LEFT ADEQUATE AND LEFT EHRESMANN MONOIDS II
GRACINDA GOMES AND VICTORIA GOULD

ABSTRACT. This article is the second of two presenting a new approach to left
adequate monoids. In the first, we introduced the notion of being T-proper,
where T is a submonoid of a left adequate monoid M. We showed that the
free left adequate monoid on a set X is X *-proper. Further, any left adequate
monoid M has an X*-proper cover for some set X, that is, there is an X*-
proper left adequate monoid M and an idempotent separating epimorphism
: M — M of the appropriate signature.

We now show how to construct a T-proper left adequate monoid P(T,Y)
from a monoid T acting via order preserving maps on a semilattice Y with
identity. Our construction plays the role for left adequate monoids that the
semidirect product of a group and a semilattice plays for inverse monoids. A
left adequate monoid M with semilattice E has an X *-proper cover P(X*, E).
Hence, by choosing a suitable semilattice Ex and an action of X* on Fx,
we prove that the free left adequate monoid is of the form P(X*, Ex). An
alternative description of the free left adequate monoid appears in a recent
preprint of Kambites. We show how to obtain the labelled trees appearing in
his result from our structure theorem.

Our results apply to the wider class of left Ehresmann monoids, and we
give them in full generality. Indeed this is the right setting: the class of
left Ehresmann monoids is the variety generated by the quasi-variety of left
adequate monoids. This paper, and the two of Kambites on free (left) adequate
semigroups, demonstrate the rich but accessible structure of (left) adequate
semigroups and monoids, introduced with startling insight by Fountain some
30 years ago.

INTRODUCTION

This article is the second of two concerning a variety of algebras LEM and its
sub-quasi-varieties, where LE M consists of monoids equipped with an additional
unary operation, denoted by a — a*. Thus the signature of our variety has a
binary, a unary and a nullary operation: we indicate this by writing the signature
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as (2,1,0). Our variety LEM is the variety of left Ehresmann monoids and is
defined by the identities:

lz =z, (zy)z = 2(yz)
where 1 always denotes the image of the nullary operation, and
ate=a, (aH)t =2, (@tyh)t =atyt, atyt =yt

a(xy)" = (2y)", (xy)" = (2y™)".

We remark that from the defining identities, the image E of the operation *
always forms a semilattice under the semigroup multiplication.

It is easy to see that if M is an inverse monoid, then M € LEM where we put
a™ = aa™!. However, LEM contains many other classes of monoids of interest.
It is generated by the sub-quasi-variety of left adequate monoids, and contains
the sub-variety of left restriction monoids, which itself is generated by the sub-
quasi-variety of left ample monoids. We refer the reader to [9] for background
and a selection of references demonstrating the many sources from which these
monoids spring. We stress that almost all of the previous results in this area relied
on the additional assumption of the ample identity zy™ = (zy™)x, which is easily
seen to hold for inverse monoids. This identity, innocent enough in appearance,
effectively forces monoids to have a structure bearing some resemblance to that
in the inverse case. Without it, new techniques are called for.

The forerunner to this article [1] was the first to consider the behaviour of left
Ehresmann monoids in full generality. Previously, structure results had relied
on imposing further conditions such as the ample identity, or by looking at the
two-sided case of adequate monoids [15, 7]. However, even in the two-sided case,
no progress had been made in the ‘McAlister’ direction, that is, in finding a
property P for left adequate monoids, such that all left adequate monoids with
property P are described by an accessible structure theorem, and such that every
left adequate monoid has a cover with property P. Our aim in [1] and here is to
remedy this situation.

Left adequate monoids were introduced by Fountain in [2] as monoids M for
which every principal left ideal is projective as a left M-act, and such that the
set B (M) of idempotents forms a semilattice. The former condition is equivalent
to every R*-class of M containing an idempotent; the latter guarantees that
this idempotent is unique. Denoting by a™ the (unique) idempotent in the R*-
class of a € M, it is easy to see that the class of left adequate monoids forms
a quasi-variety of algebras of signature (2,1,0), but does not form a variety.
It follows from Corollary 3.2 that the variety generated by the quasi-variety of
left adequate monoids is the variety of left Ehresmann monoids. We therefore
present our results in the more general setting of left Ehresmann monoids. For an
introduction to such monoids, and their origins in the work of Charles Ehresmann,
see [15]; [9] also contains routine background details. We also remark that we
concentrate on monoids rather than semigroups. For technical reasons this makes
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some of our arguments more straightforward; the free left adequate monoid is the
free left adequate semigroup with an identity adjoined (see [12]), so there is no
significant loss in generality, at least in so far as our results concern free algebras.

If M is an inverse monoid, then R* = R on M and certainly M is left adequate.
We make two observations concerning inverse monoids. First, it follows from the
description of the free inverse monoid FZM(X) given by Scheiblich [19] and
Munn [18] that it is E-unitary. We recall that an inverse monoid is E-unitary
if and only if it is proper, that is, R N ¢ = . Here o is the least congruence
on a monoid M identifying all the idempotents, so that if M is inverse, o is
the least group congruence. Secondly, as well as having a free (and proper) pre-
image, McAlister showed that any inverse monoid has a proper pre-image, under
an idempotent separating morphism, a ‘cover’. Moreover, any proper inverse
monoid P can be constructed from a group G acting by order automorphisms
on a partially ordered set X with subsemilattice Y (P is isomorphic to a ‘P-
semigroup’” P = P(G,X,Y)) [16, 17]. In the case X = Y, the semigroup P
becomes a semidirect product.

Naturally, one would wish for similar theory for left Ehresmann monoids. That
is, can we find a property P such that the structure of any left Ehresmann monoid
with P is well-determined, and is such that every left Ehresmann monoid has a
cover with P. As explained in [1], the obvious generalisation of the notion of
proper from the inverse case has no chance of success.

The main aim of [1] was to introduce a new notion of T'-proper for a left Ehres-
mann monoid M having submonoid 7. We showed that every left Ehresmann
monoid has an X*-proper cover, and, moreover, the free left Ehresmann monoid
FLEM(X) is X*-proper. We will see that, in fact, FLEM (X) and FLAIM(X)
coincide.

In this current article we develop a ‘recipe’ for constructing a T-proper left
Ehresmann monoid P(7,Y’) from a monoid 7" acting by order-preserving maps
on a semilattice Y with identity, that is in some loose sense an analogue of a
semidirect product. We show that if T" is cancellative and has no units other
than 1, then P(7,Y) is left adequate. Our construction is inspired by that of the
free left h-adequate monoid given in [3], where it occurs in the very special case
of T being free. Left h-adequate monoids need not be left ample, but neither
is every left adequate monoid left h-adequate [2]. We also show that every left
Ehresmann monoid M has a proper left adequate cover of the form P(X*, F),
so that, consequently, LEM is generated as a variety by left adequate monoids.
We then use our recipe to determine the structure of FLEM(X) (and show it
coincides with FLAIM(X)); an alternative description of FLEM(X) appears
in the preprint [12] of Kambites.

After giving some preliminaries in Section 1, we concentrate in Section 2 on
constructing left Ehresmann monoids of the form P(7,Y). Once we have estab-
lished that elements of P(T,Y’) have a unique normal form, we call upon the
results of [1] to deduce that P(7T,Y") is T-proper and has a number of additional
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properties, some of which depend upon those of 7. In Section 3, we show that
every left Ehresmann monoid M generated as a semigroup by T'UE, where T is a
submonoid and F its distinguished semilattice of idempotents, has a cover of the
form P(T, E) and in addition, M has a cover of the form P(X*, E). Finally in
Section 4, we show that FLEM(X) is isomorphic to P(X*, Ex) for a semilattice
Ex, and connect our result to that of [12].

1. PRELIMINARIES

To make this article self-contained we give some basic definitions and results
concerning left adequate and left Ehresmann monoids. Further details may be
found in the notes [9]. We also describe the notion of T-proper introduced in [1].

We approach left adequate and left Ehresmann monoids via the equivalence
relations R* and R g, repectively, since this angle will be of use in later arguments.
The relation R* is defined on a monoid M by the rule that for any a,b € M,
aR* b if and only if for all z,y € M,

xa = ya if and only if zb = yb.

It is easy to see that R* is a left congruence, R C R* and R = R* if M is regular.
In general, however, the inclusion can be strict.

Suppose now that £ C F(M) and E forms a commutative subsemigroup of
M; we will say simply that F is a semilattice in M.

Definition 1.1. A monoid M is left E-adequate if E is a semilattice in M, and
every R*-class contains an idempotent of E. If E = E(M) then we say that M
is left adequate.

If M is left E-adequate, then from the commutativity of idempotents, it is
clear that any R*-class contains exactly one idempotent of E. We denote the
unique idempotent of E in the R*-class of a by a' (where E is understood).
Observe that we are forced to have 17 = 1, so that 1 € E. We may thus regard
M as an algebra of signature (2,1,0), where * is the basic unary operation. As
such, morphisms must preserve the unary operation of * (and hence the relation
R*). We may refer to such morphisms as (2, 1,0)-morphisms’ if there is danger
of ambiguity. Similarly, if X is a set of generators of a left EF-adequate monoid as
an algebra with the augmented signature, then we say that X is a set of (2,1,0)-
generators and write M = (X)(91,0) for emphasis. We remark here that if M is
inverse and £ = E(M), then a* = aa™" for all a € M.

Definition 1.2. A left adequate monoid M is left ample if the left ample identity
(AL) holds:

zy" = (zy") .

Left ample monoids may be determined by their representations by partial
one-one maps. They are precisely the submonoids of symmetric inverse monoids
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closed under * (see, for example [9]). We observe that there is no need to de-
fine ‘left F-ample monoid’, since if a left E-adequate monoid satisfies (AL), the
semilattice E is forced to be E(M).

Remark 1.3. [9] The class of left E-adequate monoids forms a quasi-variety of
algebras of signature (2, 1,0) with sub-quasi-varieties the classes of left adequate
and left ample monoids.

We now turn our attention to left Ehresmann monoids. Again, let E be a
semilattice in M. The relation Rg on M is defined by the rule that for any
a,b € M, aRghb if and only if for all e € F|

ea = a if and only if eb = b,

that is, @ and b have the same set of left identities from FE. It is easy to see that
for any monoid M, we have R C R* C ﬁE, with both inclusions equalities if
M is regular and £ = E(M); in general, however, these inclusions can be strict.
The relation R g is certainly an equivalence; however, unlike the case for R and
R*, it need not be left compatible, not even when F = E(M).

It is clear that any R p-class contains at most one idempotent from FE. If
every R p-class contains an idempotent of E, we again have a unary operation
a — at, where a* is now the (unique) idempotent of E in the ﬁE—class of a.
Again, we must have that 1* = 1 € E, and we may consider M as an algebra of
signature (2,1,0). In the case that £ = E(M), we drop the ‘E’ from notation
and terminology, for example, we write ﬁE( ar) more simply as R.

Definition 1.4. A monoid M with semilattice E is left Ehresmann (with dis-
tinguished semilattice F), or left E-FEhresmann, if every Rp-class contains an
idempotent of E and R is a left congruence.

Definition 1.5. A monoid M with semilattice E is left restriction (with distin-
guished semilattice E), or left E-restriction, if it is left Ehresmann and satisfies

(AL).

As for left ample monoids, left restriction monoids have a natural representa-
tion, this time as submonoids of partial transformation monoids closed under the
operation a — a™, where a is the identity map in the domain of a.

Remark 1.6. [9] The class of all left Ehresmann monoids is a variety of alge-
bras of signature (2, 1,0), with sub-quasi-varieties the classes of left Ehresmann
monoids M having distinguished semilattice E'(M), left F-adequate monoids, left
adequate monoids and left restriction monoids.

We stress that a left Ehresmann monoid M has augmented signature (2, 1,0);
we normally denote by E the image of the unary operation T, so that

E={a*:ae M}
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is a semilattice, the distinguished semilattice of M. The identity of M must lie
in E, for we must have that 1t = 1.

We now give a technical result which will be useful in the subsequent sections.
It follows immediately from the fact that in a left Ehresmann monoid, Rg is a
left congruence. The relation < appearing in its statement is the natural partial
order on E.

Lemma 1.7. Let M be a left Ehresmann monoid. Then for any a,b € M and
ec k),
(ab)™ = (ab™)", (ea)* = ea’ and (ab)* < a™.

The following idea is central to our approach. Let M be a left Ehresmann
monoid and let T" be a submonoid of M. Then T acts on E on the left via order
preserving maps by

(t,e) —t-e=(te)™.

This is essentially folklore; a proof may be found in [1]. A left Ehresmann monoid
M is said to be hedged [7] if the action of M on FE is by morphisms, that is, if for
any e, f € E and m € M, we have that (mef)™ = (me)*(mf)". A hedged left
adequate monoid is left h-adequate [3].

We pause to explain why we might be interested in monoids acting on semilat-
tices in the context of left Ehresmann monoids. In the theory of inverse monoids,
groups acting on semilattices play a major role. A group may be regarded as
an inverse monoid possessing exactly one idempotent. In the same way, we may
regard a monoid as a left Ehresmann monoid in which a* = 1, for every a € M,
that is, as a reduced left Ehresmann monoid.

The notion of least group congruence on an inverse semigroup is central to
the McAlister approach to inverse semigroups [16, 17]. The least group congru-
ence on an inverse semigroup is precisely the least congruence identifying all the
idempotents. We explore this notion in our current context.

Let M be a monoid and suppose that £ C E(M). We define the relation o
to be the semigroup (monoid) congruence on M generated by F x E; that is, for
any a,b € M we have that a og b if and only if a = b or there exists a sequence

a = cre1dy, c1 frdy = coeads, . .. 7Cnfndn =0,

where ¢1,dy, ..., ¢y, d, € M and (eq, f1),...,(en, fn) € EXE. If E = E(M) then
we write o for og.

Lemma 1.8. [9, 1]. Let M be a left Ehresmman monoid with distinguished
semilattice E. Then E is contained in a og-class, og is a (2,1,0)-congruence
and M /og is reduced.

For an inverse monoid, or a left restriction monoid M, the description of o
simplifies to a o b if and only if ea = eb for some e € E(M) (see [11, 9]). For left
Ehresmann monoids in general, we have no such useful description. Nevertheless,
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we showed in [1] that if M is the free left Ehresmann monoid on X and if T =
<X>(270), then T X* = M/O'E

Let T be a submonoid of a left Ehresmann monoid M; we mean here that
T is a (2,0)-subalgebra of the (2,1,0)-algebra M. It is easy to see that T'U FE
generates M as a left Ehresmann monoid if and only if T'U E generates M as a
semigroup, which we denote by M = (T'U E) ).

Lemma 1.9. [1, Lemma 3.1] Let M be a left Ehresmann monoid. Suppose that
we have M = (E'UT) ) for some submonoid T of M. Then any m € M can be
written as
m = to@ltl Ce €ntn,
where n > 0, ey,...,e, € E\ {1}, t1,...,tn1 € T\ {1}, to,t, € T and for
1< <n,
e < (ti€i+1 R entn)Jr.

We will say that an element m = tpeit; ... e,t, expressed as in the statement
of the above Lemma is in T-normal form; it T'= M, then we simply say normal
form. If every element of M has a unique expression in T-normal form, then we
say that M has uniqueness of T-normal forms. Noticing that m™ = (tge;)™, and
comparisons with the theory of proper inverse and proper left ample monoids,
led us to introduce the following concept in [1].

Definition 1.10. Let M be a left Ehresmann monoid and let T" be a submonoid
of M such that M = (EUT) ). Then M is T-proper if whenever

a =tgeity...exty, and b = ugejuy . .. e Uy,

are in T-normal form, and we have for all i € {0,...,n}:
(s) t; o u; and
(r) (tieir1---entn)™ = (i1 ... enu,)™,

then a = b.

Note that we also say that M above is T-proper, and S is any monoid isomor-
phic to T, then we may also say that M is S-proper. We show in [1] that if M is
left restriction, then it is M-proper if and only if it is proper.

A left Ehresmann monoid M with submonoid 7" with uniqueness of T-normal
forms has many pleasant properties. We quote these from [1] as we need them but
remark at this point that such a monoid is certainly 7-proper and M/op = T as
monoids. Indeed, regarding T" as a reduced left Ehresmann monoid, M/og = T as
left Ehresmann monoids. Note however, that 7" need not be a (2, 1, 0)-subalgebra
of M.

2. A CONSTRUCTION

In this section we give a recipe for constructing T-proper left Ehresmann
monoids from monoids acting on semilattices via order-preserving maps. We
were motivated by the pointers given in [3, 1], which suggest that the free left
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Ehresmann monoid must be constructed in this way; this indeed proves to be
the case (see Section 4, and also Kambites [13]). The construction itself follows
that given in [3] by Fountain in the very special case of a free monoid acting by
morphisms on a particular semilattice. In our case we must pay some attention
to the fact that our monoids may not be cancellative and, more troubling in this
instance, may not have trivial group of units.

Our first simple observation provides us much of our motivation.

Let M be a left Ehresmann monoid that M = (E UT) 1,0 = (EUT) @ for
some submonoid 7" of M. In Lemma 1.9 we claim that any element can be written
as a product of elements of 7" and E in T-normal form. Suppose now that

a = toerty ... ent, and b = ug frug ... fioutm

are in T-normal form. To transform ab into normal form the first steps are to
consider (t,ugfi ... um)", that is, tyug- (f1 ... um)t = tyug- f1, and then multiply
this with e,,. This manoevre (and subsequent ones of the same kind) was key in
[1] to the reduction of ab to normal form.

After explaining our motivation, we proceed with the construction.

Let T be a monoid with identity 17 acting (as a monoid) on the left of a
semilattice Y with identity 1y, via order preserving maps. We denote the action
ofteTonyeY byt-y.

Let T'x Y be the free semigroup product of T" and Y. Since T acts on the left
of Y via order-preserving maps, there is a monoid morphism

¢:T — Oy, (t9)(y) =t -y,

where Oy is the monoid of order-preserving maps of ¥ and a * denotes the dual
of a monoid, so that in O3, maps are composed from right to left. Now, Y acts
on the left of itself by order-preserving maps via multiplication, so that there is
a monoid morphism, also denoted ¢, given by

¢:Y = Oy, (20)(y) = zy.
By the universal propery of free products, we have a semigroup morphism
o:T+Y — O
defined by

($1...80)0 = $10...8,0,

where each s; € T UY. We thus have a semigroup action of T'*Y on Y, which
we may without ambiguity denote by -, so that

S1o Sp-y=51-(s2-(..(8p-y)...)).
We now define w™ (for w € T xY") to be

wh=w- 1y,
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so that et = e for all e € Y. We remark that for any w € T Y, if v is obtained
from w via insertion or deletion of elements 1y or 17, then w*™ = v™. Notice also
that 15 = 1y and for v,w € T x Y, we have

(vw)" = (vw) -1y =v-(w-1y) =v-w"

so that if v € Y we have (vw)t = vw™.

Lemma 2.1. If T and Y are as above and t € T has a right inverse, then
tt=1y.

Proof. Suppose that tu = 1. Then
ly=1p-ly=tu-1ly =t - (u-1ly) <t-1ly < 1y,
so that 1y =t -1y =tT. O
The remainder of this section is devoted to the proof of the following theorem.

Theorem 2.2. Let T be a monoid acting on the left of a semilattice Y with
identity, via order-preserving maps. Let the unary operation of * be defined on
T xY as above. Let ~ be the semigroup congruence onl' Y generated by

H={(aYa,a):a e T*Y}U{(1r,1y)}.

PT.Y) = (T*Y)/ ~. Then P is a left Ehresmann monoid with
*], identity [1y] and distinguished semilattice

Let P

ot = la

Vi={lyl:yeY}
Let T" = {[t] : t € T}. Then Y’ is isomorphic to' Y and T' is isomorphic to T
under restrictions of the natural morphism, and T" is a submonoid of P such that
P has uniqueness of T'-normal forms. Consequently,
(i) P is T'-proper;
(ZZ) 7D/O'Y/ = T,;'
(#3) if T is right cancellative, P is left Y'-adequate;
(iv) if T acts by morphisms, then P is hedged;
(v) if T is right cancellative and has no invertible elements other than 11, then
Y'= E(P).
Proof. We begin with some terminology. A tuple
(t()) €1, tl) sy Epy tn)
such that t; € T, 0 < i < n, and ¢; € Y \ {Iy},e; < (tjej1...ext,)" for
1 < j <nisa weak T-normal form. If we insist that ¢t # 1 for 1 <k <n —1,
we say our tuple is in T'-normal form. We are using the same terminology as
that established in Section 1, but, of course, we do not have that T x Y is left
Ehresmann with distinguished semilattice Y. If o = (to,e1,t1,...,€pn,t,) is a

(weak) T-normal form, we put @ = tgeity ... e,t, and where there is no danger
of ambiguity we may say that @ is in (weak) T-normal form.
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We denote the set of all T-normal forms by A/. Our first aim is to show that
each element of P can be represented uniquely in 7-normal form.

Lemma 2.3. For any € T Y, there exist a = (ug,g1,U1,- -, Gm, Um) N
T-normal form such that

G~ Q= UggrUq - - - G-
Proof. From the fact that 17 ~ 1y we have that for any € T x Y,
B ~ toeity...enty,
for some to,...,¢, € T and e1,...,¢e, € Y. If n = 0, then certainly (to) is a

T-normal form and g ~ (t) = to.
Suppose inductively that n > 0 and
t1€2 c. entn ~ 80f181 c. fmsm

where (o, f1, 51, -+, fm, Sm) is @ T-normal form.
We have that

B~ toersofisa ... frmsm ~ toei(sofi... fmsm)Jr(SOfl o fmSm).
If e1(sofi--- fmSm)T = (sof1-- . fnsm)" then
B~ tosofi--- fmSm

and (toSo, f1, 51, -+, fm, Sm) is @ T-normal form.

Suppose on the other hand that f = ei(sofi ... fusm)™ < (Sof1--- fmsSm)T-
Then

6 ~ tOfSOfl R fmsm-

If m=0orm > 0and sy # 1r, then (to, f, S0, f1,-- -, fm, Sm) is & T-normal form.
Otherwise, i.e. m > 0 and sy = 17, we have that f < (fis1... fmsm)™ < f1, and
B ~ tOfslfQ R fmsm
and (to, f, s1, f2, -, fm, Sm) 18 @ T-normal form. d

We now set out to show that for any § € T * Y, we have that 3 ~ @ for a
unique T-normal form a.

First, we construct a semigroup morphism from the free product 7' % Y to
T*(N), the (dual of the) full transformation semigroup on N.

For t € T we define 9 (t) by

?/J(t)(to, ety ...y enatn) = (tt07 er,t1, ..., en, tn)
Clearly v(s)y(t) = (st) for all s,t € T and ¢(17) = Ly, so that ¢ : T'— T*(N)

is a monoid morphism.
For e € Y we define 9(e) by 1(1y) = Iy and for e # 1y,

Y(e)(lr) = (1r,e,17)
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and for a = (tg, e1,t1,...,en,t,) # (1), we put

(to,eel,tl,...,en,tn) if to = ]-T
wie)(a) =< (to,er,try ... enty) =« ifty #1p andat <e
(1T,ea+,t0,€1,t1, .. .,en,tn) if to 7é ]-T and at z €.

Lemma 2.4. The function v : Y — T*(N) is a monoid morphism.

Proof. Let e, f € Y. If e or f is 1y, then clearly ¥(ef) = ¥(e)y(f). We assume
therefore that e, f € Y\ {1y }. Then

P(e)(f)(1r) - v(e)(1r, f,17)

- (1T7 efa 1T)
= ¥(ef)(1r).
Similarly, if « = (17, €1, 1, ..., €,.t,) where n > 0, then
w(e)w(f)(a) - w(e)(lTy fela tla <o €y, tn) = (]-Ta efela tla ceey Eny, tn) = ¢(€f)(a)
Suppose now that « = (tg,e1,t1,...,€n,t,) where ty # 1p. If @ < e and

at < f, then at < ef, so that
V(e (f)(a) =a=1v(ef)(a)
Ifat £ e and @t < f, then @t £ ef and
w(e)w(f)(&> = w(e)(t(h elatla D) tn)

= (1T,€a+,t0,€1,...,6n,tn)
- (]-Taefa+7t07ela"'7enatn)
= y(ef)(a).

If at £ f, then a* £ ef and
v(e)y(f)(a) = vle)(Ir, fat to,e1,. .., en;tn)

= (]_T, ef@ﬂ to, €1,...,€En, tn)

= (ef)(@).
It follows that ¢ : Y — 7*(N) is a monoid morphism. O

The universal property of free products ensures that ¢ extends to a semigroup
morphism ¢ : T« Y — T*(N). Notice that if w € T Y and v is obtained from
w by insertion and deletion of elements 1y and 17, then ¢ (v) = ¥ (w). We also
remark that if (¢g,e1,...,€n,t,) € N and z € T x Y, then for ease on the eye we
write ©¥(x)(tg, €1, . .., en, t,) rather than ¥ (x)((to, €1, ..., €n,tn)).

Lemma 2.5. The relation ~ is contained in ker 1.

Proof. Tt suffices to show that H C ker .

Since ¥(17) = Iy = 1(1y), we certainly have (17, 1y) € ker .

We wish to show that ¢ (zTx) = ¢(z) for all x € T«Y', that is, ¢ (x )Y (z)(a) =
(z)(a) for all z € T+ Y and for all a € N.
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For any # € N and e € Y, we note that ¢ (e)() = § if and only if e = 1y or
e # 1y, # (17) and either
B = (1r,e,ty,... en,t,) with ee; = ey,

or
B = (to,e1,t1,...,en,t,) where ty # 17 and B+ <e.
Notice that if 3 = (17, e1,t1,...,€n,t,), then

BJr

(1T61t1 e entn)Jr
= (61151 Ce entn>+

e1(ty ... ent,)™ by comment preceding Lemma 2.1
= e by definition of T-normal form.

We deduce that ¢(e)(5) = [ if and only if e = 1y or e # 1y and § =

(to,e1,t1, .. €n,tn) # (1) with BJF < e. So, we need to show that for all
x € T+Y we have xt =1y or 27 # 1y and, for all « € N, ¢(x)(«) # (1) with
o)) <at.

It is clear that if T = 1y, then ¢ (x 1)y (2)(a) = ¥(x) (), for any a € N.

Our next step is to argue that if ¢(z)(a) = (17), then ™ = 1y. First note that
if Y(z)(a) = (1r), then o = (¢) for some t € T. If x € T, then ¢ (z)(t) = (1)
gives that 2t = 17 and so by Lemma 2.1, z© = 1y. On the other hand, if
x € Y\ {1y}, then for ¢(z)(t) = (1) we must have that ¢ # 17 (else ¥(z)(t) =
(17, z,17)) and also that ¥ (z)(t) = (t) (else again, 1(x) increases the length of
the normal form (¢)). The latter condition gives ¢ = 1, a contradiction. Thus if
x €Y and ¢¥(x)(t) = (1r), then we must have that z = 1y and so 27 = 1y.

Since insertion and deletion of 17 and 1y in ¢ € T' Y does not affect the value
of () nor ™, we now suppose that x = spe1s1€5...€,8, € T*Y \TUY where
Soy...y8p €T and eq,...,e, € Y\ {1y }. Then ¢(spe181...e,8,)(t) = (1) gives
that

(1) = ¥(soer - .. sn—1)¥(en)(sn)(t) = Y(s0€1 - .. sn—1)tb(€n)(snt).
It follows that s,t # 17, (s,t)* < e, and ¥(e,s,)(t) = (snt). We also have that
(ensnt)™ = en(st)™ = (s,t) 7.
Suppose for induction that for n > ¢ > 1 we have
W(epse. .. ensn)(t) = (SeSes1 - - - Snt)
and
(€rseerst - - ensnt)t = (sesp41 ... sat)T.
Then

W(€r_1S0-1€0S0€041 - - - €nSy)(t) =

Y(er1)(se—1)(erseerr - - - ensn)(t)

(ee—1)t(se-1)(seSe41 - - - 5nt)
w(egfl)(nglsgSZJrl c. Snt)

= (S¢-1S0S¢41 - - - Sut)
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and for this to happen, we must have that (sp_18¢8p41...5,t)T < e, 1. Hence

(er_180-1€480 ... enspt)t = ep1501 - (€pseeort ... ensut)™
€o_180-1 " (SeSps1 ... Snt)T
eo—1(8p-180Sp41 -+ Spt) T

= (S_180Se41---Snt)T.

It follows that v (x)(t) = (1) = (s¢s1 - . - Sxt) and

x-tt = (spe181...e,8,) T
(80€181 - - €nSpt)™
So - (€181 ... €ensnt)™
= 80-(8182...8,8)"
(8081« --8ut)™

= 50S1...8,-1".

Finally,
ly =171y =5051...80t - 1y = 5051 ...8, - 1T =2 - tT <x-1y <1y

and so 27 = x - 1y = 1y as claimed. Hence, if ¥(z)(«) = (1r), we have from the
above that ¢(x1)(x)(a) = ¥ (z)(a).

Suppose now that =™ # 1y so that ¢(x)(«) # (17). It remains to show that
————+
P(z)(a) <zt

To this end, observe that for any ¢t € T" and a = (g, €1, ..., €n, t,), we have

+
@Z)(t)(Oé) = w(t) (th €1, -+, enafn)
- (tt())ela"'aenatn)
= (tt061 e entn)+
= tt061 e entn : ]_y

= t- ((t061 Ce entn) : ]_y)

= t-a.

Clearly, for any a € N,
AT At —
Y(ly)(a) =a" =1ya@

and for e € Y\ {1y},

w(e)(lT)Jr = (1, e, 1T)+ =et =e=cly =cl} = e@+
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and if o # (17),

n (to,eel,tl,...,en,tn)+ if t() = 1T
Pie)(a) = a’ ifty#1lpanda’t <e
+
(1, ea™ to,e1,...,en,t,)  else
(1T€€1t1 e entn)+ if t() = 1T
= at iftg A1lranda’ <e

(lrea™tpey . ..enty)t  else
(€1T€1t1 Ce entn)+ if to = 1T
= at if tg # 1y and @t <e

(eaTtpey ...e ty)T  else

6(1T61t1 e entn)+ if to = ]-T

= ea™ if tg# 1p and at <e
eat(toey . ..enty)t  else
= ea’.

Finally, suppose now that © = sof1 ... fiusm € T*Y, where sg, ..., s, € T and
fi,. s fm €Y. If m =0, then

P)@) =so-a <so-ly =7 =

Suppose inductively that 0 < i < m and
Jr
¢(Sifi+1 s fmsm)(a) S (Sifi+1 ce. fmsm)+'

Then
V(si—1fisifix1 - fmsm) (@)

+

+

w(Sz’fl)?/f(fi)w(Sz’le cen fm3m><ojr)
Si—1° w(fz')w(sifiﬂ cee fmSm)(OéJz
Si—1 - fi(@/)(sz‘fz‘ﬂ . fmSm)(Oé) )
sic1 (filsifizr .- fmsm)+)
(Sic1fiSi - fmsm) T

Hence ¢ (x) (04)+ < a7t by finite induction. Therefore, H C ker ¢ as required. [

VAN

In view of Lemma 2.5, we can define a semigroup morphism
i (T*Y)) ~—= T(N) by ¢ ([z]) = ¢(x).
Suppose now that x € T*Y and x ~ @ ~ 3 for some o, 3 € N. Then
¥ ([2]) = ¥~ ([a]) = ¢v*([B])
so that in particular,

V(@) (1) = ¥(B)(17).
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Lemma 2.6. For any a € N, ¥(@)(17) = a.
Proof. Let a = (tg,e1,...,€n,t,). lf n =0, then
V(@) (1r) = ¢(to)(1r) = (to) = o

Suppose now that a = (tg, €1, ..., ey, t,) where n > 0.
If t,, = 17, then

t061 e tn,lean)(lT)
t061 e tn,len)w(lT)(lT)

v(@)r) = E
(t061 Ce tn_len)(lT)
(
(
(

to@l e tn_l)@b(en)(lT)
toer ... tu_1)(1r, €n, 17)
toer ... tn1)(1r, €n,ty)

and if ¢, # 1r,

@Z)(a)(lT) = w(toel Ce tn_lentn)(lT)
= w(toel e tn,l)w(en)(tn)
= w(toel Ce tnfl)(lT, €n, tn)

where at the last step we use the fact that e, < t;.
Suppose inductively that 0 < i < n and

Y(@)(17) = P(toer - - - ti) (17, €ir1s Lirs - - - s €y Ln).

Notice that e; < (t;, €41, - -, €n, tn)Jr so that
+ +
61‘(15@', €itly---,Cn, tn> =¢; < (tl, €itly---,Cn, tn) .
Then
@Z)(a)(lT) = t061 e ti_leiti)(lT, 6i+1, tz‘+1, R X tn)

U(

= YP(toer ... tic)V(e)V(t)(1r, €ir1, tivt, - -, €,y tn)
Y(toer ... tic)w(e)(tis €it1, tigr, - -5 Ens tn)

= w(toel e ti—l)(lTa €, ti) 6i+1, tz‘+1, A ) tn)

By finite induction we obtain that
w(a>(1T) = w(tO)(lTaelatla"'7€n7tn>

= (t07€17t17 <y enatn)
= Q.

g

We can now conclude that if o, 3 € N and @ ~ f3, then a = f3, so that each
equivalence class of ~ contains a unique @ for o € A/, by Lemma 2.3.

Let P=P(T,Y) = (T'+Y)/ ~,and let v : T+Y — P be the natural morphism
associated with ~.
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Lemma 2.7. (i) Regarding T as a subsemigroup of T =Y, we have that v|r :
T — T" is an isomorphism; (ii) regarding Y as a subsemigroup of T xY , we have
that v|y : Y — Y is an isomorphism.

Proof. (i) We need only prove that v|r is injective. If t1,to € T and [t1] = [to],
then we have

(1) =t ~ ta = (t2)
and as (t1) and (t3) are normal forms, t; = t,.
(17) Again, we need only prove that v|y is injective. If e, e5 € Y and [e1] = [es],
then if e; = 1y and ey # 1y, we have that

(Ir) =1p ~ ly = e ~ ea = (I, €2, 17)
so that (17) = (17, e, 17), which is impossible. Thus e; = €3 = 1y, or ey, e5 €
Y \ {1y }. In the latter case,
(1T, €1, 1T) =€ ~ €2 = (1T, €2, 1T)
so that (17, e, 17) = (17,2, 17) and e; = ey as required. O
We note that clearly P is a monoid with identity [17]. To show that P is left

Ehresmann, we must first define a unary operation on P. For x € T %Y we
denote by n(x) the unique element of 7' Y in normal form such that = ~ n(x).

Lemma 2.8. Let * be defined on P by [z]T = [xF]. Then T is a well defined
unary operation.

Proof. Let x € T xY; we show that * = n(x)"; consequently, if x ~ y, then

Jr

rt =n(x)*

=n(y)" =y",
so that T is well defined.
We may assume that x = tge; .. .e,t, for some ty,...,t, € T and eq,...,¢e, €

Y\ {ly}. If n =0, then 2 = n(x) so there is nothing to show.
Suppose inductively that n > 0 and

ties...enty ~ Sofi--. fmSm
where (so, f1,- -+ fm,Sm) € N and is such that
(tieg...entn)T = (Sofi. - fnSm)"
Notice that
1T = (tgertien . .. enty)T =toer - (trea. .. entn)t =toer - (Sofi- - frnsm) T
and

Tr = t0€1t162 e entn ~ t0€180f1 e fmsm-

Suppose first that sg = 17. If m = 0, then

T t0€180
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and (to,er, so) € N. Hence n(x) = tge189. Also, we have

+

xr = to@l . SS_ = (t06180)+

=n(z)".

If m > 0, then
x ~ toerfi52. .. fmSm
and as e1 fi1 < f1 < (s2...fmSm)t, we have that (to, e1f1,S2,. .., fm, Sm) € N and
at = toer - (fl e fmsm)Jr = (toelfl e fmSm)+-

Assume now that so # 17. Let e = (sof1 ... fmnsm)". We have

T ~ toe1eSofi ... fmSm;

if eje < e, then (o, €1, S0, f1,- -, fm, Sm) is a normal form and
at = toer - (sofi. . fmsm)T
to@l . 62

toere - (sofi--- fmsm)t
(toeresofi .- fmnsSm) T

= n(x)*.

Finally, if e;e = e, then
x ~ toesofi - fmSm ~ toSofi--- fmSm
where (tso, f1,-- -, fm,Sm) € N. Then
at =toer - e = (toere)” = (toe)" =to - (sofi - fnsm)™ = (tosofr- - fnsm)™
so that 27 = n(x)* as required. O

Note that from Lemmas 2.7 and 2.8, if [x], [y] € P, then [x]" = [y]T if and only
if et =yt inTxY.

Lemma 2.9. With respect to * defined above, P is a left Fhresmann monoid.
Proof. Notice that the image of ™ is given by
{lz]" iz eTxY}={a"]:2€eT*Y}={[e]:ecY} =Y,

and by Lemma 2.7, Y 2 Y’.
Let [z] € P; as @ ~ atz we have that
(][] = [¢7][z] = [z72] = [].
On the other hand, if [e][z] = [z] where e € Y, then ex ~ z so that
rt = (ex)t =ex”

and so

Consequently, [z] Ry~ [2]*.
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To show that Ry~ is a left congruence, suppose that [z], [y] € P with [z]T =
[y]*. This tells us that z* = y* so that for any [z] € P,

T=zoyt = (2"

and so ([2][z])" = ([z][y])" as required. O

o)t =z

Certainly P = (T UY")(9); we must show that P has uniqueness of 7"-normal
forms. This follows from the next lemma.

Lemma 2.10. Letty ..., t, €T andey,...,e, €Y. Then
[tollea][ta] - - en][tn]
is in T'-normal form if and only if
toert: ... entn
1s in normal form.

Proof. Since v|p : T — T" and v|y : Y — Y’ are isomorphisms, certainly [t;] # 1p
if and only if ¢; # 1p, for 0 < i < n and [e;] # 1p if and only if e; # 1y, for

1<j<n
Further,
[ei]) < ([ti] - [enllta])™ & les] <[ti- . enta]”
< e] <[t .. entn)T]
S e < (ti...epty)t
completing the proof of the lemma. 0

With the exception of (iv), the remaining assertions of Theorem 2.2 follow
from the results of Section 3 of [1], in which we analyse left Ehresmann monoids
possessing U-normal forms for a submonoid U.

Lemma 2.11. Let T act on'Y by morphisms. Then P is hedged.

Proof. Notice that if T acts by morphisms on Y, then, as certainly Y acts on
itself by morphisms, ¢ : T'* Y — O3 has image contained in the (dual of the)
endomorphism monoid &;:. Consequently, for any [z] € P and [e], [f] € Y, where
e, f €Y, we have

(2] - ([e][f]) = ([2l[e][fD)T = [(wef)T] = [z-ef] = [(z - e)(x- f)]
= [(ze)" (/)] = [we] [z /1" = ([lle]) " ([][/DT = ([] - [e])([=] - [/T)

as required. O



LEFT ADEQUATE AND LEFT EHRESMANN MONOIDS II 19

3. COVERS AND A STRUCTURE THEOREM

We can now present a structure theorem for left Ehresmann monoids which
have uniqueness of T-normal forms with respect to a submonoid T". As a corollary,
we show that every left Ehresmann monoid M where M = (T'U E)q) for a
submonoid 7', has a cover of the form P(T, E).

Theorem 3.1. Let M be a left Ehresmann monoid. Suppose that T is a sub-
monoid of M such that M = (EUT)@9) and § : U — T is a monoid morphism
from a monoid U onto T'. Then M has a U-proper cover P =P (U, E).

Proof. As remarked in Section 1, T acts on E by order-preserving maps via
t-e = (te)™. Tt follows that U acts on E by order-preserving maps via uoe = uf-e.
Let P = (U % E)/ ~ be constructed as in Theorem 2.2.

Let ¢ : UxE — M be given by ut) = ufl and eyp = e. Then 1y = 17 = 1, and
gty = 1p = 1 so that (1, 1g) € kerp. Suppose now that = € U x E; without

loss of generality we may assume that © = uge; . . . e u,, where ug ..., u, € U and
€1,...,6, € E. Then
v = xolp=(uger...epu,)olp

Up€1...€5 O (Un o 1E>
= Up€1...€1p0 (u,ﬂ)*
UQET - - - Up—1 © €n(uy0)
g€y - - - €n_1 0 (Up_10e,(up,0)T)T
= ey ..., 10 (Uy_10e,u,0)"

Jr

(upbey ... e, 1up_10e,u,0)"
= (zy)".
It follows that
(zT2)y = 2y = 27 (ay)) = (a)) ") = a9
so that ~ C ker ¢ and there is an induced semigroup morphism PP — M given
by [x]p = x). Since_U OUFE generates M as a semigroup, it is clear that 1 is onto.
It is also clear that 1 is a monoid morphism which separates the idempotents of
E' = {[e]: e € E}.
To see that 1) respects T, we note that for [z] € P with x = wge; ... e u, as
above,
— — —+
2] = [z =27 = 2" = (2¢)" = [z] .
O

Corollary 3.2. Let M be a left Ehresmann monoid with set of generators X (as
a (2,1,0)-algebra). Then M has a left adequate X*-proper cover P = P(X*, E).
Proof. From Corollary 1.12 of [1], we have that M = (E U T)), where T =

(X)(2,1)- Let ¢ : X — T be inclusion, so that ¢ lifts to a morphism from X* onto
T. Now call upon Theorem 3.1 to construct P. O
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Corollary 3.3. The variety generated by the quasi-variety of left adequate monoids
1s the variety of left Ehresmann monoids.

Corollary 3.4. Let M be a left Ehresmann monoid. Suppose that T is a sub-
monoid of M such that M = (EUT)@. Then M has a T-proper cover P =
P(T,E). Moreover, the covering morphism is an isomorphism if and only if M
has uniqueness of T-normal forms.

Proof. With U = T and 6 the identity map, we see from Theorem 3.1 that
1 : P — M is a covering morphism. Notice that from the proof of that theorem,
for any © € T * E we have that xt in T x E coincides with (z)", that is, with
xt in M. Tt follows that for any tg,ty,...,t, € T and eq,es,...,e, € E, we
have that (tg,€1,...,€en, t,) € N if and only if tge; ... e,t, is an element of M in
T-normal form.

The onto morphism ¢ is an isomorphism if and only if it is one-one. Given the

fact that any element of P has a unique normal form, v is one-one if and only if
for any (t07 €1,...,6En, tn)a (807 fla sy fm> Sm) S Na

[toer ... entn]th = [Sof1. .. fnSm|t0
implies that
(to, €1y -y enstn) = (Sos f1y -y frns Sm)-
That is, ¢ is one-one if and only if

t0€1 e entn = 80f1 e fmsm

in M implies that
(t07€17"'7€n7tn> = (307f17"'7fm78m)7

that is, if and only if M has uniqueness of T-normal forms. O

4. THE FREE LEFT EHRESMANN MONOID

Since left Ehresmann monoids form a non-trivial variety, containing the non-
trivial quasi-variety of left adequate monoids, the free left Ehresmann monoid
FLEM(X) and the free left adequate monoid FLAIM(X) exist, for any non-
empty set X. In this section we use the construction of Section 2 to give an
explicit description of FLEM(X). We find a semilattice Ex constructed from
X and define an action of X* on Ex via order-preserving maps. We then show
that P = (X* % Ex)/ ~ constructed as in Theorem 2.2 is the free left Ehresmann
monoid for which we seek. As X* is certainly cancellative and has no left units
other than 1, it follows that P is also the free left adequate monoid on X. An
alternative description of FLEM(X) appears in [13].

A few words concerning background. It is shown in [4] and [8] that the semi-
lattice of idempotents of the free left ample monoid FLAm(X) on X is a sub-
semilattice of the semilattice of idempotents of the free inverse monoid on X.
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Moreover, it follows from [6] that FLAm(X) coincides with the free left restric-
tion monoid on X. One way of describing the semilattice of idempotents F'x of
FLAM(X) is as follows.

First, if Z is a set partially ordered by <, then for any subset A of Z we denote
by min A the set of minimal elements of A. We recall that

{ACZ:0<|A] <oo, min A=A}
is then a semilattice under the operation
ANANB= min (AU B).

On X* we define a partial order by u < v if u = vw for some w € X*, that is,
if v is a prefix of u. Then

Fx ={ACX":0<|A| <oo, min A= A},
and the operation of meet on Fly is given in the standard way by
AN B = min AU B.

The free monoid X*, which, by Theorem 5.1 of [1] is embedded in both FLEM (X))
and FLAm(X), acts on Fx by morphisms where

w-A={wa:we A}.

From universal considerations it is easy to see that Fxy must be a morphic

image of EFx. We now show how to construct EFx from X.
Let Uy = {1}, and let Yy = {{1}}, where 1 is the identity of X*. We now put

Uy ={(z,A) 2 € X,Aec Yo} UUy ={(z,{1}) :z € X} U{1}

and extend the trivial partial order on Uy to U; by declaring (z,{1}) < 1, for all
x € X. Next, we put

Yi={WCU;: W =min W,0 < |W| < oo}
Note that {1} € Y7 and Yy C Y;. Then Y; is a semilattice under the operation
ANB = min (AU B).

Suppose inductively that n > 2 and Uy, Yy, Uy, Y1, ...,U,_1,Y,_1 have been
defined such that:
—for1<j<n-1,

Uj={(z,A):x € X,AcY; 1} U{l};

—for 1 < j < n—1, the partial order on U;_; is extended to U; by declaring 1
to be the greatest element and

(x,A) < (x,B) if and only if A < B in Yj_y;
—for0<j<n-—1,
Y,={WCU;: W =min W,0 < |[W| < c0};
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—for 0 < j <n—1, each Yj is a semilattice where
AN B = min(AU B);

—for 0 < j < n—1, the element 1 is the greatest in U;, so that {1} is the
greatest element of Y;

*UogUl Q ~~~Un—1 andYong Q ...Yn_l.

We now let

Up={(z,;A):x € X, A€Y, 1} U{l}
so that certainly U,_; C U,, and we define < on U, by the rule that for any
a? ﬁ E UTL?
G=1or
asfe { a=(z,4),8=(z,B)and A< BinY,_,.

Since Y, _1 is a semilattice, it is clear that < is a partial order; moreover as
Y, _> is a subsemilattice of Y,,_1, the relation < extends the partial order in U,,_;.

We now let

Y,={WCU,: W = min W,0 < |W| < oo}
so that Y,, becomes a semilattice under
AN B = min (AU B),

having subsemilattice Y,,_1, and and {1} as greatest element.
We may now put Ux = [J,eno Us and Ex = ;o Yi- Notice that Ex has
greatest element {1}.
We now define an action of X* on the left of Ex as follows: for z € X and
A € Ex we put
z-A={(z,A)}.

Lemma 4.1. For A,B € Ex with A< B, andx € X, we have that x- A < z-B.
Proof. From the ordering in Uy, if A < B, then (z,A) < (x, B). Hence
}

x-ANzx-B = {(z,A)} A{(z,B)
min {(z, A), (z, B)}
{(z, A)}

= x-A,

so that - A <z - B as required. O

Thus we have a map from X to OP*(FEYx), the monoid of order-preserving
maps on Ey with composition from right-to-left. From the freeness property of
X*, we have a morphism from X* to OP*(Ex) and hence an action of X* on the
left of E'x via order-preserving maps.

From the order preserving action of X* on the left of the semilattice Fx, we
can construct

Px =P(X", Ex) = (X" * Ex)/ ~
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as in Section 2. Notice that as X™* is cancellative and has no units other than 1,
Px is left adequate. Our aim is to show that Px = FLEM(X).
Let 0 : X — M, where M is a left Ehresmann monoid. We wish to prove there

exists a unique morphism g Px — M such that 10 = 0, where ¢ : X — Px is
given by zv = [z]. As X is the free monoid on X, ¢ extens to a unique monoid
morphism, which we also denote by 6, from X* to M. We define a map ¢ from
Ex to E inductively. First, we put 10 = 1 to get a map 6 : Uy — FE. Suppose
now that n > 1 and af is defined for all « € U,,_y. Let (z,A) € U, \ U,_1, so
that

x e A,A € Yn—l \ Yn_g and A Q Un—l-
If A={a1,...,an}, let
Next, we define 6 : U, — E by

(z, A)§ = (z0A0)*

We now define a map, which we again denote by 6, from Ex to E by

Lemma 4.2. Let X, M,0 and 6 be as above. Then 6 : Ex — E is a monoid
morphism.

Proof. We are given that 10 = 1 so that also
{1} =10 =10 = 1.
First we show that for any n € N° if § preserves order in U,, then 0 :
Y, — FE is a monoid morphism. For, under this assumption, suppose that

A=A{w,...,a.},B =A{0,...,0s} € Y,. Without loss of generality assume
that for some u,v > 0 (with at least one of u,v > 1), we have that

A/\B:{al,...,au,ﬁl,...,ﬁv}.

Then

Suppose that u < r; for any p € {u+1,...,r} we have that 5, < a, for some
g€ {1,...,v}. Then as 6 preserves order in U,, we have that 3,0 < a,0, whence

(AANB)) = ay0...c,00,030...3,0,
and as this is true for any such p, we obtain
(A A B)? = 0[15. .. Oé,«?ﬁla. .. ﬁvg

On the other hand, if v < s, then for any p € i’u +1,...,s}, in a similar fashion
we may add (3,6 to the expression for (A A B)f to obtain

(AAB)I = if... B0 .. 3.0 — AGBD.
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Let us prove that @ preserves order in U, for n € N°. This is clear for n €
{0,1}. Hence 6 : Y} — E is a monoid morphism.

Suppose now that n > 1 and 6 preserves order in U,, so that § : Y,, — E(M)
is a monoid morphism. We show that @ preserves the order in U, ;. First, for
any (z, A) € Upyr,

(z,A)0 < 1=16.
The other inequalities in U, 4, are all of the form (z, A) < (z, B), where A, B € Y,
and A < B. By our inductive assumption and the remark above, A0 < Bf. In
the comments following Lemma 1.7, if we take T' to be M, then we see that

(z, A)f (x0A0)F
x6 - Af

x6 - BO

(x0B0)*

(z, B)6.

Al

Since  preserves order in U, we therefore have a morphism Y,,,; — E. By
induction, we have that 6 : Ux — FE is order preserving and 6 : Ex — E is a
monoid morphism. O

Lemma 4.3. With notation as above,
(w- A)0 = (whAH) "
forany A€ Ex and w € X*.
Proof. We argue by induction on the length |w| of w. If |w| = 0, then (w - A)) =
(1-A) = A0 = (10A0)". If |w| = 1, then
(w-A)0 = {(w, A)}0 = (w, A)0 = (wHAH)*.

Suppose now that the result is true for words of length n and w = xv where
x € X and |v| = n. Then

(w-A)f = “(v-A
= (20(v-A)f)T  as above
O(vOAA)T)T by inductive assumption

(

(

(20(vOAs
= (zOvhAH)*

(

(

Hence result by induction. O

Thus far we have monoid morphisms 6 : X* — M and 0 : Ex — E. From the
universal property of the free semigroup product, we can construct a semigroup
morphism 6 : X* x Ex — M extending both # and 6.

Lemma 4.4. With notation as above, ~C Ker 0.
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Proof. We show that the generating set H of ~ is contained in ker 0. To avoid
confusion here we write 1x« for the identity of X* and 1p, = {lx-} for the
identity of Ex. Since

Ix-0=1x-0=1={1x.}0={1x-}0 =150,

we have that (1x-, 15, ) € Ker 6.
Consider now o = wge; . ..e,w, € X* x EFx where w; € X* and ¢; € Ex, for
0<i<nand 1< j<n. Using Lemma 4.3 we have

(

(

(

(woﬁelg(wlﬁ(eg(. c(wy - {1x}) .

= (woflerwif(ea(. .. (wy - {1x+})...))0)"

= (woblerfwifex0(. .. (w - {1x+})...)

(wohe1Owr0es . . . e,0(w, - {1x+})0)
(
(

woherb . .. e, 0(w,0 1))+
wober ... w,0)"

If a begins/ends with an element of EFx we can add 1x« to the front and/or back
of o to obtain a new element 3 of X* % Ex that both begins and ends with an
element of X*. By a remark in Section 2, o™ = 7 and certainly af) = 55 It
follows that for any o € X* % Yx we have that a™6 = (af)*.

Since 6 is a semigroup morphism, we consequently have that
(a*a)d = at0ab = (ab)Tald = of,

so that (ata, o) € Ker 6. O

From Lemma 4.4, it follows that 0 induces a semigroup morphism 0 from Px

to M, given by []f = af. Now [1x:] = [1g,] is the identity of Py and clearly
[1x:]0 = 1x-0 = 1.0 =1,

so that 6 is a monoid morphism. From the above, for any o € X* x Ex, we have
that

([]0)* = ()" = a0 = [a"]0 = [a] "0,
so that 6 is a (2,1, 0)-morphism.

Moreover, if ¢ : X — Px is the map given by xt = [z], then

xh = [z]0 = x6 = x0.
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Theorem 4.5. The left adequate monoid Px = P(X*, Ex) is the free left Ehres-
mann monoid on X.
Proof. It remains to show that for any left Ehresmann monoid M, and any 6 :

X — M, the morphism R Px — M is the unique morphism ¢ from Px to M
such that (¢ = 6. This follows from the fact that X generates Py, as we now
show.

Clearly, for any w = 21 ...x, € X*, where z; € X,

(W] =[z1...2,] = [21] ... [20] = (210) . .. (Tpt).

Certainly [1x-] € (Xt)(21,0), the (2,1,0)-algebra generated by X. If we can
show that [A] € (X1)@1,0) for all A € Ex, then it will follow immediately that
(X0)2,1,0 = Px.

Certainly [{1x+}] € (Xt)(2,1,0)- Suppose for induction that [A] € (X¢)1,0) for
all A €Y,,.

Let B € Y, 11, so that B C U, and

B=ZiN...\Bj,

for some singleton subsets B; of U,11, 1 <i < m.
If for some i, we have that B; C U,, then B; € Y,,, so that [B;] € (X¢)(2,1,0) by
our inductive assumption. On the other hand, if B; € U, \ U,, then

Bi = {(z, A)}

for some # € X and A €Y, so that again, [A] € (X¢)2,1,0). Now in X* x Ex we
have that

(AT =2A - {Ix-}=2-A={(z,A)},
so that
[Bi] = [{(z, A)}] = [(xA)"] = [2A]" = (2[A])" € (Xi)@10)-
It follows that
(Bl =[BiA...ABy] =[Bi]...[Bn] € (Xt)21,0-
By induction, [A] € (Xt)1,0) for any A € Ey, as required.

From Theorem 2.2 we immediately have the following.

Corollary 4.6. For any non-empty set X, the free left Ehresmann monoid co-
incides with the free left adequate monoid on X.

Writing any element of Px as a (2,1,0)-term over X, and abbreviating the
identity by 1 and x¢ by z, for any z € X, leads to a great simplification in the
description of elements of Ex and hence of Px. For example,
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A = [{{1HH =) =y",

B = [{(s {(y,{l})})}] (zy)7,

C = [{GEA@ DD, @A 1)), ¢ {(@ {1HH D} = Ey)t @t (t)h)*
and

D= [{(zA{(y, {1}), (. {1}), t.{(z, {IH YD }] = (2(y 2" (t2)"))".

Notice that if the action of X* on Ey were by morphisms, then C' would be
equal to D; but, the action is not by morphism, and this is essentially what has
led us to a very careful approach to the ordering in Ex.

Subsequent to our description of Fxy and Py, the authors learnt of an alter-
native approach to FLEM(X), due to Kambites [12], in which the idempotents
correspond to trees labelled by the elements of X. To illustrate, the tree on the
left below

/ /
\ \

*/\& \@

is a picture of the element C of E'x above. Kambites developes a notion of ‘prun-
ing’ of trees via labelled graph morphisms to define an ordering on Ex; it is
straightforward to check that his ordering coincides with ours. The remarkable
insight of [12] is the realisation that not only can the idempotents of Ey be rep-
resented by labelled trees, but also, by distinguishing two vertices, the elements
themselves. By considering branching points, one may see how an element of
Px in normal form corresponds to a labelled tree. The element of P(X*, Fx)
depicted by the tree on the right above is (zy) " zattz, or in X*-normal form,

I+ ((2y) T (22 (tx) 1) 1) 2(a™ (tz) Pt
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