, we have

() USM andU=U, (i) S<M and S = S.

Proof. The first part is clear. The second follows quickly from the fact that for all s,¢ € S,
5-t=(sT,s) - (tT,t) = (sT-5(tT),st) = (°(t1), st) = ((st)", st) = st, (5.15)

where we used parts (iv) and (ii) of Lemma 3.1. O

For convenience in what follows, we also write 1 = (1,1), even if 1 ¢ U. On a number of occa-
sions during the next proof (and later in the paper) we make use of the fact that u -5 = (us™, s)
for all w € U and s € S; in particular, (u,s) = u -5 if u = us™.

Proposition 5.16. Given Assumption 5.13, and with the above notation,
(i) U
(i) (U,
(i) U -

,S) is an action pair in M = {(u,s) € U' x S' :u=wus"},
S) is strong if and only if the action of S on U' is by monoid morphisms,
S={(u,s) eUxS:u=ust}.

Proof. (i). By Lemma 5.14, U and S are subsemigroups of M. Since U = U and S = S, we
have an action of S on U = U U {(1, 1)}, given by

u= (°u,1) foruc U and s € S.

Using Lemma 3.1(iv), one can easily check that 5-u = (Su,s) = *u-5for allu € U and s € S.
This shows that (A1) holds.

For (A2), we must show that

w-S=v-f = u-5T=v-f" for all u,v € U' and s,t € S.

Noting that ~
st="1="1=s"=(s",1), (5.17)

and similarly for #, the required implication follows quickly from the fact that

u-35=(us",s), v-t=(vtt,t), u-5" = (ust, 1) and  v-t" = (vtt,1).

(ii). By Lemma 4.15(ii), (U, S) is strong if and only if 57 = 1 for all s € S. But by (5.17),
st=1 (sT,)=(1,1) & sT=1 & *1=1.
The assertion quickly follows.

(iii). First suppose u € U and s € S are such that « = us™. Then

(u,s) = (ust,s) =u-5€U-S.

Conversely, suppose a € U-S, so that a = v-5 for some v € U and s € S. Then with v = vsT € U,

we have

+ _ ot

a=v-5=(vst,s) = (u,s) and ust =vsTst =wst =

sT=wvs"T = u,

using Lemma 3.1(i). O
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5.3 Proper action pairs and a covering theorem

We are now almost ready to introduce the notion of a proper action pair; see Definitions 5.21
and 5.25. The main result of the current section is Theorem 5.39, which shows that any semigroup
arising from a (weak) action pair is a natural homomorphic image of a semigroup arising from a
proper pair. The proof of the theorem utilises the (U, S) construction from the previous section.
Throughout the current section we comment on the special case of left restriction semigroups,
and we end by showing how the classical Theorem 5.11 follows from our Theorem 5.39.

Consider a weak action pair (U, S) in a monoid M. As ever, we denote the action of S on U*
by (s,u) — *u. We define

St={st:5e€8}={1:5¢€8},

noting that this subset of U! need not be a subsemigroup. In any case, we also define
P =P(U,S)=(S"),

which is the subsemigroup of U generated by ST. Since ST consists of idempotents (cf. Lemma 3.1(i)),
it follows that P is an idempotent-generated semigroup, and hence is a submonoid of U if and
only if 1 € ST; indeed, the latter claim follows from [35, Lemma 2.1].

Lemma 5.18. The subsemigroup P of U' is closed under the action of S.

Proof. By Lemma 3.1(ii), ST is closed under the action of S; so too therefore is (ST) = P. O

Remark 5.19. By Lemma 5.18 (and consulting Definition 4.2), it follows immediately that
(P,S) is a weak action pair as well. If (U,S) is a (strong) action pair, then so too is (P, S), by
Lemma 4.18(ii); when (U, S) is strong, Lemma 4.15(ii) gives P = {1}.

Remark 5.20. When S is a left restriction semigroup, ST = (S*) is precisely the semilat-
tice of projections P(S). This explains our choice of notation for P = P(U,S). Recall from
Proposition 4.37 (and Remark 4.39) that (P,.S) is an action pair in S.

In order to give the definition of a proper action pair, we need an appropriate congruence to
play the role of ¢ from Definition 5.7.

Definition 5.21. Let (U, S) be a weak action pair in a monoid M, and write P = (S*). Define
the relation

k=r(US)={(s,t) € SxS:ps=qt (Ip,q€ P)}
={(s,t) € SxS:ps=gqt (Ip,q € Pl)},

and let o = o (U, S) = x* be the congruence on S generated by k.

Lemma 5.22. The relation k is reflexive, symmetric and compatible. Consequently, o is the
transitive closure of k.

Proof. We just prove the first statement, as the second immediately follows. Reflexivity, sym-
metry and right-compatibility of o are clear. For left-compatibility, let (s,t) € k and = € S. So
ps = qt for some p,q € P. By (Al) we have *p-xs =x -ps =x - qt = *q - xt. Since *p,"q € P,
by Lemma 5.18, it follows that (zs,zt) € k. O

The next result concerns a special case in which we have o = k. For the statement, recall [22]
that a semigroup T is right-reversible if any two left ideals (equivalently, any two principal
left ideals) of T'" have non-empty intersection: i.e., if for all x,y € T, we have ax = by for
some a,b € T. Examples of right-reversible semigroups include semilattices (or in fact arbitrary
commutative semigroups), or more generally left-regular bands; the latter satisfy the identity
ryxr = xy (and z = 22).
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Lemma 5.23. If P is right-reversible, then o = k.

Proof. It suffices by Lemma 5.22 to show that & is transitive (in this case). So suppose s k t k
for some s,t,7 € S. Then ps = ¢t and p't = ¢’z for some p,p’,q,q' € P. By right-reversibility
we have aq = bp’ for some a,b € P, and then ap - s = aqt = bp't = bq’ - =, with ap,bq’ € P, so
that s k x, as required. O

Remark 5.24. As a special case, when S is a left restriction semigroup, P = (ST) = P(S) is a
semilattice, so 0 = k coincides with the relation og from Definition 5.7.

We can now give the definition of proper pairs and semigroups.

Definition 5.25. We say a weak action pair (U, S) is proper if for all u,v € U' and s,t € S,

us = vt & usT =ott and sot. (5.26)

If (U, S) is proper, the semigroup US is then said to be (U, .S)-proper.
The following simple fact will be used without explicit reference from now on:

Lemma 5.27. Any proper weak action pair is an action pair.

Proof. We need to show that (A2) holds: i.e., that us = vt = wus™ = vt* for all u,v € U' and
s,t € S. But this clearly follows from (5.26). O

Remark 5.28. Consider a strong action pair (U, S). Since st = 1for all s € S, by Lemma 4.15(ii),
we have P = ST = {1}, and it follows immediately that x = Ag (the equality relation on S),
and hence that o = Ag. Definition 5.25 then says that (U, S) is proper precisely when

us = vt & u=v and s=t for all u,v € U' and s,t € S.

This then implies that the surmorphism 7 : U x S — US : (u, s) — us from Proposition 4.46 is
injective, and hence an isomorphism.

Figure 1 gives a Venn diagram displaying the various classes of pairs studied in the paper.

Now that we have defined proper action pairs, we begin by showing that these are indeed the
‘correct’ generalisation of proper left restriction semigroups.

Proposition 5.29. If S is a left restriction semigroup with semilattice of projections P = P(S5),
then the following are equivalent:

(i) S is proper, as in Definition 5.7,
(i1) (P,S) is a proper action pair, as in Definition 5.25.

Proof. We have already noted in Remark 5.20 that P = ST = (ST) in this case, and in
Remark 5.24 that the definitions of o from Definitions 5.7 and 5.21 coincide.

(i) = (ii). Suppose first that S is proper, and let u,v € P! and s,t € S. We must show that
us = vt & ust =ovtt and sot. (5.30)

Since S is proper, and since us, vt € S, it follows from (5.8) that

us = vt & (us)™ = (vt)t and wus o vt. (5.31)
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WAP

Figure 1. Venn diagram indicating inclusions among the classes of strong action pairs (SAP),
proper action pairs (PAP), action pairs (AP) and weak action pairs (WAP).

By Lemma 4.36, we have ust = vtt < (us)t = (vt)*. It also follows quickly from the definition
of o (in Definition 5.7) that s 0t < us o vt, keeping in mind the fact that P is a semilattice.
Equivalence of (5.30) and (5.31) is now clear.

(ii) = (i). Conversely, suppose (P, S) is proper, and let s,t € S. We must show that
s=t & sT=t" and sot.

As the forwards implication is clear, suppose st = tT and s o t. Then withu =v = sT =tT € P,
we have us™ = s =T = vtT. Since (P, S) is proper, and since also s o t, it follows from (5.26)
that us = vt: ie., s =t. O

The next result shows that when the action pair (U, S) is proper, and when P = (S™) satisfies
a certain kind of semigroup identity, the congruence o can be described equationally, rather than
by asserting the existence of suitable elements of P.

Lemma 5.32. Let (U, S) be a proper action pair, and suppose P satisfies a semigroup identity
of the form f(x,y)x = g(x,y)y, where f(x,y),g(x,y) € {x,y}*. Then

c=r={(s,t) €S xS: f(st,tT)s=g(sT,tT)t}.

Proof. The identity implies that P is right-reversible, so Lemma 5.23 gives 0 = . For the rest
of the proof we write

o' ={(s,t) € Sx S f(sT,t1)s = g(sT,t1)t}.

Since f(st,t1),g(sT,tT) € P! for any s,t € S, we clearly have ¢’ C 0.

Conversely, suppose s o t. Since s*,tt € P, we have f(sT,t1).-sT = g(s*,t")-t*. Combining
this with s o t, it follows from (5.26) that f(sT,t7)-s=g(sT,¢")-t, whence s o’ t. O

Remark 5.33. Since semilattices satisfy the identity xy = yz, it follows from Lemma 5.32 that

c=r={(s,t) e S xS :tts=s"t}
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when P is a semilattice. Similarly,
c=r={(s,t) €S xS:sTtts =sTt}

if P is a left-regular band.

If P satisfies an identity of the form f(x,y,z1,...,2x)x = g(z,y,21,...,2,)y, then one
can arbitrarily substitute = and/or y in place of the z; to obtain an identity of the form
' (z,y)x = ¢'(z,y)y, and Lemma 5.32 then applies.

In Sections 5.4-5.7 we will be concerned with proper action pairs (U, S), when U and S are
both submonoids of the over-monoid M. The o-class of the identity of S will play an important
role on many occasions during these sections. The next lemma characterises the elements of this
class, and shows that they act on U in a particularly simple way. In the statement, we do not
assume that U is a submonoid of M, and we use the notation 1 for consistency with later use.

Lemma 5.34. Let (U, S) be a proper action pair, with S a submonoid of the over-monoid M,
and let 1 be the o-class of 1 € S.

(i) We havel=SNST ={se€S:s=s"}.
(ii) For any s € 1, and for any v € U', we have *u = su = stu.
Proof. (i). We prove this part by showing that for all s € S, the following are equivalent:

(a) sol, (b) s € ST, (c) s=st.

(a) = (c). Taking u =t =1 and v = s, we have ust = vt™ and s o t. Since (U, S) is proper,
it follows from (5.26) that us = vt: i.e., s = s™.

(¢) = (b). This is obvious.

(b) = (a). Suppose s = t* for some t € S. Then since 1-s = ¢t -1, with 1,¢T € ST C P, it
follows that (s,1) € k C o3 cf. Definition 5.21.

(ii). We have s = s™ by part (i), so of course su = sTu. Combining s = s with (A1) and
Lemma 3.1(iv), we have su = Su - s = Su - sT = Su. O

The next lemma provides a handy criterion for an action pair to be proper. For the statement,
we say that a subsemigroup V of a semigroup T is left-dense in T' if the following condition holds:

VteT) (BaecV) ateV. (5.35)

Note, for example, that any right ideal is left-dense, but the converse need not hold. (The term
‘left-dense’ is taken from [7, p. 98], where the meaning is slightly different. There ‘(Ja € V)’ is
replaced by ‘(Ja € T')’, and this results in a weaker condition. For example, take T to be an
arbitrary group, V' a proper subgroup, and t € T'\ V; any a € T such that at € V necessarily
belongs to T\ V.) Before stating the lemma, we claim that left-density is equivalent to the
ostensibly stronger condition:

(Vs,t€T') BaeV) as,ateV. (5.36)

Obviously (5.36) implies (5.35). For the converse, suppose (5.35) holds, and let s,¢ € T*. There
exists ¢ € V such that ¢t € V' (this is obvious if ¢ = 1, or follows from (5.35) otherwise). Since
certainly c¢s € T, there also exists b € V such that b-cs € V. We then have as,at € V for
a = bec € V. (The weaker version of left-density from [7] does not imply the corresponding
version of (5.36), as seen again with T" a group, V' a proper subgroup, s € V and t € T\ V.)
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Lemma 5.37. Suppose (U, S) is an action pair.
(i) If P is left-dense in U, then
us = vt = us™ =ovtT and sot for all u,v € U and s,t € S.

(i) If o = Ag, then

+

us = vt = us™ =ovtT and sot for all u,v € U and s,t € S.

(i) If P is left-dense in U, and if o0 = Ag, then (U, S) is proper.

Proof. It clearly suffices to prove (i) and (ii). For these, let u,v € U' and s,t € S.

(i). Suppose us = vt. It follows from (A2) that us™ = vt™. By (5.36) there exists p € P such
that pu,pv € P, and it then follows from pus = puvt that (s,t) € k C 0.

(ii). Suppose us™ = vt* and s o t. Since 0 = Ag, we have s = t. Combining this with (+1), it
follows that us = us™ -s = vtT -t = vt. O

Consider again semigroups S and U for which S has a left action on U! by semigroup
morphisms, and assume that S acts monoidally if it happens to be monoid; cf. Assumption 5.13.
As in Section 5.2, we have the semidirect products U x S and U' x S', and the subsemigroups

U={u:uelU} and S={s:s5¢€8}

of Ul x Si, where u = (u,1) and 5 = (s, s), foru € U and s € S. We showed in Proposition 5.16
that (U, S) is an action pair in the monoid

M= {(u,s) €U xS* 1u=us"},

and the next result takes this further. For the proof, we use the fact that 57 = s* for s € S;
cf. (5.17). Together with the fact that S — S : s+ § is an isomorphism, it follows that

gf...gg:sf...s: for all s1,...,s, € S.

Proposition 5.38. Given Assumption 5.13, and with the above notation, we have o(U, S) = Ag.
Moreover, the action pair (U, S) is proper, so the semigroup
U-S={(u,s) eUxS:u=us"}

is (U, S)-proper.
Proof. Throughout the proof, we write x = x(U, S) and o = o(U, S), and also
P:P(Q,g):<§+> where §+:{§+:S€S}:{£:SES}.

To show that 0 = Ag we must show that x = Ag, so suppose 5 £ ¢ for some s,t € S. By

definition, this means that p-s = q -t for some p,q € P. Now, p = EIL .- -5; = sf e sz for
some S1,...,Sk € .5, so that p = u, where u = SIL . --s; € U'. Similarly, q = v for some v € U".

But then
(ust,s)=p-5=q-t=(vth1).
It follows from this that s = ¢, whence 5 = ¢, and this completes the proof that x = Ag.

Given Proposition 5.16, it remains to show that (U, S) is proper: i.e., that

u-s=uv-t & w-3T=v-7" and 307 for all u,v € U' and s,t € S.

The backwards implication follows from Lemma 5.37(ii), as o(U,S) = Ag. For the forwards

implication, suppose u -3 = v -#. Since (U,S) is an action pair, it follows from (A2) that
w-st=v-1". Also, (ust,s) =u-s=v-1 = (vtt,t) gives s = ¢, so certainly 5 o L. O
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We can now give the following covering theorem, which is the main result of this section. In
essence, it says that any semigroup U S arising from a weak action pair (U, S) is a homomorphic
image of a semigroup U’S’ arising from a proper action pair (U’,S’), with U’ 2 U and S’ = S.

Theorem 5.39. Suppose (U, S) is a weak action pair in a monoid M.

(i) There exists a proper action pair (U',S") in a monoid M', with U' = U and S" = S, and a
surmorphism ¢ : U'S" — US.

(ii) If S is a submonoid of M, then such a pair and surmorphism exist for which:

e S is a submonoid of M',
e U’ is a subsemigroup of U'S’, and

e the restriction |y is an isomorphism U — U.

(iii) If st € U for all s € S (including the case that U is a submonoid of M), then such a pair
and surmorphism exist for which:

e S’ is a subsemigroup of U'S’, and

e the restriction |g is an isomorphism S — S.

Proof. (i). Since (U,S) is a weak action pair, S (and hence also S!) acts on U', and S* acts
monoidally (cf. Remark 4.4). We then take

M ={(u,s)eU' xS tu=us"}, U'=U={u:uecU} and S =85={5:5€S5},

as above. By Lemma 5.14, we have U’ = U and S’ = S. By Proposition 5.38, (U’, S’) is a proper
action pair in M’, and

US ={(u,s) eUxS:u=us"}.

Define the map ¢ : U'S" — US : (u,s) — us. Since this is the restriction to U’S’ of the
morphism 7 : UxS — US from Proposition 4.46, it follows that 1 is a morphism. To demonstrate
surjectivity, let € US, so that x = us for some u € U and s € S. As in Remark 4.4, we have
s=s"s,and so (u-35)y = (us™,s)y =ust - s =us =z, withu-5€ U'S5".

(ii). Suppose S is a submonoid of M. Clearly then S’ = S is a submonoid of M’, so that
U =U"-1<U'S. Since ¥y maps each u = (u,1) = u-1 = wu, it is clearly an isomor-
phism U’ — U.

(iii). The stated assumption ensures that U’S’ contains each 5 = (s, s), with s € S: i.e., that
S" < U'S’. Since 1 maps each 5= (sT,s) — sTs = s, the final assertion follows. O

Remark 5.40. We have already noted that a semigroup US arising from a (weak) action pair
(U, S) need not contain U itself, or even an isomorphic copy of U; see Example 4.32(iii). More-
over, U’ is not contained in U’S" (in the above construction) if S is not a submonoid of M.
Thus, S being a submonoid is a necessary assumption in part (ii) of Theorem 5.39, at least for
the particular choice of U’ = U and S’ = S used in the proof.

In part (iii), note that the stronger assumption of U being a submonoid of M implies that U’
is a submonoid of M’.

As an application of Theorem 5.39, we show how to deduce Theorem 5.11. We begin with
the case of left restriction monoids:

Corollary 5.41 (cf. |9, Theorem 6.4|). Every left restriction monoid has a proper cover.
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) in M, where P is the
) be the proper action

Proof. Consider a left restriction monoid M, and the action pair (P,
semilattice of projections (cf. Proposition 4.37). Let (P, M') = (P,
pair constructed in the proof of Theorem 5.39, and let

M
M

C=PM ={(u,s) ePxM:u=us"}.

So¢ : C - PM = M : (u,s) — wus is a (monoid) surmorphism, and ¢[p, is an isomor-
phism P’ — P.

It is routine to check that C is left restriction under the operation (u,s)t = (u,1). Thus,
P(C) = {(u, 1):ue P} = {u : u € P} = P’. Consequently, 1 is projection-separating, since
Y[ pr is an isomorphism.

It remains to check that 1) respects the unary operations of S and C. But for any (u,s) € C
we use Lemma 4.36 to calculate

as required. O
We now show how the general case follows.

Proof of Theorem 5.11. Let S be a left restriction semigroup. If S is a monoid, then Corol-
lary 5.41 applies, so we assume otherwise. Let M = S' = SU{1}, so that M is also left restriction
(where we additionally define 1T = 1). Let C = P'M’ be the proper cover of M from the proof
of Corollary 5.41, with covering morphism ¢ : C — M : (u,s) — us. Since M \ {1} = S < M,
is follows that

cpy=1<«< c=1 forall c € C, (5.42)

where we write 1 = (1,1) for the identity of C.

Now we let D = {c € C': ¢t # 1}. By Lemma 4.42(iii), D is a subsemigroup of C. More-
over, D is closed under *, as

ceD = (c)T=c"#1 = c" €D,

by (L6). It follows that D is a proper left restriction semigroup. By (5.42), the restriction
U = |p maps D into S = M \ {1}, as

cpy=1=1=1"T=(cyy)" =cty = ¢ =1 = c¢D.

In fact, ¥ : D — S is surjective, since for any s € .S we have s = cy for some ¢ € C, and we
must in fact have ¢ € D; indeed, if ¢™ = 1, then we would have 1 = 19 = ¢t = (cyp)™ = sT,
contradicting the fact that S = M \ {1} is closed under *. Thus, ¥ is a surmorphism D — S,
and it is projection-separating since 1) is. O

Remark 5.43. Consider an inverse monoid M, regarded as a left restriction monoid under
st =557t So P = P(M) = E(M) is the semilattice of (all) idempotents of M; as usual, we
denote this semilattice by E. Let C' and ¥ be as in the proof of Corollary 5.41, so that

C={(e;s)eExM:e=es"}={(e,s) e ExM:e<s"}
is a proper left restriction monoid under (e, s)™ = (e,1), and ¢ : C — M : (e, s) — es is a covering
morphism. (In the above, < is the natural partial order on M, defined by s <t < s € Et.

Note that for e, f € F we have e < f < e =ef.) It is routine to show the following:

. . o _ -1
e (C is inverse, with inversion given by (e,s)™! = (¥ e,s7 1),

29



e BE(C)={(e;s):e,s€E, e=es}={(e;s):e,s € E, e <s}.

(To show that C'is inverse, one shows that it is regular, and E(C) is commutative. To verify the
above claim about (e, s)~!, one needs to note that

-1 -1 st +

(e,5) €C = e=est = 5(° )= e="e=s =gt

=sTesT =ests™ )

sT =e.
We note, however, that C is not necessarily a proper inverse monoid, even though it is a proper
left restriction monoid. In fact, one can easily show that C' is a proper inverse monoid if and
only if S is a proper inverse monoid.

The key point here is that P(C) = {(e,1) : e € E} is generally not equal to E(C), so that
(E(C),C) might not be a proper action pair, even though (P(C),C) always is; cf. Proposi-
tion 4.37. (In fact, E(C) = P(C) < E = {1}, as (e,e) € E(C)\ P(C) for any e € E\ {1}.)
Similarly, 1 is generally not idempotent-separating, even though it is projection-separating, as
we have (e, s)1) = e for any idempotent (e, s) of C'. (So again, 1 is idempotent-separating if and
only if £ = {1}. As we have noted on a number of occasions, E' = {1} is equivalent to M being
a group.)

5.4 Embedding theorems for proper monoids I

In this section, and the subsequent three sections, we turn to the task of finding an appropriate
generalisation of Theorem 5.12 in the context of proper action pairs. That is, we consider a
semigroup US arising from a proper pair (U, S), and seek to embed US in a semidirect product
U x (S/o), where U is some semigroup containing U, and where o is the congruence on S given in
Definition 5.21. For technical reasons, we will need to assume that U and S are both submonoids
of the over-monoid M. However, this does not end up hampering us, in the sense that we can
still derive (the full semigroup version of) Theorem 5.12 as a corollary.

The main result of the current section is Theorem 5.47. This states that a (U, S)-proper
monoid M = US embeds in a suitable semidirect product & x (S/o), under the assumption that
the submonoid P = (ST) of U (see Definition 5.21) is central in U. This centrality condition
is quite natural. For example, when M is a proper left restriction monoid, arising from the
proper action pair (P, M), we have already observed that P = U is the semilattice of projections
of M, and is therefore commutative, and hence central in itself. After proving Theorem 5.47, we
deduce the monoid version of Theorem 5.12 in Corollary 5.58, and then show that the general
case follows.

The centrality assumption just discussed is in fact not necessary to obtain an embedding of
the desired kind. Indeed, in the next section we prove Theorem 5.60, which is essentially the
same as Theorem 5.47 but with the centrality assumption removed. We do, however, have strong
motivation for stating and proving the two separate embedding results. First, the construction of
the monoid U is somewhat more abstract in the general case. By contrast, the monoid U used in
the current section is more transparent, and the corresponding semidirect product U x (S/o) is in
fact an (unrestricted) wreath product I wr (S/o), in the sense of [90,105], for a suitable monoid I,
as we explain in a little more detail below. Another advantage of the current construction is that
when M is a proper left restriction monoid, U is easily seen to be a semilattice, and as noted
above this allows us to deduce Theorem 5.12 as a corollary.

In this section, and the next three, an important role will be played by certain special fac-
torisations of elements of a semigroup US arising from a (weak) action pair (U, S):

Definition 5.44. Let (U,S) be a weak action pair. A natural factorisation for an element
a € US is a pair (u,s) € U x S such that a = us and u = us™.
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The next result lists some special properties of these factorisations. Note that we can think
of a natural factorisation of @ € US as an element of the semigroup

{(u,s) eUxS:u=us"}

that maps to a under the surmorphism 7 : U x S — US from Proposition 4.46; cf. Remark 4.47.
The first two parts of the next result can be proved with reference to this viewpoint, but we give
simple direct proofs for convenience.

Lemma 5.45. Let (U, S) be a weak action pair.

(i) Every element of US has a natural factorisation.

(i1) If (u,s) and (v,t) are natural factorisations of elements a and b of US, respectively, then
(u-%v,st) is a natural factorisation of ab.

(iii) If (U,S) is an action pair, and if (u,s) and (v,t) are natural factorisations for the same
element of US, then u = v.

(iv) If (U, S) is a proper action pair, and if (u,s) and (v,t) are natural factorisations for the
same element of US, then s o t.

Proof. (i). Let a € US. We certainly have a = vs for some v € U and s € S, and we
take v = vst. Then since s = sTs (cf. Remark 4.4) we have us = vs*ts = vs = a, while
ust = vsTsT =vst = u, by Lemma 3.1(i).

(ii). We obtain ab = u - *v - st right from (A1). Combining Lemma 3.1(ii) with v = vt™, we have

uw-Sv-(st)t =u-Sv-S(tT) =u-S(vtT) = u - v

(iii). Suppose us = vt, where (u,s) and (v,t) are natural. By (A2) we have us™ = vt*, and
since u = us™ and v = vt (by naturality), it follows that u = v.

(iv). This follows immediately from (5.26). O

Remark 5.46. On many occasions, Lemma 5.45 will allow us to define a morphism 1 whose
domain US arises from a proper action pair (U, S). Given a € US, parts (i), (iii) and (iv) allow
us to unambiguously define av, by explaining how to construct it from u and the o-class of s for
any natural factorisation (u,s) of a. Part (ii) will be useful in showing that such a map v is a
morphism.

We are now almost ready to state our first embedding theorem. The theorem concerns a
proper action pair (U,S) in a monoid M, where U and S are both submonoids. Without loss
of generality, we may assume that M = US, so that M is (U, S)-proper. We continue to use
the notation S*, P = (S*) and o = s* from Section 5.3. So P is an idempotent-generated
submonoid of U, and ¢ is a congruence on S. For s € S we write § for the o-class of s.

As we have already noted, the following theorem concerns the case in which P = (ST) is
central in U, meaning that pu = up for all p € P and u € U. This is of course equivalent to the
generating set ST being central in U.
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Theorem 5.47. Let M = US be a (U, S)-proper monoid, and suppose P = (S1) is central in U.
Then there exists a semidirect product M =U x (S/o) and an embedding ¢ : M — M such that:

(i) U contains a subsemigroup U’ isomorphic to U,
(ii) Yly : U — U x {1} is an isomorphism,
(ili) U is commutative if U is commutative.

We build towards the proof of the theorem with a series of preliminary results. For the
remainder of this section, we assume that M = US is a (U, S)-proper monoid (with U and S
submonoids), and that P = (S*) is central in U.

We begin with a result that gives a convenient equational formulation of o.

Lemma 5.48. The monoid P is a semilattice, and consequently o = {(S, t)eSxS:tts= s+t}.

Proof. Commutativity of P follows from centrality. Since every element of ST is an idempotent
(cf. Lemma 3.1(i)), so too therefore is every element of P. The assertion regarding o follows
from Lemma 5.32; cf. Remark 5.33. U

In what follows, it will be convenient to write
S=8/c={s:s5€S}.

So we must construct a monoid U/, a semidirect product M = U x S, and a suitable embed-
ding 1) : M — M. The monoid I will in fact be of the form I¢ for some monoid I, and then U x S
will be an unrestricted wreath product I'wrS = I® x S in the sense of [90, 105]. Since we will be
studying a different kind of (transformational) wreath product in Chapter 9, and since we wish
to emphasise the monoid U itself in our construction (rather than I'), we will not speak explicitly
of (any kind of ) wreath products in the current chapter. However, in order to prepare the reader
for our construction we briefly recall the definition of the unrestricted wreath product V wr T,
for semigroups V and T'. First, VT denotes as usual the semigroup of all functions 7' — V under
componentwise product, which we denote by x. Given f,g € VT, the product fxg € V7T is
defined by z(f xg) = xf - xg for x € T (with the product zf - zg taken in V). Next, T has a
left action on V7 by semigroup morphisms, given by (¢, f) — ‘f, where the latter is defined by
x(tf) = (zt)f for x € T. This allows for the formation of the semidirect product V' x T, as in
Definition 3.4, and this is taken as the definition of V wr7. As noted above, we will no longer
refer explicitly to this kind of wreath product, even though the semidirect product M =U x S
will be of this form.

The construction of U begins with the power semigroup of U:

PU)={V:VCU} with set product V-W={vw:veV, we W} for V,\IW C U.

(5.49)
We then take I to be the principal ideal of P(U) generated by P. Since P(U) is a monoid with
identity {1}, the ideal I = P(U) - P - P(U) consists of all subsets of U of the form V - P - W,
with VW C U. In fact, since P is a central submonoid of U, we have

I=PU)-P=P-PU)={V-P=P-V:VCU},
and moreover
I=P-PU)-P={VePU):V=V.-P=P- -V}

Thus, I is a (local) monoid with identity P (and zero &). We note, however, that I is generally
not a submonoid of P(U), as the respective identities of these monoids are P and {1}.
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We now let
U=1I°

be the set of all functions & — I. We denote the componentwise product in U by . So for
f,g €U, we have fxg:S — I, defined by
T(fxg)=2f- 2g for each x € S.

Note here that Zf and Zg are both elements of I, and in particular of P(U), so & f - g denotes
the set product in I. It is easy to see that x is associative, so that I/ is a semigroup. In fact, U
is a monoid, whose identity 1 is the constant map with image {P}: i.e., 21 = P for all x € S.

The first part of the next result verifies the third item in Theorem 5.47. The second part
concerns the special case in which U = P; since P is central in U, certainly U = P is commutative
in this case.

Lemma 5.50. (i) IfU is commutative, then so too is U.

(ii) IfU = P (is commutative), then U and U are both semilattices.

Proof. (i). If U is commutative, then obviously P(U) is as well. But then so too is its subsemi-
group I, and hence also U = I°.

(ii). We already observed in Lemma 5.48 that P is a semilattice. Since U = I, it is enough to
show that [ is a semilattice. An arbitrary element of I is a set of the form P -V - P for some
V C U = P. These sets are precisely the ideals of P, and since the set product of two ideals of
a semilattice is their intersection, we see that I is the N-semilattice of ideals of P. ]

To define the semidirect product M = U x S, we need an action of S on U/, and this is also
componentwise. For s € S and f € U, we define °f € U by

2(f) = (&8)f forallzesS.

Clearly *f is well defined: i.e., the above definition does not depend on the choice of representa-
tive s of the o-class §. It is also a routine matter to check that we have a monoidal action by
monoid morphisms: i.e., that

Sipy =5t 3(fxg)=%Fx%, f=f and *1=1 foralls,teSand f,gclU.
We may therefore form the semidirect product
M=UxS={(f3):felU, seS} with operation (f,3) - (g9,1) = (f x°g, 5t).

By Lemma 3.11(iii), M is a monoid with identity (1,1). (As noted above, our monoid M is an
unrestricted wreath product 1S = I x S.)

Now that we have defined the monoid M = U x S, we wish to construct an embed-
ding ¥ : M — M. As in Remark 5.46, ¢ will be defined in terms of natural factorisations.
Specifically, given a natural factorisation (u, s) for an element a € M, we will define ay) = (fy, §),
for a certain f, € U. We now turn to the definition of these elements f,, and establish the im-
portant properties of the mapping u — f.

To this end, let uw € U. For s € S, we define the subset
Viu={u:tes} CU. (5.51)
We then define the function f, € U by
$fu=Vsu-P for all s € S.
Finally, we define the map
o U—-U:u— fo. (5.52)
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Lemma 5.53. The map ¢ : U — U is a monomorphism.

Proof. We begin by showing that ¢ is injective. To do so, suppose f, = f, for some u,v € U.
In particular, 1f, = 1f,, so that

It follows that v = ‘v - p for some t € 1 and p € P. Combining this with Lemma 5.34(ii), and
centrality of P, it follows that u = tTv-p =tTp-v € Pv, as tT™p € P. By symmetry, v € Pu.
Since P is a semilattice (cf. Lemma 5.48), it follows from Lemma 2.5 that v = v, as required.

To show that ¢ is a morphism, suppose u,v € U. We must show that f,, = f,* f,: i.e., that
Sfuv = 8fu - 5fv forall s € S.
By definition, and using centrality of P, this reduces to showing that
Vsaw - P =V Vip- P for all s € S. (5.54)
For the fowards inclusion, let x € V; 4, - P. Then o = t(uv) - p for some t € § and p € P, and so
x:tu-tv-pe‘/g,u-Vg,v-P.

Conversely, let € V- Vi, - P, so that & = 'u - *v - p for some ¢,z € § and p € P. Since t 0 2
(as t,z € §), it follows from Lemma 5.48 that 2t - ¢ =¢* - 2. Lemma 4.25 then gives

2Tty =T F, (5.55)
But then
_t z _t + =z .
r="u-*v-p="u-t"-Fv-p by Lemma 3.1(iv)
=ty 2zt ty.p by (5.55)
=ty-ty-2Tp by centrality of P
='w) zTpe Viuw - P.
This completes the proof of (5.54), and hence of the lemma. O

It follows that ¢ is an isomorphism from U to its image, which is the subsemigroup
U={fu:uelU}<U.

Note that while U’ is a monoid (as U is), it is generally not a submonoid of U, as the identities
of U and U are fi and 1, respectively.

We can now tie together the loose ends. The next proof uses the natural factorisations from
Definition 5.44.

Proof of Theorem 5.47. We define the map
YV M=US—-M=UXS

by
a) = (fu, 8) for any natural factorisation (u,s) of a € M =US.

This is well defined by Lemma 5.45; cf. Remark 5.46.

We begin by showing that 1 is injective. To do so, suppose ar) = by for some a,b € M, and fix
natural factorisations (u, s) and (v,t) for a and b, respectively. Then (fy,3) = a) = bip = (f,, 1),
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so that f, = f, and § = . The former implies u = v, by Lemma 5.53. Combining this with
naturality, we obtain ust = u = v = vtT. Since also s ¢ t (as § = £), and since (U, S) is proper,
it follows from (5.26) that us = vt: ie., a =b.

Clearly ut) = (fy,1) for all u € U, so ¢[;; maps U bijectively onto U’ x {1}, and we have
already observed that U’ = U. We also observed in Lemma 5.50 that U is commutative if U is.

It remains to show that v is a morphism. So fix some a,b € M, with natural factorisations
(u,s) and (v,t). We must show that (ab)y = ayp - bip. We first observe that

a,l/} . bw = (fuag) : (fv7tA) = (fu*éfvagi)

By Lemma 5.45(ii), ab has natural factorisation (u - ®v, st), and so

(ab)) = (fu.so, §1).

Thus, the proof will be complete if we can show that f, x °fy = fu.s. To do so, let z € S be
arbitrary. Then

i'fwsv - V:i:,u-sv -P and -i'(fu * §fv) = -@fu : (-i'g)fv - V:i:,u : Vi§,v : P7
again using centrality of P. So we must show that

Visw P =Viu - Visw- P. (5.56)

For the forwards inclusion, let ¢ € Vj 4.5, - P, so that ¢ = Y(u - *v) - p for some y € 2 and
p € P. Then ¢ =Yu-Yv - p, with Yu € V;,, and ¥*v € Vi3, (asyox = ys o xs).

Conversely, let d € V; ,, - Vzs, - P, so that d = Yu - #v - p for some y € &, z € 5 and p € P.
Since z 0 zs o ys, Lemma 5.48 gives (ys)* -z = 2t - ys. It then follows from Lemma 4.25 that

(ys)T - v = zT . ¥, (5.57)
But then
d="%u-*v-p="Yust) -%v-p as u = us", by naturality
=Yy -Y(sT) - Fu.p
=Yu-(ys)t - Fv-p by Lemma 3.1(ii)
=Yy-2t . Yy.p by (5.57)
=Yu- Y- 2Tp by centrality of P

This completes the proof of (5.56), and hence of the lemma, since ¥(u-%v) € V; 4.5, and z7p € P.
O

This time we may deduce Theorem 5.12 as a corollary. Again we begin with the monoid case:

Corollary 5.58. Let S be a proper left restriction monoid with semilattice of projections P = P(S).
Then S can be embedded in a semidirect product Qx (S/c), where Q is a semilattice containing P.

Proof. We aim to apply Theorem 5.47 to the pair (U,S) where U = P. We first observe
that (P,S) is indeed a proper action pair, by Proposition 5.29. Since P is a semilattice, it is
certainly central in U = P. Theorem 5.47 then does indeed apply, and it tells us that S = PS
embeds in a semidirect product U x S, where U is a monoid containing (an isomorphic copy) of
U = P, and where S = S/o. By Lemma 5.50(ii), U is a semilattice. O

The general case now follows very quickly:
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Proof of Theorem 5.12. Starting with an arbitrary proper left restriction semigroup S, we
embed this into S', and then apply Corollary 5.58 to S*. U

Remark 5.59. Theorem 5.47 concerned the special case that the submonoid P = (S*) is
central in U. In the very special case that U is commutative, the monoid ¢ we constructed
is also commutative. In the very very special case that U is a semilattice, unfortunately U is
not necessarily a semilattice; it is, however, in the very very very special case that U = P is a
semilattice, as we showed in Lemma 5.50(ii).

In the next section we prove Theorem 5.60. In a sense, this is a more general version of The-
orem 5.47, as we drop the assumption that P is central in U. In the proof we construct a very
different monoid U to deal with this greater level of generality, and in fact 4/ = Mon(X : R) is
defined by a monoid presentation. This construction does not allow us to deduce that i/ is commu-
tative when U is commutative; thus, Theorem 5.60 does not completely subsume Theorem 5.47.
However, in Section 5.6 we prove Theorem 5.82, which is a specialisation of Theorem 5.60 in the
case that U is commutative. The monoid U constructed in the proof of Theorem 5.82 is of the
form Y = Mon(X : RUC), where C is an additional set of relations forcing & to be commuta-
tive. As we will see, this does have the additional benefit that U is a semilattice when U is. Yet
another specialisation is given in Theorem 5.102, which treats the case that U is a left-regular
band. Although a semilattice is a special case of a left-regular band, the differing technicalities
in each case lead us to consider the two separately.

5.5 Embedding theorems for proper monoids II

Consider again a proper action pair (U, S) in a monoid M, where U and S are submonoids, and
assume again that M = US. As discussed above, our aim now is to prove a stronger version of
Theorem 5.47, in which we drop the assumption that the submonoid P = (S™) is central in U.
In fact, the monoid P will play no role at all in the current section, apart from its involvement
in the construction of the congruence o = xf from Definition 5.21. In the following statement,
we continue to write § for the o-class of s € S.

Theorem 5.60. Let M = US be a (U, S)-proper monoid. Then there exists a semidirect product
M =U x(S/o) and an embedding ¢ : M — M such that:

(i) U contains a subsemigroup U’ isomorphic to U,
(ii) ¥]y : U = U’ x {1} is an isomorphism.

The proof of the theorem occupies the remainder of the section. Because we no longer assume
that P is central in U, we are forced to adopt a completely different strategy. Accordingly, the
construction of U (and M) is somewhat more involved than in the previous section. As before,
we write

S=85/c={5:5¢€S}.

The monoid U will in fact be defined by means of a presentation Mon(X : R), where X and R
are defined as follows. First,
X={rsy:5€85, ueclU}
is an alphabet in one-one correspondence with the cartesian product S x U. We then define R to

be the set consisting of all the following relations over X, displayed here as equations for clarity:

=7 ,Tis for s,t € S and u,v € U with u = us™. (5.61)

,uSv ,u'ts,v

These relations may appear mysterious at this stage, but the reader may notice a resemblance
to (5.56). In any case, we will see that the relations contain (just) enough information about
products in U and S, and about the action of S on U(= U'), to make everything work.
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For the duration of this section we write ~ = R¥ for the congruence on the free monoid X*
generated by R, and we denote the ~-class of w € X* by w. (There should be no confusion
with our earlier use of the over-line notation in Sections 5.2 and 5.3, as we will never refer to
the (U, S) construction here.) We then define the monoid

U=Mon(X :R)=X"/~={w:we X"}
It is worth noting at this point that
Ti o ™~ iy Li forallt € S and u,v € U. (5.62)

Indeed, taking s = 1 in (5.61), we see that R contains the relation Ti oy = Ti Ly

In order to define a semidirect product U x S, we need an action of S on Y. We begin by

defining an action of § on X*. For this, let s € S and w € X*. Then w = z; . - TR for
some t1,...,tr € S and uq,...,ur € U, and we define
Sw = x§£1,u1 T x§fk,uk' (563)
This is trivially a monoidal action by monoid morphisms: i.e.,
é(iw) = Sy, S(ww') =*w - 5w, ly=w and =1 for all s,¢ € S and w,w’ € X*.

Here ¢ denotes the empty word, which is the identity of X*. Given any relation (w,w’) from R, as
in (5.61), and any s € S, it is easy to see that (‘w, *w’) is again a relation from R. It immediately
follows that we have an induced action of S on U given by

Sw = dw forwe X* and s € S.

Of course this is still monoidal, and by monoid morphisms. Consequently, we may form the
semidirect product
M=UxS.
By Corollary 3.13, M is a monoid with identity (z,1).
We now define a function
¢:U—>u:u|—>§i7u.

Taking ¢t = 1 in (5.62), it follows quickly that ¢ is a semigroup morphism. (But note that ¢
is not a monoid morphism, as 1¢ = T g, while the identity of U is 7, the ~-class of the empty
word ¢. Since R consists entirely of relations with non-empty words on both sides (see (5.61)),
it follows immediately that 7= {t}, and so Tj ; #1.)

The next result demonstrates a crucial relationship between the respective actions of S and S
on U and U.

Lemma 5.64. Ifu,v € U and s € S are such that u = us™, then
(u-"0)p = (ug) - *(ve).
Proof. Taking t =1 in (5.61), we see that
Tisy = Tig Tao:
But of course Tj , ., = (u- "v)¢ and Ty , = u¢g, while Ty, =T, = éji,v = 5(ve). O

The next result shows that ¢ and ¢ are, in a sense, ‘universal’” with respect to the property
just established.
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Proposition 5.65. Let M = US be a (U, S)-proper monoid.

(i) Suppose there is a semigroup V on which S = S/o acts monoidally by semigroup morphisms,
and a morphism £ : U — V such that

(u-v)€ = (uf) - *(v€) for allu,v € U and s € S with u = us™. (5.66)

Then there exists a morphism = : U — V such that the following diagram commutes:

U
VAN
U%V

(ii) The morphism ¢ : U — U is an embedding if and only if some V and & exist as in part (i),
with €& an embedding.

Proof. (i). Suppose V and £ : U — V exist with the stated properties. We begin by defining a
morphism )
C: X" = Vixg, — *(uf).

Using (5.66), it is easy to check that ¢ preserves the relations from R: i.e., that

(Tf50)C = (@7 ,T15.,)C for all 5,t € S and u,v € U with u = us™.

It follows that R* C ker(¢), so ¢ induces a morphism Z : U = X*/R¥ — V : @+ w(. This Z is
defined on generators of U by A
EiU SV T % (ul).

But then for any u € U we have

since § acts monoidally on V.

(ii). If ¢ is an embedding, then we just take ¥V = U and § = ¢; cf. Lemma 5.64. Conversely, if
¢ = ¢ o E is an embedding, then of course ¢ is as well. U

Recall that we wish to show that the (U, S)-proper monoid M = US embeds in the semidirect
product M =U xS. We will soon see that a certain very natural kind of embedding exists, and
it is convenient to explicitly formulate what we mean by ‘natural’ here. The following definition
refers to the natural factorisations from Definition 5.44.

Definition 5.67. Let M = US be a (U, S)-proper monoid, and let V be a semigroup on which
S = S/o acts monoidally via semigroup morphisms. A morphism

v M—=>VxS
is natural if there exists a morphism & : U — V such that
ap = (ug, S) for any natural factorisation (u,s) of a € M =US.
In this case we say 1 is natural along &.

Strictly speaking, the next two results are not essential for our main purpose, which is to con-
struct an embedding of M = US into M = U xS. However, we include them as they demonstrate
that U is somehow ‘canonical’ with respect to the existence of a natural such embedding.
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Proposition 5.68. Let M = US be a (U, S)-proper monoid, and let V be a semigroup on which
S = S/o acts monoidally via semigroup morphisms. For a morphism & : U — V), define the map

v:M—=>VxS by ah) = (ug, §) for any natural factorisation (u,s) ofa € M =US.

Then

(i) ¢ is a morphism (and is hence natural along §) if and only if (5.66) holds,

(i) v is injective if and only if & is injective.

Proof. (i). Let a and b be elements of US, with natural factorisations (u, s) and (v, t), respec-
tively. By Lemma 5.45(ii), ab has natural factorisation (u - *v, st), so we have

(ab) = ((u-*0)¢,3)  and  ap-by = (u€, 3) - (v€,1) = ((u€) - *(v€), 50).
The claim follows quickly.

(ii). Suppose first that 1 is injective, and suppose u,v € U are such that u§ = v€. Now, (u, 1)
and (v, 1) are clearly natural factorisations of u,v € U C M, so

uyp = (ug, i) = (€, i) = vy

It follows from injectivity of ¢ that u = v.

Conversely, suppose £ is injective, and suppose a,b € M are such that ay = by. Fix natural
factorisations (u, s) and (v,t) of a and b, respectively. Then

(ufag) =ap =bp = (U§7£)7

so it follows that u€ = v€ and s o t. From the former, and injectivity of &, we deduce u = v.
By naturality, we have us™ = u = v = vt™. Since s o t, and since (U, S) is proper, it follows
from (5.26) that us = vt: i.e., a =D. O

The next result summarises our progress so far:

Corollary 5.69. Let M =US be a (U, S)-proper monoid. Then the following are equivalent:

(i) there is a natural embedding of M in a semidirect product V X S for some semigroup V,
(i) ¢: U — U is an embedding,

(iii) there is a natural embedding of M in the semidirect product U x S along ¢.

Proof. (i) = (ii). If such a natural embedding exists, say along £ : U — V), then by Proposi-
tion 5.68, ¢ is an embedding and satisfies (5.66). It then follows from Proposition 5.65(ii) that ¢
is an embedding.

(ii) = (iii). This follows immediately from Proposition 5.68, taking V = U and £ = ¢, and
keeping Lemma 5.64 in mind.

(iii) = (i). This is obvious. O
Thus, the main step remaining in the proof of Theorem 5.60 is to show that the mor-
phism ¢ : U — U is injective: i.e., that

Ti, =Tj, = U=V for all u,v € U.
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This turns out to be quite involved, and is finally accomplished in Proposition 5.80 below. The
proof involves a certain invariant associated to the ~-class of (some) words over X, including
those of the form T - This invariant comes from what we will call a trace. Working towards its
definition, we begin by defining a map A : XT — & as follows. (Here, as usual, X = X*\ {1}
is the free semigroup over X.) For w = g, 4, T5, u, € X1, we define wA = §;. So wA is the
‘S-coordinate’ of the first letter from w.

Lemma 5.70. If w,w’ € X and w ~ w', then w\ = w'\.
Proof. This is true for every relation (w,w’) € R, asin (5.61), and the result quickly follows. [

We now define the set
W={weX" :w\=1}

of all (non-empty) words over X whose first letter has ‘S-coordinate’ 1. It follows from Lemma 5.70
that W is closed under ~, in the sense that two ~-equivalent words from X™* are either both
contained in W or both not. We now introduce the idea of a trace of (some) words from W.

Definition 5.71. Consider a word w € W, so that
W= 2] Tagup** Lpuy, for some k£ > 1 and some uq,...,ur € U and s9,...,5; € S.

Consider also a tuple t = (tg,...,tx) € S2 X -+ X &, so that t; € S and t; o s; for all 2 <i < k.
For each 1 < i < k, we define
Pi = Ul -t2u2---tiui eU.

(As usual, we interpret p; = u;.) We say the tuple p = (p1,...,pr) € U* is a trace of w if
Di—1 = pi_lt;r for all 2 <7 <k.
In this case, we say the trace p = (p1,...,px) of w is witnessed by the tuple t = (ta,..., k).

Remark 5.72. It is not always obvious whether a given word from W has any trace at all.
However, it is easy to see that a word w = i, from W of length 1 has trace p = (u), as
witnessed (vacuously) by the empty tuple t = &.

On the other hand, consider a word w = Tj,Tsw € W of length 2. The possible tuples t
in Definition 5.71 have the form t = (t), where ¢t € 5. And then p = (u,u - 'v) is a trace for w
(witnessed by t) if and only if p; = plt;: i.e., u = ut™. To summarise, w = Ty T30 has a trace
if and only if v = ut™ for some t € 3.

Nevertheless, the next result shows that if a word has a trace, then this is unique.

Lemma 5.73. A word w € W has at most one trace.

Proof. Consider a word w = Ty 4y ooz Tapuy, € W, and suppose w has traces p = (p1, ..., pk)
and q = (q1,...,qk), witnessed by tuples t = (to,...,tx) and z = (z2,..., 2x), respectively. So
by definition, t,z € §5 X --- X §, and we have

t 22 Zi

pi:ul-muQ---iui and ¢ = u1 - Pug - Py forall 1 <i <k,

and also
. . + . — . + ;
Pi—1 = Pi—1t; and Gi-1 = qi-1%; for all 2 <i <k.

We must show that p = q, and for this we show by induction that p; = ¢; for all 1 < i < k.
Certainly p; = u; = q1. We now assume that ¢ > 2, and that p;_; = ¢;—1. Then
picity =pi-1 = qi-1 = qi—12;
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Since also t; o z; (ast;, z; € §;), and since (U, S) is proper, it follows from (5.26) that p;—1t; = ¢;i—12;.
Lemma 4.25 then gives
Pi—1 - Ui = qio1 - P,

But by definition, we have p;_; - “u; = p; and ¢;_1 - “u; = ¢;, so this completes the inductive
step. O

Here is the main technical result we need:

Lemma 5.74. Suppose w,w’ € W are such that w ~ w'.

(i) If either of w or w' has a trace, then both do.

(il) If w and W' have traces p = (p1,...,px) and q = (q1,-..,q), then pr = q.

Proof. We prove both parts at the same time, and it suffices to assume that w and w’ differ by
a single application of a relation from R. That is, we assume that

W= W1 Tf sy - W2 and w = wy i
for some wi,ws € X*, and some s,t € S and u,v € U with u = us™. We also write
W1 = Tg 01 Lo um and W2 = Tg 0 umio " Tapup where each s; € S and u; € U,
noting that either (or both) of w; or wy could be empty. It is also convenient to define
Sma1 =1 and Umr1 = u - 0.
So then
W= Ts,ur """ Tp,uy and w' = Ta1ur " Lémoum " TiuTig " Témy2,umyz " Log,up-

Since w € W, we must have §; = 1; in the case that w; = ¢ (i.e., m = 0), this says that t=1.
We also define

(U1, ey V1) = (U1, U2y« oy Uy Uy Uy Upp g2y« vy Uk (5.75)
Note that v; is the ‘U-coordinate’ of the ith letter of w'.

We begin with the forwards implication.

(=). Suppose first that w has trace p = (p1,...,pk), witnessed by t = (to,...,tx) € S3 X+ X 8,
meaning that

o p; =y - PPug .-ty for all 1 <4 <k, and
® Pi—1 = pz;lt;L forall 2 <¢<k.
We claim that w’ has trace q, witnessed by z, for

Z:(t27"'7tM7tm+17tm+1's7tm+27"'7tk) and q:(pla"'7pﬂ’L7pm'tm+1uapm+17"'7pk)'

Note that z and q are obtained from t and p, respectively, by inserting single entries. Since the
final entries of p and q are equal, this will complete the proof of the forwards implication. To
assist with the following calculations, it is convenient to line up the entries of z and q, along
with the letters of w’:

| 1 2 - m m+1  m+2 m+3 - k+1
z to e tm tm+1 lmt1 S b2 e 7
q D1 D2 e Pm P TU P DPm+2 e Dk
w' Tsiur Liaua 77 Tayum Tiy Tisw Lamyoumia "~ Tépuy
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To prove the claim, we follow Definition 5.71 carefully, and we proceed in three steps.
Step 1. We first check that z € §3 X - -+ X 8, X £ X £8 X 8p0 X -+ X 8.

e For 2 <4 <m we have z; = t; ¢ s;.

e For i =m + 1 we have 2,41 = tiy1 0 Sma1 =t

e For i =m + 2 we have 2190 =iyl S0 Sma1 - S =ts.

e Form+3<:1<k+1wehave z; =t;,_1 0 s;_1.

Step 2. Next we check that ¢; = vy - *2vy---%iv; for all 1 <4 < k + 1, where the v; are as
in (5.75).

t Zi

e For 1 <i < m we have ¢; = p; = uy - 2ug - - tiu; = vy - vy - - - Fvy;.

Y Fori — m+1 we have qm+1 — pm.tm+1u — u1‘t2u2 N tmum.tm+lu — ’Ul‘z2’U2 N vamzm+1vm+1.
e For m+2<i<k+1 we have

_ _ t t ¢ ¢ ti
gi = pi—1 = (u1 - 2ug - M up) - g (2 U - T )

( )

= (uy - t2uQ . --tmum) . tm+1(u - Sy) - (tm+2um+2 . --tiflul-,l)
( )
( )

Lt tm

Ug - -+ Tmay,,) - Imtig  tmt 18y, (tm+2

ti
U2+ ruiog)

22

U1 - Vo vam . Zm+lvm+1 . Zm+2vm+2 . (Zm+3vm+3 . e Zivl-).

Step 3. Finally, we check that ¢;_1 = qi_lzj forall 2 <i<k+1.

e For2<i<m+1 we have ¢;_1 =p;_1 = p@;1t;L = qiflz;r.

e For i = m + 2 we have

+ _ tm
qm+1 . Zm+2 _pm . +1u . (tm+1 . S)+

= P - P (5T by Lemma 3.1(ii)
= DPm tm+1 (US+)

= P - as u=us"

= gm+1-

e Form+3<i<k+1wehaveq_1=p;io= pz‘—ztztl = qi_lzi‘".

(<). Conversely, we now assume w’ has trace q = (¢1,...,qr+1), witnessed by
z=(29,...,2k41) €82 X -+ X 8y X X 5 X 8pqn X -+ X 8y, (5.76)
meaning that
-

® ¢; =v1-Pvy---Fy; for all 1 <4 < k+ 1, where again the v; are as in (5.75), and

® g1 = qi_lzi+ forall 2 <i<k+1.
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We claim that w has trace p, witnessed by t, where

t = (22, ) Zmt1s Zmtds -« s Zktl) and P=(q1, - sqm>@mt2s---qt1)-

This time t and p are obtained by deleting an appropriate entry of z and q. Again, since the
final entries of p and q are equal, this will complete the proof of the backwards implication, and
hence of the lemma. (The reader might worry that p and q could perhaps not have the same
final entry if m 4+ 1=k + 1: i.e., if p is obtained by deleting the final entry of q. However, this
case does not arise, as by the form of w = 3, 4, - - %4, . “Tf sy Lompostiman © Logups WE have
k> m+ 1.) This time the entries of t and p, and the letters from w, are as follows:

‘ 1 2 e m m+1 m+ 2 e k
t 2 R Zm Zm+1 Zm+3 T 2kt
p q1 q2 te qm qm+2 qm+3 T qk+1
W | Tsrur Léoue " Témum Lo Lomyoumez  °° Lpuy

T t1,tmt1
Again we prove the claim in three steps.
Step 1. We first note that t € 83 X - -+ X &5 X X 842 X - - - X §, follows immediately from (5.76).

Step 2. Next we check that p; = uq - 2ug - - - #u; for all 1 <7 < k.

t

e For 1 <i < m we have p; = ¢; = vy - 20y - vy = g - Pug - - - Y.

e The m + 1 < i < k case is rather more involved. For this we first claim that
Am+12m+2 = qm+12m+1S- (577)
To prove this, it suffices by (5.26) to show that

qm+1z:b+2 = @ms1(Zmy18)" and Zmi2 O Zmi1S- (5.78)

The latter follows from z,,42 0 ts o zp418; cf. (5.76). For the former, we first note that
qm+1z:{1+2 = @m+1- On the other hand, since ¢;+1 = G, - V41, We have

Gt 1 (Zme18)T = @ - gy - (s by Lemma 3.1(ii)
=dqm - Fmtl (Um+13+)
. . Am+1 + _ + _
= gm — as V18T = ust =u=1vm4
= dm+1-

This completes the proof of (5.78), and hence of (5.77). We then have

Zm+2 Zm+1S

Qm+1 ° Um+2 = Qm+1 Upm+-2 by (5.77) and Lemma 4.25

Zm+1 Zm—+1S8

=dqm -
=d4m - Um+1 8Um+2)

= qm . Zm+4-1 (u . S,U)

= Gm - " U1 (5.79)

But then for any m + 1 <1 < k we have

Um+1 - Um+2

Zm+1(

z z. Zq
Di = Qit1 = Qmi1 - "0y T e

t .
e qm . m+1um+1 . Zm+3vm+3 - Zz+1vi+1 by (579)

Um43 - Vi+1

g ’Ul . 22v2 “ e vam . tm+1um+1 . Zm+3vm+3 “e Zi+1vi+1

— t2 t tm+1 tm+2 t;
_ul. U2...mum.m+um+1.m+um+2...lui,

as required.
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Step 3. Finally, we check that p;_; = pi_ltj for all 2 < <k.
e For2<i<m+1wehave p, 1=¢;_1 = qi,lz;r = pi,lt;r.
e For m+2 <i <k we have p;_ 1 =¢q; = qiz;;l = pi,lt;r.
We have now finally completed the proof. U

It is now relatively straightforward to show the following.

Proposition 5.80. The morphism ¢ : U — U : u — T3, is an embedding.

Proof. Suppose u,v € U are such that 7; , = Z; ,. This means that w ~ w', where w = z7 ,
and w' = . As in Remark 5.72, w and w’ have traces (u) and (v), respectively, so it follows
from Lemma 5.74 that u = v. O

And we can now finally tie together the loose ends.

Proof of Theorem 5.60. We take &/ = Mon(X : R), as constructed above. By Corollary 5.69
and Proposition 5.80, there is a natural embedding 1 of M in M = U xS along ¢. By definition,
this ¢ is defined by

a) = (ug, §) for any natural factorisation (u,s) of a € M =US.
It remains to check items (i) and (ii) in the statement of the theorem. But
uth = (ug, 1) for all w € U,
as (u,1) is a natural factorisation for any u € U. Thus, we can take U’ = im(¢) = U. O

Remark 5.81. Theorem 5.47 (minus the clause concerning commutativity of U and U) is of
course a special case of Theorem 5.60, but the proofs we have given for these two results are
completely different. In particular, the monoids U constructed in the proofs are not at all alike.
One advantage of the proof of Theorem 5.47 is that the monoid U turns out to be a semilattice
when M is a proper left restriction monoid; see the proof of Corollary 5.58. This is not the
case, however, for the monoid & = Mon(X : R) constructed in the current section, though it is
worth noting that if U is a band, then U is idempotent-generated. Indeed, taking v = u(= u?)
in (5.62), we have z; , ~z;, - x;, forallt € Sand u € U.

Nevertheless, some modifications may be made in certain special cases, which lead to spe-
cialised versions of Theorem 5.60. Specifically, if we assume that U is commutative, or a semilat-
tice, or a left-regular band, then we can modify the construction to ensure that I/ has the same
property (commutative, semilattice, left-regular band, respectively). This will be the subject of
the next two sections.

5.6 Embedding theorems for proper monoids III

The main result of the previous section was Theorem 5.60, which shows that any (U, S)-proper
monoid M = US embeds naturally in a suitable semidirect product & x (S/o). In this section
and the next we specialise this theorem in two important cases: when U is commutative (but
see Remark 5.83), and when U is a left-regular band, respectively.
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Theorem 5.82. Let M = US be a (U,S)-proper monoid, with U commutative (respectively,
a semilattice). Then there exists a semidirect product M = Uc x (S/o) and an embedding
v : M — M such that:

(i) Uc is commutative (respectively, a semilattice),
(i) Uo contains a subsemigroup U’ isomorphic to U,
(iit) @]y : U — U’ x {1} is an isomorphism.

Remark 5.83. As explained in Remark 5.59, if we removed the semilattice clauses from Theo-
rem 5.82 then the result would follow from (or is indeed contained in) Theorem 5.47. However,
as explained in the same remark, the semilattice version of Theorem 5.82 does not follow from
the proof of Theorem 5.47 given above. The proof of Theorem 5.82 that we give below assumes
only that U is commutative, as it does not simplify at all if we assume that it is a semilattice.
There are two other reasons for including the coming proof of Theorem 5.82. The first is to
show how the method of the previous section can be adapted to the commutative case; we add
additional relations to the presentation &/ = Mon(X : R) from the previous proof to obtain a
commutative monoid Uo = Mon(X : RU C), which will be a semilattice if U is. The second
additional reason is to pave the way for the next section, in which we carry out the same task in
the more complex case that U is a left-regular band; there we construct a suitable left-regular

band Uy, = Mon(X : RUL).

For the rest of this section, we assume that M = US is a (U, S)-proper monoid, with U
commutative. We will not assume that U is a semilattice, but will occasionally make a comment
about the special case in which it is. It is possible to prove results analogous to Proposition 5.65
and Corollary 5.69, demonstrating the ‘universality’ of our construction of Uc. These are omitted,
however, as the statements and proofs are almost identical to those of the results just quoted.

The next result refers to the submonoid P = (ST) < U. The proof is essentially the same as
for Lemma 5.48. (Note that P is commutative because U is.)

Lemma 5.84. The monoid P is a semilattice, and consequently o = {(S, t)eSxS:tts= s+t}.
O

As ever, we write

S=85/c={5:5¢€S}.

The monoid U will again be defined by means of a presentation Mon(X : RUC). The al-
phabet X and the relations R will have the same meaning as in the previous section, but for
convenience we repeat the definitions here. Specifically, we have

X={zs,:5€85, ueU},
while R consists of all the relations
T sy = Ty Tigp for s,t € S and u,v € U with u = us™. (5.85)
We also define C' to be the set of all relations
T5uTi, = T yTiu for s,t € S and u,v € U. (5.86)

For the duration of this section we write ~ = (RUC)* for the congruence on the free monoid X*
generated by RU C, and we denote the ~-class of w € X* by w. We then define the monoid

Uc =Mon(X : RUC) = X"/~ ={w:we X"}
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Lemma 5.87. (i) The monoid Uc is commutative.

(ii) If U is a semilattice, then so too is Uc:.

Proof. This follows from Lemma 2.9. (As in Remark 5.81, when U is a semilattice, R contains
the relations x;, = x;, - %;, forall ¢ € S and u € U.) O

As before, S acts monoidally on X™* by monoid morphisms via

Sw = € X*and s€S.

xéfl,ul e 'Iéfk,uk for w = xfhul e xfkyuk

We noted previously that for any relation (w,w’) from R, and any s € S, (*w,*w’) is again a
relation from R. This is also of course true if instead (w,w’) is a relation from C. So we have
an induced action of S on Ug given by

S = Sw forwe X*andse S,

which is still monoidal, and by monoid morphisms. We therefore have the (monoid) semidirect
product
M=UcxS.
We now define a function
oc - U—)Z/[(/*:ul—)Ti,u.
Taking s =t =1 in (5.85), we have
T

~Ti T, for all u,v € U,

,Uv )

)

and it follows that ¢¢ is a semigroup morphism. We also have the following, proved in the same
way as Lemma 5.64.

Lemma 5.88. Ifu,v € U and s € S are such that u = us™, then
(u-*v)pc = (upc) - *(vée). O

We have now defined the monoid Uc and the semidirect product M = Ug x S, and we have
verified part (i) of Theorem 5.82. The next result defines the map 1 from the theorem.

Proposition 5.89. (i) We have a morphism ¢ : M — M given by
a) = (ugc, §) for any natural factorisation (u,s) of a € M =US.
(i1) ¥ : M — M is injective if and only if ¢ : U — Uc is injective.
Proof. (i). The map 1 is well defined because of Lemma 5.45 (cf. Remark 5.46). The proof of
Proposition 5.68(i) is easily adapted to show that 1 is a morphism.

(ii). This is essentially the same as the proof of Proposition 5.68(ii). O

Thus, to complete the proof of Theorem 5.82, it remains to show that ¢¢ is injective: i.e.,
that
Tj, =Tj, = U= for all u,v € U.

Indeed, it will then follow that the restriction
VU= M:ue (uge, 1) = (Ti,u,i)

maps U isomorphically onto its image, which is precisely U’ x {1} for U’ = {7; LiueUr <Uc.
The proof in the previous section that ¢ : U — Mon(X : R) was injective was quite involved,

relying on the concept of the trace of certain words over X; see Definition 5.71. Because of the

commutativity of Uq, we can replace traces with the somewhat simpler notion of a shadow:
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Definition 5.90. For a word w = %3, 4, - - %5, 4, € X", we define the function

A~

Sw:81 X X8 —=U by gw(t):tlul---t’“uk for t = (t1,...,tg) € 81 X -+ X §.

(Note that it is convenient to write g, to the left of its argument, hence the notation ¢, (t) instead
of tey,.) We call ¢,(t) a shadow of w, and we say it is witnessed by t. We write

Y =1m(sy) = {ew(t) : t € 51 x -+ X 84}
for the set of all shadows of w.

Remark 5.91. When k£ = 0, so that w = ¢ is empty, the domain of ¢, is §; x -+ X § = {T},
by the standard set-theoretic interpretation of a cartesian product of an empty family. By the
usual convention regarding empty products we have ¢, (&) = 1. Thus, ¥, = {1}.

It is also worth noting a relationship between shadows and traces. Recall from Definition 5.71
that the latter are defined for (some) words of the form w = z; wi Téaguz * " Tapuy- A trace of

such a word w is a certain special kind of tuple p = (p1,...,px) € U*, and we claim that if such
a trace exists, then pg is a shadow of w. Indeed, among the defining properties of the trace p,
we have
PE = Ui - Pug - oy, for some (tg,...,t5) € So X -+ X §f.

But then pi = Muy - 2ug - - - ey, = Gu(t) for t = (1,ta,..., 1) € 1X 89 %% Sp..

Finally, we also note that P = (S*) is precisely the set of all shadows of all words of the
form w = x5 1251 (51,...,5, €.5). Indeed, given any tuple t = (t1,...,t5) € 51 X --- X 3y,
we have

Sw(t)="1---"1=tf...tf eP

Conversely, any element zf e zl+ of P is a shadow of the word xz, 1---x3 1.

Since ¥, C U for all w € X*, we can think of ¥, as an element of the power semigroup P(U),
as defined in (5.49).

Lemma 5.92. The map & : X* — P(U) : w+— Xy, is a monoid morphism.

Proof. We observed in Remark 5.91 that ¥, = {1}, which is the identity of P(U). So it remains
to show that
Yww = S+ Lw' for all w,w’ € X*.

But this follows quickly upon writing w = x3, 4, - - T3, u, and w' = Tgh ol Tl and noting
that:
e any shadow of w has the form “luy - - -y, for some (tq,...,t;) € 81 X - -+ X 8y,
e any shadow of w' has the form "1/} - - - i} for some (t},..., ) € &) x -+ x &),
e any shadow of ww’ has the form “1uy - - tkuk-tllu’l . -tgug for some (t1,...,t5) € §1 X+ X 8
and (t},...,t) € 8] X --- x §. O

Since U is commutative, and since P is a submonoid, we have a morphism
& :PU)—PU):V—P-V.

The image of this morphism is contained in P - P(U) = P - P(U) - P, the local monoid of P(U)
with identity P. (This local monoid played an important role in Section 5.4 as well, where it was
denoted I.) Of particular importance to us is the composite &; o &, where & is the morphism
from Lemma 5.92. We denote this composite by

§=§ o0& : X" —>PU) : w— P-%,.
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Lemma 5.93. We have RUC C ker(§).

Proof. Consider some (w,w’) € RUC. We must show that w¢ = w': i.e., that P-X,, = P-X,.
Since P is a submonoid of U, it is enough to show that

YW CP-Sy and Ny CP-Y,. (5.94)

We consider separate cases according to whether (w,w’) belongs to R or C, starting with the
simpler of the two.

Case 1. Suppose first that (w,w') € C, so as in (5.86) we have

/

W= Tguli, and W =T, T for some s,t € S and u,v € U.

,U

By symmetry, it is enough to establish the first inclusion in (5.94). Since 1 € P, we can do this
by showing that
Sw C Y-

To do so, let a € X, be an arbitrary shadow of w; we must show that a € ¥,/. Since w has
length 2, the shadow a of w is witnessed by a tuple of the form z = (21,25) € § x t, and we
have a = ¢, (z) = *u - *2v. Since U is commutative it follows that a = *2v - #lu = ¢,s(2’), where
2’ = (22,21) € t x 5. This shows that a € Xy, as required.

Case 2. Next, suppose (w,w’) € R, so as in (5.85) we have

/

and w = x; +

Tis for some s,t € S and u,v € U with u = us™.

This time we do not have symmetry, so we must demonstrate both inclusions in (5.94).
To establish the first of these inclusions, we will again show that

Y € S

To prove this, let a € ¥,,. This time a is witnessed by a tuple of the form z = (z), meaning that
z€tand a = g,(z) = *(u-*v). Since o is a congruence, we have

z€l = z0t = zs0ts = zs €13,

so it follows that z’ = (z, zs) € ¢ x 3. But then w’ has shadow

showing that a € X

To demonstrate the second inclusion in (5.94), let b € ¥, be an arbitrary shadow of w'. We
must show that
b=pc for some p € P and some shadow ¢ € ¥,,. (5.95)

The shadow b of w’ is witnessed by some tuple z = (21, z2). This means that z; € f, 29 € t§ and

b=cqu(z) ="u-"v. (5.96)
Now we put z’ = (21). Since z; € £, it follows that
Sw(z') = (u-*v) (5.97)

is a shadow of w. From z; € t and 2y € t§ we deduce that zo ¢ ts ¢ zs, so it follows from
Lemma 5.84 that

z;r 218 = (218)1 - 2.
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Since 2, (218)" € U and 218,22 € S (and v € U), Lemma 4.25 then gives

+

Zf Ay = (z18)1 - P20 (5.98)

Putting everything together, and using properties of the action, we then have

2 sw(@) = 25 P (u-Sv) by (5.97)
= z;r L Ely . RSy,
="y .z 5y by commutativity of U
="y (z18)1 - 20 by (5.98)
=y A (sT) 2y by Lemma 3.1(ii)
= Zl(us+) - F2y
="y -2 as u = us"
=b by (5.96).

So (5.95) holds with p = 257 € P and ¢ = ¢,,(z') € . O

Because of Lemma 5.93, it follows that we have a well-defined morphism
E:Uc=Mon(X : RUC) — P(U) given by  wWE =wé =P-%, for w € X*.
We can now prove the following:

Proposition 5.99. The morphism ¢c : U — Uc : uw— Ty, 18 an embedding.

Proof. We prove the proposition by showing that the composite
¢pcoZ:U—PU):u— P-3y
is injective. To do so, fix some (u,v) € ker(¢c o Z), meaning that u,v € U and
P Ewi’u =P Ewi’v.

1

Now, u = “u is a shadow of z;, (witnessed by (1)), andsou=1-u€ P-%,; =P %, .

It follows that u = pa for some p € P and some shadow a of x; . By definition, this shadow

has the form a = *v for some t € 1. By Lemma 5.34(ii) we have ¢ = 'v = tTv, and so
u = pa = pttv € Pv, as pt™ € P. By symmetry we also have v € Pu. It then follows from
Lemma 2.5 that v = v, and the proof is complete. O

As we have already observed, this completes the proof of Theorem 5.82.

Remark 5.100. We noted above that the power semigroup P(U) played an important role
in Section 5.4 as well, as did its local monoid P - P(U) - P. Comparing the above proof of
Proposition 5.99 with that of Lemma 5.53, there is a sense in which we have come full circle.
Indeed, for s € S and u € U, the shadow set

Tsu = {tu:t € 3}

is precisely the set V;, constructed in Section 5.4; see (5.51). In the proof of Lemma 5.53, the

injectivity of the map u — f, defined in (5.52) boiled down to the implication
Ifu=1f, = u=v for u,v € U.
This is of course equivalent to the injectivity of the map

U—=PU):u—1f,=V, P, (5.101)
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Since
Vi,u -P=P. Vlu =P. El‘i,u = u(pc o 2),

it follows that the map in (5.101) is precisely ¢¢ o = from the proof of Proposition 5.99. (But
recall that we did not assume U itself was commutative in Section 5.4, only that P was central
inU.)

On the other hand, it does not seem possible to prove Theorem 5.102 (the main result of the
next section, which concerns left-regular bands) using techniques similar to those of Sections 5.4
and 5.6.

5.7 Embedding theorems for proper monoids IV

As already discussed, our main goal in this final section of the chapter is to prove the following:

Theorem 5.102. Let M = US be a (U, S)-proper monoid, with U a left-reqular band. Then
there exists a semidirect product M = Uy, x (S/o) and an embedding 1 : M — M such that:

(i) UL is a left-reqular band,
(il) Uy, contains a subsemigroup U’ isomorphic to U,
(iit) o]y : U — U' x {1} is an isomorphism.

Working towards the proof, for the rest of the section we fix a (U, S)-proper monoid M = US,
and we assume that U is a left-regular band. As usual we write S = S/o = {§: s € S}. Since U is
left-regular, so too is its submonoid P = (ST). It then follows from Lemma 5.32 (cf. Remark 5.33)
that

oc={(s,t) €S xS :sTtTs=s"t}. (5.103)

This time we define Uy, = Mon(X : RU L), where again X = {23, : s€ S, ueU}, R
consists of all the relations

Ti sy = TiuLiso for s,t € S and u,v € U with u = us™, (5.104)
and additionally L is the set of all relations
T5uTf,Tau = Tsuli, for s,t € S and u,v € U. (5.105)

By Lemma 2.9(iii), and remembering that R contains the relations x; , = x; ,-x;,, for each t € §

and u € U (cf. Remark 5.81), Uy, is a left-regular band. We write ~ = (R U L)#, and denote the
~-class of w € X* by w, so that

Uy =Mon(X : RUL) = X*/~ = {T : w € X*}.

As ever, the action of S on X* given in (5.63) induces a monoidal action of & on U, by monoid
morphisms; indeed, we just need to observe that (w,w') € L = (‘w,%w’) € L for all s € S.
This then allows us to define the semidirect product

M:ULNS.

We define the map
or, : U—)ULZUHTLU.

As in Lemma 5.88, we have

(u-v)or = (udy) - *(vor) for u,v € U and s € S with u = us™.
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As in Proposition 5.89, this allows us to define a morphism
v M — M by a) = (ugr, 8) for any natural factorisation (u,s) of a € M =US,

which is injective if and only if ¢, is.

Thus, we can complete the proof of Theorem 5.102 by showing that ¢ is injective. The
simpler method involving shadows from the previous section does not apply here, as several
arguments there relied crucially on commutativity of U (see especially the proof of Lemma 5.93).
Thus, we will once again use the traces from Definition 5.71. Recall that these are defined for
(some) words from the set W, which consists of all non-empty words over X whose first letter
has the form zq, for some u € U. Examining (5.104) and (5.105), note that W is still closed
under ~ = (R U L)ﬁ, in the sense that a pair of ~-equivalent words either both belong to W or
else both do not (cf. Lemma 5.70). By Lemma 5.73, any word from W has at most one trace.
The main technical result we need is the following version of Lemma 5.74:

Lemma 5.106. Suppose w,w’ € W are such that w ~ w'.

(i) If either of w or w' has a trace, then both do.

(i) If w and W' have traces p = (p1,-..,pk) and q = (q1,-..,q), then px = q.

Proof. As with Lemma 5.74, it suffices to assume that w and w’ differ by a single application
of a relation from R U C. Lemma 5.74 has already taken care of the case that the relation is
from R, so for the rest of the proof we assume that the relation is from C'. Thus, up to symmetry
we have

w = 1wy - xéﬂtxf,v *Wo and U}/ = w1 - $§7u$fﬂ)$§7u *wa,

for some wy,wy € X*, s,t € S and u,v € U. We also write
W1 = L5101 Tépum and W2 = T3, umes *** Thpup, where each s; € S and u; € U,

noting that either (or both) of w; or wy could be empty. It is also convenient to define

Smtl = S, Umt1 = U, Smao =t and Umto = V.
So then
W= Tsuq " Lag,uy,
= Tsur " Témum * Léma1,ump1 Ldmy2,umt2 " Ldmas,umys " L ups
and
/ f— ~ PR ~ . ~ ~ ~ . ~ .« e ~
W = Ts,u1 L8 um * L3,ulgyTsu " Ty 3 umys L3y, up
= Tsur " Témum * Lémt1,Umt1Lémt2,um+2L8mp1,umt1 ~ Lémasumas " Lp,up-

Since w € W, we must have §; = 1; in the case that wy = ¢ (i.e., m = 0), this says that § = 1.
We also define

(Uh s ,’Uk+1) = (ulau27 sy Um, Uy Uy Uy U35 - - - ,Uk)
= (ulau27 <oy Uy U1, Um4-25 W41, Um4-3, - - - 7uk)- (5107)

Note that v; is the ‘U-coordinate’ of the ith letter of w'.

We begin with the forwards implication.

(=). Suppose first that w has trace p = (p1,...,pk), witnessed by t = (to,...,tx) € S3 X -+ X 8,
meaning that
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o p; =y - PPug -ty for all 1 <4 <k, and
e p 1= pi,lt;" for all 2 <i<k.
We claim that w’ has trace q, witnessed by z, for
Z=(ta, ..t tis1s bt g 1s b3y - - - > i)
and  q=(p1,-.-,PmsPm+1, Pmt2: Pm+2, Pm+3s - - - » Pk)-

Note that z and q are obtained from t and p, respectively, by inserting single entries. Since the
final entries of p and q are equal, this will complete the proof of the forwards implication. To
assist with the following calculations, it is convenient to line up the entries of z and q, along
with the letters of w':

1 2 m m+1 m + 2 m+ 3 m+4 e k41
z o -+ tm tm+1 tm+2 tm+1 tm+3 et
q b1 b2 T DPm Pm+1 Pm+2 Pm+2 Pm+3 T Dk
W Tsiu Tious T Timum L5 g, Tsu Tainumes "0 Tépup

x§m+l7um+1 x§m+27um+2 x§m+17um+1
To prove the claim, we follow Definition 5.71 carefully, and we proceed in three steps.

Step 1. First, it is clear that z € §3 X - -+ X §,;, X § X £ X § X 843 X - -+ X ;. For this, note that
tm+1 € §m+1 = § and tm+y2 € §m+2 =1.

Step 2. Next we check that ¢; = vy - vy ---%iv; for all 1 <4 < Kk + 1, where the v; are as
in (5.107).

Zi

e For 1 <i<m+2 we have ¢; = p; = uq - Pug -+ -tiu; = vy - 2vg - - - Zivy.

e For m+ 3 <i¢ < k+1, and remembering that U is a left-regular band, we have

¢ ¢ ¢ t ¢ b
gi = pi—1 = (u1 - 2ug "M up) - P U P U - (P Uy - T )

= (u . t2U2 N tmum) . tm+1um+1tm+2um+2tm+lum+1 . (tm+3um+3 N tifluiil)

=

Zm+4

zZ z z Z. z zZi
— (vl . 2U2 e mem) . m+1vm+1 . m+2vm+2 m+3vm+3 . ( Um4d * " ’L’U/L').

Step 3. Finally, we check that ¢;_1 = qi,lzi‘L forall 2 <i<k+1.

e For 2<i<m+2 we have ¢;_1 =p;_1 = p@;1t;L = qiflz;r.

e For : = m + 3 we have

dm+2 = Pm+2 = Pm * tm+1um+1tm+2 Um+4-2
= P+ T U P U2 U4 by left-regularity
= P T Ut P U2 Uy - by Lemma 3.1(iv)
= Pm " U T P U2 - £ by left-regularity

_ + +
- pm+2tm+1 = dm+2%2y43-

+

5 "

e Form+4<i<k+1wehave ¢;_1 =p;_9= p@;Qt;r_l = qi_1%

(<). Conversely, we now assume w’ has trace q = (q1, ..., qr+1), witnessed by
z=(22,...,2k41) €89 X -+ X 8y X 8 X X 8 X 8pyg X -+ X &, (5.108)

meaning that
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e ¢; =1 Pvy--- %y for all 1 <i < k+ 1, where again the v; are as in (5.107), and
® gi—1= qi_lz;r forall 2 <i<k+1.
We will shortly construct a suitable trace for w. However, in order to deal with a subtle point

that did not arise in the proof of Lemma 5.74, we delay the construction, and instead begin by
showing that

dm+2 = m+3- (5109)

Working towards this, and defining z; = 1 for convenience, we first claim that
¢ =qz; forall2<i<kand1<j<i+l (5.110)

Indeed, this is is obvious for j = 1, and is true for j = 7 + 1 by the properties of the tuples q
and z (stated above). For 2 < j < i we have

Z5 Z5 Zi
q’L:q‘jfl Jij. J+1vj+1... Zvi

=qj—1- v z]+ Sy Py by Lemma 3.1(iv)
=qj—1- ;- zj A IRV zj by left-regularity
=qj—1- v T Ty z;.r by Lemma 3.1(iv) again
= ql-zj.
Next we note that
Zm+1 O Zm43. (5.111)

Indeed, for m > 1, this follows from (5.108), as then z,, 41, 2m+3 € §. When m = 0 (which occurs
when wy = ¢), (5.111) says that 1 = z; o z3. But we observed just before (5.107) that § = 1
when m = 0, so (5.111) still holds in this case as z3 = 2,43 € § = 1 = %,. Now that we have
completed the proof of (5.111), it follows from (5.103) that

Z$+1Z;§+32m+1 = Z$+1zm+3-
Lemma 4.25 then gives
2y T =2 T (5.112)
Keeping (vm+1, Um+2, Um+3) = (4, v,u) in mind (and remembering that z; = 1, which is relevant
for the m = 0 case), we then calculate

Gm+3 = Qm+2 - "3 U = Qo - z;g“ L Em3g, by (5.110)
= Q42 212y by (5.112)
= Gmt2 - " by (5.110)
= Gy - L B2y L Bty
= @+ T P2y by left-regularity
= qm+2;

completing the proof of (5.109).
We now claim that w has trace p, witnessed by t, where
t= (22, ., Zmt2, Zmtds - 241)  and P =(q1, -5 Gnt2, s - - Q1)

This time t and p are obtained by deleting an appropriate entry of z and q. However, un-
like the situation in Lemma 5.74, it is possible that p is obtained by deleting the final entry
of q. This occurs precisely when m +3 = k + 1 (i.e., when we = ¢). In this case, we have
a= (91, 9m+2,qm+3) and p = (q1,...,Gm+2), and these still have the same final entries be-
cause of (5.109).

Thus, we can complete the proof of the lemma by showing that w does indeed have trace p,
witnessed by t. This time the entries of t and p, and the letters from w, are as follows:
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1 2 m m+1 m+ 2 m+ 3 k

t 2 e Zm Zm+1 Zm+-2 Zm+-4 T Zk
P q1 q2 s dm dm+1 dm+2 dm+4 T qk+1
W Ta,ur Léuz 7 Lém,um L3u Liy Lémazumes 0 Lpuy

x§m+lyum+1 x§m+27um+2

As ever, we proceed in three steps.

Step 1. We first note that t € 85 X -+ X 8, X 8§ X t X 842 X --- X 8}, follows immediately
from (5.108).

Step 2. Next we check that p; = uq - 2ug - - - #u; for all 1 <7 < k.

t;

e For 1 <i<m+2 we have p; = ¢; = v1 - vy -+ - iv; = uy - Pug - -~ liu,.
e For m+ 3 <1 <k we have
J — Zm+4 Zit1gy.
Pi = qi+1 = gm+3 - Um+4 - Vi41
= Qm+2 - T Uag - P04 by (5.109)

=1 - 22,02 .. Rmt2 Zm+-4

.
V42 Uppgd - - o

— t2 tm+42 tm43 t;
_ul. uQ...m+um+2.m“ﬁum_"_g...lui’

as required.

Step 3. Finally, we check that p; 1 = pi,lt;L forall 2 <7 <k.
e For2<i<m+2wehave p,_1=¢;_1 = qi,lz;' = pi,lt;'.
e For i =m + 3, we use (5.109) to calculate
Pm+2 = gm+2 = qm+43 = Qm+327—7’—1+4 = pm+2t;2+3-
e Form+4<i<kwehavep, 1 =¢q; = qiz;:l = pi_ltj.
We have now finally completed the proof. O

=

As in Section 5.6 (cf. Proposition 5.80) the injectivity of ¢, : U — Uy, follows quickly from
Lemma 5.106. As observed above, this completes the proof of Theorem 5.102.

Remark 5.113. Theorem 5.82 (proved in the previous section) concerns two special cases:

e U is commutative, meaning that it satisfies the identity xy = yz,

e U is a semilattice, meaning that it satisfies the identities zy = yr and 22 = z.
Similarly, Theorem 5.102 concerns the special case in which:
e U is a left-regular band, meaning that it satisfies the identities zyr = xy and 2% = .

The reader might wonder why we did not give a statement for the case that U is assumed only
to satisfy zyxz = xy. The simple reason for this is that U being a monoid means that the identity
ryx = ry implies 2 = 2 upon substituting ¥y = 1. On the other hand, the identities zy = yx
and 22 = x are independent of each other.
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We leave it as an open problem to classify the (collections of) identities on U that lead to
analogous embedding results. For example, if M = US is a (U, S)-proper monoid, with U a
band, does there exist an embedding M — Up x S, with Up a band containing a copy of U?

Even in the case of a right-regular band (satisfying zyz = yz and 22 = ), it is not clear
whether such an embedding will exist. If it does, then it is likely that a very different proof
strategy would be required. Indeed, the method of Sections 5.4, 5.6 and 5.7 relied crucially
on P satisfying an identity of the form f(z,y)z = g(x,y)y, so that Lemma 5.32 applied and
gave an equational formulation of the congruence . But neither of the defining identities for
right-regular bands are of this form.
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Part 11
Presentations

This part of the paper explicitly focusses on presentations by generators and relations. Since so
many naturally occuring semigroups arise from action pairs, our purpose here is to develop a
body of general results concerning presentations for such semigroups. We then apply these to a
number of important examples.

Chapter 6 contains the main theoretical results of this part of the paper, each of which gives
a presentation for a semigroup arising from an action pair, modulo various natural assumptions.
Roughly speaking, stricter assumptions lead to smaller sets of relations. In particular, the re-
sults and/or proofs tend to be simpler when the semigroup in question is in fact a monoid.
Chapters 7-9 then apply the general machinery developed in Chapter 6 to several examples.
Specifically, we treat:

o free left restriction monoids in Chapter 7,

e several monoids and semigroups of (partial) endomorphisms of an independence algebra in
Chapter 8, and

e a number of transformational wreath products in Chapter 9.

The introductions to these chapters contain full summaries of the results they contain, so we
now turn to the general results promised above.

6 Presentations

As just discussed, the purpose of this chapter is prove a number of general results on presenta-
tions. Each such result concerns a semigroup of the form US arising from an action pair (U, S)
in a monoid M. (In fact, some results hold more generally for weak action pairs.) In an ideal
world, one would hope that a presentation for U.S could be ‘pieced together’ from presentations
for U and S, in the following sense:

e We start with presentations (Xy : Ry) and (Xg : Rg) for U and S.

e We then hope to obtain a presentation for US of the form (Xy U Xg : Ry U Rg U R) for
some additional set of relations R over Xy U Xg.

This is indeed possible in some cases, a number of which we treat in the current chapter.

e Sections 6.1-6.3 deal with the case in which U and S are both submonoids of M, the main
results here being Theorems 6.5, 6.13, 6.28, 6.30 and 6.32. In Remark 6.6 we apply the
results of Section 4.5 to give especially neat presentations when certain natural conditions
hold, and in particular we are able to deduce the main results of [21] as a (very) special
case.

e The case in which only U is assumed to be a submonoid (and certain other conditions hold)
is covered in Section 6.4; see Theorems 6.36 and 6.44. It turns out that this case, and the
previous one, include a great many important and natural examples, several of which will
be covered in subsequent chapters.

e Section 6.5 considers the case in which only S is assumed to be a submonoid, and we will
see that this is rather more complicated; see Theorem 6.50.
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Unfortunately, the hope described above cannot be realised in full generality. Indeed, Exam-
ple 4.32(iii) shows that US might not even contain isomorphic copies of U or S. Moreover, even
when US does contain copies of both U and S, the hope is still unrealistic, even for extremely
simple semigroups U and S. For example, if U and S are both free monogenic semigroups (iso-
morphic to the positive integers under addition), then the direct product U x S (the simplest
possible case of the (U x S)/6 construction) is not even finitely generated [37,65, 106].

Given the above considerations, the next result seems to be the most general one could
hope to give concerning presentations for US. It is a special case of (the semigroup version of)
Lemma 2.8. The statement utilises the surmorphism 7 : U x S — US from Proposition 4.46,
with kernel 6.

Proposition 6.1. Suppose (U, S) is a weak action pair, and suppose the semidirect product U x S
has presentation Sgp(X : R) via ¢ : XT — U x S. Let N : U xS — Xt be a normal form
function, and suppose @ = QF. Then US has presentation Sgp(X : RU Rq) via ¢m: Xt — US,
where Ro = {(N(a),N (b)) : (a,b) € Q}. O

Remark 6.2. The previous result uses a presentation for the semidirect product U x S as a
‘black box’. Presentations for U xS are not always readily constructable from presentations for U
and S, as already discussed (even for the simplest case of direct products). However, when U x S
is a monoid, neat constructions are given by Lavers [71]; we will utilise these in Section 6.1.

The case in which U is a monoid, and the semigroup S acts on U(= U') by monoid morphisms,
is considered in [11], where a presentation for U x S is constructed from a presentation for S and
the entire multiplication table of U. As we will see in Section 6.5, similar presentations exist in
the case that S is a monoid with a monoidal action on U!; see Theorem 6.50.

6.1 Two submonoids I

In this section we consider the simplest special case, where U x S is a monoid. By Corollary 3.13,
this occurs precisely when U and S are both monoids, with S acting on monoidally on U(= U*)
by monoid morphisms.

For the duration of this section, we fix a weak action pair (U,S) in a monoid M, with U
and S submonoids, and we assume the action in (A1) is by monoid morphisms. In other words,
we assume that U and S are submonoids of M, and that (SA1)" holds. We will later additionally
assume that (U, S) is an action pair, not just a weak action pair. In this case, (U, .S) is strong,
by Lemma 4.15(ii).

We also fix monoid presentations for U and S:
Mon(Xy : Ry) via ¢y : X —U and Mon(Xs : Rs) via ¢g:Xg— S.
For convenience, and without loss of generality, we assume that:
e Xy and Xg are disjoint,
e 1o letter of Xy or Xg maps to 1, and
® 9uly, and ¢glx, are injective.

We write W = woy and v = veg for all w € X; and v € Xg. There is no chance of confusion
here, as the only word common to X7; and Xg is the empty word ¢, and we have ¢y = 1¢g = 1.
We also fix normal form functions

Ny U — Xp; and  Ng:S — Xg.
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We may assume that Ny(1) = Ng(1) = ¢, and also that Ny(Z) = x and Ng(y) = y for all
x € Xy and y € Xg.

Since U, S and U x S are all monoids, a presentation for the semidirect product U x S
can be constructed using a result of Lavers [71], which we state below. Lavers’ presentation is
built out of the presentations Mon(Xy : Ry) and Mon(Xg : Rg), and an additional set R; of
relations over Xy U Xg that capture the action of S on U(= U!) from (A1). To motivate these
additional relations, consider letters x € Xg and y € Xy. Since T € S and y € U, within M we
have T -7 = 7y - T, with ¥y € U(= U'). The set R; represents each such equation as a relation,
and is defined by

Ry ={(zy,"y-2):z € Xg, y € Xu}, (6.3)

where for convenience we write “y = Ny (*y) € X;;. The next result is |74, Corollary 2[; it is
also a special case of Theorem 6.30 below.

Theorem 6.4. If U and S are monoids, and if S acts monoidally on U(= U') by monoid
morphisms, then with the above notation, the monoid U x S has presentation

Mon(Xy U Xg: Ry U Rs U Ry)
via
(zou,1) ifz € Xy,
(L,zps) ifx € Xg.

¢:(XUUX5)*—>UNS:xI—>{ O

By Proposition 4.46, US = (U x S)/6 is a homomorphic image of U x S. Thus, we can
use Lemma 2.8 to extend the above presentation for U x S to a presentation for US via the
surmorphism
zoy ifxre Xy,

D = (XpUXg)* —-US:z+—
on ( v S) ’ {xgbg if x € Xg.

In the next statement we use the canonical normal form function N : U x § — (Xy U Xg)*
defined by N(u,s) = Ny(u)Ng(s).

Theorem 6.5. Suppose (U, S) is a weak action pair, with U and S both submonoids, and with S
acting on U(= UY) by monoid morphisms. Suppose also that § = Qf. Then with the above
notation, the monoid US has presentation

Mon(XU UXs:RyURsURL U RQ>
via ®, where Rg = {(N(a), N(b)) : (a,b) € Q}. O

Remark 6.6. In the special case that (U, .S) is an action pair (and not just a weak action pair),
we have already observed that (U,S) is in fact strong. In this case, we can take € to be the
generating set for 6 from Lemma 4.65, and then

Ro = {(Ny(u)Ns(s), Nu(u)Ns(t)) s u € U, (s,t) € U}, (6.7)

where the , generate the right congruences ,, from (4.49).

Lemmas 4.71, 4.73 and 4.74 allow us to replace the above Rq with a smaller set of rela-
tions if the pair (U, S) satisfies any of the additional conditions listed in these lemmas. When
Lemma 4.71(i) applies, we can take

Ro = {(Nu(v)Ng(s), Nu(v)Ng(t)) :v €V, (s,t) € Qy}, (6.8)
for a suitable subset V C U. If Lemma 4.71(ii) applies, then since U = (X /), we can take

Rq = {(#Ng(s),zNs(t)) : v € Xy, (s,t) € Qz}. (6.9)
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In the (very) special case that S is a group, (U, S) is automatically strong by Lemma 4.23(ii).
Lemma 4.73 then applies, and we can take

Ro = {(Nu(u), Ny(u)Ng(s)) :u € U, s €T}, (6.10)

where the '), generate the subgroups S, from (4.72). Again, this can be further simplified if
either of the conditions of Lemma 4.74 hold. When Lemma 4.74(i) applies, we can take

Rg = {(Nu(v), Nu(v)Ns(s)) v eV, s € To} (6.11)
for a suitable subset V' C U. When Lemma 4.74(ii) applies, we can take
Ro = {(z,2Ns(s)) : v € Xy, s € Tz} (6.12)

In particular, these versions of Theorem 6.5 include the (very very) special case of factorisable
inverse monoids (cf. Example 4.27), where U and S are respectively the semilattice of idempotents
and group of units of US, and we therefore obtain the main results of [24] as corollaries.

6.2 Two submonoids I1

We now consider the more general case in which U and S are still submonoids of the over-
monoid M, but we no longer assume U x S is a monoid. Even though U.S is still a submonoid
of M in this case, we cannot hope to obtain a presentation for US via Lavers’ Theorem 6.4,
as this obviously does not apply when U x S is not a monoid. We will see in Theorem 6.13,
however, that we can still obtain a rather neat presentation for US that bears some resemblence
to Theorem 6.5, and the simplifications discussed in Remark 6.6. We explore the reason behind
this resemblance in Section 6.3.

Throughout this section we fix an action pair (U, S) in a monoid M, and we assume that U
and S are submonoids. Again we fix presentations for U and S:

Mon(Xy : Ry) via ¢y : X5 —U and Mon(Xs : Rs) via ¢g:Xg— S.
We assume again that:
e Xy and Xg are disjoint,
e 1o letter of Xy or Xg maps to 1, and
® ¢uly, and ¢glx, are injective.
We again write W = w¢y and 7 = vog for w € X{; and v € X3, and fix normal form functions
Ny U — Xp; and  Ng:S — X§,

assuming that Ny (1) = Ng(1) = ¢, and that Ny(Z) =  and Ng(y) =y for x € Xy and y € Xs.
Since US = (Xy U Xg), as U and S are submonoids, we still have a surmorphism

rzoy ifx e Xy,

O: ( XpUXg)* —-US:z+—
Xy s) B {x(ﬁs if x € Xg.

As in the previous section, we define
Ry = {(zy,"y-z):z € Xg, y € Xv},
where again we write *y = Ny (*y) € X{;. We also define

Ry = {(Ny(u)Ns(s), Nu(u)Ns(t)) : u € U, (s,t) € Qu},
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where each €, generates 6, (u € U) as a right congruence. This time, since (U, S) might not be
strong, we also need the relations

Ry = {(z,a"2) :z € Xg, T5 #£1},

where here we write T = Ny (1) for each z € Xg. Note that 27 = ¢ if T© = 1, so that we do
not need to include a relation (z,z%z) for such an z. In particular, Ry = @ if (U, S) is strong;
cf. Lemma 4.15(ii). It is also worth noting that x* = ZT, by definition of Ny .

Theorem 6.13. If (U, S) is an action pair, and if U and S are both submonoids, then with the
above notation, the monoid US has presentation

MOn(XU UXs:RyURsURLURy UR3>
via .

Proof. We have already noted that ® is a surmorphism, and it is routine to check that
RyURgURiURyUR3C ker(q)).

It therefore remains to show that ker(®) C (Ry U Rg U Ry U Ry U R3)%, and for this we require
some technical lemmas. But first we fix notation.

We write w = w® for w € (Xy U Xg)*. We also use the abbreviations
Yy = Ny (“) and wt = Ny(w™) for all w € Xg and v € Xj;.

In particular, ‘v = Ny (19) = Ny(v) for all v € Xj;. By definition of Ny, we have

Wy, — W

v="7 and wT=w" for all w € X§ and v € Xj;. (6.14)

We also note that _
w = Ny@") =Ny(P1) =% for all w € X§&. (6.15)
We write ~ = (Ry U Rg U Ry U Ry U Rg)ti for the congruence on (Xy U Xg)* generated by the

relations. We also write ~y = jo, and similarly for ~g, ~1 and so on. This will allow us to
indicate which of the various sets of relations are used in the manipulations of words to follow.

Lemma 6.16. For any x € Xg and v € X};, we have xv ~ *v - x.

Proof. We prove the result by induction on k = £(v), the length (number of letters) of v. If
k =0, then v = ¢, and we have zv = 2 ~3 272 = %, - x = %v - 2, where we used (6.15) in the
third step. (In the second step, note that x = 2Tz if 7+ = 1.)

We now assume that k£ > 1, so that v = wy for some w € X}; and y € Xy with f(w) =k — 1.
Then by induction, xv = zwy ~ *w - xy ~1 “w - *y - x, so it remains to show that *w - *y ~ %v.
But this follows quickly from properties of the action and of normal form functions (cf. (2.7)), as

“w - Ty = Ny (") - Nu(*g) ~v Nu(*w - *g) = Nu(*(@ - 7)) = Nu("7) = “v. O
Lemma 6.17. For any w € Xg and v € X}, we have wv ~ v - w.

Proof. We use induction on k = ¢(w). The k = 0 case is trivial, as ‘v = Ny (v) ~y v. For k > 1,
we write w = w'z, where w' € X§ and v € Xg with ¢(w') = k — 1. Then by induction and
Lemma 6.16, we have wv = w'zv ~ w' - *v -z ~ ¥ (*v) - w'z = “(*v) - w, so it remains to show
that “(*v) ~ “v. For this we have

/!

“(*v) = Ny (Y (%)) = Nu(“(°D)) = Nu (") = Nu (D) = v,

where we used (6.14) in the second step. O
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Lemma 6.18. For any w € X%, we have w ~ wtw.
Proof. By Lemma 6.17 and (6.15), we have w = w -t ~ V¢ - w = whw. O

Remark 6.19. For later reference, it is important to note that the proof so far has not used any
of the relations from Rs.

Returning now to the proof of the theorem, we recall that the last remaining step is to show
that ker(®) C ~. To do this, let (w,v) € ker(®): i.e., w,v € (Xy U Xg)* and w = v. We must
show that w ~ v.

We first observe that

W ~1 Wi Ws and vV ~1 V1V2 for some wy,v1 € X7 and wa,v9 € X§. (6.20)

It follows from Lemma 6.18 that

w ~ wlw;wg and v~ vlv;vg. (6.21)
From (6.20), we have
WiW2 =W =V = V102 with wy,v7 € U and wy, vy € S.

It follows from (A2) that w;w; = D194, and we denote this element of U by u. Now,

wlw; = @1@; =u and similarly vwi =u,

so it follows that wjwy ~ Ny (u) ~ vivy. Combining this with (6.21), we have
w ~ Ny(u) - we and v ~ Ny(u) - v, (6.22)

so 1t remains to show that
NU(U) s wo ~ NU(U) * V9. (6.23)

Applying @ to (6.22), we have u-wWs = W = U = u-0y, so that (wq,v2) € 0,. Since §,, is generated
as a right congruence by €2, it follows that there is a sequence

Wo =81 — 89 — -+ — S = V2
where s1,...,s; € S, and such that for each 1 < i < k,
s; = ajc; and  $i11 = bic; for some (a;, b;) € 2, U Q;l and ¢; € S(= Sl).

Since Ny (u) - wy ~g Ny(u) - Ng(s1) and Ny(u) - va ~g Ny(u) - Ns(s), we can complete the
proof of (6.23), and hence of the theorem, by showing that

Ny (u) - Ns(s;) ~ Ny(u) - Ng(sit1) for each 1 < i < k.
But for any such ¢ we have
Ny(u) - Ng(s;) ~s Nu(u) - Ns(a;) - Ns(ci) ~2 Nu(u) - Ns(b) - Ns(ci) ~s Nu(u) - Ns(sit1),
as required. O

Remark 6.24. When the pair (U, S) is strong, Theorem 6.13 reduces to Theorem 6.5, or more
specifically to the version of Theorem 6.5 where Rgq is the set of relations in (6.7).
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Remark 6.25. The presentation

Mon(Xy U Xs : Ry U Rs U Ry U Ry U R3) (6.26)
for US from Theorem 6.13 contains/extends the presentation

Mon(Xy U Xs : Ry U Rg U Ry). (6.27)

Lavers’ Theorem 6.4 says that (6.27) is a presentation for the semidirect product U x S in the
case that the latter is a monoid. This is obviously not true when U x S is not a monoid, so the
reader may wonder ‘why’ our presentation (6.26) for US still extends the presentation (6.27).
We will explore this question in Section 6.3, where we will in fact see (in Theorem 6.30) that the
intermediate

MOh(XU UXs:RyURsUR U R3>
is a presentation for the (local) monoid {(u,s) €U x S:u=wus"} <U % S.

In the presentation Mon(Xy U Xg : Ry U Rg U Ry U Ry U R3) from Theorem 6.13, the sets
of relations R; and Rj3 are quantified over letters from Xy U Xg: i.e., generators for U and S.
However, Rs is quantified over all of U. Ideally, one would like to replace Ry with a set of
relations quantified over Xy. This is sometimes possible, but not always. The second part of
the next result describes one such situation, and the first part describes a more general situation
in which some degree of simplification of Ry is still possible. The conditions are similar to those
discussed in Section 4.5, but note that we do not need to assume the pair (U, S) is strong here.
In the statement, < is the relation on U given in (4.67).

Theorem 6.28. Suppose (U, S) is an action pair, with U and S submonoids.
(1) If there exists a subset V. C U such that

Hu:\/Hv for allu e U,

veV,
v=u

then US has presentation Mon(Xy U Xg : Ry U Rs U Ry U R, U R3) via ®, where
R, = {(NU(U)Ns(S),NU(U)Ns(t)) veV, (st) e QU}.

(ii) If U is commutative, and if Oy = 0y V 0, for all u,v € U, then US has presentation
Mon(XU UXs: RyURsUR, UR/QIUR3>
via ®, where Ry = {(xNg(s),zNs(t)) : v € Xy, (s,t) € Qz}.

Proof. As with Lemma 4.71, it suffices to prove (i). For this, we proceed in similar fashion to
the proof of Lemma 4.71(i).

By Theorem 6.13, and since R}, C Ro, it suffices to show that Ry C =, where this time we
write ~ = (Ry U Rg U Ry U R, U R3)*. For this, let u € U and (s,t) € Q,. We must show that
Ny (u)Ns(s) ~ Ny(u)Ns(t). Again we write V,, = {v € V : v 2 u}. Since (s,t) € 0, =/ ¢y, Ou,
there is a sequence

§S=81 8 — - — S =1,

such that each (si, si11) € Uyey, (2 UQ, 1), and it is enough to show that
NU(U)Ns(Si) ~ NU(U)N5(8i+1) forall 1 <1i<k.

Fix some such i, so that (s;,s;41) € Q, U ;! for some v € V,. Then u = wv for some
w e U(=U!), and

Ny (u)Ns(s;) = Ny(w) - Ny(v)Ng(s;) = Ny(w) - Ny(v)Ng(si+1) = Ny(u)Ng(si+1). O
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Remark 6.29. In the very special case that S is additionally assumed to be a group, the
pair (U,S) is then strong. Simplifications arising in this case have already been discussed in
Remark 6.6.

6.3 Two submonoids III

In this section we briefly discuss an alternative way to prove Theorem 6.13, and also give a gen-
eralisation of Theorem 6.5; see Theorem 6.32. This involves proving an additional general result,
Theorem 6.30, which is of independent interest, and which will in fact be directly applicable
when we consider free left restriction monoids in Chapter 7.

So again we consider a weak action pair (U, S), where U and S are both submonoids of the
over-monoid (which shall not be named in this section). By Proposition 4.46, the monoid US
is a homomorphic image of U x S, though the latter need not be a monoid; cf. Lemma 3.11.
In the case that U x S is a monoid, Theorem 6.5 built a presentation for US, starting with
Lavers’ (monoid) presentation for U x S from Theorem 6.4. As we noted in the previous section,
however, this approach is obviously not available in the case that U xS is not a monoid. Despite
this, the presentation for US from Theorem 6.13 (which applies when (U, S) is an action pair,
not just a weak action pair) certainly ‘looks like’ it has been built in this way (cf. Remark 6.25),
and we explore the reason for this in the current section.

Recall from Remark 4.47 that the natural surmorphism 7 : U xS — US : (u, s) — us factors
through the local monoid

M=(1,1)-UxS8) (1,1) ={(u,s) eUxS:u=us"} <U xS,

so that US = M/9, where ¥ = ker(w[,;). It follows that one could obtain a presentation
for US by first finding a (monoid) presentation for M, then finding a generating set for the
congruence 1, and then finally applying Lemma 2.8. We show here how to do the first of these
tasks; see Theorem 6.30.

The next result concerns a monoid S acting monoidally on a monoid U by semigroup mor-
phisms. In particular, this is the case whenever (U, S) is a weak action pair; cf. Remark 4.4. For
the statement and proof we keep the notation of Section 6.2, in particular:

e the presentations and normal form functions for U and S,
e the over-line notation for words over Xy and Xg, and
e the additional sets of relations Ry and Rs (the relations Ry are not required).

We also define the morphism

(f, 1) if x € Xy,

(XpUXg) - M2
Xy Xs) {(f*,f) if z € Xg.

Theorem 6.30. If the monoid S acts monoidally on the monoid U by semigroup morphisms,
then the (local) monoid M = {(u,s) € U x S :u=us"} has presentation

Mon(XU UXs:RyURsUR U R3>
via p.
Proof. First, for any (u,s) € M we have

(u,8) = (us™,s) = (u,1) - (57, 8) = Ny(u)p - Ns(s)¢ = (Nu(u) - Ns(s))e,
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and this shows that ¢ is surjective. (In the above calculation, it is clear that Ny (u)p = (u, 1).
For Ng(s)e = (sT,s), we apply (5.15).)

Next, it is easy to check that ¢ preserves the relations, so that &~ C ker(y), where we write
~ = (Ry URs U Ry UR3)*. Here we just show that R; C ker(y). For this, let z € Xg and
y € Xy. Then, using Lemma 3.1(iv), we have

(@y)e =@ 7))@ 1) =E" 77 =77) =777 =71 @7 ="y )

To complete the proof we must show that ker(¢) C =, so suppose (w,v) € ker(y). As in
Lemmas 6.16-6.18 (cf. Remark 6.19), we have

W R Wi Wy wlw;wg and v R VU & 7}11);_1)2 for some wy,v1 € X7 and wa, vy € X§.
But then
we = w1 - wap = (W, 1) - (Wy ,Ws) = (W1Wy , Wa) and similarl = (0175 ,T2)
1¥ - W2 15 2, W2 1Wqy , W2 Yy vy V1Uy ,V2).

Since wy = v, it follows that wlmg = ﬁﬁj and Wy = Ts, so that wuu;L ~U vlv; and wg ~g vg.
But then

wzwlw;-u&%vlv;-m%v,

and the proof is complete. ]
Remark 6.31. When the action of S on U is additionally by monoid morphisms (i.e., when
each sT = 1), the semidirect product U x S is a monoid, and M = U x S; cf. Corollary 3.13

and Proposition 3.32. In this case we have R3 = &, and Theorem 6.30 reduces to Lavers’
Theorem 6.4.

An application of Lemma 2.8 yields the following more general version of Theorem 6.5. In
the statement we use the surmorphism

zoy ifxe Xy,

d=pormly: (XypyUXg)*=US : 2~
pomly : (XuUXs) {xgbg ifr e X,

where ¢ : (XyUXg)* — M is as in Theorem 6.30. We also refer to the congruence ¥ = ker(w[,,),
and the canonical normal form function N : M — (XyUXg)* defined by N(u,s) = Ny(u)Ns(s).

Theorem 6.32. Suppose (U, S) is a weak action pair, with U and S both submonoids, and
suppose also that 9 = QF. Then with the above notation, the monoid US has presentation

MOﬂ(XUUXS : RUURsURlURgURQ>

via ®, where R = {(N(a), N(b)) : (a,b) € Q}. O

6.4 One submonoid I

Theorem 6.13 gave a presentation for the monoid U S arising from an action pair (U, S), when U
and S are both submonoids of the over-monoid. However, in some of our intended applications, S
and U S are not a submonoids, even though U is a (commutative) submonoid. This section deals
with such cases, where we must make some additional assumptions. It is convenient to list these
up front:
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Assumption 6.33. We assume that (U, S) is an action pair in a monoid M such that:

(i) U is a submonoid of M (which implies that S C US),
(ii) U \ {1} is a subsemigroup of U, and U \ {1} CUS,
(iii) (U, S') is an action pair extending (U, S), in the sense described before Lemma 4.19.

Remark 6.34. Item (ii) of Assumption 6.33 is a fairly strong condition, but holds in all of
our motivating examples in later chapters. For example, it is known that U \ {1} < U if U is
an idempotent-generated monoid [20, Lemma 4.9]. In particular, this holds for monoid bands,
including monoid semilattices. An important special case therefore occurs when U = P(M) is
the semilattice of projections of a left restriction monoid M cf. Propositions 4.37 and 4.44 (and
Remark 4.45).

By Lemma 4.19, item (iii) of Assumption 6.33 holds if and only if:
e us=v = ust =vforall u,v € U and s € S.

By the same lemma, this holds automatically if (U, S) is strong, and then (U, S') is also strong.

It is also worth noting that (under Assumption 6.33) US is a submonoid of M if and only
if S is a submonoid, as follows from Lemma 4.20. Of course if S (and hence US) happens to be
a submonoid, then we could just apply Theorem 6.13 to obtain a (monoid) presentation for US.

For the duration of this section, we fix a pair (U, S) satisfying Assumption 6.33. We have
already noted in Remark 6.2 that presentations for U x S exist in the case that S acts on
U(= U') by monoid morphisms [41]: i.e., when the pair (U, S) is strong. However, since the
presentation from [11] utilises the entire multiplication table for U, attempting to use this (and
Proposition 6.1) to obtain presentations for US = (U x S)/6 in this case is undesirable. It
also does not apply to the more general situation in which (U, S) is not strong. In any case,
we will see in Theorem 6.36 that it is still possible to construct a presentation for US (under
Assumption 6.33) very much like that from Theorem 6.13.

For the rest of this section, we fix semigroup presentations for U \ {1} and S:
Sgp(Xv : Ry) via ¢p: Xg = U\ {1} and Sgp(Xs: Rg) via ¢g:XF — S.

(The assumption that U \ {1} < U means that U itself has presentation Mon(Xy; : Ry).) Again
we assume without loss of generality that Xy and Xg are disjoint, that ¢y [y, and ¢g[x, are
both injective, and we write w = woy and v = v¢g for w € X[}' and v € X;‘. We also fix normal
form functions

Ny:U\{1} - X} and Ng:8— XZ,

assuming that Ny (Z) = z and Ng(y) = y for x € Xy and y € Xg. It is important to note the
following convenitions regarding the identity 1.

e Even though 1 obviously does not belong to U \ {1}, it will still be convenient to write
Ny (1) = ¢, which as usual denotes the empty word. In the calculations to follow, Ny (1) = ¢
will only ever appear as a sub-word of a non-empty word.

e It is possible that 1 € S, in which case Ng(1) is (by definition) a fixed non-empty word
over Xg mapping to 1.

e On the other hand, if 1 ¢ S, it is convenient to write Ng(1) = ¢ as well. In this case,
Ng(1) = ¢ will again only ever appear below as a sub-word of a non-empty word.
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Since U S contains both U \ {1} and S, there is a well-defined morphism

zoy ifx e Xy,

O (XpUX) T 5US:x—
(Xy s) {xqﬁs ifre Xg,

which is easily seen to be surjective.

As in Section 6.2, we define
Rlz{(xy,my-x):xEXg, yEXU} and R3:{($,$+$)Z$€XS, E+7é1},
where again we write
Ty = Ny(*y) € X{; and " =Nyt e X, for x € Xg and y € Xy.

Note that it is possible to have *7 = 1 for some z € Xg and y € Xy, in which case “y = Ny(1) = ¢,
and the corresponding relation from Ry is simply (zy, ). Similarly, it is possible to have 27 =
for some z € Xg (when T+ =1 &€ U), but in this case R3 does not contain the relation (z,z"z).

To define the final set of relations, we first require another piece of notation. For each u € U
we extend the relation 6, from (4.49) to

Oy = {(s,t) € S x 8" : us = ut}, (6.35)

which is again a right congruence on S'. The reason we need to work with ©, in place of 6, is
that it is possible to have u = us for u € U \ {1} and s € S, even if S is not itself a monoid.
In fact, such an equation holds for every u € U. Indeed, due to the assumption U \ {1} C US,
each u € U \ {1} satisfies u = vs for some v € U and s € S. Since (U, S1) is an action pair by
Assumption 6.33(iii), it follows from Lemma 4.19(ii) that u = vs™, and so u = vs = vsts = us.
Of course if S is also a submonoid, then ©, = 6, for all u, and u = us < (1,s) € 6,; but in
this case we already have the (monoid) presentation for US in Theorem 6.13.

For each u € U \ {1} we fix a set of pairs €, C S x S! that generates ©, as a right
congruence, and we define

Ry = {(Nu(u)Ns(s), Nu(u)Ns(t)) : u € U\ {1}, (s,1) € u}.

Note that it is possible that s = 1 (or ¢t = 1) for some (s,t) € §,, and we might have 1 ¢ S.
In this case, we interpret Ng(s ) = ¢ as above, and we note that the word Ny (u)Ng(s) is still
non-empty.

Theorem 6.36. Suppose (U, S) is an action pair satisfying Assumption 6.33. Then with the
above notation, the semigroup US has presentation

Sgp(XUUXS : RUURsURlURQUR3>

via ®.

Proof. The proof is mostly the same as for Theorem 6.13, but with a little extra care required
in some places since we do not assume S' is a submonoid.

Since ¢ is a surmorphism and preserves the relations, it remains to show that ker(®) C ~,
where ~ = (Ry U Rs U Ry U Ry U R3)f. We again write ~y = R%], and similarly for ~g, ~1, and
so on. By convention, we also allow ourselves to write ¢ ~ ¢.

We write w = w® for w € (Xy U Xg)™. It will also be convenient to define 7 = 1, even
though ¢ does not belong to (X U Xg)", and 1 might not belong to US = im(®). We also use
the abbreviations

Yy = Ny (“7) and wt = Ny(@™) for w € Xg and v € X7,
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keeping in mind the above conventions regarding adjoined identities and empty words. In par-
ticular, we again have

="

o1

’ wt =wt, ‘v = Ny (V) and wh =Y, for all w € Xg and v € X}.

We then have the following three lemmas, whose proofs are exactly as for Lemmas 6.16-6.18:

Lemma 6.37. For any x € Xg and v € X};, we have xv ~ *v - x. O
Lemma 6.38. For any w € Xg and v € X, we have wv ~ v - w. [
Lemma 6.39. For any w € X%, we have w ~ wtw. O

Returning now to the proof of the theorem, let (w,v) € ker(®): i.e., w,v € (Xy U Xg)* and
w = 0. We must show that w ~ v.

We first observe that
W ~1 WiwWs and vV~ V1U2 for some wy,v1 € X{; and way, v € X3. (6.40)
Note that one of w; or wy might be empty, but not both (and similarly for v; and vy). It follows

from Lemma 6.39 that

w ~ wlw;wg and v~ U1U;U2. (6.41)

From (6.40), and keeping 7 = 1 in mind, we have
Wy =W =71=7010  with@W;,7; € U(=U"') and Wy, 75 € S*.

Since (U, S1) is an action pair (cf. Assumption 6.33), it follows that w;wy = v175 . Keeping in
mind that U \ {1} is a semigroup, this implies that the words wywj and vivy (both from Xj;)
are either both empty, or else both non-empty. We consider these possibilities separately.

Case 1. Suppose first that wlwgL == vlv;. Then from (6.41) we have w ~ wg and v ~ vg,
with wo, vy € X;. But then wy = W = v = vy, so that wy ~g v9, and so w ~ v.

Case 2. Now suppose wiwy # ¢ # vivy. Let u = ww, = 1105 € U\ {1}, so that

wiwy ~y Ny(u) ~y vivg . Combined with (6.41) it follows that
w ~ Ny(u) - wsy and v~ Ny(u) - va. (6.42)

Applying ® to (6.42), we have u - Wy = W = T = u - Vg, so that (We,V2) € O,. Since O, is
generated as a right congruence by 2, it follows that there is a sequence

Wg =81 —> 82— -+ — S = Vg
where s1,...,s; € S, and such that for each 1 < i < k,
s; = ajc; and  S;11 = bic; for some (a;, b;) € Q, U Q;l and ¢; € St
Since w ~ Ny (u) - wa ~ Ny(u) - Ng(s1) and similarly v ~ Ny (u) - Ng(sg), it suffices to show

that
Ny (u) - Ns(s;) ~ Ny(u) - Ng(sit1) for each 1 < i < k.

But for any such ¢ we have
Ny(u) - Ns(s;) ~s Nu(u) - Ns(a;) - Ns(ci) ~2 Nu(u) - Ns(bi) - Ns(ci) ~s Nu(u) - Ns(sit1),

as required. O
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Remark 6.43. Despite the obvious similarities, Theorem 6.13 does not follow from Theorem 6.36
(in the special case that S is a submonoid), as the former does not assume that U \ {1} is a
subsemigroup of U.

As with Theorem 6.28, and with an essentially identical proof, the presentation from Theo-
rem 6.36 can be simplified in certain special cases:

Theorem 6.44. Suppose (U, S) is an action pair satisfying Assumption 6.33.

(1) If there exists a subset V- C U \ {1} such that

.=\ 0, foralueU\{1},

veV,
v=u

then US has presentation Sgp(Xy U Xg : Ry U Rsg U Ry U Ry U R3) via ®, where

Ry = {(Ny(v)Ns(s), Nu(v)Ns(t)) :v €V, (s,t) € Qy}.

(ii) If U is commutative, and if Oy, = O, V O, for all u,v € U, then US has presentation
Sgp(Xy U Xg: RyURsUR; URyUR3)

via ®, where Ry = {(xNg(s),zNs(t)) : v € Xy, (s,t) € Qz}. O

6.5 One submonoid I1

In the previous section we gave presentations for the semigroup US arising from an action
pair (U, S) in which only U was assumed to be a submonoid of the over-monoid M, modulo
other conditions listed in Assumption 6.33. In this section we consider the case in which only S
is assumed to be a submonoid. As we will see, this is a much more complicated matter, and the
‘hope’ described at the beginning of Chapter 6 is far from realisable.

An example of a semigroup of this form is Sing(Z,) = Z, \ G, the singular part of a finite
symmetric inverse monoid; cf. Example 4.30. Here Sing(Z,,) = US arises from the (strong) action
pair (U, S) = (Sing(&,), Grn). Two different presentations for Sing(Z,) may be found in |26, 33],
and it is important to note that these presentations are not ‘built’ from presentations for U
and S. Neither could any such presentation be built in this way, as Sing(Z,) does not contain
any copy of S = G,,. On the other hand, Sing(Z,,) does of course contain U = Sing(&,), and also
(isomorphic copies of) G,_1, which played an important role in both papers. Another example
is PT, \ Tn, the semigroup of all strictly partial transformations [30], which arises from the
(strong) action pair (Sing(&,),7T,). These two examples generalise to almost-(left-)factorisable
inverse and left restriction semigroups; cf. Examples 4.27 and 4.30 and Remark 4.45.

Although it is not possible to give general results for building presentations for US out of
presentations for U and S when we assume only S is a submonoid, it is however possible to adapt
ideas from [11] in order to give a general presentation for U x S in this case; see Theorem 6.50
below. (Note that |11, Theorem 3.1] applies to semidirect products U x S where U is a monoid,
which is the opposite of our current focus.) One can then apply Proposition 6.1 to extend this
to a presentation for US = (U x S)/6, modulo a generating set for the congruence 6.

We assume throughout this section that the monoid S acts monoidally on U! for some
semigroup U, allowing for the formation of the semidirect product U x S as in Definition 3.4.
(This monoidal assumption is indeed satisfied when (U, S) is a weak action pair; cf. Remark 4.4.)
We write 1 for the identity of both S and U'. So 'u = u for all u € U™

We also assume that U has presentation Sgp(X : R) via ¢ : XT — U, assuming as usual
that ¢y is injective. (We will not be referring to a presentation for S.) For w € X, we write
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W= w¢ € U, and we write ~ = Rf. We also fix a normal form function N : U — X, assuming
that N(Z) =z for all z € X. If 1 € U, then by definition N (1) is some non-empty word over X
mapping to 1. If 1 ¢ U, then by convention we define N(1) = ¢, even though this does not
belong to X .

We now introduce an alphabet
Y={zs:x€eX, se€S}
in one-one correspondence with the cartesian product X x S, and we define the morphism
YT 5 UxS: x5 (T,5).

We identify each z € X with 21 € Y, and in this way identify X with the subset {z; : z € X}
of Y. Note then that 2® = 219 = (7,1) for all z € X.

For any (non-empty) word w = z1---x, € X1, and for any s € S, we write
ws =1 Tp_1(TR)s €Y.

Note that (wv)s = w - vs for any w € X*, v € X and s € S. We define two sets of relations as
follows:

R = {(ws,vs): (w,v) € R, SGS} and Rg:{(wsyt,(mN(sy))st):x,yGX, s,tES}.

By identifying X with a subset of Y, as above, we also have R C Ry, as (w,v) = (wy,v1) € Ry
for (w,v) € R. Note also that in Ry, we have

Tst if 'y =1¢ U, as then N(°y) = ¢,
x - N(°Y)s otherwise.

(@N(Y))st = {

In the first case, the corresponding relation from Ry is just (xsy:, Zst).

Lemma 6.45. For any w € Xt and s € S, we have ws® = (w,s). Consequently, ® is a
surmorphism.

Proof. We prove the first assertion by induction on k = ¢(w), the length of w. If kK = 1, then
w € X and wg € Y, so ws® = (w, s) by definition. We now assume that k& > 2, so that w = zv
for some z € X and v € X+ with £(v) = k — 1, and we note that ws = x - vs = z1 - vs. By
induction, and monoidality of the action, it follows that

ws® = (219) - (vs®) = (7,1) - (T,8) = (T - 7,s) = (W, 5).

The second assertion now follows, because (u,s) = (N(u),s) = N(u)s® for all u € U and s € S.
O

Lemma 6.46. We have Ry U Ry C ker(®).

Proof. Consider first a relation (ws,vs) from Ry. So s € S and (w,v) € R. The latter gives
w = v, and it then follows from Lemma 6.45 that ws® = (w, s) = (7, s) = vsP.

Now consider a relation (zsy:, (tN(°Y))st) from Ry. Then again using Lemma 6.45 we have

(@N(P)a® = EN(G), st) = & NP, st) = (F-"Fost) = (@,5) - (7:t) = (@oy)®. O

We now write ~ = (R; U Ry) for the congruence on Y+ generated by the relations Ry U Ro.

We also write ~; = Rﬁ and ~9 = Rg. Recall that ~ = Rf is the congruence on X+ generated
by R.
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Lemma 6.47. Ifw,v € X and w ~ v, then ws ~ vs for any s € S.

Proof. It suffices to assume that w and v differ by a single application of a relation from R. So
by symmetry we have w = aw’b and v = av'b for some a,b € X* and (w',v') € R. Now, Ry

contains the relations (w},v’) and (w',v") = (w},v]). So in the cases b = ¢ and b # ¢, we have

/ / / /
Ws =@ Wy R G- Vg = Vg and wg=a-w -bg~1a-v-bg = vy,
respectively. O

Lemma 6.48. Ifw € Y, then w ~ v; for somev € Xt andt € S.

Proof. We prove the lemma by induction on k = ¢(w), the length of w. If k =1, then w € Y,
so w = x for some x € X and s € S, so we just take v = x and t = s. We now assume that
k > 2, so that w = w'y, for some w’ € Y+, y € X and s € S. By induction, since {(w') =k — 1,
we have w’ ~ v}, for some v/ € X and ¢’ € S. By definition, v}, = v"zy for some v” € X* and
x € X. But then

w = w'ys & vy, = v"zpys ~o 0" (@N(G))es = " 2NG))s,
and we take v = vz N (Y7) and t = t's. O

Lemma 6.49. Ifw € YT and w® = (u, s), then w =~ N(u)s.

Proof. By Lemma 6.48, we have w ~ v; for some v € X and t € S. It then follows from
Lemmas 6.45 and 6.46 that
(u,s) = wd = vy ® = (v, 1),

so that ¢t = s and ¥ = u = N(u). It follows from the latter that v ~ N(u). Combining all of this
with Lemma 6.47 we obtain
w vy~ N(u)y = N(u)s. O

We can now prove the main result of this section:

Theorem 6.50. Suppose U is a semigroup, and S a monoid with a monoidal action on U'.
Then with the above notation, the semidirect product U x S has presentation Sgp(Y : Ry U Ra)
via P.

Proof. By Lemmas 6.45 and 6.46, it remains only to show that ker(®) C ~. So suppose
(w,v) € ker(®), and write (u,s) = w® = v®. Then by Lemma 6.49 we have w ~ N(u)s =~ v. O

Remark 6.51. The presentation Sgp(Y : Ry U Ry) from Theorem 6.50 is not as ‘compact’ as
that of Lavers’ Theorem 6.4 (which only applies in much more special circumstances):

e The generating set Y is essentially |S| copies of X, and R; is |S| copies of R.

e Moreover, Ry contains | X |? copies of the entire multiplication table of S, in the sense that
for every z,y € X and s,t € S, we have a relation of the form (zsy;, ws).

In general, however, one cannot hope to obtain a presentation for U x S in terms of a smaller
generating set. For example, consider the direct product U x S, where U = X is a free semigroup
over a non-empty set X, and S is an arbitrary monoid. For any x € X and s € S, it is clear
that an expression (z,s) = (u1,t1) - (ug,tg), with each u; € U and t; € S can only exist with
k=1 (and (ui,t1) = (x,s)). This shows that any generating set for U x S must contain X x S.
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Remark 6.52. We have not included any applications of Theorem 6.50 in the current pa-
per. While we believe it would be very worthwhile to investigate such applications, especially
to almost-(left-)factorisable inverse or left restriction semigroups (cf. Example 4.27 and Re-
mark 4.45), it is beyond the scope of the current work. For example, the papers [26,30,33], which
concern the semigroups Sing(Z,) and PT, \ T, discussed above, total more than 60 pages. As
another relevant comparison, the 41-page paper [11] is essentially devoted to a single semigroup
of the form U xS, with U a monoid and S a non-monoid semigroup (the opposite configuration
to that covered by Theorem 6.50). A number of wreath products including M ? Sing(Z,,) are
treated in [15], using entirely different methods. We leave it as an open problem to investigate
the above-mentioned applications of Theorem 6.50.

We conclude the chapter with the following observation.

Corollary 6.53. Suppose U is a semigroup, and S a monoid with a monoidal action on U?'.
If U is finitely presented, and if S is finite, then U x S is finitely presented.

Proof. Examining the definitions, we see that the assumptions ensure that Y, R; and Ry are
all finite, so the result follows immediately from Theorem 6.50. O

Remark 6.54. Corollary 6.53 gave a sufficient condition for a semidirect product U x S (with S
a monoid, acting monoidally on U!) to be finitely presented. We leave it as an open problem to
find necessary and sufficient conditions; for direct products U x S, see [106].

7 Free left restriction monoids

We now come to the first of our applications of the general results of Chapter 6. Our goal in
this chapter is to obtain a monoid presentation for the free left restriction monoid Lx over an
arbitrary set X. (Of course Lx has trivial presentation (X : &) in the signature of left restriction
monoids. Monoid presentations will inevitably require more relations, yet presentations in this
simpler signature are valuable.)

We recall the definition of £x in Section 7.1, where we also discuss its structure and decom-
position in terms of action pairs. We then give the presentation in Section 7.2; see Theorem 7.13.
As we note in Remark 7.14, this presentation utilises the unique minimum (monoid) generating
set for Lx. Theorem 7.12 gives a presentation for the semilattice of projections of Lx.

7.1 Preliminaries

Left restriction semigroups were defined in Section 2.3 as a variety of unary semigroups, and
consequently free objects exist. It transpires that the free left restriction semigroup on a set X
coincides with the free left ample semigroup on X; see for example [52|. The latter form a quasi-
variety, and a sub-class of the class of left restriction semigroups. Note that left ample semigroups
were originally called left type A semigroups in the literature. The original description of free
right type A semigroups was given by Fountain in [15], and these are in fact subsemigroups of
the free inverse semigroup |94, 108] over the same base set. See [17,52,55,68] for connections with
free objects in other varieties and quasi-varieties. An equivalent form of Fountain’s construction,
but taking the left-right dual, is given below. The free left restriction monoid is simply the
monoid completion of the corresponding semigroup, so we treat monoids here for convenience.
All of the results in this section can be translated to results for free left restriction semigroups
by replacing monoid presentations with semigroup presentations (with the same generators and
relations).
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Let X be an arbitrary set, and as usual let X™* be the free monoid over X, with empty word
denoted ¢. For w € X* we write w' for the set of all prefixes of w (including ¢ and w), and for
A C X* we write At = |J, c4 w' for the set of all prefixes of all words from A. Let

Px={ACX": At =A, 0<|A] <No}

be the set of all non-empty, finite, prefix-closed subsets of X*. Then Px is a monoid semilattice
under U, with identity {¢}. The free left restriction monoid over X is the set

Lx ={(Aw): AePx, we A},
with:
e product (4, w) - (B,v) = (AU wB,wv), where wB = {wv : v € B}, and
e unary operation (A, w)t = (4,1).

The monoid Lx contains isomorphic copies of both Px and X*, which we identify with the
submonoids

Px =P(Lx)={(A,): AePx} and X*E{(wi,w):weX*}.
By identifying A € Px and w € X* with A = (4,:) and w = (w*,w), we have
A-w=(AUw", w) for all A € Py and w € X*. (7.1)
In particular,
(Ajw)=A-w for all (A,w) € Lx.

It follows that Lx = Px - X*.

It of course follows from Proposition 4.37 (and the identification Px = P(Lx)) that (Px, Lx)
is an action pair in Lx, though this does not help us to find a presentation; cf. Remark 4.40.
However, Proposition 4.44(i) immediately gives us the following action pair, which will prove to
be much more useful:

Proposition 7.2. For any set X, (Px,X™) is an action pair in Lx, and Lx = Px - X*. O

Before turning to presentations, we conclude this section with a series of remarks considering
how the monoid Lx fits into the context of the various results and constructions from Part I of
the paper.

Remark 7.3. It is instructive to consider a direct proof of Proposition 7.2, starting from Defi-
nition 4.2:

(A1) The required action of X* on Py is given by
YA = (wAPF = wr UwA for A € Px and w € X*. (7.4)
It is then routine to show that
WA =Y (YA), Y(AUuB)="AU"B and w-A="A-w,

for all A, B € Px and w,v € X*. (We also of course have ‘A = A for all A € Px.)
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(A2) As noted above, the identity of Px is {¢}, and we have
wh =} =w for any w € X*. (7.5)
We then quickly deduce the required implication
Aw=B-v = A-wt=B-v" for all A,B € Px and w,v € X~
from the expansions A -w = (AUw%, w), A-wt = (AUw", 1), and so on.

It also follows from (7.5) that the associated map X* — Px : w — wt from Proposition 4.7 is
given by wt = wt = (w*,1). This is of course just the restriction to X* of the * operation on Lx.

Remark 7.6. It follows from Lemma 4.15(ii) that the pair (Px, X*) is not strong, as w* # {1}
when w € X* is non-empty. Hence, the left-uniqueness property (SA2) does not hold. In
contrast to this, it follows immediately from (7.1) that the pair (Px, X*) has the right-uniqueness
property:
A-w=B-v = w=v for all A, B € Px and w,v € X™.

One important consequence of this is that the congruence ¢ = o(Px,X*) on X* from Def-
inition 5.21 is trivial: i.e., 0 = Ax~. Together with Lemma 5.37 (and P = U = Px), it
follows immediately from this that the pair (Px, X™*) is proper. Consequently, Lx = Px - X™* is
(Px, X*)-proper.

Remark 7.7. It does not follow from Remark 7.6 that Lx is a proper left restriction monoid
in the sense of Definition 5.7, although this does turn out to be the case. (To the best of our
knowledge, this fact has not been explicitly stated in the literature, but it follows quickly from
known results; see for example [52, Proposition 3.3].) To demonstrate this we could show that
the pair (Px, Lx) is proper, and then apply Proposition 5.29. But this is no easier than directly
using Definition 5.7. To use this, we need to understand the congruence o = o, (= 0(Px, Lx))
on Lx, and it is easy to see that for any elements (A, w) and (B,v) of Lx,

(A,w) o (B,v) & w=w. (7.8)

Indeed, the forwards implication is clear, while if w = v, then (B,¢)- (A, w) = (A4,¢) - (B,v). We
then have

(Aw)=(B,v) & A=Bandw=v <& (Aw)"=(B,v)" and (A,w) o (B,v).

Remark 7.9. Consider again the pair (Px, X*). It follows from Proposition 4.46 that Lx is a
homomorphic image of the semidirect product

Px x X*={(A,w): A€ Px, we X*} with operation (A,w) - (B,v) = (AU"YB,wv),

where the action is given in (7.4). Explicitly, the surmorphism = : Py x X* — Lx from
Proposition 4.46 is given by

(Ajw)r = A-w = (AUw*, w).

Note that Px x X™ is not a monoid, even though Px and X* both are. This is because the
action of X* on Px is not by monoid morphisms (cf. (7.5)), even though it is of course monoidal;
cf. Lemma 3.11. On the other hand, it follows immediately from its definition that Lx is also
the subsemigroup of Px x X* consisting of all pairs (A4,w) with w € A. (For this, note that
when w € A, we have AUYB = AUwB.)

-

This is of course reminiscent of the embedding theorems from Chapter 5. Indeed, Theo-
rem 5.60 tells us that Lx = Px - X" embeds in a semidirect product U x X* for some semigroup U
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containing Px. (For this we also need to remember that o(Px, X*) = Ax+«; cf Remark 7.6.) As
noted in the previous paragraph, we can in fact take U to be Px itself.

Alternatively, we could apply Theorem 5.60 to the pair (Px, Lx), or even apply Theorem 5.12
to Lx itself. In either case, the relevant theorem tells us that Lx(= Px - Lx) embeds in
a semidirect product U x (Lx /o) for some semigroup U containing Px, where 0 = op, =
o(Px,Lx). It is easy to see from (7.8) that Lx/o = X*, as has also been shown in |
Theorem 5.1(iii)].

Remark 7.10. Finally, we consider the covering Theorem 5.39 in the context of Lx. Since Lx is
proper, it is trivially covered by itself, and it turns out that this is precisely what we recover from
our proof of Theorem 5.39. Indeed, the (U, S) construction applied to the pair (U, S) = (Px, X*)
leads to the (monoid) subsemigroups

Px ={(A,1): AePx} =Px and Fz{(uz%m):méX*}zX*
of the semidirect product U x S(= U! x S!) = Py x X*. The proper monoid

U-S={(u,s) eUxS:u=ust}={(Aw) ePxxX*":A=AUw"}
is then precisely Lx itself, since

A=AUwt & A=AUw" & we A for all A € Px and w € X*.

7.2 Presentations

Our goal now is to give a monoid presentation for the free left restriction monoid Lx over an
arbitrary set X. We keep the notation from the previous section. In particular, Lx = Px - X*
arises from the action pair (Px, X™), where Px and X™* are identified with submonoids of Lx,
as explained above. We could apply Theorem 6.13 to this pair, but it actually follows from
Remark 7.10 that Theorem 6.30 applies, and this will lead us to a slightly quicker derivation. In
any case, we need presentations for Px and X*; with the latter of course being trivial, we turn
to the former.

The next result gives a monoid generating set for Px. Recall that an atom of a semigroup S
is an element a such that a = 2y = a € {z,y} for all x,y € S. It is easy to see that any
generating set for a semigroup must contain all atoms.

Proposition 7.11. For any set X, I'x = {wt : w € Xt} is the (unique) minimum monoid
generating set for Px.

Proof. If A € Px, then
A=At= ] whe(Tx)
weA\{t}
keeping |A| < Np in mind. This shows that Px = (I'x).

To complete the proof, it suffices to show that every element of I'x is an atom. Solet w € X,
and suppose wt = AU B for some A, B € Px. Then A, B C w'. Since w € w¥ = AU B, we may
assume by symmetry that w € A4, and then wt C A¥ = A, so that A = w'. O

We now wish to give a presentation for Px in terms of the generating set I'x. With this in
mind, we define an alphabet
Ax ={ay :we X1}

in one-one correspondence with I'x. By Proposition 7.11, we have a surmorphism

¢X:A}—>szawr—>w¢.
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We then define Ry = R U R%, where
R}(:{(awav,avaw):w,veX+} and Rg(:{(awvaw,awv):weX+, UEX*}.
Note that we have the alternative description
R% = {(awav,aw) cw,v € X1, vis a prefix of w}.
Theorem 7.12. For any set X, Px has presentation Mon(Ax : Rx) via ¢x.

Proof. We have already noted that ¢x is a surmorphism, and it is clear that Rx C ker(¢x).
Indeed, we have R}( C ker(¢x) because Px is commutative, and R?X C ker(¢x) follows from the
observation that

(wo)t U wt = (wo)¥ for all w,v € X™.

It therefore remains to show that ker(¢x) C ~, where ~ = Rﬁ(. So suppose (p,q) € ker(¢x),
and write

D= Qu, ** Qo and q = Ay, - Ay, where Wi, Wy V1, ..., 0 € XT.

For any 1 < i <, we have

vieviigvfu---lei:q@(:pqSX:w%U---th.

It follows from this that v; € wj. for some 1 < j < k, which means that v; is a prefix of w;. But
then Rg( contains the relation (ay;ay,,aw;). Combining this with R}(, it follows that p ~ pa,,.
Since this is true for all 1 < ¢ <[, it follows that p ~ pa,, ---a, = pg. By symmetry we also
have q ~ gp. Since pq ~ gp by R}(, it follows that p ~ g, as required. O

We now apply Theorem 6.30 to obtain a (monoid) presentation for Lx.
Theorem 7.13. For any set X, the free left restriction monoid Lx has presentation
Mon(Ax U X : Rx UR; U Ry)
V1a
aw — wb = (wh, 1) forw e XT,

Oy : (AxUX)" — Lx:
x : (Ax ) * {xHxE(x¢,:c) forx e X,

where

Ry = {(zay,azwr) 1z € X, we Xt} and Ry = {(z,a,2) : x € X }.

Proof. We begin with the presentation Mon(Ax : Rx) for Px from Theorem 7.12, and the
canonical presentation Mon(X : @) for X* (via the identity map X* — X*). Theorem 6.30 then
tells us that Lx = {(A,w) € Px x X*: A= AUw"} has presentation

MOh(AX UX :RxURL U R2>
via ®x, where
Rlz{(xaw,x(aw)-x):xEX, w6X+} and Rgz{($,ﬂ:+x):x€X}.

(The second set of relations was denoted R3 in Theorem 6.30.) In R;, *(ay) is a word mapping to
T(w¥) = (zw)*, so of course we can take ¥(ay) = agyp. Similarly, we can take 2+ = a, in Ry. O

Remark 7.14. The presentation in Theorem 7.13 involves the generating set I'x U X for Lx.
It is easy to see (using Proposition 7.11) that this is the unique minimum generating set.
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8 Independence algebras

In this chapter we apply the theory developed so far to a number of monoids and semigroups
of partial endomorphisms of independence algebras. In Sections 8.1 and 8.2 we recall the neces-
sary definitions, and prove some preliminary results on independence algebras, and the partial
endomorphism monoid PEnd(A) of such an algebra A. A key point is that PEnd(A) is a left
restriction monoid. Section 8.3 contains a number of results concerning maximal subalgebras,
and Section 8.4 treats subalgebras of arbitrary finite codimension; the main result here is The-
orem 8.40, which gives a presentation for the N-semilattice Subf(A) of all finite-codimensional
subalgebras of a strong independence algebra A. Section 8.5 provides natural generating sets
for the automorphism groups Aut(A) in the case that A is finite-dimensional, and also for the
group Autf(A) of finitary automorphisms of an arbitrary strong independence algebra. In Sec-
tion 8.6 we identify six strong action pairs (F,S) in M = PEnd(A), each leading in the usual
way to a naturally occurring subsemigroup ES of PEnd(A), the elements of which we also char-
acterise. We then look, in Section 8.7, at the various ‘congruence conditions’ from Section 4.5
and Chapter 6, as they apply to each of our pairs. Finally, we discuss presentations for the
semigroups ES in Section 8.8. Presentations for S are not known in general (even for relatively
simple classes of the algebra A), so it is not possible to give explicit presentations for ES in full
generality. However, a presentation for E can be deduced from Theorem 8.40 in the case that A
is finite-dimensional and strong, as E is then isomorphic to Sub(A) = Subf(A4). We conclude
by explaining how the presentation for £ can be extended to a presentation for £.S modulo an
appropriate presentation for S. For background on universal algebra, see [12].

8.1 Preliminaries

Let A be a (universal) algebra. We typically identify A with its underlying set, and as usual we
identify any nullary operation on A with a constant: i.e., the unique element in the image of the
operation. If X C A then (X) denotes the subalgebra generated by X. The least subalgebra
of A will be denoted

C(A) = (o).

Note that C(A) = @ if and only if A has no constants. We write B < A (B < A) to indicate
that B is a (proper) subalgebra of A, and we write Sub(A) = {B : B < A} for the lattice of all
subalgebras. The meet and join of B,C € Sub(A) are BNC and BV C = (B UC), respectively.

A subset X C A is independent if for any x € X we have x ¢ (X \ z). (Here and elsewhere in
this chapter, we avoid clutter by identifying one-element subsets of A with their unique element,
so X \ z stands for X \ {z}, and so on.) A basis is an independent generating set for A. Note
that a singleton subset {z} is independent if and only if x & C(A).

Definition 8.1. Let A be a (universal) algebra. Then A is an independence algebra if it satisfies
the exchange property and the free basis property:

(EP) Forall X C Aand z,y € A, if z € (X Uy) and = ¢ (X), then y € (X Uxz).

(FBP) If X is basis for A, then any map X — A can be extended (uniquely) to an endomorphism
of A.

Archetypal examples of independence algebras include:
e vector spaces over division rings, where we have a binary operation (addition), a unary

operation (negation), a nullary operation (the zero), and an additional unary operation for
each element of the ground ring (scalar multiplication),

106



e sets, regarded as algebras with no operations, and

e free group-acts, including the special case of sets when the group is trivial; see Example 9.9.

As noted in [51], independence algebras were first studied under the name of v*-algebras. They
appear first in an article of Narkiewicz [90], and were inspired by Marczewski’s study of notions
of independence, initiated in [30]. A classification into five families, together with one finite
exception, was given by Urbanik in [117].

The next (well known) result is a simple consequence of (EP).

Lemma 8.2. If X is an independent subset of an independence algebra A, then X Uy is inde-

pendent for any y € A\ (X). O
The next result follows from [54, Lemma 3.7|, and will typically be used without explicit
reference.

Lemma 8.3. If X and Y are bases of an independence algebra A, then any endomorphism of A
extending a bijection X — Y is an automorphism. [

The following facts concerning an arbitrary independence algebra A are well known; see for
example [54, Section 3.

e Every independent subset of A is contained in a maximal independent subset. Since @&
is independent, maximal independent subsets exist. Any maximal independent subset
generates A, and is hence a basis. So any independent set can be extended to a basis.

e All bases for A have the same cardinality, which we call the dimension of A, and de-
note dim(A). This coincides with the usual meaning of dimension when A is a vector
space; when A is a set (with no operations), dim(A) = |A|. Note that the dimension of A
is also called the rank of A in the literature, and denoted rank(A).

e Any subalgebra B < A is also an independence algebra, and any basis of B may be extended
to a basis for A. Thus, dim(B) exists and dim(B) < dim(A).

o If dim(A) = n < Vg, then A is the unique subalgebra of dimension n, and the maximal
(proper) subalgebras are precisely those of dimension n—1. (Recall that B < A is maximal
if B<C<A = C=A.) When dim(A) > Ry we require the notion of codimension to
describe the maximal subalgebras; see Definition 8.6 and Proposition 8.22.

e If X C A is any independent set, then any map X — A can be extended to an endomor-
phism of A. (First extend X to a basis X UY of A, and extend the given map X — A
arbitrarily to X UY — A; by (FBP), the latter extends to an endomorphism.)

Here and elsewhere, U denotes disjoint union.

The notion of codimension of subalgebras was used in [18], and goes back to ideas from
Jones [67]. The following definition is a special case of that given in [67], which involved more
general closure operators on arbitrary sets.

Definition 8.4. Let B be a subalgebra of an independence algebra A. A subset X of A is
B-independent if x ¢ (BU(X \x)) for all 2 € X. The set X is then called a B-basis for (BUX).

Clearly any B-independent set is disjoint from B. Note that independent sets are precisely

the C(A)-independent sets in the sense of Definition 8.4, where as usual C(A) = (&). The next
result is a special case of the main theorem of [67]:
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Lemma 8.5. For any subalgebra B of an independence algebra A, all B-bases for A have the
same cardinality. [

We may therefore make the following definition:

Definition 8.6. Given a subalgebra B of an independence algebra A, the codimension of B
in A, denoted codim(B), is defined to be the cardinality of any B-basis of A.

Strictly speaking, one should perhaps use notation such as codim4(B), to explicitly indicate
the over-algebra A. But since the context should always be clear, we simply write codim(B) to
avoid clutter.

We will also need the following basic facts.

Lemma 8.7. If B is a subalgebra of an independence algebra A, then X UY is a basis of A for
any basis X of B, and any B-basis Y of A.

Proof. Since A = (BUY) = ((X)UY) = (XUY), it remains to show that X UY is independent.
For this, and aiming for a contradiction, suppose z € <(X UuY)\ z> for some z € X UY.

Case 1. If z € Y, then z € (X U (Y \ 2)) = (BU (Y \ 2)), contradicting B-independence of Y.

Case 2. Now suppose z € X, so that z € ((X \ z) UY). Choose finite subsets X’ C X \ z
and Y’ CY such that z € (X’ UY"), and suppose |X’'| 4+ |Y”| is minimal among all such X', Y".
Since X is a basis of B, it follows from independence that z ¢ (X’), and so Y’ # &. Then for
any y € Y/, and with Z = (X’ UY") \ y, we have

ze(X'UY')=(ZUy) and z & (Z),
using minimality of | X’| 4 |Y”| for the latter. It then follows from (EP) that
ye(ZUz) C{(XUY)\y).
Since y € Y/ C Y, we have therefore reduced to Case 1. U

It follows that dim(B)+codim(B) = dim(A) for all B < A. In particular, if dim(A) = n < Ny,
then codim(B) = n—dim(B) for all B < A. We will also use the following converse of Lemma 8.7,
often without reference.

Lemma 8.8. If B is a subalgebra of an independence algebra A, and if X UY is independent
for some basis X of B, then'Y is B-independent.

Proof. Aiming to prove the contrapositive, suppose Y is not B-independent, so y € <B U (Y \ y)>
for some y € Y. But B = (X),soy € (BU(Y \y)) = (XU (Y \y)) ={((XUY)\y), where
we used the fact that X and Y are disjoint in the last equality. This shows that X UY is not
independent. O

The first part of the next result is [18, Lemma 1.3].
Lemma 8.9. Let A be an independence algebra.
(i) If B< C < A, then codim(B) > codim(C).
(ii) If B<C < A and codim(B) = codim(C) < N, then B =C.
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Proof. Let X be a basis of B, and extend this to bases X UY and X UY U Z of C and A,
respectively. By Lemma 8.8, Y LU Z is a B-basis of A, and Z is a C-basis of A, so

codim(B) = |Y U Z| and codim(C) = |Z|.
Part (i) immediately follows. For (ii), we have

codim(B) = codim(C) <Ry = |[YUZ|=|Z| <Xy = Y =0 = B=(X)=(XUY)=C. O

Some of the results in Chapter 8 apply only to so-called strong independence algebras:

Definition 8.10. An independence algebra A is strong if it satisfies the strong property:

(SP) For independent subsets X,Y C A, if (X) N (Y) = C(A), then X UY is independent.

Remark 8.11. Sets, vector spaces and free group-acts are all strong independence algebras. It
is also easy to show that every independence algebra of dimension < 2 is strong.

A specific example of a three-dimensional non-strong independence algebra is given in [18,
Example 1.5, and it will be convenient to recall the construction here. Let A = {ay, a9, as, a4},
with a ternary operation f defined by

flai,ai,a;) = a; for all 7
f(ai7aiaaj) = f(ai,aj,ai) = f(aj,ai,ai) = aj if ¢, j are distinct
flai,aj,ar) = a if 4, 4, k, 1 are distinct.

All proper subsets of A are independent, but A is not itself independent, and (SP) fails (for
example) for X = {aj,a2} and Y = {as,a4}.

Of crucial importance to us is the following result, which is [18, Lemma 1.6]. In fact, the
property in the lemma can be taken as an equivalent definition of strong independence algebras.

Lemma 8.12. Let A be a strong independence algebra, and let B,C < A. Let X be a basis for
BNC, and extend X to bases X Y and X U Z for B and C, respectively. Then X LY U Z is
a basis for BV C. O

We will also need the following simple result, which is a generalisation of the inclusion-
exclusion formula for sets.

Lemma 8.13. If B and C are subalgebras of a strong independence algebra A, then
(i) dim(BV C) 4+ dim(BNC) = dim(B) + dim(C),
(ii) codim(B V C) + codim(B N C) = codim(B) + codim(C).

Proof. Let X be a basis for BN C, and extend this to bases X LY and X LI Z for B and C.
By Lemma 8.12, X LY U Z is a basis for B V (', and we extend this to a basis X UY U ZuUW
for A. Both parts follow quickly upon writing down expressions for the various (co)dimensions
in terms of the cardinalities of X, Y, Z and W. U

Remark 8.14. The assumption that A is strong cannot be removed from Lemma 8.13. For
example, let A be the algebra from [18] discussed in Remark 8.11. Then for the subalgebras
B ={aj,as} and C = {asz, a4}, we have

dim(B) = dim(C) = 2, dim(BNC) =0 and dim(B Vv C) = dim(A) = 3,

which witnesses the failure of the first identity from Lemma 8.13 in A. (The same (sub)algebras
work to demonstrate the failure of the second identity.)
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8.2 (Partial) endomorphisms

A partial endomorphism of an algebra A is a morphism B — A for some subalgebra B < A;
if this morphism is injective, it is a partial automorphism, and it is then an isomorphism from
its domain onto its image. We also have endomorphisms and automorphisms, with their usual
meaning. We write

PEnd(A), End(A), PAut(A) and Aut(A) (8.15)

for the sets of all partial endomorphisms, endomorphisms, partial automorphisms and automor-
phisms of A, respectively. These are all monoids under composition, with identity element id4.
Note that for «, 8 € PEnd(A), we have

dom(af) = (im(c) Ndom(B))a? and im(af) = (im(a) N dom(p))g,

both of which are subalgebras of A by standard facts from universal algebra.

The inclusions among the monoids listed in (8.15) are indicated as follows:

PEnd(A)
End(A) PAut(A)
Aut(A)

Moreover, PAut(A) is an inverse monoid, and Aut(A) is the group of units of all of the above
monoids. If A is an independence algebra, then we also have End(A) vV PAut(A) = PEnd(A),
as follows from Theorem 8.56(i) below. On the other hand, End(A) N PAut(A) consists of all
injective endomorphisms of A; this is equal to Aut(A) if and only if dim(A4) < Rg. When A
is simply a set (an algebra with no operations), the monoids listed in (8.15) are PTa, Ta, Za
and G4, respectively. These monoids of (partial) transformations were introduced in Section 2.2.

The next result is of fundamental importance. It is well known, and follows immediately
from the fact that left restriction monoids form a variety. Specifically, P74 is a left restriction
monoid under " = idgom(q), and the submonoid PEnd(A) < PTj is closed under *.

Proposition 8.16. For any algebra A, the partial endomorphism monoid PEnd(A) is a left
restriction monoid under the unary operation o™ = 1dgom(a)- U

Recall from Section 4.3 that for any left restriction monoid M we have a number of important
submonoids, such as P(M) = {sT :s€ M} and T(M) = {s € M : sT = 1}. For any algebra A,
we denote the semilattice of projections of PEnd(A) by

s = P(PEnd(A)) = {a" :a € PEnd(A4)} = {idp : B < A}. (8.17)

So &4 is precisely the semilattice of partial identities of A: i.e., all identity maps on subalgebras

of A. Since
idg -id¢ = idgne and idg=id¢ & B=C forall B,C < A,

it follows that €4 is in fact isomorphic to Sub(A) = {B : B < A}, considered as an N-semilattice.
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It is also worth noting that for any algebra A,
T(PEnd(A)) = {a € PEnd(A) : " =ids} = {a € PEnd(A) : dom(a) = A} = End(4). (8.18)
For an independence algebra A, we also define the subsets
Sing(PEnd(A)) = PEnd(A) \ Aut(A),
Sing(End(A)) = End(A) \ Aut(A4),
Sing(PAut(A)) = PAut(A) \ Aut(A4),
and we refer to the elements of these sets as singular. These are subsemigroups (indeed, two-

sided ideals) of PEnd(A), End(A) and PAut(A), respectively, if and only if dim(A) < ¥p. On
the other hand,

PEnd(A) \ End(A4) = {a € PEnd(A) : dom(a) < A}

is a subsemigroup (indeed, right ideal) of PEnd(A), consisting of all strictly partial endomor-
phisms, for any algebra A. However,

PEnd(A) \ PAut(A) = {a € PEnd(A) : « is not injective}

is not a subsemigroup if dim(A) > 3. For example, let {x,y,2z} C A be independent, let
B = (z,y) and C = (y, z), and consider a: B — A and 8 : C — A defined by za = ya = z and
yB = zB = y; then o, 8 € PEnd(A) \ PAut(A), yet aff = idc(a) € PAut(A).

Now suppose A is an independence algebra. If @ € PEnd(A), then the dimension of the
subalgebra im(«) < A is taken as the definition of the rank of «:

rank(a) = dim(im(«)).
Note that 0 < rank(a) < dim(A). We also have
rank(af) < min(rank(«), rank(p3)) for all o, 5 € PEnd(A). (8.19)

Indeed, this was proved for o, 8 € End(A) in [54, Lemma 4.1|, and the argument there works
unmodified for partial endomorphisms. At times it will also be convenient to speak of the corank
of @ € PEnd(A), defined by

corank(a) = codim(im(e)).
When dim(A) = n < Xy, we have
Aut(A) = {a € PEnd(A) : rank(a) = n}
= {a € End(A) : rank(a) = n}
= {a € PAut(A) : rank(a) = n},

so that Sing(PEnd(A)) = {a € PEnd(A) : rank(«) < n}, with similar statements for Sing(End(A))
and Sing(PAut(A)).

At this point it is worth recording some observations concerning small ranks and dimensions.

Remark 8.20. For the duration of this remark, we write C' = C(A) = (@) for the unique
subalgebra of A of dimension 0. We have already noted that C' is non-empty if and only if A has
constants (nullary operations).

(i) Since every subalgebra of A contains C, and since every (partial) endomorphism fixes each
constant, every (partial) endomorphism fixes C' pointwise.
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(ii) A (partial) endomorphism has rank 0 if and only if its image is C. It follows that if A has
no constants, then A has no rank-0 endomorphisms (unless A is itself empty). On the other
hand, id¢ is always a rank-0 partial endomorphism.

(iii) If A has constants, then any function from a basis of A into C' can be extended to an
endomorphism of rank 0.

(iv) By (8.19), the sets
Iy = {a € End(A) : rank(a) = 0} and Jo = {a € PEnd(A) : rank(«) = 0}

are ideals of End(A) and PEnd(A). As above Iy = @ if A is non-empty and has no constants;
in this case we also have Jy = {id¢ = idgy = @}.

(v) If @ € Jp and 5 € PEnd(A), then since 3 fixes C' = im(«) pointwise, a5 = . That is, each
element of Jy is a left zero for PEnd(A). Consequently, the ideals Iy and Jy are left zero
semigroups.

(vi) If dim(A) = 0, then A = C and PEnd(A) = End(A) = PAut(A) = Aut(A) = {ida}.
(vii) If dim(A) = 1, then

End(A4) = Aut(A) U Iy,
PEnd(A) = Aut(A) U Jp = End(A4) U {id¢},
PAut(A) = Aut(A) U {id¢}.

In particular, if dim(A) =1 and A has no constants, then C = @, Iy = @ and
End(A4) = Aut(A) and PEnd(A) = PAut(A) = Aut(A) U {@&}.
It will also be convenient to prove the following:

Lemma 8.21. For any independence algebra A, the following are equivalent:

(i) End(A) = Aut(A),

(ii) Sing(End(A)) =@,
(i) dim(A) =0 or [dim(A) =1 and A has no constants.
Proof. Clearly (i) and (ii) are equivalent.

(iii) = (i). This implication was covered in items (vi) and (vii) of Remark 8.20.

(i) = (iii). Aiming to prove the contrapositive, suppose (iii) does not hold, so that either
dim(A) > 2 or else dim(A) = 1 and A has constants. In either case, there exists € A such that
(x) < A. It follows that for any basis X of A, the endomorphism « extending the constant map
X — {x} is not an automorphism. O

8.3 Maximal subalgebras

In this section we prove a number of results concerning maximal (proper) subalgebras of an
independence algebra A. These will be used in a number of places in the remainder of Chapter 8.
We denote the set of all maximal subalgebras of A by Max(A).
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Proposition 8.22. For a proper subalgebra B of an independence algebra A, the following are
equivalent:

(i) A= (BUz) for somex € A\ B,

(i) A=(BUx) for allz € A\ B (i.e., B is mazimal),
(iii) codim(B) = 1.

Consequently, Max(A) = {B < A: codim(A) = 1}.

Proof. (i) = (ii). Suppose A = (B L z) for some = € A\ B, and let y € A\ B be arbitrary; we
must show that A = (BUvy). Buty € A\ B= (BUux)\ (B), so (EP) gives x € (BUy). It then
follows that A = (BUx) C (BUy).

(ii) = (iii). Since B < A, we have codim(B) > 1. It follows directly from (ii) that codim(B) < 1.
(iii) = (i). This is clear. O

In particular, if dim(A) = n < Ng, then Max(A4) = {B < A : dim(B) = n — 1}, as observed
in Section 8.1. Our next result shows that every finite-codimensional subalgebra of A is a finite
intersection of maximal subalgebras. In the statement, the expression CyN---NCY% is understood
to represent A if k = 0: i.e., if the list Cy,...,C) is empty.

Lemma 8.23. Let A be an independence algebra, and let B < A with codim(B) = k < Xg. Then
B=CyN---NCy for some Cy,...,C) € Max(A).

Proof. Let X be a basis of B, and {y1,...,yr} a B-basis of A, sothat Y = X U{y1,...,yx} isa
basis of A by Lemma 8.7. For each 1 <i <k, let C; = (Y \ y;); it follows from Proposition 8.22
that each C; is maximal. We will show by induction on k that B = C; N --- N Cg. This is
vacuously true for k£ = 0, so we assume that k > 1.

Let X’ = XUy, and put B’ = (X'), so that codim(B') =k—1,and Y = X' U{y1,...,yk_1}-
It follows inductively that B’ = C; N --- N Ck_1, so it remains to show that B = B’ N C}. From
X C X' and X CY \ y, we have B C B’ and B C Cy, so that B < B'NCy < B’. Since
B' = (B Uyy), it follows from Proposition 8.22 that B is maximal in B’, so we can complete
the proof that B = B’ N Cj by showing that B’ N Cy < B’. But this is clear: we obviously
have y, € B', yet yr, & (Y \ yx) = Ck, as Y is independent. O

Remark 8.24. In the case that dim(A) < Np, it follows from Lemma 8.23 that Sub(A) is
generated (as an N-monoid) by the set Max(A). We will see in Proposition 8.39 that Max(A) is
in fact the unique minimum generating set. Actually, Proposition 8.39 also treats the case that A
is infinite-dimensional and strong, but with Sub(A) replaced by the lattice of finite-codimensional
subalgebras.

For subalgebras of arbitrary codimension we have the following:

Lemma 8.25. If A is an independence algebra, and if B < A, then

B = ﬂ C where Y ={C eMax(A): B<C}.
Cex

Proof. Write D = ﬂ()ez C. Since B < C for each C € %, certainly B < D.

To show that D < B, it suffices to show that A\ B C A\ D, so fix some y € A\ B. We
will show that y ¢ D by finding C' € ¥ such that y ¢ C. Fix a basis X of B, so that X Uy is
independent, by Lemma 8.2. Extend X Uy to a basis X Uyl Z of A, and define C' = (X U Z).
By Proposition 8.22, C'is maximal, and certainly B = (X) C C, so that C' € X. Since X LlyU Z
is independent, y € (X U Z) = C. O
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The next result concerns the situation in which A has subalgebras missing only one element,
and shows that this is an extremely restrictive property. Since every subalgebra contains C(A),
we could only possibly have A\ z < A if x ¢ C(A). Such an element x could only exist if
A #C(A): ie., if dim(A) # 0.

Proposition 8.26. Let A be an independence algebra with dim(A) # 0, and write C = C(A)
and X = A\ C. Then the following are equivalent:

(i) A\ z < A for some x € X,
(i) A\z < A forallzeX,

(iii) X is independent,

(v) Sub(A) ={B:C C B C A},

)

)

)
(iv) X is the unique basis of A,

)
(vi) Max(A) ={A\z:2 € X}.
Proof. (i) = (ii). Suppose A\z < A for some z € X, and let y € X be arbitrary; we must show
that A\ y < A. Since z,y ¢ C, we may extend z and y to bases U Uz and V Uy for A, noting
that |U| = |V|. We then let « be the endomorphism of A extending any bijection ULz — V Uy
that maps = — y. Then « is an automorphism (as it maps a basis bijectively to a basis), and
since A\ z < A, it follows that A\ y = (A \ z)a < A.

(ii) = (iii). If we had z € (X \ z) for some z € X, then since A\ z < A, it would follow that
re (X \z) C(A\z)= A\ =z, a contradiction.

(iii) = (iv). If X is independent, then it is clearly the maximum independent subset of A.

(iv) = (v). Since every subalgebra contains C' it suffices to show that B < A forany C' C B C A,
so fix some such B. To show that B < A, it suffices to show that no element of A\ B belongs
to (B). But for any x € A\ B, we have (B\ C)Uz C A\ C = X. Since X is independent, so
toois (B\ C)Uz. Thus, z & (B\ C) = (B).

(v) = (vi) and (vi) = (i). These are both clear. O

Consider an independence algebra A, and again write C' = C(A) and X = A\ C. Any
automorphism of A fixes C pointwise, and is therefore of the form idg U« for some permutation
a € Gx. It follows that Aut(A) is a subgroup of {idec U« : @ € Gx}, and the latter is of course
isomorphic to Gx. It turns out that the conditions of Proposition 8.26 lead to the greatest
‘freedom’ in automorphisms, in the sense that Aut(A) is precisely this copy of Gx. Indeed, if X
is a basis for A, then any permutation a € Gx extends to an automorphism (cf. Lemma 8.3),
which must be id¢ U «. However, it turns out that X being independent is not (quite) necessary
for this ‘maximum freedom’ to occur, and the next result characterises the algebras for which it
does.

Proposition 8.27. Let A be an independence algebra with dim(A) # 0, and write C = C(A)
and X = A\ C. Then the following are equivalent:

(i) X \ z is independent for some z € X,
(i) X \ « is independent for all x € X,
(ili) Aut(A) ={idcUa:a € Gx}.

When the above conditions hold, we have Aut(A) = Gx.
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Proof. If X is independent, then all three conditions hold, so we assume otherwise for the rest
of the proof. In particular, it follows from Proposition 8.26 that A\ x £ A for all z € A.

(i) = (ii). Suppose X \ z is independent for some x € X, and let y € X be arbitrary; we
must show that X \ y is independent. This is clear if x = y, so suppose otherwise, and write
U= X\{z,y}. Since UUy = X \ z is independent we have y ¢ (U).

Next we claim that z ¢ (U). To prove this, suppose to the contrary that z € (U). Then
Uy =(UUz)y=(CuUUz) =(A\y) = A, since A\y £ A. Tt follows that y € A = (U),
a contradiction. Now that the claim has been proved, it follows from Lemma 8.2 (and the fact
that U is independent) that U Uz is independent. But U Lz = X \ y, so we are done.

(ii) = (iii). It suffices to show that idc U « is an automorphism for any o € Gx. To do so, fix
some such «, and let Y = X \ x for any = € X. Since Y is independent, and X is not, it follows
that Y is a basis of A. Since @ € Gx, we have Ya = X \ z«, and again this is a basis. It follows
from Lemma 8.3 that the unique endomorphism ~ of A extending a[y is an automorphism. But
vlo =ide and vy = aly, so v and idg U« agree on CUY = A\ z. Since v and id¢ U o agree
on the basis Y of A, it follows that v = id¢c U a. This completes the proof that ide U «v is an
automorphism.

(iii) = (i). Aiming to prove the contrapositive, we assume that (i) does not hold; we must show
that idg U o € Aut(A) for some o € Gx. Fix a basis Y of A. So Y C X, and by assumption
|X \ Y| > 2. The only automorphism extending idy is id4 = id¢g Uidx. So we may take a € Gx
to be any permutation that maps Y identically, but permutes X \ Y non-trivially. O

Remark 8.28. One may wonder how the conditions of Proposition 8.27 relate to the monoids
End(A), PEnd(A4) and PAut(A), and to what extent these have the same ‘freedom’ as Aut(A),
as discussed above. We will treat PAut(A) in the next result. The situation for the other two
monoids is a little more complex, as (partial) endomorphisms can map elements of X into C,
in the above notation. But, for example, when X is independent (so the conditions of Propo-
sition 8.26 are satisfied), a transformation o of A belongs to End(A) if and only if « fixes C'
pointwise, so that
End(A) ={a € Ta:alg =idc}.

These submonoids of T4 have been studied extensively, and are typically denoted Fix(A, C); see
for example [63]. In the case that C' = @ we of course have End(A) = T4. If |C| = 1, say with
C = {c}, then End(A) = PTx, via the standard trick of identifying a partial transformation o
of X with the transformation of A = X U ¢ mapping as a on dom(«), and sending all elements

of A\ dom(a) to c.

Here is the promised version of Proposition 8.27, concerning ‘maximum freedom’ for partial
automorphisms.

Proposition 8.29. Let A be an independence algebra, and write C = C(A) and X = A\ C.
Then the following are equivalent:

(i) X is independent,
(i) PAut(A) ={idcUa:a e Ix}.
When the above conditions hold, we have PAut(A) = Ix.

Proof. The result is trivial if dim(A) = 0, as then X = &, so we assume that dim(A) # 0.

(i) = (ii). Since any element of PAut(A) is injective and maps C identically, the forwards
containment always holds. Conversely, let a € Tx, and write B = dom(«) and D = im(a). We
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must show that ide U o € PAut(A); in fact, since idg U « is obviously injective, it is enough to
check that it is a morphism C U B — C U D. Now, C U B,C U D < A by Proposition 8.26.
Since B is independent (as X is), it is a basis for C'U B, so there is therefore a unique morphism
CUB — CUD extending o : B — D, and this is of course id¢ U a.

C A. But for any

(ii) = (i). By Proposition 8.26 it suffices to show that B < A for any C C B
< A. O

such B we have idp = idc Uidp\¢ € PAut(A), so that B = dom(idp)

We have already noted that the conditions in Proposition 8.26 imply those in Proposition 8.27.
The next result concerns algebras that satisfy the latter but not the former. An example of such
an algebra is the two-dimensional vector space over the two-element field; another example is
the one from [18]| discussed in Remark 8.11; see also Proposition 8.32 below.

Proposition 8.30. Let A be an independence algebra with dim(A) # 0, write C = C(A) and
X = A\C, and suppose A does not satisfy the conditions of Proposition 8.26. Then the following
are equivalent:

(i) X \ z is independent for some z € X,

(il) X \ z is independent for all x € X,

(iii) A\{z,y} <A forall z,y € X withx # y,
(iv) Sub(A) ={B:CCBCA, |A\B|#1},

(v) Max(A) = {A\{z,y}:z,y € X, = #y}.

Proof. (i) < (ii). This was proved in Proposition 8.27.

(ii) = (iv). Since A does not satisfy the conditions of Proposition 8.26, it has no subalgebras
missing just one element. This gives the forwards containment.

Conversely, suppose C' C B C A is such that |4\ B| # 1; we must show that B < A. If
|A\ B| =0 then B = A < A, so suppose instead that |4\ B| > 2. Aiming for a contradiction,
suppose B £ A, so that € (B) for some € A\ B. Since |A\ B| > 2, we may fix another element
y € A\B. Since z,y ¢ B and C C B, we have z,y € X. Then z € (B) = (B\C) C (X \{z,y});
but this implies that X \ y is not independent, and contradicts (ii).

(iv) = (v) and (v) = (iii). These are clear.

(iii) = (ii). Aiming to prove the contrapositive, suppose X \ z is not independent for some
z € X, so that y € (X \ {z,y}) for some y € X \ z. But then y € (X \ {z,y}) C (A\ {z,y}),
so that A\ {z,y} £ A. O

Remark 8.31. Comparing Propositions 8.26 and 8.30, one might wonder why the following
condition was not listed in the latter:

o A\ {z,y} < A for some z,y € X with x # y.

The reason is that this is strictly weaker than condition (iii) of Proposition 8.30 in general.

For example, let A = {a,b, c,d} with a single unary operation mapping a <> b and ¢ < d.
Then A is an independence algebra (it is term-equivalent to the free two-dimensional Gs-act, as
in Example 9.9), and it is easy to see that the lattice Sub(A) is as follows:

A
VRN
{a,b} {c,d}
NS
(%)
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In particular, {a,b} and {c,d} are the only two-element subalgebras of A. This means that
condition (iii) of Proposition 8.30 fails, even though the above weaker condition holds. The
conditions of Propositions 8.26 and 8.27 also fail for A.

Because of this, it follows from Proposition 8.27 that Aut(A) is a proper subgroup of G4
(note that X = A\ C(A) = A since A has no nullary operations), and we can also see this by
direct computation. Indeed, any basis of A contains one element each from {a,b} and {c,d},
and it follows that Aut(A) consists precisely of the following permutations, which are specified
in two ways, by indicating the action on the basis {a,c}, and in standard cycle notation:

ida=(5¢), a1 = (p¢) = (a,b), Br=(¢4q)=(a,c)(b,d),
az = (g q) = (¢,d), Ba=(c3)=(a,cb,d),

az = (4 q) = (a,b)(c, d), Bs=(qs) = (a,d)(b,c),
Bi=(Ga)=(a,db,c).

Consequently, Aut(A) is dihedral of order 8, or equivalently a wreath product Go Gy (see Chap-
ter 9).

We have already noted that the two-dimensional vector space over the two-element field
satisfies the conditions of Proposition 8.27 but not those of Proposition 8.26. The next result
shows that this is unusual among such examples, as it is strong; note that |X| = 3 for this
example.

Proposition 8.32. Let A be an independence algebra, write C = C(A) and X = A\ C, and sup-
pose | X| > 4. If A satisfies the conditions of Proposition 8.27 but not those of Proposition 8.20,
then A is not strong.

Proof. Fix a partition X = Y U Z where |Y|,|Z| > 2. Then Y and Z are both independent
(as X \ z is independent for all z € X). By Proposition 830, CUY = A\ Z < A, so
(Y) = (CUY) = CUY, and similarly (Z) = C U Z. Certainly then (Y) N (Z) = C, yet
Y U Z = X is not independent. ]

Remark 8.33. By contrast, if A satisfies the conditions of Proposition 8.26, then A is trivially
strong, for then the independent sets are just the subsets of X = A\ C(A).

If the conditions of Proposition 8.26 hold for an independence algebra A, then it quickly
follows that A is equal to the union of any two distinct maximal subalgebras. In Section 8.5 we
will be concerned with the case in which this never happens. In fact, we only need a weaker
assumption, but the next result shows that these are equivalent when A is strong.

Lemma 8.34. Let A be an independence algebra, and consider the following two conditions:

(i) for any B,C € Max(A), we have BUC # A,
(ii) for any basis X of A, and for any z,y € X, we have (X \ z) U (X \y) # A
Then (1) = (ii). If A is strong, then (i) < (ii)
Proof. By Proposition 8.22, (X \ z) is maximal for any basis X of A and any = € X, so it is
clear that (i) = (ii).

We now assume that A is strong, and that (ii) holds. Let B,C € Max(A) be arbitrary;
we must show that B U C # A. This is clear if B = C, so suppose B # C. Together with

maximality it follows that B  C' and C ¢ B, and also that BV C = A. From the latter, we have
codim(BVC) = 0, so it follows from Lemma 8.13(ii) and Proposition 8.22 that codim(BNC) = 2.
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Fix a basis U for BNC, and extend this to bases U LY and U U Z for B and C, respectively.
Since B # C we have |Y| > 1 and |Z| > 1. By Lemma 8.12, ULUY U Z is a basis of BV C = A.
But then |Y|+|Z] = codim(BNC) = 2, so in fact |Y| = |Z| = 1, and we may write Y = {y} and
Z = {z}. This all shows that X = UU{y, z} is a basis of A. We also have B = (UUy) = (X \ 2),
and similarly C' = (X \ y). It then follows from (ii) that BUC = (X \ z) U (X \ y) # A. O

Remark 8.35. The algebra A from [!8] discussed in Remark 8.11 satisfies condition (ii) of
Lemma 8.34, but not (i). Indeed, each two-element subalgebra is maximal, and for example
A ={a1,a2} U{as,as}. However, any basis has the form X = {a;,a;, ax} for distinct i, j, k, and
(X\2)U(X\y)=(X\z)U(X\y) CX # A forany z,y € X.

Remark 8.36. We have already noted that the conditions in Proposition 8.26 and Lemma 8.34
are mutually exclusive. They are not, however, exhaustive. For example, let A be the four-
element algebra from Remark 8.31. We have already observed that A does not satisfy the
conditions in Proposition 8.26. On the other hand, the maximal subalgebras of A are precisely
B = {a,b} and C = {¢,d}, and of course BUC = A. In fact, B= (X \ ¢) and C = (X \ a) for
the basis X = {a,c}. Thus, A does not satisfy either of the conditions of Lemma 8.34. (This
extends to arbitrary free G-acts of dimension > 2 for non-trivial G.)

Remark 8.37. Any vector space A of dimension > 2 satisfies the conditions of Lemma 8.34.
Indeed, if X is a basis, and if z,y € X are distinct, then z +y ¢ (X \ ) U (X \ y). (To see this,
note that if z +y € (X \ ), then since also y € X \ z, we would have z = (z +y) —y € (X \ z),
contradicting independence of X.)

It follows that such a vector space A cannot satisfy the conditions of Proposition 8.26. The
only such A satisfying the conditions of Proposition 8.27 is two-dimensional over the two-element
field, which we have already discussed.

8.4 Finite-codimensional subalgebras

The previous section concerned maximal subalgebras of an independence algebra A: i.e., subalge-
bras of codimension 1; cf. Proposition 8.22. We now consider the more general case of subalgebras
of arbitrary finite codimension, the set of which we denote by

Subf(A4) = {B < A : codim(B) < Rg}.

Our first result shows that Subf(A) is a sublattice of Sub(A) in the case that A is finite-
dimensional or strong, and Theorem 8.40 gives a presentation for Subf(A) in this case, considered
as an MN-semilattice.

Lemma 8.38. Let A be an independence algebra, and let B,C € Subf(A). Then

(i) BV C € Subf(4),

(ii) BNC € Subl(A) if A is finite-dimensional or strong.

Proof. (i). This follows immediately from Lemma 8.9(i), as B < BVC < A and codim(B) < Ny.

(ii). Since Subf(A4) = Sub(A) when dim(A) < Rg, we only need to consider the case that A is
strong. But here Lemma 8.13(ii) gives codim(B N C) < codim(B) + codim(C) < Ny. O

Recall that Max(A) = {B < A : codim(B) = 1} is the set of maximal subalgebras of A.

Proposition 8.39. If A is a finite-dimensional or strong independence algebra, then Max(A) is
the (unique) minimum monoid generating set for Subf(A), considered as an N-semilattice.
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Proof. It follows immediately from Lemma 8.23 that Max(A) is a generating set.

It remains to show that any generating set for Subf(A) contains Max(A), and for this it
suffices to show that every element of Max(A) is an atom. To do so, suppose B = C' N D,
with B € Max(A) and C,D € Sub’(A4); we must show that B € {C,D}. If C = A, then
B=AND = D. Otherwise, B=CND <C < A, so B=C by maximality. O

Now that we know Subf(A) contains a unique minimum generating set (when A is finite-
dimensional or strong), this is of course the generating set we wish to use in constructing a
presentation. We can do this in the case that A is assumed to be strong. We begin by defining
an alphabet

Xp={zp:BeMax(A)}

in one-one correspondence with Max(A). (The reason for choosing the E subscript will become
clear in later sections.) By Proposition 8.39 we have a surmorphism

dp: Xp — Subf(A) : x5 — B.
We define the set of relations Rp = R}E U RJ%J U R%, where

R}g = {(x2B,xB) 1B e Max(A)},

R% = {(zpac,zcxp) : B,C € Max(A)},

RS = {(zpzc,pp) : B,C,D € Max(A), BNC = BN D},
(

It is clear that Rg C ker(®pg).

Theorem 8.40. If A is a strong independence algebra, then with the above notation, Subf(A)
has presentation Mon(Xg : Rg) via ®p.

Proof. We begin with three technical lemmas, the first of which is rather simple. The second
may appear to be exceedingly technical, but it turns out to be exactly what we need in the proof
of the third, which leads to a swift conclusion to the proof of the theorem.

Lemma 8.41. If B < A and C € Max(A), then codim(B) < codim(BNC) < codim(B) + 1.

Proof. By Lemma 8.13(ii) and Proposition 8.22, we have
codim(B V C) + codim(B N C) = codim(B) + 1.
Since C' < BV C < A, Lemma 8.9(i) gives 0 < codim(B V C) < 1, and the result follows. O

Lemma 8.42. If B,C € Max(A) and D € Sub!(A) are such that B # C, D € B and DNC C B,
then there exists B’ € Max(A) such that D C B and CNB=CNBHB'.

Proof. We first claim that D N B = DN C. To prove this, first note that D N C # D (as
D ¢ Bbut DNC C B), so Lemma 8.41 gives codim(D N C) = codim(D) 4+ 1. Since also
DNB# D (as D Z B), Lemma 8.41 gives codim(D N B) = codim(D) + 1 as well. In particular,
codim(D N C) = codim(D N B) < Xy (as D € Sub’(A4)). By assumption we have D NC C B, so
of course DN C C DN B. It then follows from Lemma 8.9(ii) that D N C' = D N B, as claimed.

We now fix a basis X of DN B(= DNC(), and extend this to a basis X UY for BNC. Since
codim(B) = codim(C) =1 and B # C, Lemma 8.41 gives codim(B N C) = 2. Since D Z B, we
may also fix some z € D\ B(= D\ C). Since z ¢ B, certainly z ¢ BNC = (X UY), so it follows
from Lemma 8.2 that X UY U z is independent. Let B’ = (X UY U z). Since BNC = (X UY)
and codim(B N C) = 2, we have B’ < A and so codim(B’) > 1. Since BN C C B’, we have
codim(B’) < codim(B N C) = 2. If codim(B’) = 2, then Lemma 8.9(ii) would give B’ = BN C,
contradicting z ¢ BN C. So it follows that codim(B’) = 1, so that B’ € Max(A).
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Next let D' = (X U z). Since DN C = (X), and since X Uz C D, we have
DNnCcCD CD. (8.43)
Combined with codim(D N C') = codim(D) + 1 (shown above), it follows that
codim(D) + 1 > codim(D’) > codim(D),
and this of course implies that
codim(D’) = codim(D) or codim(D’) = codim(D) + 1 = codim(D N C).

In these two cases, and since codim(D) < Ny, Lemma 8.9(ii) and (8.43) give D' = D or
D’ = DN C, respectively. But the latter is impossible, since DNC = (X) and D' = (X Uz), and
since X (UY)Uz is independent. Thus, D = D', and it follows that D = (XUz) C (XUYUz) = B'.

It remains to show that C N B = C'N B’, and for this it is enough to show that
CNnBCBHB and CNnB CB.

For the first, we have CN B = (X UY) C B’. For the second, suppose to the contrary that there
exists w € (C'N B’)\ B. In particular we have w € B’ = (X UY U z). On the other hand, since
w ¢ B, certainly w ¢ BNC = (X UY). It then follows from (EP) that z € (X UY Uw) C C
(as XUY CBNC CCand we CNB' CC), and this contradicts z € D\ C. O

For the rest of the proof (of the theorem) we write ~ = RﬁE.
Lemma 8.44. Ifw € X}, and if B € Max(A) is such that w®p C B, then w ~ wxp.

Proof. Given the relations in R}E U RQE, it suffices to show that w is ~-equivalent to some word
that involves the letter zg.

Write w = z¢, - - ¢, where each C; € Max(A), and note that w®g = C; N --- N Cj. Since
wdbp € B < A, we must have £ > 1. We now proceed by induction on k. If £k = 1, then
C1 = wdg C B, and it follows by maximality that C; = B; thus, w = xp in this case.

Now suppose k > 2, and let u = z¢, -~ 2¢,_, and D = u®p =C1N---NCr_y € Subf(A).
If D C B, then by induction we have v ~ uxp, and so w = uxrc, ~ urpzc,, and we are done.
So now we assume that D € B, and we also write C' = Cy. If B = C, then w = uxp, and again
we are done, so we also assume that B # C. Since also D N C = w®g C B, the conditions
of Lemma 8.42 are all satisfied, so by that lemma there exists B’ € Max(A) such that D C B’
and C N B = C N B'. By the latter, R% contains the relation (zcxp,zcxp). Since u has
length k& — 1, and since u®g = D C B’, it follows by induction that u ~ uzp,. But then

W =Uurc ~uUrprc ~urcrpg ~ Urcrp,
and the proof is complete. ]

We now return to the main proof. We have already observed that ®g is surjective, and that
Rp C ker(®pg), so it remains to show that ker(®g) C RﬁE. So suppose (u,v) € ker(Pg); we must
show that u ~ v. For w € X}, we have w®Prp = A & w = ¢ (the empty word), so it suffices
to assume that u and v are both non-empty. Let zp € Xg be any letter appearing in v, so
that v ~ vap (by R}E U RQE) Then u®p = v®p = (vep)Pp = v®r N B C B, so it follows from
Lemma 8.44 that u ~ uxp. Since this is the case for every letter appearing in v, it follows that
u ~ uv. By symmetry we also have v ~ vu, and since uv ~ vu (by R%), it follows that v ~v. [
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Remark 8.45. Lemma 8.41 can fail for non-strong independence algebras. Indeed, consider the
example from [18] discussed in Remark 8.11. Then with B = {a1,a2} and C = {as, a4}, both
maximal, we have codim(B) = 1, yet codim(BNC) = 3.

Theorem 8.40 also does not (quite) hold for this algebra A. According to GAP [50,91],
Mon(Xg : Rg) has size 15 in this case, while Sub(A) has size 12; it contains all subsets of
size # 3. We do, however, obtain a presentation for this Sub(A) by enlarging R3, to

{(1’3%’0,%’3/1’0/) : B, C, B/, C' e M&X(A), BnC=Bn C/},
as again confirmed by GAP. We leave it as an open problem to determine whether a similar
presentation exists for Subf(A) for an arbitrary (non-strong) independence algebra A.
8.5 Generating (finitary) automorphisms

The main purpose of this section is to prove results concerning (monoid) generating sets for the
automorphism group of a finite-dimensional independence algebra; in fact, we prove more general
results concerning finitary automorphisms, which we define below.

Let A be an independence algebra. As usual, the fiz set of a partial endomorphism o € PEnd(A)
is the subalgebra
Fix(a) = {z € dom(a) : zav = x}.

We also write
fix(a) = dim(Fix(av)) and cofix(a) = codim(Fix(c)).

Note that cofix(a) is called the shift of a in [18]|, and denoted s(a). We say o € PEnd(A) is
finitary if cofix(a) < Ny, and we write

PEnd{(A) = {a € PEnd(A) : cofix(a) < Rg}

for the set of all finitary partial endomorphisms of A, and similarly for End’(A), PAutf(A4) and
Autf(A). Of course we have

PEnd'(A) = PEnd(4) < dim(A4) < N,

and similarly with End’(A) and so on. When A is simply a set (with no operations), Autf(4) = G,
is the finitary symmetric group over A, consisting of all finitary permutations of A: i.e., the per-
mutations that move only finitely many elements of A.

Lemma 8.46. If A is a finite-dimensional or strong independence algebra, then PEndf(A) s a
submonoid of PEnd(A).

Proof. The result is clear for dim(A) < 8y. When A is strong it follows from the identity
cofix(af) < cofix(ar) + cofix(p) for a, p € PEnd(A).

This was proved in [18, Lemma 2.7| for (full) endomorphisms, and the proof there works un-
changed for partial endomorphisms. O

For any cardinal k, we define the set
I'y = {a € Aut(A) : cofix(a) = K}.

For example, I'g = {id4}. If k > dim(A) then 'y, = @.
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Theorem 8.47. Let A be an independence algebra, and let I' = I'y U T'y.  Then for any
a € Autf(A), we have o = By - - By, for some Bi,...,Br € T with Fix(a) C Fix(f;) for each i.
Consequently, Autf(A) C (T}, with equality if A is finite-dimensional or strong.

Proof. It suffices to prove the first claim, and for this we use induction on d = cofix(«). If d =0
then o = id4, and we take k = 0. If d = 1, then o € ', and we take k = 1 and 1 = a. (We
could include d = 2 in the base case(s), but we prefer not to, as it allows us to only use certain
elements of T'y, which will then be used in the next proof.)

We now assume that d > 2. We will show that there exists § € I" such that
cofix(af™')<d—1 and  Fix(a) C Fix(3). (8.48)

It follows from the latter that Fix(a) C Fix(a8~!). By induction, it follows from the former that
aBf~! =41y for some 71,...,7 € I such that each Fix(;) 2 Fix(a8~!) D Fix(a). Since
a ="+ - B, the inductive step will be complete.

For the rest of the proof, we fix a basis X for Fix(«). Since d > 0 we may also fix some
y € A\ Fix(a). Since y ¢ Fix(«) = (X), and since X is independent, it follows from Lemma 8.2
that X Uy is independent.

Case 1. Suppose first that yo € (X Uy). Note also that ya ¢ Fix(a) = (X). (Otherwise,
(ya)a = ya would imply ya = y, contradicting y ¢ Fix(«).) It then follows from (EP) that
y € (X Uya). Consequently, (X Uy) = (X Uya). Since X Uy is independent, we may extend
it to a basis X Uy U Z of A, and we note that |y U Z| = cofix(a) = d. So Z is a B-basis of A,
where B = (X Uy) = (X Uya). It then follows from Lemma 8.7 that X Uya Ll Z is also a basis
of A. Now let 8 be the endomorphism of A satisfying

b =z, yB = ya and zB =z forallz € X and z € Z.

Since § maps a basis bijectively to a basis, it is an automorphism. And moreover, the maximal
subalgebra (X L Z) is contained in Fix(f3), so it follows that cofix() < 1. Since yf = ya # v,
we cannot have cofix(8) = 0, so in fact 5 € I'y C I'. Certainly Fix(a) = (X) C Fix(8), and
since X Uy C Fix(aB™!), we also have cofix(af~!) < |Z| = d — 1. This completes the proof
that (8.48) holds in this case.

Case 2. Now suppose ya € (X Uy), and for convenience write y' = ya. It follows from
Lemma 8.2 that X U {y,y'} is independent, so we may extend it to a basis X U{y,y'} U Z of A.
This time we have [{y,y'} U Z| = cofix(a) = d, and we define 3 € Aut(A) by

rfp =z, yB =1, v =1y and zfB =z forallz € X and z € Z.

Since X LI Z C Fix(p) but y ¢ Fix(53), we have 1 < cofix(8) < 2, so § € I, and again we have
Fix(a) C Fix(8). Also, since X Ly C Fix(aB™!) we have cofix(af™!) < |ZUy/| =d -1, and
again (8.48) holds. O

Remark 8.49. In the above proof, we noted that the automorphism S constructed during
Case 2 satisfied cofix(3) < 2. It is actually possible that cofix(/3) = 1, so that in fact 5 € I'y. For
example, if A is a vector space, then X U{y,y+y'} U Z is also a basis of A, and (y+¢)8 = y+v'.
It follows that Autf(A) = (I'}) if A is a vector space.

Among other things, the next result shows that the situation just described is true of a wider
class of algebras:
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Theorem 8.50. Let A be an independence algebra.

(i) If A satisfies the conditions of Proposition 8.26, then Theorem 8.47 holds with T'yUT'y replaced
by FQ,

(ii) If A satisfies the conditions of Proposition 8.27, but not those of Proposition 8.26, then
Theorem 8.47 holds with I'y UT'y replaced by I'y.

(iii) If A satisfies either of the conditions of Lemma 8.3/, then Theorem 8.47 holds with T'y U9
replaced by I'y.

Proof. (i). In this case, the subalgebras of codimension 1 are of the form A\ z, and if an
automorphism fixes A \ x pointwise, it must also fix . So I'y = &, and the claim follows.

For later reference, it is worth discussing an alternative proof of this part. We know from
Proposition 8.27 that Aut(A) = {idc U« : o € Gx }, where again we write X = A\ C(A), and of
course it follows that

Autf(A) = {idcUa: a e G}

It is well known that finite symmetric groups are generated by transpositions. So too therefore
is the finitary symmetric group Qg(, and so Autf(A) is generated by automorphisms of the form
B = idc U (x,y) for distinct z,y € X (again using standard cycle notation). But for this 8 we
have Fix(8) = A\ {z,y} = (X \ {z,y}). Since X is independent, so too is X \ {z,y}, so Fix(3)
has codimension 2.

(ii). This is similar to the second proof of (i). Again we have Aut{(A) = {idc Ua:a € Gk},
where X = A\ C(A). So Aut!(A) is generated by automorphisms of the form 8 = idc U (z,%)
for distinct z,y € X, and we still have Fix(8) = A\ {z,y} = (X \ {z,y}). Since X is not
independent, but X \ z and X \ y both are, it follows that Fix(/3) is maximal, and hence has
codimension 1.

(iii). Looking at the proof of Theorem 8.47, it suffices to show that the automorphism /3
constructed during Case 2 can be expressed as § = ~17273, where each v; € I'y satisfies
Fix(a) C Fix(y;). To do so, we keep the notation of that part of the proof, and it will be
convenient to write U = X U Z. So U U {y,y'} is a basis of A, and 8 € Aut(A) acts via

ufl = u, yB =1 and yB =y for all u € U.

By Lemma 8.34(ii), we may choose some w € A such that w & (U Uy) U (U Uy'). It follows
quickly that U U {y,w} and U U {y’, w} are both bases of A. We then define ~;,72,v3 € I'; by
their action on the various bases by

uyl = u, uvy2 = u, uys = u,
Y =Y, y2 =1, vy =19,
Yy = w, wys = w, wys =y,

for each u € U. Verification that 5 = 17273 is straightforward, and we have Fix(a) = (X),
and X C U. O

Remark 8.51. As we observed in the proof, parts (i) and (ii) of Theorem 8.50 boil down to
the fact that finite symmetric groups are generated by transpositions. The standard Coxeter
presentation for a finite symmetric group involves (simple) transpositions [92]; this is stated in
Theorem 9.55 below. We believe it would be interesting to look for presentations for Autf(A) in
the cases that A does not satisfy the conditions of Propositions 8.26 or 8.27, but this is beyond
the scope of the current work. To our knowledge, such presentations are not even known in the
case that A is a finite-dimensional vector space.
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For infinite dim(A), generating sets for the full automorphism group Aut(A) can be very
complicated, even when A is simply a set (since G4 is uncountable).

Remark 8.52. Since vector spaces of dimension 2 < n < Vg satisfy the conditions of Lemma 8.34
(cf. Remark 8.37), Theorem 8.50(iii) implies the well-known fact that general linear groups are
generated by matrices whose fix spaces have codimension 1. Indeed, it is a basic fact of linear
algebra that every invertible matrix is a product of ‘elementary row operation’ matrices, and
one can easily see that the fix space of each such matrix has codimension 1. This is clear for
row operations of the form R; — AR; or R; — R; + Rj; for a row swap R; <+ R;, we use the
argument in Remark 8.49, with y and 3’ the ith and jth standard basis vectors.

Remark 8.53. Consider again the algebra A = {a, b, ¢,d} from Remark 8.31. Using the notation
of that remark, we have

Lo = {ida}, I' = {aq, a0} and Ty = {as, b1, B2, B3, Ba}.

Then A satisfies none of the conditions of Proposition 8.26, Proposition 8.27 or Lemma 8.34,
and one can check that

Aut(A) = (T'y) but (T'1) = {ida, a1, ag, ag) # Aut(A).

8.6 Action pairs and subsemigroups

Consider a partial endomorphism « : B — A, where A is an independence algebra. Since any
basis for B can be extended to a basis of A, it follows from (FBP) that o can be extended
to an endomorphism 8 : A — A. Note then that o = B[ = idp - £, so that every partial
endomorphism is a restriction of an endomorphism. This and more can be expressed in terms of
(strong) action pairs, as we explore in this section.

In what follows, we continue to write
5A:{1dBB§A}

for the semilattice of all partial identities of A. We observed in Section 8.2 that £4 is isomorphic
to the N-semilattice Sub(A). We also write

Sing(EA) =& \ {idA} = {idB B < A},

and we note that Sing(€£4) is a subsemilattice of £4, regardless of the dimension of A. We have
Sing(€4) = @ if dim(A) = 0.

Proposition 8.54. For any independence algebra A, the following are all strong action pairs
in PEnd(A):

Ea,End(A)),

(
(Sing(€4), End(4)),

(€4, Sing(End(A))) if dim(A) < Ry,
(Sing(€a), Sing(End(4))) 4f dim(A4) < Ry,
(€, Aut(4)),

(Sing(€a), Aut(A)).

Proof. This follows from Propositions 4.44 and 8.16, given (8.17) and (8.18). O
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Remark 8.55. In fact the previous result holds for an arbitrary algebra A (with the same proof),
but note that parts (iii) and (iv) hold precisely when Sing(End(A)) is a subsemigroup of End(A).
(When A is not an independence algebra, there might not be a meaningful notion of dimension.)

Each of the pairs (F, S) listed in Proposition 8.54 leads as usual to the subsemigroup ES of
M = PEnd(A). The next result identifies the set ES for each pair. Note that we do not assume
dim(A4) < Ng in the third and fourth parts; even though the stated equality still holds when
dim(A) > N, the subsets S and ES are not semigroups in this case.

Theorem 8.56. For any independence algebra A, we have:
(i) €4 -End(A) = PEnd(A),
(ii) Sing(€4) - End(A) = PEnd(A) \ End(A),

(ii) €4 - Sing(End(A)) C Sing(PEnd(A)), with equality unless dim(A) = 1 and A has no con-
stants,

(iv) Sing(€4) - Sing(End(A)) C PEnd(A) \ End(A), with equality unless dim(A) = 1 and A has

no constants,
(v) €4 - Aut(A) C PAut(A), with equality if and only if dim(A) < N,
(vi) Sing(€4) - Aut(A) C Sing(PAut(A)), with equality if and only if dim(A) < Ny.
Proof. The forwards inclusions are straightforward in each case (and trivial for (i)), given that
idp-a=alg for all @ € End(A) and B < A.
For cases (ii)—(vi), we additionally rely on (combinations of) the following simple observations:

o If B# A (ie., idp € Sing(£4)), then afp is not an endomorphism (and of course not an
automorphism).

o If o is not an automorphism (i.e., @ € Sing(End(A))), then neither is a[ . (Indeed, this is
clear if B = A, and follows from the previous point if B < A.)

e If o is injective, then so too is afg.

We now work towards the reverse inclusions. For this, we fix some a € PEnd(A), and write
B = dom(a). Let X be a basis of B, and extend this to a basis X LUY of A. Let f:Y — A be
an arbitrary function, so that a[x U f: X UY — A extends to an endomorphism 5 : A — A.
For any x € X, we have 8 = z«, so since X is a basis it follows that b3 = ba for all b € B.
Consequently, we have

a=0lg=idp B with idp € £4 and € End(A).

This completes the proof of part (i). For the other parts, we need to ensure that the additional
constraints on « (by virtue of belonging to the appropriate right-hand set) allow us to define f
in such a way that the appropriate conditions on § (and idg) hold, or else explain why the
backwards inclusions do not hold in the relevant cases.

(ii). If @« € PEnd(A) \ End(A), then B # A, so idp € Sing(£4).
(iii). First suppose dim(A) = 1 and A has no constants. Then by Remark 8.20(vii), we have

€4 - Sing(End(A)) = Sing(€4) - Sing(End(A))

& (8.57)
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and
Sing(PEnd(A)) = PEnd(A) \ End(A) = {&}, (8.58)
so we have strict inclusion in this case.
We now assume that dim(A4) # 1 and/or A has constants.

Suppose a € Sing(PEnd(A)). We must show that 8 can be chosen so that 8 € Sing(End(A)).
First, if @ € End(A), then o € Sing(End(A)) and B = A, so that § = a € Sing(End(A)). So
now suppose o € End(A). In particular, B < A, which implies Y # &, and so dim(A) > 1. Since
we have also assumed that dim(A) # 1 and/or A has constants, it then follows from Lemma 8.21

that Sing(End(A)) # @.

If X # @, then we fix some x € X, and simply ensure that yf = za for all y € Y; in this
case, af x U f is not injective, and so 8 € Sing(End(A)).

If X = @, then B = C(A) and a = idp (since every partial endomorphism fixes C(A)
pointwise). So in fact, « = idg - 8 for any f € End(A). In particular, we can take 8 to be any
element of Sing(End(A)), which we noted above is non-empty.

(iv). If dim(A) = 1 and A has no constants, then strict inclusion again follows from (8.57)
and (8.58). So now suppose dim(A) # 1 and/or A has constants, and let « € PEnd(A) \ End(A).
As in (ii), we have idp € Sing(£4). As in (iii), we can choose /3 so that 8 € Sing(End(A)).

(v). First suppose dim(A) > R, and fix any basis Z for A. Let z € Z, and let § be an
endomorphism extending some bijection Z — Z \ z. Then in fact § € Sing(PAut(A)). But if
B =idp-7y for some B < A and v € Aut(A), then from § = 7] it follows that B = dom(f) = A,
and so =y € Aut(A), a contradiction.

Now suppose dim(A) < V. Since o € PAut(A), it follows that X« is a basis for im(a) and

| Xa| = |X|. We then extend X« to a basis Xa U W for A, noting that |W| = |Y|, and let
f:Y — W be any bijection. Clearly then 8 € Aut(A).

(vi). The proof is essentially the same as (v). The same 8 € Sing(PAut(A)) deals with the
case dim(A) > Ng. When dim(A4) < Ry, we define f as above, and note that o ¢ Aut(A)
implies B < A. O

Remark 8.59. One might wonder if any of the pairs (E,S) in Proposition 8.54 are proper,
in the sense of Definition 5.25. By Proposition 5.29 this is equivalent to the left restriction
semigroup ES being proper, in the sense of Definition 5.7. But it is easy to see that this is never
the case (apart from trivially small exceptions). Indeed, id¢ is a left zero element of PEnd(A),
where C = C(A), and we have idc € E = P(ES) for each of the pairs (E,S) listed in the
proposition. It follows immediately that o = ogg = Vg (the universal relation) in each case.
The equivalence (5.8) becomes

a=p & dom(a) =dom(f) for all o, 8 € ES,

and this clearly does not hold (apart from trivially small exceptions).

On the other hand, it follows from Theorem 5.39 (cf. Theorem 5.11) that the left restriction
semigroup ES is covered by the proper left restriction semigroup

{(idp,a) e Ex S:idp=idg-a'} = {(idp,a) € Ex S : B C dom(a)}.

Remark 8.60. Part (ii) of Theorem 8.56 is a special case of the right ideal P°T = M \ T
discussed in Remark 4.45; cf. (8.17) and (8.18).

By Proposition 8.54, (€4, Aut(A)) and (Sing(€4), Aut(A)) are strong action pairs in PEnd(A),
for arbitrary A. Theorem 8.56 characterises the resulting subsemigroups £4 - Aut(A) and
Sing(€4) - Aut(A) in the case that dim(A) is finite. For the infinite case, we need the notion of
codimension from Definition 8.6:
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Theorem 8.61. For any independence algebra A, we have
(i) €a-Aut(A) = {a € PAut(A) : codim(dom(c)) = codim(im(ev))},
(i) Sing(£a) - Aut(A) = {a € PAut(A) : codim(dom(a)) = codim(im(a)) > 1}.

Proof. Since
Ea - Aut(A) = (Sing(€a) - Aut(A)) U Aut(4),

and since

Aut(A) = {a € PAut(A) : codim(dom(a)) = codim(im(a)) = 0},
it suffices to prove (i).

Beginning with the forwards inclusion, let o € £4 - Aut(A), so that o = idg - § = B[ for
some B < A and € Aut(A). Fix some B-basis X of A, and also write C' = im(a)) = Bf and
Y = X[(3. We first claim that Y is a C-basis of A. To see this, first note that since 3 is an
automorphism, we have A = (BU X) = (BU X)B) = (CUY). It remains (for the claim) to
show that Y is C-independent, and this is also straightforward. If y € (C' U (Y \ y)) for some
y € Y, then applying the automorphism 8!, we have y5~! € <BU (X\yﬁ_1)>, with yB~1 € X,
contradicting B-independence of X. With the claim established, and since f is injective, we then
have

codim(dom(a)) = codim(B) = | X| = | X | = |Y| = codim(C) = codim(im(«)).

Conversely, suppose o € PAut(A) is such that codim(B) = codim(C'), where we have written
B = dom(a) and C = im(«). Let X be a basis for B, and let Y and Z be B- and C-bases
for A, respectively. Since o : B — C' is an isomorphism, X« is a basis of C, and it follows from
Lemma 8.7 that X UY and Xa U Z are bases for A. Since |Y| = codim(B) = codim(C) = |Z|,
we may fix a bijection ¢ : Y — Z. Since X UY is a basis of A, we may define € End(A) to be
the endomorphism extending afy U¢: X UY — Xa U Z. Since afyx U ¢ is a bijection between
bases, it follows that g € Aut(A). For any € X we have 25 = xza, so since B = (X) it follows
that b = ba for all b € B. We then have a = ]z =idp - f € £4 - Aut(A). O

Remark 8.62. Theorem 8.61 holds for arbitrary dim(A). When dim(A4) < N, we have
dim(B) = dim(C') = codim(B) = codim(C) for B,C < A,
so parts (v) and (vi) of Theorem 8.56 follow from Theorem 8.61.

Remark 8.63. Note that £4 and Aut(A) respectively consist of all idempotents and units
of the inverse monoid PAut(A). It follows that €4 - Aut(A) is the largest factorisable inverse
submonoid of PAut(A). Theorem 8.61(i) is therefore a generalisation of the main result of [11],
which concerns the case that A is a set, and says that the largest factorisable inverse submonoid
of the symmetric inverse monoid Z4 is

Fa={aely:|A\dom(a)l=|A\im(a)l}.

(In this case, an arbitrary subset B C A is a subalgebra, and codim(B) = |A\ B].)
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Remark 8.64. It is worth considering Proposition 8.54 and Theorems 8.56 and 8.61 in the
special case that A = X is simply a set with no operations. As explained above, we then have
PEnd(A) = PTx, and so on. We then obtain the following strong action pairs in M = PTx:

(i) (&x,Tx),

Sing(€x), Tx),
E€x,Sing(Tx)) if | X] <R,

(
(
(
(Sing(Ex), Sing(Tx)) if | X| < Ny,
(Ex,Gx),

(Si

)
)
)
(iv)
)
(vi)
These action pairs give rise, respectively, to the following product semigroups:
(i) &x - Tx = PTx,

(ii) Sing(€x) - Tx =PTx \ Tx,
(ili) Ex - Sing(Tx) = Sing(PTx) if 1 # | X| < Ny,

(v) &x -Gx = Fx,

)
)
)
(iv) Sing(€x) - Sing(Tx) = PTx \ Tx if 1 # | X| < Ry,
)
(vi) Sing(€x) - Gx = Sing(Fx).

The results of the current chapter all have interpretations for these subsemigroups of PTx. We
will not explicitly state these, however, as they are more readily deduced as special cases of the
results of Chapter 9.

8.7 Congruence conditions

The action pairs (F, S) listed in Proposition 8.54 lead to the subsemigroups E'S of M = PEnd(A),
which are characterised in Theorems 8.56 and 8.61. In each case we have ES = (E x S)/6, as in
Proposition 4.46. Section 4.5 gave a number of conditions under which relatively small generating
sets exist for the congruence 6; such conditions also featured in a number of results of Chapter 6
concerning presentations for £S. The purpose of the current section is to identify which of these
conditions hold for the pairs in Proposition 8.54.

Lemma 8.65. Let (E,S) be one of the (strong) action pairs in PEnd(A) listed in Proposi-
tion 8.5/, with the exception of (E,S) = (Sing(€4),End(A)) in the case that dim(A) > No.
Then (E,S) satisfies at least one of the conditions listed in Lemma 4.61.

Proof. The pairs in parts (i), (iii) or (v) of Proposition 8.54 satisfy all the conditions of
Lemma 4.61, since £4 is a submonoid of PEnd(A); cf. Remark 4.62.

The other pairs (not including the stated exception) satisfy condition (viii), and hence also (x).
To prove this, we need to show that every element of ES has a right identity from FE. So let
a € ES, and put B = im(«). Since we clearly have o = « - id g, it remains to show that B # A.
For this, we consider the three cases (as listed in Proposition 8.54) separately.

(ii). Here Theorem 8.56 gives ES = PEnd(A) \ End(A), and dim(A) is finite (because the
infinite case is excluded in the lemma). Since « is therefore not an endomorphism, dom(«) is a
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proper subalgebra of A, and hence dim(dom(«)) < dim(A), as the latter is finite. It follows that
dim(B) = dim(im(a)) < dim(dom(«)) < dim(A), and so B # A.

(iv). The proof is essentially the same as for (ii), except that finiteness of dim(A) is built into
the assumption of this case in Proposition 8.54.

(vi). Here we use Theorem 8.61(ii), which tells us that codim(B) > 1, whence B # A. O

Remark 8.66. When dim(A) > N, (E,S) = (Sing(£4), End(A)) does not satisfy any of the con-
ditions of Lemma 4.61. Indeed, in this case Theorem 8.56(ii) gives E'S = PEnd(A)\End(A4), and
if o is any partial endomorphism with dom(«) # A = im(«), then no element of E = Sing(£4) is
a right identity for . This shows that condition (viii) of Lemma 4.61 does not hold, and hence
neither do any of the other conditions. (No such « exists if dim(A4) < Ny.)

Remark 8.67. In the above proof we showed that condition (viii) of Lemma 4.61 was satisfied
for the cases in which F = Sing(€4), apart from the excluded case; condition (x) therefore holds
as well. On the other hand, condition (vii) is never satisfied (in these cases), apart from trivially
small exceptions. Examining the flow of implications in Lemma 4.61, it follows that none of
(1), (iii)—(vii) or (ix) hold. Condition (ii) is satisfied for (E,S) = (Sing(€4), Sing(End(A)) with
dim(A) < Ng, but not for the other two pairs.

It follows from Lemma 8.65 that Lemma 4.65 applies to each of the action pairs listed in
Proposition 8.54, with the exception of (Sing(€4), End(A)) in the case that dim(A4) > Ry. More
powerful results from Section 4.5—such as Lemmas 4.71, 4.73 and 4.74, and also Theorems 6.28
and 6.44 from Chapter 6—involve pairs (E, S) with F a (commutative) monoid, satisfying various
conditions on joins of the right congruences 6, (or ©.) or sub(semi)groups Se, for e € E. The pairs
(E,S) from Proposition 8.54 with E = Sing(€4) are therefore excluded. Thus, the remainder of
Section 8.7 concerns pairs (E,.S) where:

e F=¢64={idp: B < A}, and

e S is one of End(A), Sing(End(A)) or Aut(A), where we must additionally assume that
dim(A) < Np in the second case.

Our main goal here is to determine which of the above-mentioned conditions hold for these pairs.

Recall that for B < A, we have the right congruence 64, on S, defined by

biay = {(a,8) € S x S:idp-a=idp-B} = {(a,8) € Sx S :alg = Blp}. (8.68)

(Since this depends on S, we will be careful to specify which of the above choices of S statements
apply to.) To simplify notation, we write p for 6iq,,. It is clear that (for any S)

BCC = 0g260c for all B,C < A. (8.69)

It is also worth noting that afz = B[ (i-e., (o, B) € 0p) if and only if o and § agree on a basis
of B.

The next two results apply to strong independence algebras (cf. Definition 8.10). The first
shows that Lemma 4.71(ii) applies to the pair (€4, End(A)) for strong A:

Proposition 8.70. If S = End(A) for a strong independence algebra A, then g V 0c = 0pnc
forall B,C < A.

Proof. By (8.69), we have 0p,0c C pnc, and hence 6V 0o C Op~c. Thus, it remains to show
that Opnc C 0 V 0¢c. To do so, fix some («, 5) € Opnc, meaning that

a, B € End(A) and alpne = Blene-
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Fix a basis X for BNC, and extend this to bases X 1Y and X U Z for B and C, respectively. By
Lemma 8.12, X LY U Z is independent, so there exists an endomorphism v € End(A) extending
the map
r—za=z83 forze X,
XUYUZ—=A:Qy—ya fory e,

zwzf for z € Z.

Since v agrees with « on the basis X UY of B we have (a,7) € 6. Similarly, (v, ) € 6¢, so it
follows that (a, 8) € Op V O¢, as required. O

The situation for the pair (€4, Sing(End(A))) is almost the same as for (£4,End(A4)), with
one exception (when dim(A) = 2 and A has no constants). The next result concerns the right
congruences Op = Ojq, on Sing(End(A)) U {ida}, defined in (6.35). It is again clear that
BCC = Op20¢forall B,C < A, cf. (8.69).

Proposition 8.71. If S = Sing(End(A)) for a finite-dimensional strong independence algebra A,
and if [dim(A) # 2 or A has constants|, then Op V ©¢c = Opnc for all B,C < A.

Proof. Again we must show that ©pnc C ©p V O¢. This is clear if B and C are comparable in
the inclusion order, so suppose instead that B and C' are incomparable, and let («, 3) € Opnc.
Fix a basis X for BN (', and extend this to bases X LY and X Ll Z for B and C, respectively.
So again X UY U Z is independent. While it is possible for X to be empty, both Y and Z are
non-empty (by incomparability). We now consider separate cases. In each one, we define three
singular endomorphisms 71, 72,73 € Sing(End(A)) such that

aOp v O¢c 72 OB 73 O¢ B, (8.72)

which leads to (a,8) € ©p V ©¢. The verification that 71,72,73 are indeed singular, and
that (8.72) holds, is left to the reader.

Case 1. If X # &, then we fix some g € X, and we let 71, 72,73 be any endomorphisms such
that forz € X,y €Y and 2z € Z,

xy1 = xa = zf, Ty = v = xf3, xy3 = xo = 3,
yn = yao, Y2 = Toq, Y3 = To,
21 = Toa, 272 = ZoQ, 2y3 = zf3.

Case 2. If X = @ and A has a constant ¢, then we let 71, 72,73 be any endomorphisms such
that for y € Y and z € Z,

yn =ya, Yy2 = ¢, Yy = ¢
21 = ¢ Y2 = ¢, 23 = 2.

Case 3. Finally, suppose X = @ and A has no constants. By the assumption in the statement of
the lemma, we have dim(A) # 2, and so since dim(A) > |Y|+|Z]| > 2, we must have dim(A) > 3.
By symmetry we may assume that |Y| > |Z]|, and we fix some yy € Y. We also extend Y LI Z
to a basis Y U Z U W for A, noting that W could be empty. We then let 71,72,73 be any
endomorphisms such that fory € Y, 2z € Z and w € W,

yn = ya, Y72 = Yoo, Y73 = Yo,
271 = Yoo, 272 = Yo« 2y3 = 23,
wy1 = Yoo, wy2 = Yoo, w3 = Yol.

(Singularity of y; and 7y, is clear, and also of 43 when W # @. If W = &, then 3 < dim(A) = |Y'| + |Z]
and |Y'| > |Z| force |Y| > 2, and singularity of 3 quickly follows.) O
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Proposition 8.71 excluded the case in which dim(A4) = 2 and A has no constants. We will
soon show, in Proposition 8.74, that a weaker (but equally powerful) condition holds in this case;
cf. Remark 8.75. We begin with a lemma.

Lemma 8.73. Suppose A is a two-dimensional independence algebra with no constants. Then
for any a € Sing(End(A)) U{ida} we have (a,ida) € ©p V O¢ for some B,C € Max(A).

Proof. Only the case a # id4 needs proof. Fix a basis {z,y} for A, and write u = za and
v = ya. Since « is singular, and since A has no constants, we have rank(a) = 1, and it quickly
follows that im(a) = (u) = (v). Let By = (z), Ba = (y) and C = (u) = (v); each is maximal,
by Proposition 8.22. Since C' # A = (z,y), we may assume by symmetry that z ¢ C = (u). It
follows from Lemma 8.2 that {x, u} is independent, and hence a basis for A. In this case we define
B € Sing(End(A)) with 28 = uf = u. Then a Op, 5 O¢ id4, so that (o,ids) € 0p, VOc. O

Proposition 8.74. If S = Sing(End(A)) for a two-dimensional independence algebra A with no
constants, then for any B < A we have

Op = \/ Oc.

CeMax(A),
BCC
Proof. Fix B < A, and write ¥ = {C' € Max(A4) : B C C'}. By the assumptions on A, either
B =@(=C(A)) orelse B € Max(A). In the latter case we have ¥ = { B}, and the result is trivial.
So now we assume that B = &, and here we have ¥ = Max(A). Since Op = Oy = Vg1, we must
show that \/ceppax(a) ©c = V1. For this it suffices to show that any o € S = Sing(End(4)) is
o-related to id4, where o = \/CeMaX( A) O¢, and this follows immediately from Lemma 8.73. [

Remark 8.75. Proposition 8.71 feeds into Theorem 6.44(ii), and shows that (in the nota-
tion of Theorems 6.36 and 6.44) relations Ry may be replaced by R} for the pair (U,S) =
(€4,Sing(End(A))). Note that R] is defined with respect to a fixed generating set V = Xy ¢y for

U = €4, coming from a presentation U = Mon(Xy : Ry). When A is finite-dimensional, Proposi-
tion 8.22 (cf. Theorem 8.40) tells us that the most obvious generating set V for U = £4 = (Sub(A),N)
is

V = {idp : B € Max(4)}.

Proposition 8.71 excluded the case in which A is two-dimensional and has no constants. However,
Proposition 8.74 shows that Theorem 6.44(i) applies in this case with respect to the same set
V = {idp : B € Max(A)}, so that relations Ry may be replaced by R} in the notation of that
theorem. It follows that in fact Ry = R in this case.

Remark 8.76. Even though Proposition 8.71 excluded the case in which dim(A) = 2 and A
has no constants, the conclusion of the proposition may still hold in this case. For example,
suppose A = {1,2} with no operations, so that S = Sing(End(A)) = Sing(72) = {«, 8}, where
a = (1%)and B8 = (12). Recall that Proposition 8.71 only needs proof when B and C are
incomparable, and up to symmetry this is only the case when B = {1} and C' = {2}. But here
we have a ©p id4 and B O¢ id4, and it quickly follows that ©p V ©¢c = Vg1 = O = Opnc.

Keeping Remark 8.75 in mind, in order to give presentations for PEnd(A) and Sing(PEnd(A)),
we will need to have generating sets for the right congruences 6 and ©p for B € Max(A). It
turns out that these are extremely simple:

Lemma 8.77. Let A be an independence algebra with dim(A) > 1, and additionally assume
that dim(A) > 2 if A has no constants. Then for any B € Max(A), the right congruence 0p on
End(A) is generated by the pair (c,id4) for any idempotent o € End(A) with im(a) = B.
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Proof. Throughout the proof we write o for the right congruence on End(A) generated by (a,id4).
Since o maps im(a) = B identically (as it is an idempotent), we have idg-a = idp = idg-id 4.
This shows that (a,id4) € 0p, and so o C 0p.
For the reverse inclusion, fix some (3,7) € 0p. For any € A we have za € B (as im(a) = B),
so since B[ = [ g it follows that z(af) = (za)8 = (za)y = z(ay), so that aff = ary. But also,
since id4 0 «, and since o is a right congruence, we have 8 =idg-focaf =ayoidg-y=~v. O

The next result has essentially the same proof:

Lemma 8.78. Let A be an independence algebra with dim(A) > 1, and additionally assume
that dim(A) > 2 if A has no constants. Then for any B € Max(A), the right congruence ©p
on Sing(End(A)) U{ida} is generated by the pair (o,ida) for any idempotent o € End(A) with
im(a) = B. d

Remark 8.79. Lemmas 8.77 and 8.78 excluded the case in which dim(A) = 1 and A has
no constants. But in this case PEnd(4) = Aut(A) U {@} and Sing(PEnd(A)) = {@}, as in
Remark 8.20(vii). So it is trivial to derive a presentation for PEnd(A) from a presentation for
Aut(A), and of course a presentation for Sing(PEnd(A)) is trivial.

We now move on to the pair (€4, Aut(A)), and here we do not need to assume A is strong.
Since Aut(A) is a group, Lemma 4.73 applies, and shows that a generating set for the congruence 6
may be constructed using (generating sets for) the subgroups

Siap = {a € Aut(A) :idp =idp - a} = {a € Aut(A) : o = idp} for B < A. (8.80)

For simplicity again, we will abbreviate Siq, to Sp. Note that we have the alternative formulation
in terms of fix sets:

Sp = {a € Aut(A) : B C Fix(a)} for B < A.

Lemma 4.74 gives conditions on these subgroups under which the generating set for 6 from
Lemma 4.73 can be reduced further. The simpler of the two conditions is in Lemma 4.74(ii), and
says (in this case) that SpV Sc = Spne for all B,C' < A. Unfortunately, this does not hold in
general, even in the simple case that A is a set of size > 2 (with no operations), where Aut(A) is
the symmetric group G4. For example, if A = BU C, with B and C' both non-empty, then each
element of S and S¢ fixes B and C setwise; so too therefore does each element of SV Sc.
However, Spnc = Sy is all of G4. Despite this, we will now show that the weaker assumption of
Lemma 4.74(i) does hold for the pair (€4, Aut(A)) when dim(A) = n < Ny, with respect to the
set
V={idp:B<A n—2<dim(B)<n-1}.

Proposition 8.81. Let A be an independence algebra with dim(A) = n < Vg, and let
Q={B<A:n-2<dim(B)<n-1}.

Then for any B < A we have
Se=\ Sec.

ceq,

BCC
Proof. As explained in Remark 4.75, we only need to demonstrate the forwards inclusion. So
let « € Sp, and fix a factorisation o = 31 - - - Bk, for p1,...,08r € I'1 UT'9, as in Theorem 8.47.
Also write C; = Fix(f;) € @ for each i, so that each C; O Fix(a) 2 B. But then

a=p1Br€8c V- VSo C \/ Se. O

ceq,
BCC

132



Remark 8.82. As in Theorem 8.50, the set @) in Proposition 8.81 can be replaced by
{B<A:dim(B)=n—2} or {B < A:dim(B)=n—1},

as appropriate, if the various conditions of Propositions 8.26 and 8.27, or Lemma 8.34 hold.

8.8 Presentations

We conclude Chapter 8 by discussing presentations for the semigroups
T, = PEnd(A4), T, = Sing(PEnd(A)) and T3 = PAut(A),

where A is a finite-dimensional strong independence algebra. As we have seen, each arises as a
product T; = ES;, where £ = £4 and

S1 = End(A4), Sy = Sing(End(A)) and S3 = Aut(A).

We have already noted that presentations are not known for the S; in general. However, it is
possible to describe presentations for each T; modulo a presentation for the corresponding S;.

For example, suppose S = End(A) has presentation Mon(Xg : Rg) via ¢g : X§ — End(A).
We know from Theorem 8.40 that F = £4(22 Sub(A) = Sub’(A)) has presentation Mon(Xf, : R)
via ¢p : X}, = E : zp — idp. It then follows from Theorem 6.5 that ES = PEnd(A) has
presentation

M0n<XE UXs: REURsUR1 U RQ>,

where the additional sets of relations Ry and Rq are as follows. For the former (and making the
respective notational substitutions z and xp for the letters x € Xg and y € Xg(= Xy) in the
original definition of R; in (6.3)), we have
Ry = {(zap,"zp-2) : z € Xg, B € Max(A)},
where *zp is some word over Xy mapping to **sidg = id B(z6g)-1- As explained in Remark 6.6
(see (6.9), by Proposition 8.70 and Lemma 8.77 (and excluding trivial small cases), we can take
Rq = {(ﬂ:B,xBNS(aB)) :Be Max(A)},

where for each B € Max(A), ap € End(A) is some fixed idempotent with image B, and where
Ns : End(A) — X% is a normal form function.

The situation for S = Sing(End(A)) is very similar. We first note that (E,S) satisfies
Assumption 6.33, with F commutative. We may therefore apply Theorem 6.44, Propositions 8.71
and 8.74, and Remark 8.75. The latter explains whether to use part (i) or (ii) of Theorem 6.44,
but in either case the resulting presentation for Sing(PEnd(A)) has the form

Sgp(XpUXg: ReURsURy URY),

where this time Sgp(Xg : Rg) is a presentation for S = Sing(End(A)). The sets Ry and R}
here have the same form as R; and Rq above (for S = End(A)). Note that *zp € X7}, might be
empty, but Ng(ap) € ng is always non-empty.

In the case that S = Aut(A), Theorem 6.5 and Remark 6.6 apply, drawing from Lemma 4.74(i)
and Proposition 8.81. These yield the presentation

Mon(XE UXs: REURsUR U RQ>,
where R; is yet again as above, and
Rq = {(zp,2p - Ns(a)) : B € Max(A), a € 'p}
U{(zpzc,zpac - Ng(o)) : B,C € Max(A), B#C, a € 'pnc}, (8.83)

where each I'p is a generating set for Sp = Siq,. Such generating sets can be deduced from

Theorems 8.47 and 8.50. As in Remark 8.82, we only need one of the two sets in the union (8.83)
if any of the conditions of Theorem 8.50 hold.

133



9 Wreath products and free acts

This final chapter concerns a number of (transformational) wreath products M ¢ S, where M is
an arbitrary monoid, and S is a subsemigroup of some partial transformation semigroup P7x.
The standard way to define the wreath product M Tx is as a semidirect product M¥X x Ty,
where MX is the direct product of |X| copies of M, and where Tx acts on the coordinates of
tuples from MX; the full definitions are given below. (This distinguishes the transformational
wreath products from the unrestricted wreath products considered implicitly in Section 5.4. The
unrestricted wreath product of M with T is the semidirect product M7X x Tx.)

There are (at least) two standard ways to generalise this construction of M Tx in order to
define M{PTx: either as a suitable subsemigroup or quotient of a semidirect product MOX xPTx,
where My is M with a zero adjoined. These definitions are of course interchangeable, but
among other things we will see in this chapter that action pairs provide a natural mechanism
for passing between the two viewpoints. When M is a group, M { PTx is isomorphic to the
partial endomorphism monoid of a free M-act of rank |X|. Since free group-acts are (strong)
independence algebras, it follows that the results of this chapter and those of Chapter 8 have
a common specialisation. We will sometimes be able to use results from Chapter 8 to assist in
proofs in the current chapter.

We begin in Section 9.1 with definitions and basic results, including that M P7x is a left
restriction monoid, and we comment on the above connection with free group-acts. The rest
of Chapter 9 then proceeds in two largely parallel strands. In Sections 9.2 and 9.5 we identify
two families of action pairs in M ! PTx, leading to natural subsemigroups such as M Tx,
M1Zx, MY (PTx \ Tx), M 1Sing(PTx) for finite X, and so on. Sections 9.3 and 9.6 explore
‘congruence conditions’ that feed into general results from Chapters 4 and 6. In Sections 9.4
and 9.7 we apply these general results to obtain presentations for several of our wreath products;
see Theorems 9.33, 9.59, 9.68, 9.69 and 9.70. Taking M = {1}, these theorems reduce to well-
known presentations for various (partial) transformation semigroups |[1,25,27,28,32, 73,92, 100].

Throughout this chapter we will again often identify one-element subsets of X with their
unique elements, and so use abbreviations such as X \ z = X \ {z}.

9.1 Preliminaries

Let M be a monoid with identity 1, and X an arbitrary set. Let My = M U {0}, where 0 is a
symbol not belonging to M, acting as an adjoined zero element, even if M already had a zero
element.

We write MOX for the set of all X-tuples a = (az)zex over My; we usually abbreviate such a
tuple to a = (a;). As usual, M(f( is a monoid under the componentwise product. The identity
of MOX is 1 = (1)zex, the X-tuple with all entries equal to 1. Before we define our wreath
products, we fix some basic notation.

The support of a = (a;) € Mg is the set supp(a) = {z € X : a, # 0}. It is worth noting
that

supp(ab) = supp(a) N supp(b) for all a,b € M. (9.1

For B C X, we write 15 € Mg for the indicator function of B, defined by

1 ifx e B,

5=(b)  where {0 ifz€ X\ B.
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For a = (a;) € Mg, and for B C X, we write alg € Mg for the restriction of a to B, defined
by

a, ifze B,

alp=a-1lp=1p-a= (b, here by =
v p=lpa=l) W {0 ifze X\ B.

Note that supp(alz) = supp(a) N B.
The partial transformation monoid P7x has a left action on M(f( by semigroup morphisms,
defined for o € PTx and a = (a;) € Mg< by

if x € dom(a), 9.2)

0 otherwise.

“a = (by) where by = {am

It is worth noting that there are two ways for b, to equal 0 in (9.2); either ¢ dom(«) or else
x € dom(a) and aze = 0. This means that

supp(“a) = supp(a)a ! = {z € dom(c) : za € supp(a)} for all a € M;* and a € PTx.
(9.3)
The action from (9.2) has a natural diagrammatic interpretation, as shown in Figure 2 with
X={1,....6tanda=(32332%).

@) © @ @ @ @) —"a

ML N — MU

a— (@) @) @ @ @ @

Figure 2. The action of o € PTx on a € Mg from (9.2), with X = {1,...,6}.

It is clear that the action in (9.2) is monoidal: i.e., that ‘9Xa = a for all a € Mg, It is not,
however, by monoid morphisms, as for any o € PTx, we have “1 = 1g,1(q). It follows from this
that

“1=1 & aecTx. (9.4)

For any subsemigroup S < PTx, the action in (9.2) leads as usual to the semidirect product
Mé( xS = {(a7 a):ac Mé(, o€ S} with operation (a,a) - (b,B) = (a-“b,af).

If S is a submonoid of P7x, then (1,idx) is a left identity for Mz* xS, as the action is monoidal,
but it is only a right identity when the action of S on MOX is by monoid morphisms; by (9.4), this
is equivalent to having S C Tx. This all follows from Lemma 3.11, or by examining products of
the form

(a7 a) : (17idX) = (a : a17a) - (a : 1dom(a)7 a) - (ardom(a)7a)' (9'5)

In any case, when S is a submonoid of P7x, the local monoid of M(f( xS with identity (1,idx)
is (1,idx) - (Mgt x S) - (1,idx) = (Mg x S) - (1,idx). Using (9.5) it is easy to see that this is

(Mg % 8) - (1,idx) = {(a,a) € Mg* xS : supp(a) C dom(a)}. (9.6)

This leads us naturally to the following:
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Definition 9.7. For any set X, any subsemigroup S of PTx, and any monoid M, the (trans-
formational) wreath product M S is the set

M1S={(a,a) € M;gS % S : supp(a) = dom(a) }.

It is routine to check that M S is a subsemigroup of Mg x S. Indeed, given (a, a), (b, 8) € M9,
we have (a,a) - (b, ) = (a-*b,af), and (9.1) and (9.3) give

supp(a - “b) = supp(a) Nsupp(b)a~! = dom(a) Ndom(B)a~! = dom(ap).

Wreath products of this kind (and similar) have been studied by numerous authors. See for
example [11,15,18,69-72,79,85,109]. The introduction to [70] discusses some of the early history
of the idea, going back to the work of Specht [110].

Remark 9.8. If S C Tx, then every element (a,«) € M S satisfies supp(a) = dom(a) = X:
i.e., a € MX. In this case, we have M 1S = MX x S.

Given (9.5), it is clear that M S is a monoid whenever S is a submonoid of P7x.

The elements of M ! PTx, and their products, have a natural diagrammatic representa-
tion, which will be useful in all the calculations to follow. Figure 3 gives an example with

X ={1,...,6}, and
= (123130 ma p=(132159),

When drawing an element (a, ) of M {PTx, we omit the label a, of upper vertex x if this label
is 0. We will also often omit the label if it is 1. One can tell whether an omitted label is 0 or 1
by the non/existence of an edge at that vertex. See Figures 4-10.

A

Figure 3. Elements of M PTx (left) and their product (right), with X = {1,...,6}.

An important special case arises when M is a group, when wreath products can be viewed
as (partial) endomorphism monoids.

Example 9.9. For an arbitrary monoid M, the class of M-acts forms a variety. Consequently,
free M-acts exist, and a number of equivalent characterisations exist; see for example [69)].
Roughly speaking, the free M-act of rank p can be thought of as p disjoint copies of M, with the
action coinciding with multiplication in M. More formally, given a set X, the free (left) M-act
over X is the algebra Fx (M) with:

e underlying set M x X, and

e a unary operation f, for each a € M, defined by f,(b,x) = (ab, x).
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It is known [117] that Fx (M) is an independence algebra (of dimension | X]|) if and only if M is
a group. In this case, we have

PEnd(Fx(M)) = M PTx, PAut(Fx(M)) = M Zx,
End(Fx(M)) = M Tx, Aut(Fx(M)) =2 M 1Gx.

For example, the isomorphism PAut(Fx(M)) = M1 Zx (with X finite) was demonstrated in [11,
Theorem 2.2|, and the argument there works virtually unchanged for the others (for any X).
Thus, the group case of any result proved in this chapter can also be viewed as a special case of
a result from Chapter 8 (when A is a free group-act).

When M is not a group, we do not have the above isomorphisms. Indeed, the proof in the
group case relies on the fact that the subalgebras of Fiy (M) are all of the form Fy (M) =M xY
for some Y C X, but this is no longer true when M is not a group. For example, I x X is a
subalgebra of F'x (M) for any left ideal I C M. More generally, one can show that the subalgebras
of Fiy(M) are precisely the subsets of the form (J,cy (Iy X {y}), where Y is an arbitrary subset
of X, and where each I, (y € Y) is a left ideal of M. (When M is a group, each I, = M,
as groups have no proper non-empty left ideals, and then the subalgebra in question is just

M xY = Fy(M)))

Returning now to the more general discussion of wreath products, we fix a monoid M, a
set X, and a subsemigroup S < PTx. It is important to note that M .S contains a natural copy
of S, namely:

S = {(ldom(a),oz) ca €St
In this way, M ¢ PTx contains the semilattice
5)( = {ldB : B g X} = {(1B,idB) : B Q X}

of partial identities. As in Chapter 8, we also write Sing(€x) = Ex \ {idx}.
It is easy to see that for all (a,a) € M1 PTx and B C X, we have

idg - (a,a) = (alg,alp) and (a,) -idp = idgy-1 - (a, ). (9.10)
Figures 4 and 5 illustrate these identities, with X = {1,...,6}, B = {1,2,4,5}, and a =
(2233282).
° °
°
Figure 4. An example of idp - g,alp)in MU PTx, with X ={1,...,6}.

The next result is crucial in all that follows. As far as we are aware, it has not been stated
explicitly in the literature. Of course it follows from Proposition 8.16 in the special case that M
is a group, when M PTx = PEnd(Fx(M)) is the partial endomorphism monoid of the (inde-
pendence) algebra F'x (M).
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Figure 5. An example of (a,«) -idp =idg,-1 - (a,«) in M1 PTx, with X = {1,...,6}.

Proposition 9.11. For any set X and monoid M, the wreath product MYPTx is a left restriction
monoid under the unary operation (a,a)t = a* = idgom(a) = (1dom(a)s iddom(a))-

Proof. The identities (L1) and (L2) are clear. For (L3) and (L4), we use (9.10). We just give
the details for (L4), as (L3) is easier. So consider elements x = (a,«) and y = (b, ) from
M PTx, and write B = dom(f3). Then

ryt = (a,a)-idp and (ry)Tx =idp - (a,a) where D = dom(af) = Ba™!,
so 2y = (zy)Tx follows from the second identity in (9.10). O

In the notation of Section 4.3, we have

P(M1PTx)={(a,)" : (a,a) € M1 PTx} = Ex (9.12)
and T(M1PTx) = {(a,0) € M1 PTx : (a,0)" =idx} = M Tx. (9.13)

Next we note that we may also identify MOX with a submonoid of M PTx:

Mg( = {(a, idsupp(a)) rac M({(}
For a € Mg* and « € PTx, we have
a-a=(alg,afc) where B = dom(«) and C' = supp(a)
= (alp,alp) where D = dom(«) Nsupp(a). (9.14)

This is illustrated in Figure 6, with X = {1,...,6}, C = {1,2,4,5} and o = (% 2 %%gg). In
particular, if (a, o) € MUPTx, then supp(a) = dom(«), and so (a,a) = a-«. It is also important
to note that

a-a=%-« for all a € Mg* and a € PTx. (9.15)
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Indeed, this can be verified by directly showing that both sides evaluate to ((“a) [dom(a)s ¢ [supp(aa)),
keeping in mind the identifications & = (14om(a), @), etc. It is also easy to see diagrammatically;
cf. Figure 2.

.11
WW

Figure 6. An example of a-a = (&l gom(a)s @ supp(a)) I M 1P Tx, with X = {1,...,6}.

The remainder of this chapter will be split into two largely parallel strands, each dealing with
one family of action pairs:

e Sections 9.2-9.4 concern pairs of the form (E,S), where E = Ex or Sing(€x), and where
S <M Tx.

e Sections 9.5-9.7 concern pairs of the form (U, S), where U = M(f( or MX, and where
S <PTx.

The pairs of the first type are all strong, as are some (but not all) of the second type. No pair of
the first type is proper (apart from trivially small exceptions), but some of the second type are
proper.

9.2 Action pairs and subsemigroups I

Here is the first family of action pairs in M { PTx:

Proposition 9.16. For any set X and monoid M, the following are all strong action pairs
m M QI PTx:

(i
(ii

gx,MZTx),

Sing(€x), M 1 Tx),
(111 gx,MZSing(TX)) if ’X‘ < Np,
(v) (Ex,M1Gx),

) (
) (
) (
(iv) (Sing(Ex), M 1Sing(Tx)) if |X| < Ro,
) (
) (Sing(Ex), M 1Gx).

(vi
Proof. This follows from Propositions 4.44 and 9.11, together with (9.12) and (9.13). O

The next result characterises the semigroups ES arising from the pairs (F,S) in Proposi-
tion 9.16. Again, parts (iii) and (iv) do not assume that X is finite, even though Sing(7x) =
Tx\Gx and Sing(PTx) = PTx \Gx are not semigroups for infinite X; in these cases, MSing(7Tx)
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simply refers to the relevant subset of M ! Tx, and similarly for M Sing(P7x). (The | X| =1
cases are excluded in these parts because the left-hand sets are empty, and the right-hand sets
contain the empty map.) For parts (v) and (vi), we again write

Fx = {a €Ix :|X \dom(a)| = \X\im(a)\}.

As discussed in Remark 8.63, Fx is the largest factorisable inverse submonoid of Zx [14]. Note
that Sing(Fx) = Fx \ Gx is always an (almost-factorisable inverse) subsemigroup of Fx, even
when X is infinite; cf. Example 4.27.

Proposition 9.17. For any set X and monoid M, we have:

Proof. The proof is straightforward, and in each case we can use the relevant part of Theo-
rems 8.56 and 8.61, applied to PEnd(A) = PTx, where A = X is viewed as an independence
algebra with no operations.

For example, in (iii), the main work is in showing the backwards inclusion. For this, consider
some (a,«) from M Sing(PTx), where | X| # 1. By Theorem 8.56(iii) we have o = idp - 8 for
some 3 € Sing(Tx), where B = dom(c). And then for any b € M~ with a = b[g, we have
(a,) =idp - (b, 8), with (b, 5) € M ¢ Sing(Tx). O

Remark 9.18. As in Remark 8.59, and again excluding trivially small exceptions, none of the
action pairs (F,S) listed in Proposition 9.16 are proper. Hence (cf. Proposition 5.29), none of
the left restriction semigroups E'S in Proposition 9.17 are proper. But by Theorem 5.39 each ES
is covered by the proper left restriction semigroup

{(idp,(a,a)) € Ex S :idg =idp - (a,a)" } = {(idp, (a,a)) € Ex S : B C dom(a)}.

9.3 Congruence conditions I

In Section 9.4 we will use the results of Chapter 6 to give presentations for the semigroups
arising from (some of) the pairs from Proposition 9.16. We first examine which of the simplifying
conditions on the right congruences hold for these pairs.

Lemma 9.19. Let (E,S) be one of the (strong) action pairs in MVYPTx listed in Proposition 9.106,
with the exception of (E,S) = (Sing(Ex), M1 Tx) in the case that | X| > Rg. Then (E,S) satisfies
at least one of the conditions listed in Lemma 4.61.

Proof. This is proved in similar fashion to Lemma 8.65. Again, the cases in which F = Ex are

clear, and for those involving E = Sing(Ex) it reduces to checking (using Proposition 9.17) that
any element (a,a) of the semigroup ES satisfies im(a) # X. O
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As in Section 8.7, we now restrict our attention to the pairs (F,.S) from Proposition 9.16 in
which

o F=E&x,and

e S is one of M Tx, M Sing(Tx) or M Gx, where we must additionally assume that
|X| < Ng in the second case.

We are particularly concerned with determining which of the stronger congruence conditions
considered in Section 4.5 and Chapter 6 are satisfied by these pairs. Recall that these conditions
were stated in terms of the right congruences on S or S' defined, for each B C X, by

Oiay = {((a,a),(b B))eSxS:idp-(a,a) =idp - (b,ﬁ)}
={((a,a),(b,8)) € S x S:alg=blg, alp =L}

for S=M1Tx and S = MGy, and

Oidy = {(( ),(b,ﬁ)) €St xSt :idp - (a,a) =idp - (b, B)}
={((a,@),(b,8)) € S' x S ralg =blp, alz =Blz}

for S = M1Sing(Tx), where S1 = (M1Sing(Tx)) U{idx }. Again we will abbreviate these to 0
and ©p. Note that we do not use the sub(semi)groups Sp in the case of S = M Gx, since this
is not a group in general, even though Gx is.

Lemma 9.20. If S = M Tx for any X, then O\ 0c = Opnc for any B,C C X.

Proof. This follows quickly from Proposition 8.70. We need to show that any pair ((a, &), (b, 5))
from 0pn~c belongs to Op V O, so fix some such pair. Since afgnc = Blpnc, the pair (a,5)
belongs to the ‘@pnc relation of Tx’. So we let v € Tx be as in the proof of Proposition 8.70, so
that y[g = ag and [ = B]o. Since a|gnc = b|pnc, We may also define

a, ifzeB,
c=(cg) where e =10b, ifxeC, (9.21)

1  otherwise,
and then (a,a) 0p (c,7) 0¢c (b, 5). O
Lemma 9.22. If S = M Sing(Tx) for | X| < Yo, then OV ©O¢c = Opn¢ for any B,C C X.

Proof. This is similar to the proof of Lemma 9.20, with a little care taken for the |X| = 2 case
(cf. Proposition 8.71 and Remark 8.76).

Beginning with the case | X| # 2, we fix some ((a, «), (b, 3)) from ©pn¢, aiming to show it
belongs to ©p V O¢. We let 71, 72,73 be as in the proof of Proposition 8.71 (Case 1 or 3), and
take ¢ as in (9.21), and we have (a,a) Op (c,71) O¢ (c,72) OB (c,v3) O¢ (b, ).

For the | X| = 2 case, we assume without loss of generality that X = {1,2}. We need only
show that ©p V O¢c = Opnc when B and C are incomparable, and by symmetry the only case
to consider is B = {1} and C' = {2}. Since BN C = & and Oy is the universal relation, we
must show that every element of M ! Sing(7x) is (©p V O¢)-related to idx. So fix some such
(a,a) € M 1 Sing(Tx). By symmetry, we may assume that o = ({2). Write a = (a1, a2), and
set b = (1,a3). Then (a,a) O¢ (b,a) Op idx. O

Lemmas 9.20 and 9.22 allow us to simplify presentations for M ¢ PTx and M ? Sing(PTx)
arising from Theorems 6.5 and 6.36; see Remark 6.6 and Theorem 6.44(ii). To utilise these results,
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we need generators for the right congruences g and ©p in the case that | X \ B| = 1, and for
these we first recall the definition of certain idempotents from Tx. Given distinct z,y € X, we
denote by €, € Tx the unique idempotent with image X \ y and mapping y — x. That is,

if ze X
2eny = {Z ifzeX\y, (9.23)

xz ifz=uy.
See Figure 7 for e94 and e49, with X = {1,...,6}, but ignore the vertex labels.

Lemma 9.24. If S = M Tx for any X, and if B= X \y for somey € X, then 0p is generated
as a right congruence by any pair (€4y,idx) with x € B.

Proof. Let o be the right congruence generated by the stated pair. Since idp = idp - €4y, we
have o C 0. For the reverse inclusion, let ((a, ), (b,3)) € 0. So ajg = b|g and afg = S5,
and from these it quickly follows that 4, - (a, ) = €4y - (b, ). Since idx o €4y, and since o is a
right congruence, we have

(a,a) =idx - (a,a) 0 g4y - (a,@) = €4y - (b, 8) 0 idx - (b, 3) = (b, ). O

The proof of the next result is essentially identical.

Lemma 9.25. If S = M Sing(Tx) for |X| < RNg, and if B= X\ y for somey € X, then Op
is generated as a right congruence by any pair (€z,,idx) with x € B. O

Remark 9.26. In Lemmas 9.24 and 9.25, since the right congruences 6p and © g are generated by
the pair (g4, idx) for any x € B = X \y, they are also generated by the set {(e4y,idx) : z € B}
of all such pairs.

We now move on to the case of S = M Gx, for which we must assume X is finite. It will be
convenient to first give generators for the right congruences 6p for arbitrary B C X. To describe
these, we begin with some notation. For x € X and a € M, we write t,., € M X for the X-tuple
whose xth coordinate is a, and all other entries are 1. For distinct x,y € X, we write 7, € Gx
for the transposition that interchanges x and .

For the next lemma and its proof, recall that we identify a tuple a € MX with the element
(a,idx) of M Tx. The statement gives a generating set {25 for the right congruence g, and Qp
is a union of two sets of pairs. A typical pair from the first has the form (t,.,,idx), and as just
mentioned this is shorthand for the pair (t;.q,idx) = ((tz:q,1dx), (1,idx)). Similar comments
apply to the second set, where we identify (74,,idx) = ((1, Tzy), (1,idx)).

Lemma 9.27. Suppose S = M1Gx for |X| < Ro, and let T be a (monoid) generating set for M.
Then for any B C X, 0p is generated as a right congruence by the set

Qp = {(tm;a,idx) cx € X\ B, aGF}U{(Tmy,idX):x,yEX\B, ﬂ:#y}

Proof. Let o be the right congruence generated by (5. It is easy to check that Qp C 0p, so we
have o C fp. It remains to show that g C o.

First we claim that
ty.q 0 idx forallz € X \ Band a € M. (9.28)

To prove this, write a = ¢; - - - ¢, where ¢1,...,¢; € I'. Since (tg,,idx) € Qp C o for all 4, it
follows from Lemma 2.1 that tg.q = tg.c, - - - taye, 0 idx, and (9.28) is proved.
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Now let ((a,a),(b,3)) € 0p, so that alg = b[g and a[g = Bg. We must show that
(a,a) o (b,3). We begin by defining

a, =b, ifzxeB,

ce M¥ where Cp =
1 ifxe X\ B.

Without loss of generality, we may assume that X \ B = {1,...,k} for some k, and we note
that (9.28) gives t;,q, 0 idx for all 1 <14 < k. It follows from Lemma 2.1 that ti.q, - - - ty.q, o idx.
Since ¢ is a right congruence, it follows from this that a = t1,4, -+ t},,, - c 0 idx - ¢ = ¢, and
then in turn that (a,a) =a-aoc-a.

A symmetrical calculation gives (b,3) o ¢ - 3, so we can complete the proof by showing
that c-a o c- 3. Since alg = B|g, we have aTle = B¢ (the action is defined in (9.2)), so if
we write d for this tuple, then we have c-a =a-d and ¢ = f-d. (Indeed, for the former we
have a-d =%d-a = a(aflc) -a = ¢ «, and the latter is similar.) Since o is a right congruence,
it therefore suffices to show that ae o 5. In fact, since a = of~!- B and f =idy - 3, it is enough
to show that af~! o idx.

From afp = ], we see that a3~! fixes B pointwise, so we may write af~! = Tyrz1 " Tyz
as a product of transpositions, where y;,2; € X \ B for each 4. Since (7,,,,idx) € Qp C o for
all 4, it follows from Lemma 2.1 that a3~ ! = Tyrz1 " Tyz O idx, as required. ]

In Lemma 9.30 we show that the right congruences 6 on S = M Gx satisfy condition (i)
of Lemma 4.71. In order to do this, it is first convenient to prove the next lemma, which shows
that the stronger condition (ii) of the same lemma almost holds.

Lemma 9.29. If S = M Gx for |X| < W, then 0 V 0c = Opnc for any B,C C X with
(X\B)n(X\C)£o.

Proof. Write 0 = 0p V 0¢; as usual, it is enough to show that 8gnc C o. For this, it suffices to
show that the generating set Qpn¢ is contained in o (cf. Lemma 9.27). Much of Qpn¢ is in fact
contained in Qp U Q¢ (keeping X \ (BNC) = (X \ B)U(X \C) in mind). Up to symmetry, any
pair belonging to Qpnc \ (2B U$¢) has the form (7,,;idx ), for some x € X \ B and y € X \ C.
By assumption we may fix some z € (X \ B) N (X \ C), and we note that (7,,;idx) € Qp C o
and (7,.;idx) € Q¢ C o. It then follows from Lemma 2.1 that 7., = 7,,7y.7z, o idx, which
completes the proof. O

Lemma 9.30. Let S = M1 Gx for | X|=n<Rg, and let Q ={BC X :n—-2<|B|<n-1}.
Then for any B C X, we have
0= \/ bc.

Ceq,
BCC

Proof. If B = X, then g = Ag, the stated join is empty, and the result is trivial. If |B| =n—1
then we take kK =1 and C7 = B.

Now suppose |B| < n — 2, and write X \ B = {x1,...,2;}, noting that [ > 2. For 1 <i <
let C; = X \ {z;,xi41} € Q, so that B=C;N---NCj_;. Iterating Lemma 9.29, we obtain

O = 0010~~~OCL_1 = 9()1 VooV 601—1 C \/ Oc.

Ceq,
BCC

By (4.70), this completes the proof. O
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9.4 Presentations I
It is now possible to give explicit presentations for the three semigroups

o M2 PTx =Ex - (M Tx),
o M1Ix =Ex-(MU1Gx), and
o MSing(PTx) =Ex - (M Sing(Tx)),

where M is an arbitrary monoid, and where X is finite. Without loss of generality we may
assume that X = n = {1,...,n} for some fixed integer n, and to avoid trivialities we assume
that n > 2. As usual, we denote the semigroups involved by &,, 7,, and so on.

In what follows, we just give the full details for M ¢ Sing(P7,,), and indicate how to proceed
for MY PTx and M Zx in Remark 9.39; these other two (and more) will be treated fully in
Section 9.7.

To deal with MSing(PT,,) = &,-(MSing(T,)), we need presentations for &, and M @ Sing(7y,).
The following is well known (see for example [39, p. 115]), and is also a special case of Theo-
rem 8.40.

Theorem 9.31. For n > 0, the semilattice &, = {ida : A C n} has presentation Mon(Xg : Rg)
via o : X5 — &y, where:

o Xp={t1,...,tn},
o 1;pp = idy\; for alli,
° RE:{(t?,ti)ZiEH}U{(tit]’,t]‘ti)I’L',jen}. 0

Next we recall the presentation for M ¢ Sing(7,) from [11]. For distinct 4,j € n, and for
a,b e M, we define
a if k=1,
Eij:ab = (€,€45) € M Sing(Tp) where c,=14b ifk=j,
1 ifken)\{ij).

See Figure 7 for two examples with n = 6.

Figure 7. The generators €94.qp (left) and e42.qp (right) from M 1 Sing(7s).

The following is Theorem 5.2 of [11]. Theorem 5.9 of the same paper gives a presentation in
terms of the smaller (all-idempotent) generating set

{eijw:i,j€n, i#j, be M}

in the special case that the underlying monoid M has the property that its left ideals are totally
ordered under inclusion. In particular this property holds for groups, as they have no proper
non-empty left ideals. In the next statement, we abbreviate e;;,11 to e;; in the last two relations.
We display relations as equations, so writing u = v instead of (u,v), for readability; we also do
this for several subsequent presentations. (Note that Sing(7,) = @ if n < 2.)
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Theorem 9.32. For n > 2, the wreath product M Sing(Ty,) has presentation Sgp(Xs : Rg) via
¢s : X& — M Sing(Ty,), where:

L4 XS:{eij;ab:i7j € n, 27&]7 aabeM}7

L4 eij;ab¢5’ = Eij;ab fOT’ all i,j, a, b;

e Rg consists of the following relations, with a,b,c,d € M arbitrary, and i, j, k,l € n distinct,
in each:

€ij;ab€ij;ecd = €ijsac,be = €ji;baCijides
€ij;ab€kl;cd = €kl;cd€ij;abs
€ik;ab€ik;1c = €ik;ab,
€ik;ab€jk;cl = €kibaCji;clCik;11s
€ik;aa€jik;bl = €ik;11€k;b1€ik;als
€ij;abCik;cd = €ik;ac,d€ij;1,bc = €jk;bc,dCij;ac,1y
€ij;c,ad€ik;1,bd = €ik;c,bd€ij;1,ad = €jk;abCij;cds
€kiCij€jk = €ik€E;jCjiCik,
€ki€ij€jKCKI = €ikCkICL;iCijC;l- O
Note that in the above relations, products in M sometimes appear in subscripts of letters

from Xg, and additional commas are included to avoid any ambiguity. For example, in the first
relation, the two subscripts from M appearing in €;j.q¢5. are ac and be.

Here then is the promised presentation for M Sing(PT,).
Theorem 9.33. Forn > 2, and with the notation of Theorems 9.51 and 9.32, the wreath product
M 1 Sing(PT,,) has presentation Sgp(Xp U Xs : Rg U Rs U R) via

€ij:ab 77 Eijabs

®: (XpUXg)T — M1Sing(PT,) : '
tl' — ldn\ia

where R consists of the following relations, with a,b € M arbitrary, and i,j,k € n with i,j
distinct, in each:

€ij:ab Zf k= j7
€ijiabtk = § titj€ijay  Uf k=1, (9.34)
tk€ij.ab otherwise,

tjeij = tj. (9.35)

Proof. This is obtained from Theorems 6.44(ii), 9.31 and 9.32, and Lemmas 9.22 and 9.25.
Explicitly, these results lead to the presentation Sgp(XpU Xg : RpU Rs U Ry U R)) via @,
where

Ry = {(eij;abtkaeij;abtk : eij;ab) v, g,k €mn, 1 £, a,b € M} (9'36)
and Ry = {(t;N(a),t;N(B)) : j € n, (o, B) € Q;}, (9.37)

where
e “iabty is a (possibly empty) word over Xz mapping to “@iebidy,

e N : M Sing(7,) — XJ is a normal form function, and additionally N(id,) = ¢, and
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e (; generates Op\; = Oiq,,, ; as a right congruence.

(Note that Rs from Theorem 6.44(ii) is empty because the action pair (&,,Sing(7,)) is strong.)

By direct computation, we can take

L if k=7,
eij;“btk = tit]’ if k=1,

t;  otherwise,

and then R; is precisely the set of relations in (9.34).

By Remark 9.26, we can take Q; = {(aij,idx) (i€ n\j}, and then R} is precisely the set
of relations in (9.35). O

Remark 9.38. The k = i case of (9.34) says e;j.ati = titj€ij.qp- One can show that (in the
presence of the other relations) this is equivalent the slightly simpler e;;.qpt; = tit;.

Taking M to be the trivial monoid, M ¢ Sing(P7,) = Sing(P7,), and the above presentation
reduces to the main result of [32].

Remark 9.39. One can adapt the above method to deal with
MUIPTy=E&,-(M1T,) and ML, =&, -(M1G,).

Here, in addition to the presentation for &, from Theorem 9.31, we need presentations for
M7, and M1 G,. Since the latter are (monoid) semidirect products M T, = M™ x T,
and MG, = M"™ x G,, one could obtain such presentations from Lavers’ Theorem 6.4. How-
ever, since we will deal with such wreath products in Section 9.7, we do not provide the details
here; see Theorems 9.59 and 9.68-9.70.

9.5 Action pairs and subsemigroups 11

We now move on to the second family of action pairs in M PTx. Recall that M PTx contains
natural copies of Mg* and PTx, via the identifications

a = (a,idgupp(a)) and @ = (1dom(a)s @) for a € Mg and a € PTx.

Proposition 9.40. For any set X and monoid M, the following are all action pairs in MUPTx,
with respect to the action (9.2):

(i) (Mg, PTx), (i) (Mg, Tx), (v) (MX,Tx),

(i) (Mg, Zx), (iv) (Mg",Gx), (vi) (M*,Gx).
For finite X, the following are also action pairs:

(vii) (Mg¥,Sing(PTx)), (ix) (Mg, Sing(Tx)),

(viii) (Mg, Sing(Zx)), (x) (MX,Sing(Tx)).
Proof. Given Lemma 4.18, it suffices to show that (MgX, PTx) is an action pair. For (A1), we
have already noted in (9.15) that o -a = “a -« for all « € PTx and a € M. For (A2) we need
to show that

a-a=b-f = a-at=b-BT  foralla,b e Mg and o, 8 € PTx,
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where at = 1 = 1gom(a) = iddom(a)- By (9.14), we have

a-a= (a rdom(a)7 «Q rsupp(a))7 a-at = (a rdom(a+)7 at rsupp(a))a
b-f= (b rdom(ﬁ)aﬁ[supp(b))? b- BJF - (b rdom(ﬁ+)7 /8+ rsupp(b))'
So the required implication quickly follows from:
o the identities dom(a™) = dom(a) and dom(a™ [gypp(a)) = dom(Afgypp(a))s

e the analogous identities for b and (3, and

e the fact that idg =idp <& C = D for C,D C X, noting that ™|
are both partial identities.

supp(a) and [ - [supp(b)

Remark 9.41. Pairs (v), (vi) and (x) from Proposition 9.40 have the form (MX,S). Any such
pair (M~ S) necessarily satisfies S C Ty, since M~ is not closed under the action of elements

from PTx \ Tx. Any such pair also has the right-uniqueness property. Indeed, it quickly follows
from (9.14) that

a-a=b-f = a=4 for all a,b € M~ and «, 8 € PTx.
But this is to be expected, since for S < Tx we have M1.S = MX x S; cf. Remark 9.8.

We now identify the strong and proper pairs from Proposition 9.40.

Proposition 9.42. Of the action pairs listed in Proposition 9.40, and apart from trivially small
exceptions:

(i) the strong pairs are precisely (iii)—(vi), (ix) and (x),
(ii) the proper pairs are precisely (v), (vi) and (x).

Proof. (i). The stated pairs are precisely those of the form (U, S) with S C Ty, so this part
follows immediately from Lemma 4.15(ii) and (9.4).

(ii). The stated pairs are precisely those of the form (M*X,S) with S C Tx. For each of these, we
have P(U, S) = {idx = 1}, so that 0 = Ag is the trivial relation. The required equivalence (5.26)
then becomes

a-a=b-j & a=Db and a=p for alla,b e M and o, 3 € S,

and this again follows immediately from (9.14).

The pairs not listed are all of the form (Mg*,S) with S < PTx. To show that these are not
proper we consider separate cases according to whether or not S C Tx. We must show that the
following fails for some a,b € Mg and o, 8 € S:

a-a=b-j = a-at=b-B" and aocB. (9.43)

Case 1. If S C Tx, then as above we have 0 = Ag, and o™ = 1 for all « € S. In this case, the
forwards implication in (9.43) fails for a = b = 0 and distinct a, 8 € S, where 0 = (0),ex € Mg
is the all-zero X-tuple.

Case 2. Now suppose S € Tx. By the form of the pairs in question, we have @ = idg € S,
and so 0 = @7 € P, so that 0 = Vg is the universal relation in this case. Here the backwards
implication in (9.43) fails for a = b =1 and any «, 8 € S with dom(a) = dom(5) but a # . O

147



Remark 9.44. As suggested by Case 1 in the above proof, one can make a general statement
about proper action pairs in a certain special case concerning zero elements. Indeed, suppose
(U, S) is a proper action pair in a monoid M with zero 0, and suppose additionally that 0 € U.
Since 0-s =0-t (and 0-sT = 0-t") for all s,¢t € S, it follows from (5.26) that s o ¢ for all
s,t € S, meaning that o = Vg for such pairs.

On the other hand, if (U, S) is a weak action pair with o = Vg, then it follows from Defini-
tion 5.25 that (U, S) is proper precisely when

us =vt < ust =ott for all u,v € U' and s,t € S.

This is of course an if-and-only-if version of the defining property (A2) from Definition 4.2.

It is a routine matter to determine the subsemigroups US of M ! PTx corresponding to the
action pairs (U, S) in Proposition 9.40. In the next statement, we again do not assume X is finite
in the parts involving singular subsets/subsemigroups, and we again refer to the subsemigroup
Fx < Ix from Remark 8.63; recall that Fx = Zx when X is finite.

Proposition 9.45. For any set X and monoid M, we have:

(i) Mg -PTx = M1 PTx, (vi) MX -Gy = MGx,
(ii) M({( Ix =M Iy, (vii) Mg - Sing(PTx) = M Sing(PTx),
(iii) Mg - Tx = M1 PTx, (viil) MY - Sing(Zx) = M 1 Sing(Zx),
(iv) Mg* - Gx = M Fx, (ix) Mgt - Sing(Tx) = M Sing(PTx),
(v) MX . Tx = M1 Tx, (x) M- Sing(Tx) = M 1 Sing(Tx). O

9.6 Congruence conditions II

We now examine the congruence conditions for the pairs from Proposition 9.40. Each such pair
is of the form (U, S), where S < PTx, and U is either Mg& or M, the latter only when S C Tx.
Since U is a monoid in each case, all such pairs satisfy all the conditions of Lemma 4.61, and
hence Lemma 4.65 applies to each pair, which then feeds into Proposition 6.1.

The stronger congruence conditions involve the behaviour of the right congruences and
sub(semi)groups

ba={(,B)€SxS:a-a=a-f} and Sa={a€S:a-a=a} for a € Mg<, (9.46)

or the related right congruences ©, on S', as appropriate. Such conditions then feed into one
of Theorems 6.5, 6.13, 6.28, 6.36 or 6.44, as applicable to the pair (U, S). Theorem 6.13 applies
when U and S are both submonoids, which obviously excludes the pairs with S C Sing(PT7x).
Theorem 6.44 (and indeed even Theorem 6.36) is not generally applicable to any of the pairs,
as Mg~ \ {1} and MX \ {1} are typically not subsemigroups. Thus, for the remainder of the
current section, we will only be concerned with the first six pairs from Proposition 9.40. By
Proposition 9.45, the four excluded pairs produce the following three product semigroups:

M 1 Sing(Tx), M Sing(PTx) and M Sing(Zx).

Presentations for the first two (for finite X') are stated above in Theorems 9.32 and 9.33. For
the third (again for finite X)), see [15].

We have so far restricted our attention to the first six pairs (U, S) from Proposition 9.40. In
fact, since we are primarily concerned with finding presentations for the corresponding subsemi-
group US (for finite X ), and since the same subsemigroup can arise from different pairs, as seen
in Proposition 9.45 (and recalling that Fx = Zx when X is finite), we can further restrict our
attention to the following four pairs:
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(a) (M({(7TX)7 (b) (M({(7QX)7 (C) (MX7TX)7 (d) (MngX)'

As in Proposition 9.45, these give rise to the following subsemigroups (respectively), where we
additionally assume X is finite in (b):

(a) M1PTx, (b) M1Zy, (c) M1Tx, (d) M1Gx.

Since the pairs (c) and (d) have the right-uniqueness property (cf. Remark 9.41), the congruence 6
is trivial, as are the right congruences 6, and sub(semi)groups Sa,. So in fact, we need only focus
on pairs (a) and (b) in the current section, though some of the results we prove are more general.

Lemma 9.47. Let a € Mg, and write B = supp(a). Then for any subsemigroup S < PTx we
have

Op =01, = {(Oéaﬁ) €ESxS:alp =BFB}-

Proof. Since alp = 15 -« for all a € PTx, we have 61, = {(,8) € S x S : alg =8Iz} by
definition.

Next, let a, 8 € S. Then since a = a - 15, we have

(,f)€b1, = 1p-a=1-f = a-a=a-1lp-a=a-1g-f=a-p = (a,B) € ba.
The converse follows quickly from (9.14) and the definition of 6,. O
Lemma 9.48. If S = Tx or PTx, then

Oap = 02 V Oy for alla,beMg(.
Proof. Throughout the proof we write B = supp(a) and C' = supp(b), so supp(ab) = BN C.
By Lemma 9.47, we need to show that
O1pnc = 015 V b1

Since 15 and 1¢ commute (and 11c = 1pn¢), it follows from (4.70) that we only need to show
the forwards inclusion. To do so, suppose (a, 5) € 01, so that a[g~c = B[ pnc- We then let
v € PTx be such that v[5 = alg and v[- = B[¢; in the case S = Tx we also define zy = z for
all z € X\ (BUC). We then have v € S, and o 0 v 0¢ 5. O

Remark 9.49. The previous result excluded the cases S = Zx and S = Gx since injectivity
of o and 8 does not imply that the v constructed in the proof is injective.

Lemma 9.48 concerns the congruence condition from Lemma 4.71(ii). However, that result
can only be applied if U is commutative, and since U = MOX or M, this is only the case if M
is commutative, and we do not need or want to assume this is the case. It turns out that while
part (ii) of Lemma 4.71 does not apply in general, part (i) always does. While this might seem
less desirable, it is in fact an improvement in this case, since we can choose the relevant subset
V C U to be rather a lot smaller than a generating set for U, at least when X is finite, as we
now explain.

For z € X, we write vy = 1x\; = idx\s, and we write
V={_v,:ze X}.
When X is finite we have
(Vy={1p:BC X} ={idp: BC X} =¢&x.
Again writing < for the relation in (4.67), note that
vy <a & 1z ¢supp(a) for all a € Mg" and z € X.

The following therefore verifies the conditions of Lemma 4.71(i) with respect to this V.
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Lemma 9.50. If S = PTx or Tx for |X| < o, and if a € Mg, then

Oa = \/ Oy, where B = supp(a).
z€X\B

Proof. By Lemma 9.47 we have 04 = 61,. Since 1p = H%X\B v, it follows from Lemma 9.48
that 613 = \/:L'GX\B HV;C' O

The proof of the next result is similar to (but easier than) that of Lemma 9.24. For this
result we do not need to assume that X is finite.

Lemma 9.51. If S = Tx, and if y € X, then O, is generated as a right congruence by any pair
(€zy,1dx) with x € X \ y. O

We now have all the information we need for the pair (Mg( , Tx ), so we now turn our attention
to (MOX,QX) for finite X. For a € MOX and o € Gx, we have o € S5 < («,idy) € 0, so by
Lemma 9.47 we have

Sa={a€Gx:alg=idp} where B = supp(a).
The next result immediately follows, where again 7, denotes the transposition (z,y).

Lemma 9.52. If S = Gx for |X| < No, and if a € Mg, then Sa is generated by the set
{2y 12,y € X\ B, z #y}. O

As in the proof of Lemma 9.29, it is then easy to show that
Sab = Sa V Sp for any a,b € Mg" with (X \ supp(a)) N (X \ supp(b)) # @. (9.53)

For distinct o,y € X, we write vyy = vovy = 1x\ (4} = ldx\ (4,4} The next result shows that
Lemma 4.74(i) applies to the pair (Mg*,Gx), with respect to the set

V=Avy z,yeX, z#y}

Lemma 9.54. If S = Gx for | X| < No, and if a € Mg, then

Sa = \/ Svay where B = supp(a).

z,yeX\B
z#y

Proof. If | X \ B| <1, then S, = {idx}, and the stated join is empty. If | X \ B| > 2, then we
argue as in the proof of Lemma 9.30, applying (9.53) in place of Lemma 9.29. U
9.7 Presentations II

We now assume that X = n = {1,...,n} for some integer n > 2, with the goal of giving
presentations for the wreath products

MPT, =M} -Tn, M1I,=M§-G,, M1To=M"-T, and M1G,=M"-G,.

The wreath products MSing(7,) and MSing(Z,,) were treated in [15,11], and M Sing(P7,,) in
Theorem 9.33. For the remaining wreath products listed above, we need presentations for M™,
M, G, and T,. For G, we have the following classical result, in which we continue to use the
notation 7, for the transposition (x,y) € Gp:
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Theorem 9.55 (Moore [92]). Forn > 2, the symmetric group G,, has presentation Mon(X¢ : Rg)
via ¢q : X — Gpn, where

o Xg={51,---,5n-1},
® 5;0G = Tiit1 for all i, and
o Ra consists of the following relations:

s? =1 for all i, sis5 = sj8; if |1 — j| > 1, 5i858; = 85885 if |[i — j| = 1. O

The first presentation for 7, was given by AizenStat [l], but it is convenient here to use
the following formulation from [30]; see also [73]. The statement (and following ones) uses the
maps ¢;; from (9.23).

Theorem 9.56 (Aizenstat [1|). Forn > 2, the full transformation semigroup T, has presentation
Mon(Xr : Rr) via ¢r : X} — Ty, where

o X7 ={s1,...,8n-1}U{A1,...; A1} U{p1,. o0y o1},
® ST = Tiit1, NPT = Eijit1 and pipr = i1, for all i,

o Rp consists of the following relations:

§T=tny,  N=N=pihi=siho=pisi, pi=pp = Nipi = sipi = Nisi,

Aidit1 = AiSiti, Pi+1Pi = Pi+1Si Aipit1 = Ai, Pit1Ai = Pit1,

Ait1Ai = Nidip1Ai = A1 Aidig, PiPit1 = PiPi+1Pi = Pi+1PiPi+15

Ai18i = SiSit1AiNit1, PiSi+1 = Sit15iPi+1Pis

5i8; = 5;5i, Aidj = AjA, PiPj = PjPi, if i —j| > 1,

5i\j = Ajsg, Sipj = PjSis if li — 1 > 1,

$i8j8; = 8;j5i5;, if |1 —j| =1,

)\ipj :pj)\l', ifj;éi,i—i—l, ]

The generators for G, and 7, from Theorems 9.55 and 9.56 are pictured in Figure 8.

1 % i n

AR

Figure 8. The generators \;¢r (left), s;0¢ = s;¢r (middle) and p;¢r (right), for 1 <i<n—1.

Presentations for M™ and M{} are easy to obtain (either directly, or by iterating Theorem 6.4
in the special case of direct products), so we fix notation for these as follows. For a € M
and i € n, we denote by a(¥ € M™ the n-tuple over M whose ith entry is a, and all other entries
are 1. (This tuple was denoted t;,, in Section 9.3, but the a® notation is more convenient for

our present purposes.) If a = (ay,...,a,) € M™, then a = agl) e a,(ln).
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We assume the monoid M has presentation
Mon(XM RM> via ¢M X}&—)M

For w € X3,, we write w = w¢ys. For each i € n, we define an alphabet XJ(\Z) = {x(i) cx € X}
(i) (4)

in one-one correspondence with X ;. For a word w = x1 - - -z}, € X}, we write w® = Ty Ty,
and we also define RE\? = {(w(i),v(i)) : (w,v) € Ras}. We then define the alphabet

Xam =XWPuux(,
and the set of relations
Ry = Rg\}[) U---u RE\Z) U {(m(i)y(j),y(j)x(i) cx,y € X, 1,5 €m, i # )
Theorem 9.57. With the above notation, M™ has presentation Mon(Xym : Rym) via

G 2 Xyn — M™ @ — 0, O

A presentation for M{ can be derived as a special case of Theorem 9.57, beginning instead
with a presentation for M. However, it is convenient to give a more explicit formulation, making
use of the fact that M is a subsemigroup of My by definition. For this, we additionally use the
notation of Theorem 9.31, in particular the alphabet Xg and the relations Rg. We define the
alphabet

X My = Xy U XEg,

and set of relations

Ry = Ryn URp U {(ti2D,29t) 1w € Xy, i,j €m, i # 5}
U {(tix(i),ti), (.%'(i)ti,ti) cx € Xy, 1 E n}.

Theorem 9.58. With the above notation, M has presentation Mon(Xpp : Ryp) via
(bMal : X&g — M(? A f(z), t; — 1n\i' U

The generators for M" and Mg from Theorems 9.57 and 9.58 are pictured in Figure 9, each
identified with a pair from M !PT, in the usual way.

1 7 n 1 % n

Figure 9. The generators ¥ (left) and 14\ = idny; (right).

We can now give the main results of this section, which are presentations for the wreath
products M .S, where S is one of G, T,, Z,, or PT,. It is convenient to begin with the largest
of these, M { PT,.
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Theorem 9.59. Forn > 2, the wreath product M { PT, has presentation

MOh(XM(gL UXrp: RM(gL URrU R>

via

\IIZ(XM(SLUXT)*—)MZ’P%:

ONESHOR
t; — idn\i7

Si > Tiit1,
Ai 7 Eiig 1,

Pi ©7 ity

where R consists of the following relations, with x € Xpy, 1 <i<n—1and 1 <k <n in each:

2+, if k=1,
sz = { 20, ifk=i+1, (9.60)
z®)g, otherwise,
( @D\ if k=1,
Niz®) = L\ ifk=1i+1, (9.61)
z®) ), otherwise,
pir®) = gD+ g =41, (9.62)
z®) p; otherwise,
Lit1Si if k=1,
Sit, = S ;85 ifk=1+1, (9.63)
Ltksl otherwise,
titiv1Ni if k=1,
it =S\ ifk=i+1, (9.64)
(793 otherwise,
pi if k=1,
pitk = < titiv1p6 ifk=1+1, (9.65)
tepi otherwise,

Proof. By Proposition 9.40 (Mg, 7,) is a strong action pair, and by Proposition 9.45 we have
MU PT, = My - Tp. Theorem 6.5 therefore applies, and tells us that M ¢ P7,, has presentation

MOn(XMél U X RM(? URrUR U RQ>
via ¥, where:
e R = {(xy,gﬁyx) cx € Xy, y € XMgL}, and

e Rg = {(N(a),N(b)) : (a,b) € Q} for any generating set € for the congruence 6 on
Mg x T,

In Ry, *y is a word over Xj/» mapping to 7. So we must find a suitable set of such words y,

for each combination of z = s;, A; or p;, and y = z®) or t;,. This has been carried out, and
the resulting relations are precisely (9.60)—(9.65), as can be easily checked. We give a sample
calculation in Figure 10 for the k = i,7 + 1 cases of (9.61).
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For the relations Rq, we begin by defining the tuples v; = 1y,\; = idy\; = ¢; ¥ for each i € n.
By Lemmas 9.50 and 4.71(i), we have 6 = Qf for

0= {((vi,oé)7 (vi,B)) :i€n, (a,p) € Qvi}7

where each (2, generates 0y, as a right congruence. By Lemma 9.51 we can take {2y, to be the
set consisting of the single pair (idn,&;+1,). That is, we can take

0= {((Vi75i+1,i)a (Vz‘,idn)) NS n}.

The resulting set Rq therefore consists precisely of the relations (9.66). U
1 i n 1 7 n
1 n 1 7 n

@ @

Figure 10. The k =i (left) and k = ¢ + 1 (right) cases of relation (9.61).

Remark 9.67. The relations in Theorem 9.59 contain a fair few redundancies. For example,
the following relations could all be deleted:

(i) the k =i+ 1 (or k = 1) cases of (9.60) and (9.63),

(ii) all of (9.61) and (9.64), or alternatively all of (9.62) and (9.65).

Indeed, for (i), we use R¢ and the k = ¢ case of (9.63) to transform s;t; 11 into t;s;41 as follows:
Silit1 = Sili+18iSi = $iSitisi — 1;S;.

(A similar calculation works for szt — x(i)si.) As an example calculation for (ii), we trans-
form A;t; into t;t;11\; using Ry, (9.63) and (9.65) as follows:

Aiti = pisit; = pitiv1si = titiv1pisi = titig1 i

Each of the remaining results will involve a restriction of the surmorphism ¥ from Theo-
rem 9.59, and a subset of the relations (9.60)—(9.66). The proofs of the next two results are
exactly as for Theorem 9.59, but with a little less to check.
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Theorem 9.68. Forn > 2, the wreath product M 1 G,, has presentation
Mon(Xym U Xg : Ryn U Rg U R)
via VI (x,muxg)+» where R consists of the relations (9.60). O
Theorem 9.69. For n > 2, the wreath product M 7T, has presentation
Mon(Xym U X7 : Rym U Rp U R)
via VI (x,nux,)- where R consists of the relations (9.60)(9.62). O
For the final result, we need to work just a little harder.
Theorem 9.70. For n > 2, the wreath product M Z,, has presentation
Mon(Xpp U Xg @ Ryp U Rg U R)
via \I/[(XMSLJXG)*, where R consists of (9.60), (9.63), and the following relations:
titiv15i = titi1. (9.71)
Proof. As in the proof of Theorem 9.59, we quickly obtain the presentation
Mon(XMgl UXg: Ryp URgUR U Rq),
where:
e R; consists of relations (9.60) and (9.63), and

e Rg = {(N(a),N(b)) : (a,b) € Q} for any generating set € for the congruence 6 on
Mg = Gp.

This time, Lemmas 9.52, 9.54 and 4.74(i) tell us that 8 = QF for
Q= {((Vl'j,idn), (VijaTij)) 1< < ] < ’I’L},

where vi; = viv; = 1\ = idagiyy = (ity)V¥ for each 1 < i < j < n, and 7 is the
transposition (¢, 7). Noting that 7;; = ((sj—1 - Si+1)8i(Sit1- - Sj—1))¢q, the resulting set Rq
then consists of the relations

titj = titj . (Sj,1 e 5i+1)5i(5i+1 e ijl) for each 1 S 1< ] S n, (972)

and we note that (9.71) contains only those with j = i 4+ 1. But it is easy to see that (9.63)
and (9.71) together imply (9.72). Indeed, writing ~ for the congruence generated by the claimed
set of relations Ry U Rg U R, it is easy to see that

ti(sj—1---sipr) ~ (sjo1--sip)ts - and  fi(sjo1--sign) ~ (51 sip)tipn,  (9.73)

and then
titj(sjfl R 5i+1)5i(5i+1 e ijl) ~ (8];1 e Si+1)titi+18i(8i+1 e ijl) by (973)
~(sj-1 0 siga)titipr (Sir - Sj-1) by (9.71)
~titj(sj—1 sip1)(Sit1 o 8j-1) by (9.73)
~ titj by Rg. O

Remark 9.74. Relations (9.71) are not included in the presentation from Theorem 9.59, even
though these relations obviously hold in the monoid M P7,. We leave it as an exercise to show
that (9.71) follows from the relations listed in Theorem 9.59.
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