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Abstract

Ehresmann monoids form a variety of biunary monoids, which includes restriction
(hence ample and inverse) monoids. We demonstrate they have a rich structure
that is fundamentally different from that of the widely studied restriction monoids.
In earlier papers, we developed a theory for left Ehresmann monoids, which form
a variety of unary monoids. Here we consider the two-sided case. KEven for the
more tractable class of restriction monoids, the literature shows that the two-sided
case cannot be resolved simply by putting together the results in the left and right
handed cases. It requires introducing new techniques, and we cannot expect exactly
analogous results. In the class of Ehresmann monoids we introduce the notions of T'-
normal forms, strongly T-proper and T-proper. Recent work of Jones indicates that,
even in the case for restriction monoids, the notion of strongly T-proper yields non-
trivial insights that are not simple extensions of the approach for inverse monoids.

First, we show that elements of Ehresmann monoids have T-normal forms. Next,
we show how to construct a strongly T-proper Ehresmann monoid P(7,Y) from a
semilattice Y acted upon on both sides by a monoid T via order preserving maps.
We then prove that any Ehresmann monoid admits a strongly X*-proper Ehresmann
cover and that the free Ehresmann monoid on X is of the form P(X*, F'). Contrary to
the free left Ehresmann monoid, the free Ehresmann monoid does not have uniqueness
of X*-normal forms. In a subsequent article, we characterise monoids of the form
P(T,Y) by showing that they are initial objects in certain categories.

*This paper was developed within the activities of CAUL, project PEst-OE/MAT /UI10143/2014 of FCT.
Research supported by Grant No. EP/1032312/1 of EPSRC.
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1 Introduction

Left Ehresmann semigroups, defined in Section 2, form a variety of unary semigroups,
that is, of semigroups equipped with an additional basic unary operation of s — s™. For
a left Ehresmann semigroup S, the set Fg = {s* : s € S} (or E if S is understood)
forms a semilattice under the multiplication in S. We refer to Fg as the semilattice of
projections or distinguished semilattice of S. Right Ehresmann semigroups are defined
dually, with unary operation denoted by s + s*. A semigroup is Ehresmann if it is both
left and right Ehresmann such that the semilattices of projections coincide. It follows
that Ehresmann semigroups form a variety of biunary semigroups. Our interest in (left)
Ehresmann semigroups comes from several directions, which we now explain.

First, inverse semigroups are Ehresmann where st = ss7! and s* = s~ !s and in this
case every idempotent is a projection. In general, however, Ehresmann semigroups need not
be regular. Indeed, an Ehresmann semigroup such that every idempotent is a projection
is inverse if and only if it is regular. Second, the variety of (left) Ehresmann semigroups is
the variety generated by the quasi-variety of (left) adequate semigroups, a result that is a
consequence of Kambites’s construction of free (left) adequate semigroups [17, 16], and his
demonstration that the free (left) adequate semigroup on a given set coincides with the free
(left) Ehresmann semigroup on the same set. Left adequate monoids were introduced by
Fountain in [5] and have the property that they are precisely the monoids with semilattice of
idempotents such that every principal right ideal is projective [5]. Fountain also presented
the two-sided case of adequate semigroups in [6]. In fact, the study of (left) adequate
semigroups for some time largely focussed on those that were (left) type A, later called (left)
ample. Such semigroups satisfy the ‘ample’ identities (zy)*z = xy™ and z(yx)* = y*z (or
just (zy)Tx = zy™, as appropriate), which are easily seen to hold for inverse semigroups
with ™ and * defined as above. Indeed, many of the approaches to inverse semigroups,
such as the McAlister notion of proper covers [21, 22] have their analogue for (left) ample
semigroups and the wider classes of (left) restriction semigroups. One point that one must
emphasise is that proving results in the two-sided case usually requires far more than
glueing one-sided results together.

As pointed out in [4], the semigroup of binary relations Bx on any set X is Ehresmann
where

pt ={(z,x) : x € domp} and p* = {(z,z) : x € im p}.

Certainly By is not regular, although its biunary subsemigroup P7T x of partial maps is.
It is well known that PT x is left restriction but not right restriction; consequently, By is
neither left nor right restriction.

Our final source of interest in Ehresmann semigroups, whence we obtain the nomen-
clature, is that they arise as the semigroups associated to Ehresmann’s work on ordered
categories, as explicated by Lawson in [20]. For further details of the approach to Ehres-
mann semigroups using pairs of partial orders, we recommend the reader to [20]. We
remark that if the ample identities hold, then the two partial orders coincide.

What then can we say about (left) adequate and (left) Ehresmann semigroups? Without
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the ample identity, almost all of the known approaches fail and new ideas and strategies
are required. Largely for ease of expression, but occasionally for technical reasons, we focus
here on (left) Ehresmann monoids.

To motivate the current work, we briefly outline the approach we took for left Ehres-
mann monoids in [2, 9]. We say that a left Ehresmann monoid is 7-generated by a sub-
monoid 7" if every element of M can be expressed as products of projections and elements
of T'; for such an M and T, every element has a T-normal form. From a monoid T acting
on a semilattice Y with identity by order preserving maps, we construct a left Ehresmann
monoid Py(7,Y), containing (an isomorphic copy of) 7" with semilattice of projections
(isomorphic to) Y, which is T-generated and has uniqueness of T-normal forms. Moreover,
for a T-generated left Ehresmann monoid M we have a projection separating morphism
from some Py(T,Y) onto M that is an isomorphism if and only if M has uniqueness of
T-normal forms. If T is right cancellative, then P,(T,Y) is left adequate. Kambites de-
scribes free left adequate monoids using birooted labelled trees [17], and notes that they
are also the free left Ehresmann monoids. In a complimentary way we used our techniques
to describe the free left Ehresmann monoid on X as being of the form P,(X*,Y); it is
therefore left adequate. Consequently, left Ehresmann monoids form the variety generated
by the quasi-variety of left adequate monoids (see also [17]). We also showed that unique-
ness of T-normal forms implies the property of being strongly T'-proper which itself implies
that of being T-proper. The terminology is related to that in the restriction case, but we
stress the ideas are new. Our strategy was motivated by, but not directly connected to,
the McAlister approach in the inverse case via proper (FE-unitary) covers and McAlister
P-semigroups [21, 22].

Now we outline the contents of the present article. We aim to study Ehresmann monoids
using the same strategy as in the one-sided case. As indicated above, this is rather more
than putting results for left and right Ehresmann monoids together. Even for ample semi-
groups, the development of a two-sided theory of proper covers [19, 3] and the clarification
of the structure of free ample semigroups [7] was more taxing than in the one-sided situ-
ation. After Section 2 on preliminaries, we begin the work of this article in Section 3 by
showing that elements in 7T-generated Ehresmann monoids have T-normal forms, i.e. an
expression that is simultaneously both a left and a right T-normal form. A crucial step in
this proof is a rather deeper analysis of the algorithm for achieving normal forms in the
one-sided case given in [2].

The key in [7] is the notion of a monoid acting on both sides of a semilattice by
morphisms such that the actions are connected via compatibility conditions. Motivated
by the way in which an Ehresmann monoid S acts on the left and right of Eg, here we
consider a monoid T acting on both sides of a monoid semilattice Y by order preserving
maps such that the actions are connected by conditions, tailored to this present case, that
we again refer to as compatibility conditions. In Section 4 we construct an Ehresmann
monoid P(7,Y), containing (an isomorphic copy of) 7" with semilattice of projections
(isomorphic to) Y, which is T-generated. We argue in Section 5 that any T-generated
Ehresmann monoid is a projection separating morphic image of P(7,Y).

Of course, these results would not have much virtue were P(7,Y") not to possess some
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distinctive strong properties (and not mere copies of those in the one-sided cases). In fact,
we cannot hope for P(7,Y") to have uniqueness of T-normal forms. We demonstrate this by
showing in Section 6 that the free Ehresmann monoid is of the form P(X*,Y), but is easily
seen not to have uniqueness of X*-normal forms. However, the uniqueness of T-normal
forms of Py(T,Y) in the one-sided case was something of a surprise, as we now explain.
We say that a (left, right) T-generated Ehresmann monoid is strongly T-proper if the
congruence o separates 7. What we had expected was that P,(T,Y) would be strongly
T-proper, a condition that is implied by uniqueness of T-normal forms and which implies
a condition we called (left) T-proper. We show in Section 4 that P(T,Y) is strongly 7-
proper, and hence T-proper. To do so requires careful analysis of the interactions between
the corresponding one-sided cases.

An Ehresmann monoid M that satisfies the ample identities is called restriction. In
a happy full circle, Jones [15] argues that the notion of strongly T-proper is fundamental
even in the restriction case. A restriction monoid M that is proper (in the sense analogous
to that in the inverse case) is strongly T-proper for a submonoid 7" if and only if it is perfect
[15, Proposition 3.2]. Here M is perfect if o is a perfect congruence, that is, set products
of o-classes are o-classes and each o-class has a greatest element. Jones builds a theory for
restriction monoids around the notion of being perfect. An alternative approach to some
of Jones’s work is given by Kudryatseva in [18].

It is known [17] that the free left Ehresmann monoid is left adequate. In a subsequent
article [1] we examine properties of T guaranteeing that P(7',Y) is left adequate. Further,
we characterise monoids of the form P(T,Y’) by showing that they are initial objects in
certain categories.

2 Preliminaries

In this section we give the basic definitions and results regarding Ehresmann semigroups
and monoids needed for the rest of the article. Further details may be found in the
notes [11].

Left Ehresmann semigroups are defined by the associativity identity together with the
identities ztx = z, (xTy™)" = 2Tyt =y and (xy)" = (zy*)*T. We observe that, in
particular, they also satisfy the identities 27 = xTz™ and (¢7)" = 2*. Dual identities
define right Ehresmann semigroups.

Ehresmann semigroups are defined by the identities for left and right Ehresmann semi-
groups, together with (z*)™ = z* and («*)* = 2. It is these identities which guarantee
there is no ambiguity over membership of the semilattice of projections.

There is another approach to (one-sided) Ehresmann semigroups, via the use of relations
extending those of Green. For any subset £ of idempotents of a semigroup S, let Rz be
the equivalence relation on S defined by the rule that a Rg b if and only if, for all e € F,
ea = a if and only if eb = 0. If S is a left Ehresmann semigroup with semilattice of

(@)1t is easy to see that we may regard o as a semigroup congruence or as a congruence in an augmented
signature, whence there is no ambiguity.
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projections F, then each ﬁE—class of an element a has a unique element of E, which is a™,
and R is a left congruence. Conversely, if S is a semigroup such that, for some semilattice
E of S, each Rp-class [a]5  has a (necessarily unique) element, say a*, of E' and Rp is
a left congruence, then the unary semigroup obtained from S by equipping it with the
unary operation a — a™ is left Ehresmann with semilattice of projections E. For a right
Ehresmann semigroup, the dual equivalence relation is denoted by L g so that a £E b if
and only if, for all e € E, ae = a if and only if be = b. Clearly, in a left (respectlvely right)
Ehresmann semigroup, a R b if and only if a* = b™ (respectively a Lp b if and only if
a* =b").

Left (right) Ehresmann and Ehresmann semigroups were first defined in the literature
as semigroups and by means of these equivalences ﬁE and £ - In this article we regard
them as varieties of unary and bi-unary semigroups. Thus, for example, morphisms must
additionaly preserve the unary operation(s). Occasionally it helps to stress the signature
and in this case we refer to, for example, a morphism of Ehresmann semigroups as a
(2,1, 1)-morphism (since the arity of the signature is (2,1, 1)).

A left (respectively right) Ehresmann monoid is a left (respectively right) Ehresmann
semigroup together with an identity, hence a (2,1,1,0)-algebra. In such a monoid we nec-
essarily have 17 = 1 (respectively 1* = 1). We focus largely on the case for monoids, the
existence of a multiplicative identity playing an important role in many of our arguments.
A (left, right) Ehresmann monoid is reduced if it has trivial semilattice of projections.
Monoids, regarded as reduced (left, right) Ehresmann monoids, play a role in this theory
that is a distant analogue of that taken by groups in the theory of inverse semigroups.
In the sequel, given a (left, right) Ehresmann monoid M the letters E and T denote,
respectively, the semilattice of projections of M and a submonoid of M.

We now present some technical results, which will be useful in subsequent sections. The
relation < appearing in the next statement is the natural partial order on F.

Lemma 2.1. Let M be a left Ehresmann monoid. Then for any a,b € M and e € FE,
at(ab)t = (ab)t, (ea)™ = ea™ and (aeb)t < (ab)™ < a™.

Dually, if M is a right Ehresmann monoid with semilattice of projections E, then for
any a,b € M and e € E, (ab)*b* = (ab)*, (ae)* = a*e and (aeb)* < (ab)* < b*.

Proof. We need only give the argument for left Ehresmann semigroups. That a™(ab)™ =
(ab)™ and (ea)™ = ea™ is well known and easy to see. Consequently,

(aeb)t = (aeb™b)* = (abteb)” < (abh)" = (ab)* < a™,
where we use the fact E is a semilattice and the identity (zy™)™ = (ay)™. O

For any monoid U we denote its dual monoid by U¢. Let T' be a monoid and let YV
be a partially ordered set (indeed in this article, Y will always be a semilattice). We say
that T' acts on the left of Y wia order-preserving maps if there exists a monoid morphism
a: T — O, where Oy is the monoid of all order-preserving maps of Y. Normally, we
write ¢ -y for (ta)(y). The next lemma is straightforward (see for example [2, Lemma 1.7]).
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Lemma 2.2. Let M be a monoid and let T be a submonoid of M. If M is left Ehresmann
then T acts on E on the left via order preserving maps by

(t,e) > t-e=(te)".

Dually, if M is right Ehresmann with semilattice of projections E, then T acts on E on
the right via order preserving maps by

(e,t) —>eot = (et)".

We recall that a left Ehresmann monoid M is hedged if the action of M on E is by
morphisms, that is,

(mef)" = (me)"(mf)".

Since the action of ' on E by left multiplication is clearly by morphisms, it follows that
a T-generated left Ehresmann monoid is hedged if and only if 7" acts on £ by morphisms.
The corresponding definitions and remarks hold in the right and two-sided cases.

Lemma 2.3. Let M be an Ehresmann monoid. For any a € M and e, f € E, we have
(eaf)t = e(a(eaf)*)+.
In particular, for any a € M and e € F,
(ea)™ = e(a(ea)*)+ and a-e=a-(ae).
Proof. Let a € M and e, f € E. Then
(eaf)t = (ea(ea)*f)Jr = e(a(ea)*f)+ = e(a(eaf)*)+. O

Remark 2.4. The rather simple Lemma 2.3 gives in fact a key to Section 4, since its first
equality can be rewritten in terms of actions as follows:

ela-f)=ela-((eca)f)).

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

a = cierdy, ¢ frdy = coeafo, ... cpnfnd, =0,

where ¢y, dy, ..., cp, d, € St and (eq, f1), ..., (en, fn) € ExE. Notice that in an Ehresmann
monoid M with semilattice of projections F, we denote o more simply by . In this case,
for any a,b € M, at o b™ and a* o b* whether or not a og b, giving us the following.

Lemma 2.5. Let M be an Ehresmann monoid. Then E is contained in a o-class and o
is a (2,1,1,0)-congruence.
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As indicated earlier, in this article we require care with signatures. To this end we
give a technical but straightforward result, the proof of which we omit. Given a subset A
of an Ehresmann monoid M, we denote by (A4)) ((4)20), (A)21,1,0)) the subsemigroup
(respectively submonoid, Ehresmann submonoid) generated by A. Of course, the default
is (A)(2,1,1,0), but it does not hurt clarity to stress the signature, given that we make use
of others.

Lemma 2.6. Let M be an Ehresmann monoid and let X be a subset of M. Put T =
<X>(2’0). Then

(EUX) @110 =(EUX)@)=(EUT)@ =(EUT)z110)-
Moreover, M = (E'UT) @) when M = (X)21,1,0)-

We now define the notion of T-proper for an Ehresmann monoid M. Effectively, we
say that M is T-proper if it is T-proper regarded as both a left and as a right Ehresmann
monoid (see [2, Definition 3.5]).

Definition 2.7. Let M be an Ehresmann monoid with projections F and let T" be a
submonoid of M such that M = (EUT) ). Then M is said T-proper if for any s,t € T
and e € F,

(se)* = (te)* and seote imply that se = te
and, dually,

(es)” = (et)" and es o et imply that es = et.

Of course, the foregoing condition can be phrased using the relations Ry and Lp. As
noted in [2, Lemma 3.6|, proper restriction monoids (and hence proper ample and proper
inverse monoids) are examples of T-proper Ehresmann monoids for 7" = M. Clearly a
strongly T-proper Ehresmann monoid is T-proper and we will show that the free Ehres-
mann monoid on X is strongly T-proper, for some 7" isomorphic to X*.

A word on notation: for us, 0 is not a natural number and we denote N U {0} by Np.

3 One and two-sided normal factorizations

We recall from [2] the following result concerning factorisations of elements in left Ehres-
mann monoids, before providing a rather deeper analysis than was necessary in [2], but
which will be essential for the exposition in this current article.

Proposition 3.1 ([2]). Let M be a left Ehresmann monoid and suppose that M = (E U T) ).
Then any x € M can be written as

X :t061t1 ...€ntn,
where n € No, e1,...,e, € E, t1,...,t,1 € T\ {1}, to,t, € T and for 1 <i < n,

e; < (ti6i+1ti+1 . entn)+.
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We point out that in this proposition we necessarily have e; # 1, since
e; < (tiejrtivy ... enty,)™. We also observe that
)= (tie) "

The strategy of the proof of Proposition 3.1 consists of the following procedure over a
decomposition x = Sof151 ... finSm, where sg,...,s,, € T and fy,..., f,, € E, which can
be found, since M = (EUT) ) and 1 € T

Step 1. Eliminate all f;’s such that fi(s;fiz1 - Sm_1fmSm)t = (Sifix1 -+ Sm-1fmSm)T to

obtain x = wugguy ... grug, where ug,...,ux € T and g¢1,...9x € E are such that

gi(uigiﬂ .. -kalgkuk)—i_ < (uigi+1 .- -kalgkuk)—h

e < (tiei—i-lti—l—l R entn)+ = (ti€i+1(ti+1 . entn)

Step 2. Replace each g; by gi, where g; = ¢;(u;gir1 ... up_1gxur)™. At this stage we have

/ / / / /
T = upgiu ... gruk and g; < (Wigiyy - . wp—1gpue) "

Step 3. Delete any interior u;’s that are 1.

We thus finally obtain a desired form for z, where the elements of T" are the remaining
u;’s and the elements of E are ¢.’s or products of consecutive g.’s whose w;’s in the
middle were deleted.

Let us call this procedure (Pg) and call (Py,) the dual procedure for right Ehresmann
monoids.

A factorization tgeqt; . . . e,t, as in Proposition 3.1 is said to be left T-normal or simply
left normal, if there is no ambiguity. If in the conditions on the factors, 7'\ {1} is replaced
by T, we say that the factorization is weak left T-normal or simply weak left normal.
Dual terminology applies to right Ehresmann monoids. Note that in [2] and [9], which
deal exlcusively with factorisations in left Ehresmann monoids, the adjective ‘left’ was not
needed.

We will be applying both the procedures (Pr) and (Py,) and variations thereof to (two-
sided) Ehresmann monoids below. With this in mind it is helpful to pause and point out
some subtleties.

Remark 3.2. In a left Ehresmann monoid M, given a,b € M, e € E, we have aeb = ab
whenever eb™ = b". This simple fact implies that an alternative approach to Step 1 would
be that we eliminate idempotents one at a time, in any order, reviewing the conditions
on the resulting decomposition of x as an alternating product of elements of T and F -
leading to the same factorization of x as x = uggiuy . . . grpug.

Remark 3.3. Notice that in Step 2, w;ig;, ; ... g ur = UiGiy1 - - - grug for any i € {0,...,k}.

Remark 3.4. Suppose we have a weak left T-normal factorization tgeqt; ... e,t, of x. As
indicated by Step 3, eliminating any ¢; = 1 where i € {1,...,n — 1} certainly leaves a
weak left T-normal factorization (indeed, deleting all such elements reveals a left T-normal
factorization). Moreover, if we merely know that tgeit; ... e,t, has the weaker property
that e; < (ti€i41...extn)T for i € {1,...,n}, then again this property is preserved by
deleting any interior ¢;’s that equal 1.
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The above remarks, which will be useful in themselves, lead us some way to the following
alternative approach to (Pgr).

Let M be a left Ehresmann monoid and suppose that M = (E'UT) ). Suppose that
x € M is written as x = sof151 ... fmsm Where s; € T'and f; € E.

Move A. Eliminate f; where fi(sifiﬂ o fmsm)+ = (SifiJrl . fmsm)+.

Move B. Replace f; where fi(Sifi+1..,fmSm>+ < (Sz’fi+1...fmsm)+ by fI. where f! —
Ji (Sifi+1 - fmsm)+.

Mowve C. Delete an interior s; that is 1.

It follows from Remarks 3.2 and 3.3 and the effectiveness of (Pg) that the T-normal
form achieved via (Pgr) is obtained by applying a sequence of Moves A, then Moves B,
then Moves C. Note that the strategy here is a little different from that in [2]: here we
are re-labelling the decomposition of = at each stage. We show that any 7T-normal form
achieved by applying Moves A, B and C in any order will coincide with that obtained via
(Pr) - starting, of course, from the same original factorisation of x. In order to show the
above uniqueness, we call heavily upon the results of [9].

Let T" be a monoid with identity 17 and let Y be a semilattice with identity 1y. To
avoid any ambiguity we assume that TNY = (). Let T * Y be the semigroup free product
of T" and Y, which we consider here as the set of all sequences (uy,...,u,), that we will
usually represent as u; ...u,, with n € N and (u;,u;11) € (T'xY)U (Y x T) for any
i€ {l,...,n— 1}, endowed with the usual product. We say that an element u, ...u, has
length n. The monoids 7" and Y naturally embed as semigroups in 7' % Y and with this
convention, E(T'«Y) = E(T)UY.

The left Ehresmann monoid Py(T, E) = (T x E)/ ~, appearing in Proposition 3.5 is
a construction taken from [9]. Note that in [9] the subscript ¢ is not used as [9] deals
almost exclusively with left Ehresmann monoids. Here we need a subscript to prevent
confusion with the left-right duals P,(7, F) and ~, and the two-sided versions P(T’, E)
and ~ introduced in Section 4. The unary monoid Py(T, E) is defined in [9, Theorem 2.2]
and is the free product T * F equipped with a unary operation v +— ut and factored by
the semigroup congruence ~; generated by

H={(u"uu):ueT*E}U{(lr,1p)}

(we need to label the identity of M separately in 7" and E to form the semigroup free
product). The map ¢, : P(T,E) — M is given by [u].s) = u, where (with abuse of
notation) u is the natural image of w in M. As observed in [9, Theorem 3.1}, for u € Tx E,
the element u* in T * F coincides with u™ in M.

Proposition 3.5. Let M be a left Ehresmann monoid and suppose that M = (E'UT) .
Let v € M have a factorisation x = sofis1... fmsm where s; € T and f; € E, for
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i€40,...,m}, g €{l,...,m}. Then any sequence of applications of Moves A, B and C,
in any order, results in the same left T-normal form for x. By earlier comments, this is
also the left T-normal form obtained via applying the procedure (PR).

Proof. From [9, Corollary 3.4] there is an onto morphism 1 from Py(T, E) to M. Let
x € M be written as @ = s fi51 ... fmsm where s; € T" and f; € E/ and for convenience let
Z denote the element of T x E corresponding to this factorisation. Suppose that applying
one of Moves A, B or C to z yields z = tpeity ... meyt, and let § € T * E correspond to
this factorisation. We show that & ~y ¥.

Suppose that we apply Move A, so that y = sof1...5;_1Sfiz1--- finSm, where we have

that fi(sifiﬂ . fmsm)+ = (Sifi+1 e fmsm)+~ Then

T = SofiS1..- fmSm

~ooSofteSicafi(Sifivt o fSm) T (Sifivt - fonSm)
= Soft...Sica(Sifiv1 .- fmsm)+<5ifi+1 oo fmSm)
~y 80f1 Ce si_lsifiﬂ Ce fmsm

On the other hand, if we apply Move B, then we replace some f; such that f;(s;fis1 ... fmsm)T <
(5ifiv1- .- fmsm)+ with fj = fi(sifiz1- - fmsm>+' Now § = sof1...8i-1f{8i ... fmSm and

T = Sofisi...8i—1[iSi-. fmSm
~e Sofis1. Sicafi(Sie o fmsm)TSsic o finSm
s0f151 .- Si—1fiSi .. fmSm
= 7.
Finally, if we apply Move C, deleting s; = 1, where i € {1,...,n — 1}, then § =

soft--- fifiv1Siv1 -+ fmsm and

T = Sof1s1..-Si—1fiSifiv1- . fmSm
= 80f151---Si—ifilrfiz1 .. fmSm
~¢ Sof181. .- Sicifilefiv1 - fmSm
= ng181 Ce Si—lfifi—l—l e fmsm

It follows that if x = 2 = ugg; . .. grug is any factorisation of x in left T-normal form,
where ug, ...,u; € T and ¢y, ...,gx € E obtained by applying Moves A, B and C (in any
order), then [Z| = [Z] where Z is the element of T * E corresponding to this factorisation.
Moreover, it follows from [9, Lemma 2.10] and the discussion at the start of the proof
of [9, Theorem 2.2] that [2] = [ug|~,[91]~, - - - [9k)~, [tk]~, is in left Tj-normal form, where
t; = {[t]~, : t € T'}. Our result now follows from the fact that P,(7, E') has uniqueness of
left Tj-normal forms and [9, Theorem 2.2, Lemma 2.10, Corollary 3.4]. ]

Remark 3.6. Suppose that M is a left Ehresmann monoid. Then every element of T' is
a left T-normal factorization, and if e € E\ {1}, then lel is a left T-normal factorization.

10
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Assume that y = sgfis1... fmsSm and z = tgeqty...eyt,, where So, ..., Sm,to,...,tn €T
and fi,..., fm,€1,...,e, € E, and the factorization tyeit; ...e,t, is left T-normal. Let
T =yz = Sof181 ... fmSmtoeits ...ent,. How might we reduce this to a left T-normal fac-
torization? Clearly we have that s,,tgeit; ... e,t, is a left T-normal factorization. In view of
Proposition 3.5 the left T-normal factorization obtained from sqgf1s1 ... finSmto€iti ... enty
can be obtained by first reducing 1f,,smtoe1ts . . . e,ty, obtaining 1(fi,e1)ts ... ety if spto =
1; (Smto)erts - - . entn if frn(Smto€its - .. entn)t = (smtoeits ... entn)™; and 1g,,(smto)erts - . . entn,
where ¢, = fi(Smtoeits...entn)™ if fr(smtoeits...entn)™ < (Smtoeit:...ent,)t and
smto # 1. Let uyhyug . . . hyu, be the factorization achieved. Next take f,—1(spm—1u1)hius . .. hyu,
and proceed as previously (notice that the factorization (s,,—iui)hius...hyu, is left T-
normal).

Continue in this (finite) manner to obtain a left 7-normal factorization.

The goal now is to prove a two-sided version of Proposition 3.1 for Ehresmann monoids.
The statement is the following.

Proposition 3.7. Let M be an Ehresmann monoid such that M = (EUT)@y. Then any
xr € M can be written as
r = t061t1 ce entn,
where n € Ny, e1,...,e, € B, t1,...,t,1 € T\ {1}, to,t, € T and for 1 <i < n,
e < (tieiﬂtiﬂ ce entn)+
and

e < (t061t1 e ei,lti,l)*.
A factorization x = tgeity .. .e,t, as in this proposition is said to be T-normal.

Proof. Let x € M. By Proposition 3.1, x has a left normal factorization (we lose no clarity
by dropping the ‘I in this proof)

T = tpeity ...enty,
where n > 0, e1,...,e, € E, t1,...,t,—1 € T\ {1}, to,t, € T and for 1 < i < n,
e < (tiei—l—lti—i-l - entn)+.

We now apply (the dual of) Move A to this factorisation. Let i; € {1,...,n} be such that
(t061t1 e eil—lth—l) €i; = (toeltl e eil—lth—l) . Then

Tr = toeltl N eil—l(til—ltil) 61'1_,_11}2'1_;,_1 c. entn.

This factorization of x is weak left normal, since for i € {1,...,i; — 1}, we have ¢; <
(ti6i+1ti+1 o€ty ety .. entn)Jr and so, by Lemma 2.1,

+
e < (ti€i+1ti+1 .. 611,1(@'1,1@'1) €i1+1ti1+1 o entn>

11
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Continuing this process of applying (the duals of) Moves A, after a finite number of steps
we obtain a weak left normal factorization of x

T = 50€p,51 - - - €}, Sk
where 1 <7y <re<...<71,<n,S...,5 €T, and, for any i € {1,...,k},
* *
(80€T181 .. 67«1.718@',1) e, < (806T181 . 67«{718@',1) .
Next we use (the duals of) Moves B. We replace in the previous factorization of z each
er, by
*
f’L = (8067‘1 Sl st eTi_lsi—l) 67’1'7
thus obtaining
T = Sof181 ce fksk.

By definition, for any i € {1,...,k} we have f; < (soensl . 61@-,18@;1)*; from the dual of
Remark 3.3 we have that spe, s1...€._,8i—1 = Sof151... fi—1Si-1.

Now we aim to show that f; < (8ifi+15i+1 . fks/yc)Jr foranyi € {1,...,k}. We certainly
have fy < e, < si. Let i € {2,...,k} and assume that f; < (s;fip18:41- ..fksk)+. Set
2= 80€r,S1...€r,_,Si—2 (= Sof151... fi—2Si—2). Then

(Si—lfisifi+13i+l ce fkslc)Jr = (Si—lfi(sifi+13i+1 ce fksk)Jr)+
= (Si—lfi)+

(sic1(zep 15i0)%en) "

and

fic1= 2*672‘71
= 2%e,,_,(si_1€,)" (by observation after Proposition 3.1)
* +

= (2"er_ Si-16r,)

=2, (sic1(z%€r,_y8ica e,,l.)*)Jr (by Lemma 2.3)
+

= Z*e"’i—l (Si—l(z Eri_18i-1 6”)*)
+

=z, (si_l(z eri_lsi_l)*e”) .

It follows now
+
fict < (8ic1fisifis1Siva- - fusk)

Hence fz < (sifiﬂsiﬂ e kak)+ for any 1€ {1, c. ,k’}
In view of Remark 3.4 and its dual we can, at this stage, assume that no interior s; is 1.
For, we can remove any that are, and obtain a new factorisation with the same properties.
If for all ¢ € {1,...,k}, we have f; < (s;fix1... fesk)", then we are done, as the
expression of x is a weak normal factorization and, as proved below, it is in fact a normal

12
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factorization. Otherwise, let j; € {1,...,k} be such that f;, = (s, fj+157+1- - fksk)Jr
Then

FinSii 181 - fusk = Sjfi1Si41 - fusk
and we may eliminate f;, to get

v =sofisi . f-a(sj-185) fnrSian - fusk.

Also, fori € {1,...,j1 — 1},
Ji < (Sof181 e fi—lsi—l)*

and for i € {j; +1,...,k}, by Lemma 2.1,

*
fi < (sofist- - f—18—1fnSi fie1Si41 - - fim18io1)
*

< (sof1s1--- f-1(85,-185,) fji18j,41 - - - fic1Sio1) -

Hence the new factorization of z is weak right normal.
Proceeding with this process of applying Moves A, after a finite number of steps we
arrive to a weak normal factorization of z

T =upfpur... fo,up.

This is in fact a normal factorization, since if, for some i € {1,...,p — 1}, we have u; = 1,
then

féi < (uiffﬁlui“‘l ce fgpup)+
— (fgi+1ul'+1 Ce fngp)+

+
= foipn (Wir1 fooniva - fo,up)

= ffiﬂ
and
froon < (wofowr ... fo wi fous)

= (wofour - fo_wiafe)”

= (u0f€1u1 e f&,luifl)*féi

= fu
which is a contradiction. Hence u; # 1 for every ¢ € {1,...,p— 1}, and this completes the
proof. [

Remark 3.8. It follows from the proof of Proposition 3.7 that a factorization of an element
x of an Ehresmann monoid that is both left and right T-normal can be reached by taking
any factorization x = sof151... finSm, where sg,....,s,, € T and fi,..., f, € E, applying
procedure (Pg), then procedure (Py,) and, finally, procedure (Pr) again.

We say that an Ehresmann (respectively left Ehresmann, right Ehresmann) monoid
has uniqueness of T-normal (respectively left T-normal, right T-normal) factorizations if
each of its elements has a unique T-normal (respectively left T-normal, right 7-normal)
factorization.

13
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4 A construction

In this section we show how to construct Ehresmann monoids from actions of monoids
on the left and on the right on semilattices. Such constructions are inspired by those
of [9, Section 3] for left Ehresmann monoids, which provide a skeleton for our approach.
However, our results here for the two-sided case require different and more delicate proofs.

Let T be a monoid with identity 17 and let Y be a semilattice with identity 1y; we
assume that T NY = (). Suppose that T" acts on the left of Y by order preserving maps.
The multiplication of the semilattice also induces a left action of Y on itself by order
preserving maps (even by morphisms). By definition of semigroup free product, there
exists a semigroup morphism ¢,: T*Y — O%L, i.e a left action of T*Y on Y, that extends
both previous left actions of 7" on Y and of Y on Y. Following [9], given u € T x Y and
e €Y, we denote (u¢,)(e) by u-e and define ut as

ut =u-1y €Y.

Note. Clearly, e" = e for alle € Y, and (u™)" = u™ for all w € T« Y. In addition, given
u e T*Y, if wis obtained from w via insertion or deletion of 1y’s and 17’s, then u™ = w™.

Lemma 4.1. For anyu,v € TxY ande €Y,

(a) (uwv)™ = u-ovt = (wh)*, (ew)™ = eu™, (w0)t < ut and (uev)t < (wv)™. In
particular, (vtv)t =ot = (vF)"T.

(b) if e < vt then (uev)™ = (ue)™.
Proof. (a) Given u,v € T+Y, we have (uwv)* = (uv)-1ly = u-(v-1y) = uw-vt =u-(vF-1y) =
(uwot) - 1y = (uwv™)*. Tt follows that if e € Y and u,v € T Y, then (eu)™ =e-ut = eu™.
Moreover, since v < 1y, the fact that the left action of T'xY on Y is via order preserving
maps ensures that u - v™ < w - 1y, which is equivalent to (uv)™ < u™. Also as evt < vt
we have u - (ev™) < w- v, whence (uev)t < (uv)™.

(b) If u,v € T+xY and e € Y are such that e < v™, then, by (a), we obtain (uev)™ =
(uev™)t = (ue)t. O

Now, dually, suppose that T" also acts on the right of Y by order preserving maps, which
means that there is a monoid morphism ¢,: T" — Oy. As for the left action of 7" on Y,
this morphism can also be naturally extended to a semigroup morphism ¢,: T x Y — Oy,
such that its restriction to Y is the monoid morphism induced by the multiplication in Y.
Foru € TxY and e € Y, we represent e(u¢,) by e o u. We now define, for u € T'x Y,

u =1y ou.

The above considerations for the left action of TxY on Y have their analogue for the right
action of T« Y on Y. Thus, e = e for all e € Y. Also, for any u € T x Y, (u*)* = u*
and if w is obtained from u via insertion or deletion of 1y’s and 17’s, then v* = w*. In
particular, for any u € T x Y,

(lyu)t =ut = (uly)”" and (Iyu)" = u* = (uly)”.

The following lemma is the dual of Lemma 4.1.

14
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Lemma 4.2. For anyu,v € TxY ande€Y,

(a) (w)* =u*ov = Su*v)*, (ue)* = u*e, (uv)* <v* and (uev)* < (uv)*. In particular,

(b) if e < u*, then (uev)* = (ev)*.

We observe that from Lemmas 4.1(a) and 4.2(a), for any v € T« Y and e € Y we have

u-e=(ue)t and eowu= (eu)*.

By Remark 2.4 and its dual, consider the following two conditions connecting the left
and the right actions of T*Y on Y: foranyt € T, e, f €Y,

elt- f) = et~ ((eo)f) (€ely

and

(eot)f = ((e(t -f))o t)f (CC2)

We refer to these as the compatibility conditions and observe that they generalize the
weak compatibility conditions of [9]. The above observation together with Lemmas 4.1(a)
and 4.2(a) imply that the conditions (CC1) and (CC2) can be rewritten in terms of the
unary operations * and * as follows, respectively:

(etf)" = e(t(etf)*)" (CC1)

and

(etf)* = ((etf)™t)" f. (CC2)

Although the semigroup 7" * Y is not an Ehresmann monoid with distinguished semi-
lattice Y, we borrow from Section 3 the following terminology relative to T'x Y. We say
that an element of T'x Y

u = t061t1 .. €ntn7

where tg,...,t, € T and ey,...,e, €Y, is

— left normal if t; # 17 for any ¢ € {1,...,n — 1}, and e; < (t;e;41tir1 ... ent,)" for
any i € {1,...,n}.

— right normal if t; # 1p for any i € {1,...,n — 1}, and e; < (tpe1ty...e;_1t;_1)* for
any ¢ € {1,...,n}.

— normal if it is both left normal and right normal.

If in any of these definitions we do not require that ¢; # 1p for any i € {1,...,n — 1}, the
element u is said to be weak left normal, weak right normal and weak normal, respectively.
We denote by N, the set of left normal elements of T'*Y and by N, the set of right normal
elements of T * Y. Thus N, NN, is the set of normal elements of 7' * Y, which we denote
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by N. Recall that if u is weak left normal or weak right normal, then e; # 1y for every
ie{l,...,n}. We also say that an element of 7" %Y

u = toeity ... epty,
where tg,...,t, € T and ey, ...,e, €Y, is
— quasi left normal if e; # 1y and e; < (t;e;01ti41 ... exty)T for any ¢ € {1,...,n}.
— quasi right normal if e; # 1y and e; < (tpeqty ... e;1t;1)* for any i € {1,...,n}.

We denote by N the set of quasi left normal elements of 7'+ Y and by N the set of quasi
right normal elements of T x Y.

Lemma 4.3. (a) If the left and right actions of T on Y satisfy (CC1), then, for any
ueN,veTx*Y, we have (uwv)t = (vu*v)™. In particular, ut = (uu*)".

(b) If the left and right actions of T on'Y satisfy (CC2), then, for anyuw € TxY, v € N,
we have (uv)* = (uwvv)*. In particular, v* = (vto)*.

Proof. (a) Suppose that the left and right actions of T' on Y satisfy (CC1). Let u € N

and v eTxY. If u e T, then

(uwv)™ = (uwv™)* (by Lemma 4.1(a))
= (Iyuv™)™
= 1y(u(1yuv+)*)+ (by (CCl) asu e T)
= (u(uv™)")
= (uu*v™)* (by Lemma 4.2(a))
= (uu*v)™ (by Lemma 4.1(a)).

Suppose that v € T. Then u = tgeity...eut,, where n € N, to,...,t, € T, eq,...,e, €
Y \ {ly} and €n < (to@ltl Ce €n,1tn,1)*. It follows that

(uv)™ = (toerty ... en_1tp_1nt,v™)* (by Lemma 4.1(a))
= (toerts . .. en_ltn_l(entnv+)+)+ (by Lemma 4.1(a))
= (toerts . . en 1t 1en(tn(ent,v™))F) " (by (CC1)) as t, € T
- (toeltl o en_ltn_lentn(entnv+)*)+ (by Lemma 4.1(a))
= (u(entnv’L)*)Jr
- (1,L(entn)*v+)Jr (by Lemma 4.2(a))
= (u((toerts - .. en—1tp_1)*ent )*U+)+
— (u(t061t1 .. .en_ltn_lentn)*v+)+ (by Lemma 4.2(a))
= (uu*v+)+
= (uu*v)+ (by Lemma 4.1(a)).
(b) It is the dual of (a). O
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For any set X we denote by 7 (X) the full transformation monoid on X. Let us recall
the definition of the semigroup morphism ¢: T * Y — T4(N;) of [9, Section 2], that we
denote here by 1),. This morphism mimics the process described in Remark 3.6 for a left
Ehresmann monoid. It is defined as the semigroup morphism ¢,: T'* Y — T%(N;) whose
restrictions to 7" and E are defined as follows:

— forall t € T and tgeity ... ent, € Ny, where ty, ..., t, €T and eq,...,e, € E,
(t¢g) (t061t1 e entn) = (tto)@ltl . entn,

~ (1y)ty is the identity map of Ny;
ifee Y\{ly}, then (61?4)(17*) = lpelr;
and for any v = tgety ... ent, € Ny, where tg,...,t, € T and eq,...,e, € E,

1T(eel)t162t2 e entn if to = 1T
(evp)(v) = R v = toerty...enty if tog# 17 and vT =vte

Ir(evt)tperty ... ent, if tog # 19 and vhe < o™.

We note that it follows from the definition that (17)1, is the identity map of T (N,). Let
Y T+xY — T(N,) be the dual of 1.

Lemma 4.4. For anyu € T *Y and v € Ny,

(@) ((ube)(v))" = (uo)*; and

(b) if the left and right actions of T on'Y satisfy (CC2), then ((wib)(v))™ = (wv)*.
Proof. Both (a) and (b) will be proved by induction on the length of w.

Let ue TUY and v € Ny. If w € T, then (utpy)(v) = uv, whence ((uwg)( )) = (uv)*t
and ((uyy)(v))” = (uv)*. If u = 1y, then (uth)(v) = v, whence ((utb)(v )) =vt = (uv)"
and ((uthe)(v))” = v* = (w)*. Suppose now that u € Y\ {1y }. If v = 17, then (uty,)(v) =
lruly = lpuv, whence ((uthy)(v )) = (lruv)t = (wv)* and ((ugp)(v))" = (lruv)* =

(uv)*. Suppose that v # 1p. Put v = tgeity ... ent,, where n € Ny, tg,...,t, € T and
e1,...,e, €Y. In view of the definition of vy, we will analyze three cases.

Case 1. ty = 1lp. Then (uhy)(v) = toueit;...ent,, and therefore ((uzbg)(v))Jr =
(uerts . .. ext,)™ = (utoerty ... ext,)* = (uwv)* and similarly ((ug)(v))” = (uv)*.

Case 2. ty # 1p and wwt = vt. Then (uyy)(v) = v. Thus by Lemma 4.1(a) we
have ((uwg)(v))+ = vt = wt = (uwv)". If (CC2) holds, by Lemma 4.3(b) we have
((upe) ()" = v* = (v'0)" = (wvto)* = (wv)",

Case 3. ty # 1y and uv™ < v*. Then (uy)(v) = lruvtteeits ... e t, = lpuvto.
Therefore by Lemma 4.1(a) we have ((ut)(v )) = (lpuvto)* (1TU'U+’U+)+ = (wv™)t =
(uv)* and under Condition (CC2) by Lemma 4.3(b) we have ((uty)(v))” = (lruvto)* =
(uwotv)* = (uv)*.

e
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Now we will complete the proofs of (a) and (b) by induction on the length of w.

(a) Let k € N and assume, as induction hypothesis, that ((ug/)g)(v))Jr = (uv)™ for any
u € T*Y of length k and any v € NV,. Let u € T *Y of length k + 1 and let v € N,. Then
u = wz, where w € T'xY and z € T UY such that w has length k. It follows that

(o) (v)) " =

(
= (w((z1p)(v) (by induction hypothesis as (21,)(v) € Ny)
= (w((zw)(v)>+)+ (by Lemma 4.1(a))
= (w(zv)Jr)+ (as proved before since z € TUY)
(

by Lemma 4.1(a))

(b) Assume that (CC2) holds. Let k£ € N and suppose, as induction hypothesis, that
((uwg)(v))* = (uwv)* for any u € T Y of length k and any v € N,. Let u € T *xY
of length £ + 1 and let v € N,. We have u = wz, where w € T*Y and 2z € TUY
such that w has length k. Then ((uthe)(v))" = ((wior) ((z400)(v)))" = (w((z¢e)(v)))". If
z € T, then (z¢)(v) = zv, and therefore ((uth)(v))" = (wzv)* = (w)*. If z = ly,
then (z1,)(v) = v, whence ((uty)(v))" = (wv)* = (wzv)* = (uv)*. Now suppose that
z € Y\ {ly}. In the case that v = 1y, we have (z4¢;)(v) = lrzlyr = lpzv, and so
((uwg)(v))* = (wlpzv)* = (wzv)* = (uv)*. Suppose that v # 1. Put v = tgerty ... epty,
where n € Ny, to,...,t, € T and ey,...,e, € Y. Once more, in view of the definition of
1y, let us consider three cases.

Case 1. tg = 1p. Then (z10,)(v) = tozeity . . . ext,, whence ((Uﬂ/}g)(v))* = (wtpzeity ... epty)*
= (wztperty ... exty)" = (uv)*.

Case 2. ty # 17 and zvt = v™. Then (2¢,)(v) = v. Taking into account Lemma 4.3(b)
we have ((ug)(v))" = (wv)* = (wvtv)* = (wzvto)* = (w2v)* = (uv)*.

Case 3. tg # 1 and zv™ < v™. Then (24,)(v) = 1pzvtigerty ... e t, = lpzvTv. Again
Lemma 4.3(b) guarantees that ((uyy)(v))” = (wlrzvto)* = (wzvtv)* = (wwtv)* = (w)*,
which completes the proof. ]

The next result may be found in the proof of Lemma 2.5 of [9], however, we prove it
here for completeness.

Lemma 4.5. Ife € Y and u € Ny are such that u™ < e, then (ey,)(u) = u.

Proof. Let e € Y and u € Ny such that u™ < e. Clearly the result is true if e = 1y-. We
suppose therefore that e < 1y. Observe that since u™ < e and 1} = 1p-1y = 1y it follows
that u # 17. Set u = tgeity ... eut,, where n € Ny, tg,...,t, € T and e1,...,e, € Y. Let
us consider two cases.
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Case 1. tog = 1p. Then (eyy)(u) = lreeitiests...ent,. As u € Ny, we have e; <
(tieats ... ent,)" and it follows that

€1 = 61(t162t2 e €ntn)+

= (ertieaty ... enty) " (by Lemma 4.1(a))
= (1T€1t162t2 e entn)+
=ut.

Then ee; = eu™ = u™ = ey, and hence (ey)(u) = u.
Case 2. ty # 1p. Since eu™ = u™, the definition of 1, assures that (eyy)(u) = . O
The next result is Lemma 2.5 of [9], but we opt to present here a much simplified proof.
Let
Hy={(v"u,u): we T+«Y}U{(1r,1y)}
and
H, = {(wu*,u): ue T*Y}U{(lr,1y)}.
Let ~;, ~, and ~ be the congruences on TxY generated by Hy, H, and H,JH,., respectively.
Lemma 4.6. We have ~, C ker 1)y.
Proof. Tt suffices to show that (uTu)y, = up, for any w € T * Y. Let u € T *Y and let
v € Np. Then ((utu),)(v) = (utehe) ((ueye)(v)). By Lemmas 4.4(a) and 4.1(a), we have
((U@/)g)(v))+ = (w)" < u™. Lemma 4.5 now implies that (utey)((uty)(v)) = (wibe)(v).
Therefore ((uu)iy)(v) = (wibe)(v) for any v € Ny, and hence (uu), = uty. O

It was proved in [9, Section 2] that for each u € T x Y, there exists a unique v € N
such that v ~y v. By [9, Lemmas 2.5 and 2.6], we have v = (u1)y)(17). Thus the morphism
1y simulates a process of “left normalize” a word. Moreover, we have the following result.

Lemma 4.7. Let u € T*xY, v e Ny, v',v" € T*Y andt € T such that v =v"tv”. Then

t" € Ny and (uhe)(v) = (o)) (00") = ((uv)oe) (1r).

Proof. The fact that tv” € Ny is clear. By [9, Lemma 2.6], we have tv” = ((tv"))(1r),

and since 1y is a morphism, ((wv)y) (1) = ((wv')ee) (((tv")e) (1)) = ((w')ee) (t0").
]

The remaining equality is a particular case of the other one.

In order to simplify notation, define maps

ne: TxY — N, and n: T*xY — N,
u — (ube)(1r) u — (17)(uiy)

Thus un, (un,) are, respectively, the unique elements of Ny (N,) in the ~; (~,)-class of
u. We observe that ker 1, C kern,, whence, in view of Lemma 4.6, we have ~, C ker vy, C
ker 1,. This assures that, given v € T * Y and u,w € (T * Y)!, since v ~; vy, then

(wtvw)n, = (wow)n, = (w(vn)w)ne.
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Dually, we have

(wov*w)n, = (wow)n, = (u(vn,)w)n,.
The next result strengthens Lemma 4.6 though we will not use it in the sequel.
Proposition 4.8. We have ~y = ker 1y, = kern,.

Proof. By Lemma 4.6 and the observation above, we only have to prove that kern, C ~y.
If u,/ € T xY are such that un, = u'ny, then u ~, un, = u'ny ~; v', whence u ~, v/, as
desired. ]

For any u € T'«Y | the element unn,n, is ~-equivalent to u and we will see that un,n,n,
is normal.

Lemma 4.9. Suppose that the left and right actions of T on'Y satisfy (CC1) (resp. (CC2)).
For any u,v € TxY, if u ~ v, then u™ = vt (resp. u* = v*).

Proof. Suppose that the left and right actions of 7" on Y satisfy (CC1). Let us show that
for any u,v € T*Y, if u ~; v or u ~, v, then u™ = v*. If u ~, v, then, by Proposition 4.8,
ung = vny, whence Lemma 4.4(a) implies that «™ = v*. If u ~, v, then, by the dual
of Proposition 4.8, un, = vn,, whence the dual of Lemma 4.4(b) gives ut = v*. Since
~ is the semigroup congruence on T % Y generated by H, U H,, we have that ~ is the
equivalence relation generated by ~, U ~,, and hence if u ~ v, then u* = v™. The other
part is dual. O

Following the notation for P,(7,Y") of [9], given in Section 3, we define
P=PT«Y)=(T*Y)/~

and let v: T'xY — P be the natural morphism associated with ~. With the assumption
that the left and right actions of 7" on Y satisfy (CC1), Lemma 4.9 allows us to define a
unary operation T on P by [u]f = [uT]. for any u € T x Y. Dually, if (CC2) is satisfied,
we can define a unary operation * by [u]® = [u*]..
Set
T'={[t]l.:teT} and Y'={[e].:ecY}.

Lemma 4.10. If the left and right actions of T on Y satisfy (CC1) (resp. (CC2)), then
the semigroup P is a left Ehresmann (resp. right Ehresmann) monoid with distinguished
semilattice Y.

Proof. Since T' and Y are monoids and 17 ~ 1y, the semigroup P is in fact a monoid.
Clearly, Y’ is a semilattice in P. Assume that the left and right actions of 7" on Y
satisfy (CC1). Let u € T« Y. The fact that u ~ utu gives immediately [u]. = [u]f[u]~.

Let e € Y such that [u]. = [e]<[u]~. Then u ~ eu, whence, by Lemmas 4.9 and 4.1,
ut = (eu)™ = eu™, and therefore [u]t = [e].[u]f. Hence [u] Ry [u].
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Let us see that Ry~ is a left congruence. Let u,v,w € T %Y be such that [u]. Ry [v]...
Then [u]f = [v]1, and therefore ™ = v by Lemma 4.9. It follows, in view of Lemma 4.1,
that (wu)™ =w-u™ =w- vt = (wv)*, so ([w]N[u]N)+ = ([w]N[U]N)+, which is equivalent
to [w].[u] Ry [w].[v]~. Hence P is a left Ehresmann monoid.

Dually P is a right Ehresmann monoid under the Condition (CC2). [

Remark 4.11. Lemma 4.10 can also be obtained using the following facts: (7% Y")/~y
is a left Ehresmann monoid [9]; and under Condition (CC1) the semigroup (7' *Y')/~ is
a (2,1, 0)-algebra, which is a (2,1, 0)-quotient of the left Ehresmann monoid (7 % Y")/~y.
The dual result follows similarly.

Define 7: T'x Y — T as being the unique morphism from 7" % Y to T that extends the
morphisms idy: T"—= T and Y — T, e — 1.

Lemma 4.12. We have ~ C ker7, and, for anyu € T x Y,
(a) ((uthe)(v))T = (wv)7, for all v € Ni.
(b) ((v)(up,))T = (vu)T, for allv € N,.

Proof. Since u™T = 1p = u*r for all u € T Y, it is clear that H, U H, C ker 7, whence
~ Ckerr.

(a) Let w € T*Y and v € N. By Lemma 4.7, (uth,)(v) = ((uv)t) (17) = (uv)ne ~¢ uv.
Therefore ((uty)(v))T = (w)7.

(b) It is dual to (a). O

Lemma 4.13. The morphism v: T'xY — P is injective on T'. If the left and right actions
of T on'Y satisfy (CC1) or (CC2), then v is also injective on Y .

Proof. The injectivity of v on T" comes from the inclusion ~ C ker 7 in Lemma 4.12. The
other part follows from Lemma 4.9. ]

Corollary 4.14. If T is unipotent and has no units other than 11, then the set of idem-
potents of P is Y' = {[e].: e € Y}.

Proof. Let f be an idempotent of P. Then f = [u]., where u € T %Y is such that
u = tpeity ... eut,, with tg,t1,...,t, € T and eq1,...,e, € Y. From Lemma 4.12, ~ C ker,
whence tgt; . ..t, = (toty ...t,)% Since T is unipotent, tot; ...t, = 17, and, as T has trivial
group of units, to =t = ... =t, = 1p. Hence f = [u]. = [toeit1 ... extn] =[e1... €]~ €
Y’ as required. ]

Lemma 4.13 shows that 7" is isomorphic to 7" and, under Condition (CC1) or Con-
dition (CC2), Y” is isomorphic to Y, both via the natural morphism v. Moreover, P =
<T/ U Y/>(2) since T'xY = <T U Y>(2).

Let oy be the congruence on T'+Y generated by (Y xY)U{(17,1y)} and let 7/: P — T",
[u]~ — [uT].; this map is well defined, since ~ C ker7 by Lemma 4.12. Clearly 7’ is a
surjective monoid morphism. Moreover, regarding T as a reduced left (right, two-sided)
Ehresmann monoid, 7" preserves ™ and * whenever these are defined on P.
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Lemma 4.15. We have oy = kert and 0 = kerv' = 0y /~, and consequently T' ~
(TxY)/oy ~P/o.

Proof. We have gy C ker7 since ker 7 is a congruence on 7" % Y containing (Y x Y) U
{(17,1y)}. To prove the opposite inclusion, it suffices to show that w oy ur for any
u € T xY. For that we need consider only the elements u € T(T * Y)T, since u oy lpuly
and ur = (lpulp)r. Thus, let u = toeity...ent,, where n € Ny, to,...,t, € T and
e1,...,en €Y. Then

u = toeltl c. entn 8’y tothl Ce 1Ttn = totl Ce tn = ur.

Hence oy = ker 7.

As ker 77 is a congruence on P containing Y’ X Y’ we have o C ker7’. Similarly to the
above, [u]. o [ut]. for every u € T x Y, which gives the inclusion ker 7’ C o.

The third equality follows easily from Lemma 4.13 and the first equality: for every
u,v €T *xY,

([u]~, [v]~) € ker 7' <= [uT]. = [v7]~
< uUT =UT
& uoy . O]

Corollary 4.16. If the left and right actions of T on Y satisfy (CC1) (resp. (CC2)),
then the semigroup P is a T'-generated strongly T'-proper left Ehresmann (resp. right
Ehresmann) monoid.

Proof. This is immediate from Lemmas 4.13 and 4.15. ]

Lemma 4.17. If the left action (resp. right action) of T on'Y is by morphisms and the
left and right actions of T on'Y satisfy (CC1) (resp. (CC2)), then in P the actions of T"
on'Y' are also by morphisms and so P is left (right) hedged.

Proof. Suppose that the left action of 7" on Y is by morphisms and (CC1) holds. Let t € T
and e, f € Y. We have t - (ef) = (t - e)(t - f), which means (tef)™ = (te)*(¢f)". Then

[t - ([el~ [fl~) = [~ - lefle = ([t~ [ef]) " = [tef]E
te)*(tf)*]. = [(te) "]~ [(tf) ]~

The remaining part is dual. ]

At this point we summarize the main achievements, obtained so far, about the quotient
monoid P.
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Theorem 4.18. Let T' be a monoid acting on both sides on a semilattice Y by order pre-
serving maps. Suppose that the left and right actions of T on'Y satisfy (CC1) and (CC2).
Then, the quotient P = (T xY') /~ is an Ehresmann monoid with semilattice of projections

V' ={le].:e€Y}

and [u]f = [ut]< and [u]t, = [u*]~, for anyu € T Y, and 1p = [17]~ [ Y]~
Moreover, Y’ is isomorphic to Y and the submonoid T' = {[t]-:t € T} of P is
isomorphic to T under the natural morphism v: T xY — P, u — [u ] . Further, P 1is

T’ -generated and:

(a) Ploy ~T';

(b) P is strongly T'-proper;

(c) if the left and the right actions of T on'Y are by morphisms, then P is hedged.

We may relate one sided normal factorizations in P to those in Py, and dually, to those
in P, =P.(T,Y) =T Y/ ~,, as follows.

Proposition 4.19. Let ty,...,t, € T and eq,...,e, € Y. If the left and right actions of
T on'Y satisfy (CC1), then for any i € {1,...,n},

les]~ < ([t]~leist]~ - - [en]~[tn]~>+

mn P if and only if
e; < (ti€i+1 e entn)+

if and only if .
leilne < ([Elneleisiln, - - [enl~[tal~e)

i Py. Consequently, the factorization
[tol~ [ea]~ [ta]~ - - - [en]~ [tn]~
is left T'-normal in P if and only if
to@ltl c. entn
1s left normal if and only if
[to]Nz [el]Ne [tl]Ne Tt [en]Nz [tn]Nz
is left T)-normal in Py.

Proof. As the identity of P is [1r]., Lemma 4.13 assures that [t]. # 1p if and only if
t # 1p, for any ¢ € T. Under Condition (CC1) or (CC2), Lemma 4.13 also assures that
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le]~ < [f]~ if and only if e < f, for any e, f € Y. Therefore, if (CC1) holds, then, for any
ied{l,...,n},

* < [ei]N < [tiei+1ti+1 . entn]t

<~ [Gi]N < [(ti€i+1ti+1 L. €ntn)+]N
— 6 < (ti€i+1ti+1 . entn)+.

i~ < ([til~ leial~ ftisa]~ - - fen]~ [ta]~)

The corresponding statements with ~ replaced by ~, follow from (the proof) of [9, Lemma
2.10)]. O

Proposition 4.20. For anyu € T x Y, if unm,ne = toey . .. entn, where to, ..., t, €T and
€1,...,en €Y. Then
[ul~ = [to]~[e]~ - - - [en]~[tn]~

is i T"-normal form.

Proof. Let uny = sof1 ... fmSm, where sg,..., 8, € T and fi,..., frn € Y. By [9, Lemmas
2.5 and 2.6],

[U’]NZ = [unf]Ne = [SO]"’Z [fl]Nz s [fm]Ne [Sm]Nz

where the right hand side is in left 7T;-normal form in P,. Since P, has uniqueness of
left T)-normal forms, we must have that [so],[fi]~, - - [fm]~,[Sm]~, is the element of P,
obtained by applying (Py,) to the original factorisation of [u], obtained from the expression
for w € T« Y. In view of Proposition 4.19, the same process can be simulated in P,
reducing [u]. to the left T"-normal form [so]~[fi]~ .- [fin]~[Sm]~-

Repeating this process twice, first with 7, and then again with 7, (i.e. applying (Pr) to
[so]~[fi]~ - - [fin]~[Sm]~ and then (Py) to the resulting factorisation), yields the result. O

Contrary to what happens with the congruence ~; [9, Section 2], we will see that, in
general, a ~-class may have more than one normal element.

In the case T and Y are not necessarily disjoint, we also denote by T« Y the semigroup
T %Y and by P(T,Y) the monoid P(T,Y), where T and Y are disjoint fixed copies of
T and Y, respectively. If there is no ambiguity, we identify (the elements of) T and (the
elements of) Y with (those of) T and Y, respectively.

Proposition 4.21. Let T be a monoid that acts on a semilattice Y on both sides by
order preserving maps. Let U be a monoid and let a: U — T be a monoid morphism.
Then U acts on the left and on the right of Y wia order preserving maps by, respectively,
u-e= (ua)-eandeou=-eo (ux) forallue U ande €Y.

Moreover, if the actions of T on Y satisfy (CC1) and (CC2), then the actions of
U onY also satisfy (CC1) and (CC2). In this case, there exists a (2,1,1,0)-morphism
0: P(U,Y) — P(T,Y) such that ([u]~)0 = [ua]. and ([e]~)0 = [e]~, for any u € U and
e €Y, where ~' is the semigroup congruence on U xY such that P(U,Y) = (U xY)/~'.
The morphism 0 is surjective if o is surjective. Moreover, 0 is an isomorphism if a is
bijective.
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Proof. 1t is straightforward to show that U acts on the left and on the right of Y via order
preserving maps as described in the statement, and that those actions satisfy (CC1) and
(CC2) if the actions of T on Y satisfy (CC1) and (CC2). Let f: UxY — T %Y be the
morphism such that uf = ua and eff = e, for any u € U and e € Y. Then, for any
relUxY,

=21y = (28) 1y = (zp8)*
and

¥ =1lyox=1lyo(zf) = (xp)".
Therefore, for any x € UxY', we have (z72)8 = (z78)(x8) = (28)" (xf) ~ z, and, dually,
(xx*)B ~ xf. Moreover, (1y)5 = 17 ~ 1y = (1y ). Then ~/ is contained in the kernel of
the semigroup morphism UxY — P(T,Y), x — [xf]~. The resulting semigroup morphism
0: P(U,Y)— P(T,Y) is easily seen to the the (2,1,1,0)-morphism of the statement.

Clearly, 6 is onto if « is onto. Assume that « is bijective. Then the actions of T on Y

can be recovered from those of U on Y by t-e = (ta™')-e and eot = e o (ta™'), for any
t € T and e € Y. Moreover, 3 is bijective and 371: T'*Y — Ux*Y is such that t37! = ta™!
and e! =e, forany t € T and e € Y. By the first part, there exists a (2,1,1,0)-morphism
v: P(T,Y) = P(U,Y) such that ([t].)y = [t~ and ([e].)y = [e]~, for any ¢ € T
and e € Y. It follows now that 6y = idpyy) and v0 = idp(ry). In particular, ¢ is an
isomorphism. O

5 Covers

Let M be a monoid with submonoid 7" and let E be a semilattice in M. For convenience,
in this section we represent an element of T'x F with parentheses and commas. Given u =
(ug,...,u,) € T x E, we denote by @ the product in M of uy, ..., u,, that is @ = u; ... u,.
Notice that w is the image of u under the semigroup morphism from 7'« E to M determined
by the inclusion mapping t +— ¢ for any ¢t € T and e — ¢ for any e € E.

If M is an Ehresmann monoid with distinguished semilattice F, then the left and the
right actions of 7" on E given by Lemma 2.2 satisfy (CC1) and (CC2), by Remark 2.4.
Hence we may consider the Ehresmann monoid P(7', E'). We observe that, in this case, the
left and right actions of T« F on E of Section 4 are defined, respectively, by u-e = (ue)t
and eou = (ew)*, for any uw € T x E and any e € E. In particular, v* =" and v* = u*
for any u e T x E.

Proposition 5.1. Let M be an Ehresmann monoid with distinguished semilattice £ and
let T be a submonoid of M. Let ty,...,t, €T andeq,...,e, € E. Then the factorization

[to]~ [ex]~ [ta]~ - - [en]~ [En]~

in P(T,E) is left (resp. right) T'-normal, where T' = {[t]: t € T}, if and only if the
factorization
t061t1 c. entn

in M is left (resp. right) T-normal.
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Proof. 1t is clear that the element (tg,e1,t1,...,e,,t,) of T * E is left (respectively right)
normal if and only if the factorization tgeqty ...e,t, of (to,e1,t1,...,en,t,) in M is left
(resp. right) T-normal. The result now follows from Proposition 4.19. [

Theorem 5.2. Let M be an Ehresmann monoid with distinguished semilattice E and let
T be a submonoid of M. Then w: P(T,E) — M defined by ([u].)m =1, for allu € Tx E,
is a (2,1,1,0)-morphism which induces a bijection from T" = {[t].:t € T} to T and a
bijection from E' = {[e].: e € E} to E.

Proof. Let us see that 7 is a map, for which is enough to see that w = v, for all (u,v)
H, U H,. It is obvious that 17 = 13; = 1. For any w € T * E, we have utu = utu
ut =ut u = u, and dually we obtain uu* = u. Hence 7 is a map.

It is clear that 7 is a monoid morphism. Let u € T'x E. We have ([u]5)m = ([uT].)7

ut =ut = (([U]N)W)+, and dually we obtain ([u]*)r = (([u]~)7)". Hence 7 is (2,1,1,0)-
morphism. The remaining part is immediate from Theorem 4.18.

Il m

1l

From Proposition 5.1 and Theorem 5.2 we obtain immediately the following.

Corollary 5.3. Let M be an Ehresmann monoid with distinguished semilattice E& and let
T be a submonoid of M.
If M has uniqueness of T-normal factorizations, then:

(a) P(T, E) has uniqueness of T'-normal factorizations;
(b) the morphism w: P(T,E) — M of Theorem 5.2 is injective.

We say that an Ehresmann monoid N with distinguished semilattice F'is a cover of an
Ehresmann monoid M with distinguished semilattice £ if there exists a (2,1,1,0)-morphism
from N onto M injective on F'. We also say that such a morphism is a cover of M.

Given a set X, we denote by X* the free monoid on X. In Theorem 4.2 of [2] the authors
show that any Ehresmann monoid M = (X)1,1,0) has a strongly X*-proper cover®. An
alternative proof of this result was privately communicated to the authors by Peter Jones
[14]. Now we improve on that result and show that M has a cover of the form P(X*, E),
where F is the distinguished semilattice of M.

Theorem 5.4. Let M be an Ehresmann monoid with distinguished semilattice E such that
M = (X)@21,1,0) for some X C M. Then
(a) M has a strongly T-proper cover P(T, E), where T' = (X)(2,0)-
(b) M has a strongly X*-proper cover P(X*, E).
Proof. (a) By Lemma 2.6, we have M = (EUT) ), where T' = (X)(9), and therefore the
result follows from Theorem 5.2.

(b) Let T = (X)20) and let a: X* — T be the monoid epimorphism such that
xa = x for every z € X. Then, by Proposition 4.21, there exists a surjective (2,1,1,0)-

morphism from P(X*, E) to P(T, E), which is injective on the distinguished semilattice
by Lemma 4.13. It follows, by (a), that P(X*, E) is a X *-proper cover of M. O

(®)¢Strongly’ is not stated in the theorem, but follows from its proof

26



Ehresmann monoids December 7, 2014 M. Branco, G. Gomes, V. Gould

6 The free Ehresmann monoid

Since the class of all Ehresmann monoids is a variety of algebras, free objects exist. Let
us fix a set X and denote by F'x the free Ehresmann monoid on X. Let ¢:: X — Fx be
the underlying map. In [16] Kambites gave an elegant description of Fx (which coincides
with the free left adequate monoid on X) using birooted X-labelled trees. Our aim is to
show that Fy = P(X*, Ex) for the semilattice Ex of projections of F. In [2, Section 5]
it was shown that the submonoid Tx = (X)) of Fx is isomorphic to the free monoid
X* via the monoid morphism v : X* — Fyx that extends ¢, and that Fx is a (two-sided)
T'x-proper Ehresmann monoid (by Theorem 5.2 of [2] and its dual for right Ehresmann
monoids). By Theorem 4.18(b), this last result can now be obtained as a corollary of the
following theorem.

Theorem 6.1. Let X be a set. Then Fx ~P(Tx, Ex).

Proof. We may suppose, to simplify, that X C Fx and that ¢ is the inclusion map, since ¢ is
one-to-one. Consider the morphism 7: P(Tx, Fx) — Fx, [u]. — 7@, given by Theorem 5.2.
Since Fx is the free Ehresmann monoid on X and P(Tx, Ex) is an Ehresmann monoid,
there exists a (unique) morphism ¢: Fy — P(Tx, Ex) such that zp = [z]. for all z € X
(notice that we identify the elements of T'x U Ex, and in particular those of X, as a subset
of Fx with the elements of Tx U Ex as subset of Tx * Ex). Then zpm = ([z] )rn =T ==
for all x € X, which implies that ¢pm = idg,. Then ¢ is injective. Moreover, by Lemma 2.6,
Fy = <TX U EX>(2).

The fact that Tx = (X)2,0) implies that tp = [t]. for any t € Tx. Let e € Ex. We
aim to see that ep = [e].. Since Tx =~ X* Corollary 4.14 guaranties that the set of
idempotents of P(Tx, Ex) is {[f]~: f € Ex}. It follows that ep = [f]~, for some f € Ex.
Then e = epm = ([f] ) = f = f, and hence ep = [e], as desired.

Let Tk = {[t].: t € Tx} and E = {[e]~: e € Ex}. Now,

(Fx)p = ((Ix UEx)@)e = ((Tx)p U (Ex)p) @ = (T'x UEx)@ = P(Tx, Ex).

Hence ¢ is surjective. Then ¢ is an isomorphism (whose inverse is 7). ]

We now aim to show that F'x does not have uniqueness of T'x-normal factorizations.
We start with the following general result.

Proposition 6.2. Let M be a T-generated Ehresmann monoid.

(a) If M has uniqueness of left T-normal factorizations, then t* =1 for anyt € T.
(b) If M has uniqueness of right T-normal factorizations, then t+ =1 for anyt € T.

(¢) If M has uniqueness of (two-sided) T-normal factorizations, then for each s,t € T', we
have s* <t ortt < s*. Consequently, for eacht € T, we also have t = t*t ort = tt+.
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Proof. (a) Suppose that M has uniqueness of left T-normal factorizations. Let t € T.
Since t = tt*1, we necessarily have t* = 1.

(b) Dual to (a).

(c) Suppose that M has uniqueness of T-normal factorizations. Let s,¢ € T. Then
st € T and st = ss*ttt, with s*t"T € F, s*tT < s* and s*t* < t'. It follows that s*tT = s*
or s*tT = ¢t that is, s* < t" or t+ < s*. When s = t we obtain t*tt = t* or t*t* = ¢T,
which implies that tt+ =t or t*t = ¢. O

Proposition 6.3. The free Ehresmann monoid Fx does not have uniqueness of T'x-normal
factorizations.

Proof. Assume that Fx has uniqueness of Tx-normal factorizations. Let M be an Ehres-
mann monoid, with distinguished semilattice E, and let s € M. Consider a morphism
¢: Fx — M such that, for some x € X, xtp = s (such an z and ¢ can certainly be
found by the freeness of Fx). By Proposition 6.2(c), (x¢)* < (x¢)T or (z0)* < (20)*, and,
therefore, s* < st or s™ < s*. However, not all Ehresmann monoids satisfy this property,
as it is the case of the inverse monoid of all partial injective transformations on a set with
more than one element, where ot = aa™! = idgome and a* = a ta = idjpe. Hence Fx

does not have uniqueness of T'x-normal factorizations. O

We saw in the proof of Theorem 6.1 that there exists an isomorphism ¢: Fx —
P(Tx, Ex) such that to = [t]. for any t € Tx and ep = [e|. for any e € Ex. Then, by
Proposition 6.3, P(Tx, Ex) does not have uniqueness of T%-normal factorizations, where

% = {[t]~: t € Tx}. Proposition 4.19 allows us to conclude now that there are ~-classes
of T'x x Ex with more than one normal element. This justifies last part of the comment
following Proposition 4.20.
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