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ABSTRACT. The construction by Hall of a fundamental orthodox
semigroup Wp from a band B provides an important tool in the
study of orthodox semigroups. Hall’s semigroup Wy has the prop-
erty that a semigroup is fundamental and orthodox with band of
idempotents isomorphic to B if and only if it is embeddable as a
full subsemigroup into Wpg. The aim of this paper is to extend
Hall’s approach to some classes of non-regular semigroups.

From a band B we construct a semigroup Upg that plays the role
of Wp for a class of weakly B-abundant semigroups having a band
of idempotents B. The semigroups we consider, in particular Up,
must also satisfy a weak idempotent connected condition. We show
that Up has subsemigroup Vg where Vg satisfies a stronger notion
of idempotent connectedness, and is again the canonical semigroup
of its kind. In turn, Vg contains Wg as its subsemigroup of regular
elements. Thus we have the following inclusions as subsemigroups:

Wp C Vg C Us,

either of which may be strict, even in the finite case.

The existence of the semigroups Ug and Vg enable us to prove
a structure theorem for classes of weakly B-abundant semigroups
having band of idempotents B, and satisfying either of our idem-
potent connected conditions, as spined products of U, or Vg, with
a weakly B/D-ample semigroup.
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1. INTRODUCTION

One of the significant early approaches to the structure theory of
regular semigroups was via fundamental semigroups, that is, regu-
lar semigroups having no non-trivial idempotent separating congru-
ences. Inspired by Munn’s approach to inverse semigroups [14], Hall
showed that an orthodox semigroup S with band of idempotents B
is fundamental if and only if it is isomorphic to a full subsemigroup
of Wg. Further, if S is an orthodox semigroup with band of idem-
potents B, then there exists a homomorphism ¢ : S — Wpg whose
kernel is p, the maximum idempotent separating congruence on S
[10] (c.f. [12] Chapter VI). The semigroup Wp is a subsemigroup of
OP(B/L)xOP*(B/R), where for any partially ordered set X, OP(X)
is the monoid of its order preserving selfmaps, with dual OP*(X). A
pair of maps (a, 3) € OP(B/L) x OP*(B/R) lies in Wy if a and 8
are connected in a specific way via an isomorphism between principal
ideals of B. The aim of this paper is to build an analogous theory to
Hall’s for classes of non-regular semigroups.

We consider weakly U-abundant semigroups, where U is a subset
of idempotents of a semigroup. Such semigroups, also referred to as
U-semiabundant semigroups, arise independently from a number of
sources. They appear in the work of de Barros [1], in that of Ehresmann
on certain small ordered categories [2] and in the thesis of the first
author [3]. A systematic study of such semigroups was initiated by
Lawson, who establishes in [13] the connection between Ehresmann’s
work and weakly F-abundant semigroups, where F is a semilattice.

A semigroup is weakly U-abundant if every class of the equivalence
relations L and Ry (defined in Section 2) contains an idempotent of U.

Certainly £ C L* C EU and R C R* C 7N2Q, with equality if S is regular
and U = E(S). We remark that Ly (Ry) need not be right (left)
congruences; if they are we say that S satisfies the congruence condition
(C) (with respect to U). We denote by Hy the relation £y N Ry and
say that S is U-fundamental if the greatest congruence pg contained in
Hy is the identity ¢; it is easy to see that py separates the idempotents
of U. We show that for any semigroup S with U C E(S), S/uv is
U-fundamental where U is the image of U under the natural morphism
associated with py. Moreover, S is weakly U-abundant (with (C))
if and only if S/uy is weakly U-abundant (with (C)). This is where
the notion of weakly abundant wins over that of being abundant; if
S is abundant then S/u need not be [3]. If U = E(S) we drop the
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subscript U from Ly, Ry, Hy and pupy and refer to weakly abundant
and fundamental semigroups.

In the case of several classes of weakly E-abundant semigroups where
E is a semilattice, a theory analogous to that of Munn has been de-
veloped in [5], [7] and [9]. What then of classes of weakly B-abundant
semigroups where B is a band? To date the furthest progress is a
consideration by the first two authors in [3, 4] of a certain class of
abundant semigroups having a band B of idempotents. Here L* = L
and R* = R, so that (C) always holds. To guarantee that S/pu is
abundant, the extra condition of being idempotent connected (IC) is
imposed in [3]. This is a condition of a standard type that gives some
control over the position of idempotents in products of elements of the
semigroup and, in the abundant case, gives rise naturally to isomor-
phisms between principal ideals of B. It is shown in [3, 4] that every
fundamental idempotent connected abundant semigroup with band of
idempotents B is a subsemigroup of Wp.

Here we move further away from the regular case and consider a
weakly B-abundant semigroup S with (C), where B is a band. In this
case we know that S/up is weakly B-abundant with (C). However, to
describe the largest fundamental semigroup in the class - and it is worth
noting that in these theories this is where the difficulty lies - we con-
tent ourselves with imposing an idempotent connectedness condition,
for which there are two natural candidates. One, introduced by the
first author in his thesis, we again call (IC); the imposition of this con-
dition guarantees the existence of order isomorphisms between certain
principal ideals of B ‘connected’ via an element of .S. We also develop
the weak idempotent connected condition (WIC), that coincides with
(IC) for abundant semigroups, but not for wider classes. Condition
(WIC) gives us a very loose control over the position of idempotents,
but does not impose artificially the existence of order isomorphisms.

From a band B we construct a weakly abundant subsemigroup of
OP(B/L) x OP*(B/R), satisfying (C) and (WIC), calling this semi-
group Ug. The semigroup Up is fundamental, and is universal in the
sense that any B-fundamental weakly B-abundant semigroup with (C)
and (WIC) is a subsemigroup of Up. We show that Up contains as a
full subsemigroup a semigroup Vg, which is fundamental, weakly abun-
dant with (C) and (IC), and is the canonical semigroup of this type.
Consequently, Vg contains Wpg as a subsemigroup; moreover, Wg con-

sists precisely of the regular elements of V5. We give examples to show
that, in general, Wy # Vg and Vg # Ug.
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The structure of the paper is as follows. In Section 2 we give some
necesssary preliminaries on weakly U-abundant semigroups, specialis-
ing in Section 3 to the case where U is a band. Section 4 sets out
the construction of Up from a band B, and contains a discussion of its
properties. In Section 5 we build and investigate the subsemigroup Vg
of Ug. Section 6 is concerned with examples; we use our techniques to
give examples of semigroups with small finite cardinality that distin-
guish between the classes under consideration.

In our final section we show how the existence of the semigroups Ug
and Vp enable us to prove a structure theorem for weakly B-abundant
semigroups with (C) and (WIC) (respectively (IC)), as spined products
of Up (repsectively Vi) with a weakly B/D-ample semigroup. To find
the latter we make heavy use of the congruence g (see for example
[8]), which is the analogue for weakly B-abundant semigroups of the
least inverse congruence on an orthodox semigroup.

2. PRELIMINARIES

For ease of reference we gather together in this section some basic
definitions and elementary observations concerning weakly abundant
semigroups. Further details may be found in [3] and [13]. For conve-
nience we make the convention that B will always denote a band.
_Let S be a semigroup with subset of idempotents U. The relation
Ly is defined by the rule that for any a,b € S, a Ly b if and only if for
alle € U,

ae = q if and only if be = b.

The relation 7N%U is defined dually; clearly LNU and ﬁU are equivalence
relations. We recall from the Introduction that (C) holds (with respect

to U) if Ly and Ry are right and left congruences, respectively. It is
easy to see that

LCL*C Lyand RC R CRy.

Moreover for a regular element a such that for some x € S, a = axa
and za € U (ax € U), we have that for any e € U,

eENUa if and only if e L a (eﬁUa if and only if e R a).
It follows that for e, f € U,
eEUf if and only if e £ f (eﬁUf if and only if e R f)

and if S is regular and U = E(S), then £y = £ and Ry = R. Another
useful observation is that if a € S and e € U, then a Ly e if and only if
ae = a and for any f € U, af = a implies that ef = e.
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The semigroup S is weakly U-abundant if every EU—Class and every
ﬁU—class contains an idempotent from U. If a is an element of such
a semigroup, then we commonly denote idempotents in the EU—class
and Ry-class of a by a* and a' respectively. Beware however, that
there may not be a unique choice for a* or a™. The following lemma is
immediate.

Lemma 2.1. Let S be a weakly U-abundant semigroup. Then for any
a,b e s,
(ab)* < b* and (ab)™ <ga™.

A word on notation. In the case when, for a semigroup S, we are
considering U = FE(S), we commonly drop the ‘U’ from notation and

terminology. For example, Lg(s) and Rp(s) are denoted more simply

by £ and R, and we say that S is weakly abundant if it is weakly E(S)-
abundant. Regular semigroups are clearly weakly abundant but the
latter class is much wider. Trivially, a unipotent monoid M (a monoid
with one idempotent) is weakly abundant, as is any Rees matrix semi-
group M(M; I, A; P) where each row and column of P contains a unit;
indeed these semigroups satisfy (C) [6]. The Ehresmann semigroups of
[13] are weakly F-abundant with (C) for a semilattice E. Further ex-
amples abound. A number (including some without (C)) are given in
[6]; we present new ones arising from our current work at the end of
this article.

Morphic images of regular and inverse semigroups are regular and
inverse respectively. The same is not true even for abundant semigroups
with semilattice of idempotents [5]. With this in mind we make the
following definition. Let S be a semigroup with subset of idempotents
U and let ¢ : S — T be a morphism. Then ¢ is U-admissible if for any
a,b e s, B B

a Ly b implies that ap Ly, by
and _ _
a Ry b implies that ap Ry, be.
If, in addition, the reverse implications hold we say that ¢ is strongly
U-admissible.
The following lemma is clear.

Lemma 2.2. Let S be a semigroup, let U C E(S) and let ¢ : S — T be
a U-admissible surjective morphism. If S is weakly U-abundant, then
T is weakly Up-abundant.

Lemma 2.3. Let S be a semigroup with U C E(S), and let ¢ : S — T
be a surjective morphism. Then ¢ is strongly U-admissible if and only
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if the kernel of ¢ is contained in Hy. In this case, S 1is weakly U-
abundant if and only if T is weakly Up-abundant, and S satisfies (C)
with respect to U if and only if T satisfies (C) with respect to Up.

Proof. Suppose that ¢ is strongly U-admissible and ap = bp. Clearly
ap ’;flU@ by, whence a??ZU b by assumption.

Conversely, suppose that ker ¢ C ﬁU; let a € S and e € U. If
ae = a then certainly ap ey = ap. On the other hand if apep = ap
then ae Hy a. Now ae - e = ae, so that a-e = a as ae Ly a. Similarly,

ea = a if and only if epap = ap. The result now follows easily.
O

We can now justify further assertions of the Introduction.

Proposition 2.4. Let S be a semigroup and let U C E(S). The natural
morphism vy associated with py s strongly U-admissible and restricts
to an injection on U. Denoting the image of U under vy by U, we have
that S/py is U-fundamental.

If S is weakly U-abundant, then S/uy is weakly U-abundant; if S
satisfies (C), then so does S/uy.

Proof. The morphism vy is strongly U-admissible by Lemma, 2.3; con-
sequently, by Lemmas 2.2 and 2.3, S/uy is weakly U-abundant if S is
weakly U-abundant, and inherits (C) from S. If two idempotents of
U are related by uy, then they are Hy-related, and so, from remarks
at the beginning of this section, they are #-related and hence equal.
Thus uy separates idempotents of U.

It remains to show that S/puy is U-fundamental. Suppose that
apy pbpy. Since pg is the largest congruence contained in ’I—Nlﬁ, we

have that apy Hy bpy and for any cuy, duy € S/,

cpyapy Hy cpubuy, apycpy Heg buocpy,
and N
cpuapyduy He cpobuudp
By Lemma 2.3,

a ’;EZU b, ca ﬁU cb, ac ’;flU bc and cad ﬁU cbd.

From Proposition 1.5.13 of [12], a uy b so that apy = buy, as required.
[
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Example 2.5.

Let B be a rectangular band and let S be weakly B-abundant. It is
easy to see that for any a,b € S,

aﬁB abEB b,

whence EB,ﬁB and ’;QB are all congruences. Moreover, every ﬁB—
class contains an idempotent. Thus S/up = S/Hp = B. We deduce
that in this special case the only B-fundamental weakly B-abundant
semigroup is the band B.

In the case of a weakly U-abundant semigroup with (C) the congru-
ence iy has a description neater than the generic one used in Propo-
sition 2.4. The proof of the following is very similar to that in the
abundant case [4], and is therefore omitted.

Lemma 2.6. [3] Let S be weakly U-abundant with (C). Then for any
a,be s,

a py b if and only if ea Ly eb and ae Ry be
foralle e U.

Let T be a subsemigroup of S and let U be a subset of idempotents
of S. We say that T"is U-full if U C T. The last part of the final lemma
of this section employs the description of u taken from Lemma 2.6.

Lemma 2.7. Let T be a U-full subsemigroup of S. Then for any
a,beT, N N
aLlyb inT if and only if a Ly b in S
and ~ ~
aRyb inT if and only if a Ry b in S.
Consequently, if S is weakly U-abundant, then so is T; if S satisfies
(C) with respect to U, then so does T.
If S is U-fundamental weakly U-abundant with (C), then so is T.

3. A BAND OF IDEMPOTENTS

The remainder of this paper concentrates on weakly B-abundant
semigroups with (C), where, by our convention, B is always a band.
In this case we can substantially improve upon Proposition 2.4, as we
show below. The idempotent connected condition is also defined and
discussed in this section.

Let S be a weakly B-abundant semigroup. For any a € S we define

a,:B/L— B/L and f3,: B/R — B/R
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by
Lyaq = Lizey- and R, 3, = Rgz)+-
It follows from Lemma 2.1 that «, and 3, are well defined. We note
that for any e € B,
(ae: ﬁe) = (pe: )\e)

where for any z € B,
mee - L:vea R:v)\e = Re:v-

The band B admits the quasi-orders <, and <g associated with £
and R; we consider B/L and B/R as partially ordered sets under the
induced orderings.

Lemma 3.1. Let S be a weakly B-abundant semigroup. For anya € S,
a, € OP(B/L) and 5, € OP*(B/R).
Let
6:S— OP(B/L)x OP*(B/R)
be given by
af) = (0, fa)-
If condition (C) holds, then 0 is a strongly B-admissible morphism
with kernel pp. Moreover, putting B = {(pe, \e) : € € B}, we have that
0| : B — B is an isomorphism.

Proof. To justify the first assertion, notice thatife, f € Band L, < Ly,
then e <, f in B and hence in S. Since </ is right compatible, ea <, fa
in S so that as fa(fa)* = fa, we also have ea(fa)* = ea and hence
(ea)*(fa)* = (ea)*. Thus (ea)* <. (fa)* in B and so Lea, < Lya,.
The argument that (3, is order preserving is dual.

Suppose now that (C) holds. For any a,b € S, and e € B,

(eab)* L eab Lg(ea)*b L ((ea)*b)*,
so that in B,
Licaby = L((ea) b)*
and consequently,
Leag, = Loy,
We have shown that o, = a,qp; the dual argument gives that G, =
By Ba, whence it follows easily that 6 is a morphism.
To see that the kernel of # is up, notice first that if ad = b6, then
(v, Ba) = (aw, Bp) so that in particular,
L,+a, = Ly+ay and Ly+ o, = Ly+ay,.

Thus
La* = L(a+b)* and L(b+a)* = Lb*.
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It follows from Lemma 2.1 that aEB b and dually, aﬁB b. Hence the
kernel of 6 is contained in H p and therefore also in up.
Conversely, if a upb, then for any e € B, Lemma 2.6 gives that
ea L peb and so
Leaa = L(ea)* = L(eb)* = Leab.

Thus a, = «p and dually, 8, = ;. We deduce that af = b6 and
hence the kernel of 6§ is pg. From Lemma 2.3, # is therefore strongly
B-admissible.

We remarked above that e = (p,, Ae), for any e € B, and hence
0| : B — B is a surjective morphism. Now the kernel of 6 is jp, and
so O separates the idempotents of B, giving that f|p : B — B is an
isomorphism. O

It remains in this section to discuss the idempotent connected condi-
tion. A fuller version of some of the ideas we present here is contained
in [15]. Essentially, all of the idempotent connected and ample (for-
merly, type A) conditions extant give some control over the position
of idempotents in products, usually facilitating results for abundant or
weakly abundant semigroups reminiscent of those in the regular case.

For a band B and element e of B we denote by (e) the principal
order ideal generated by e; so that

() ={xeB:x<e}={r€B:exr=uxe=uz}.

Clearly (e) is a subsemigroup with identity e. Let S be a weakly B-
abundant semigroup where B is a band. We say that S satisfies the
weak idempotent connected condition (WIC) (with respect to B) if for
any a € S and some a*,a™, if z € (a™) then there exists y € B with
za = ay; and dually, if z € (a*) then there exists t € B with ta = az.
Some observations concerning this definition are in order. First, it
is easy to see that a regular semigroup satisfies (WIC) with respect to
E(S). Second, we can replace ‘some’ in (WIC) by ‘any’. For suppose
that S has (WIC), a € S, a is the chosen idempotent of B in the
Rp-class of a, and a' is another element of B in the same Rp-class.

If + € (a'), we certainly have that za* = a*za™ € (a™) and so by

(WIC),
ra = (rat)a = ay

for some y € B. Similarly, we can take z to lie in (a°) for any a° € B
lying in the Lg-class of a. Finally, ifa € S, and x,y € B with xa = ay,
then for any a* we have that xa = a(a*ya*). Thus in the definition of

(WIC) we may choose the y to lie in any given (a*), and dually, the ¢
to lie in any given (a™).
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We now introduce certain relations which will be crucial in later
constructions. Let S be weakly B-abundant, let a € S and choose a™
and a*. It is easy to see that

I = {(w.y) € (a*) x (@) : 7a = ay}
is a subsemigroup of (a*) x (a*). Moreover, S satisfies (WIC) if and

only if every such 1% is a full relation according to the following
definition.

Definition Let A, B be sets and R C A X B be a relation. Then R is
full if both projection maps are onto.

If S is abundant, so that B = E(S) and £ = L*, R = R*, then it is
easy to see that if 197" ig full, then it is the graph of an isomorphism.
Thus an abundant semigroup satisfies (WIC) if and only if it satisfies
the idempotent connected condition (IC) introduced by the first author
in [3]. Consequently, an orthodox semigroup always satisfies (IC).

Motivated by the abundant case, El-Qallali in [3] extended the notion
of idempotent connectedness from abundant semigroups to weakly B-
abundant semigroups, again calling his condition (IC). In our notation,
a weakly B-abundant semigroup satisfies (IC) if for each a € S there
exist at, a* such that the relation 1" contains the graph of an order
isomorphism from (a™) to (a*). We expand upon this in Section 5
and show in Section 6 that a weakly B-abundant semigroup can have
(WIC) without (IC).

The following lemma is an easy extension of Lemma 2.7.

Lemma 3.2. Let T be a B-full subsemigroup of a weakly B-abundant
semigroup S. If S satisfies (WIC), then so does T'; if S satisfies (IC),
then so does T'.

We end this section by showing that (WIC) and (IC) are respected
by strongly admissible morphisms.

Lemma 3.3. If S is a weakly B-abundant semigroup and 6 : S — T
s a strongly admissible morphism from S onto a semigroup T, then S
has (WIC) with respect to B if and only if T has (WIC) with respect
to BO; similarly for (IC).

Proof. As in Lemma 2.3 we can show that for any z,y € B and a € S,
za = ay if and only if 20 af = af y6. We have that z Rpa Lpy if and
only if x0 Ry af Lpg yh, and 6 induces an isomorphism from B to B6.

The result follows.
O
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4. THE SEMIGROUP Up

Our aim in this section is to construct from B a semigroup Up that
is B-fundamental weakly B-abundant with (C) and (WIC), containing
as a B-full subsemigroup any semigroup with these properties. Conse-
quently, the semigroup W of [10], that is, the canonical fundamental
orthodox semigroup, is embeddable into Ug. In our final section we give
examples to show that this embedding may be proper. Underlying the
construction of Wp is the idea of a ‘connecting isomorphism’ between
principal ideals of B; that concept is too strong for our purposes. With
this in mind we introduce certain relations between principal ideals of
B.

Let e, f € B; we commonly denote a relation from (e) to (f), that
is, a subset of {€) x (f), by I®/. We say that I¢/ is connecting if I*/ is
a subsemigroup of (e) x (f) and for every (z,2'), (y,y') € I*/ we have
that

x <,y implies that 2’ < 1/
and
2’ <g vy implies that z <g y.

Lemma 4.1. Let I®/ be connecting. Then for any (z,v), (2,t) € I¢7,
x <p z if and only if y <p t.
Proof. If ©x <p z, then
xzx = x(xzr)r = x

so that z £Lzz. As I®/ is a semigroup, (zz,ty) € I/, so that as also
(z,y) € I®/, we have that y Lty. Consequently, y <p t. The proof of
the remainder of the lemma is dual. O

Connecting relations are of immediate importance to us due to the
following observation. Let S be weakly B-abundant with (C),leta € S,
and let 17" be the relation defined in Section 3.

Lemma 4.2. The relation I*"" is connecting.

Proof. First, we have already observed that I*" " is a subsemigroup of
(a*) x (a*). Suppose now that (z,2'), (y,3') € I°™*" and z <, y. Then
ra=az', ya = ay

and _ ~
¥ =a7" Lar' =va<,ya=ay Lga*y =
whence 2/y’ = 2’ and so 2/ <. y'. Dually, I°™%" preserves the <g-order

from right to left, and is therefore connecting.
O
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Clearly a weakly B-abundant semigroup with (C) has (WIC) if and
only if all the connecting relations I*"" are full.

Observe that, as a consequence of the definitions, if 14 C (e) x (f)
is full and connecting, then

(e,z) € 1%/ if and only if x = f

and dually,
(z, f) € I* if and only if 2 = e.
For we know that there exist (e,u), (v, f) € 1%/, and so, as I/ is a
semigroup,
(ev,uf) = (v,u) € I¢7,

Since (v, f), (v,u) € I* and certainly v Lv, we have that fLu; as
u < f we obtain that f = u. Similarly, v = e.

We denote OP(B/L) x OP*(B/R) by O(B) and use full connecting
relations to define the elements of a subsemigroup of O(B). Let I/

be full connecting; we begin by defining partial maps If’f of B/L and
I¢7 of B/R by setting

LI = L, where (z,y) € I/

and
R,I¢ = R, for (v,y) € I,

The fact that 7¢/ is full connecting gives immediately that If’f and ¢/
have domains {L, : © < e} and {R, : y < f} respectively, and that
they are well defined and order preserving on these domains. Consider
now the element p, € O(B/L); the image of p, is {L,. : y € B}.
Since eye Lye, we have that the image of p, is {L, : x < e}, that is,
the image of p, is the domain of If’f. Thus we may compose the order
preserving maps p, and I¢"/ to obtain an element of O(B/L). Similarly,
MI&T € O*(B/R). We have shown that

Up = {(p I, A1) e, f € B, T C (e) x (f) is full connecting}

is a subset of O(B). We claim that Up is a subsemigroup of O(B) and
is the canonical B-fundamental weakly B-abundant semigroup with
(C) and (WIC) for which we seek. Indeed rather more than this, for
we show that the idempotents of Up are precisely the elements of a
band isomorphic to B.

Notice that for any e € B,

19 ={(z,x) 1z < e}
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is full connecting, and

(PeLz’ea )‘eL?e) = (Pe, Ae),

so that B C Up. We show below that every idempotent of Up belongs
to B. In the following, for D-related elements e, f of B we use the
notation 6y to denote the map from (e) to (f) given by z6; = faf;
from VI1.2.13 of [12], #; is an isomorphism with inverse 6.

Lemma 4.3. The set Ug is a subsemigroup of O(B) with E(Ug) = B.
Proof. For any f,g € B, fgf Dgfg so that
Oros = {9f9) = (fgf) and Oysq = {f9f) — {9f9)

are mutually inverse isomorphisms. As such, therefore, they preserve
the order of B. Moreover,

w0pr = (f9f)x(fgf) = faf
for x € (gfg) and

Y0s10 = (919)y(9f9) = 9yg

fory € (fgf)-
Suppose now that e, f,g,h € B and I/, .J9" are full connecting
relations. Since

fof < fandgfg<g
and 1%/, .J9" are full connecting, there exist

(2. fgf) € 1%/ and (gfg,w) € J*".
We claim that K*" is full connecting, where
K*% = (16,1 ") 0 ((2) x (w)),

the composition being composition of relations from B to B.

To show that the projection maps to (z) and (w) are onto, let u € B
with u < z; since z < e and I®/ is full connecting, there exists an
element (u,t) € I*/. Now u = zuz and 1%/ is a semigroup, so that

(u, faftfaf) = (2, faf)(u,t)(z, faf) € I
Clearly fgftfgf € (fgf), so that

(faftfaf,a(faftfaf)g) € Oy,
that is,
(faftfaf,(afg)aftfa(gfg)) € bysq.

Now gftfg € {g); as J9" is full connecting, there exists an element
(gftfg, k) € J9". Consequently,

(9f9.w)(gftfg, k) (gfg.w) = ((9f9)9ftf9(gfg), wkw) € Jo".
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It follows that
(u, wkw) € K*".
Dually, the projection of K*" to the second coordinate is onto.

Since each of 1%/ 0,,, J%" is a subsemigroup of B x B, it follows
easily that the same is true of the composition, hence of K*™. Finally,
since each of the relations concerned preserves the < -order (<z-order)
from left to right (right to left), the same is clearly true of the compo-
sition. Thus K*" is full connecting.

Consider the elements (p I, A\ 167), (pg JE", Ay J9") € Up and let
K*" be constructed as above. We claim that

ey T AL ) (pg JE" M TE") = (PG, N KY).
To see this, let x € B. A straightforward calculation gives

L:vpelg’fpg J(g’h = Lemelg’fpg J(g’h

= Lyp,Jo" where (exe,u) € I¢/
= Lgugjzm
= L, where (gug,v) € J9h.

On the other hand,
L:vsz;7w = Lzmng’w
and

(zzz, (fgf)u(faf)) = (z(exe)z, (faf)u(fgf)) = (2, fgf)(ewe, u)(z, fgf)
so that (zz2, (fgf)u(fgf)) € I¢/. Hence

(222, (9f9)gug(9f9)) = (222, 9(fafufaf)g) € %0y,
since u = fuf. Also,

((9f9)9ug(9f9), wvw) = (9fg,w)(gug,v)(gfg,w) € J*"
and so we conclude

(zwz, wvw) € I410,,J9"
and hence (zzz, wvw) € K*", giving that
Lop. K" = Luow-

Further,
(9f9)gug(9fg) = (9f9)(fuf)(9fg) = (9)*u(f9)* = (9./)u(fg) = gug,

so that as J9" is full connecting and (gug,v), (gug, wvw) € J9" we
must have that L, = L., and it follows that

) ) 7h
P K" = p I pg Jo,
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Dually, we obtain that
Ao K = N SN I
so that
(peIg s M I ) (pg TE"  AnTEP) = (p G M K 7),

allowing us to deduce that Ug is a subsemigroup of Op.

We now identify the idempotents of Ug. We have remarked that
B C Ug and B forms a band; it remains to show that every idem-
potent of Up lies in B. To this end, suppose that (pelf’f,)\flﬁ’f) is
idempotent. Notice that the image of pelf’f is {L, : = < f} and as
pelf’f is idempotent, we must have that p./¢/ is the identity on this
set. Similarly, A\ 1%/ is the identity on {R, : y < e}. This gives in
particular that

Ly=Lpey! = Lepe Iy = Ly
where (efe,g) € I%/. Since also (e, f) € 1%/, and f L g, Lemma 4.1
gives that efe De. Dually, fef D f and we deduce that eD f.
Consequently, for any x € B,

Lopely? = Leae I = Legeresel{” = Lienespel(" = Lycues
since Lfeger is in the image of pelf’f. But
Liczer = L(fex)(wef) = Laef = Lapey-
Dually, A\ I{"/ = \.; and so
(peIg !, M IT) = (pegs Aes) € B

as required.
O

Theorem 4.4. The semigroup Ug is fundamental, weakly abundant
with (C) and (WIC).

Proof. We begin by showing that, for any (pelf’f, M I%T), we have
(pf: )‘f) E(pelg,f’ )‘fIf’f) ﬁ (1087 )\e)'
First,
(pelf’f, )‘flf’f)(pf’ )‘f) = (Peff’fﬂfa )‘f)‘flf7f)'
Clearly the second coordinate is )\fIf’f. Considering the first coordi-
nate, we have that for any z € B,

meeIE’fpf - LemeIg’fpf = Lupf:
where (exe,u) € I¢/. By definition of I*/, we have that u < f and so
Lup; = Lug = Ly = Lyp IS
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Thus
(eI M I (g Ag) = (ped ! M),
On the other hand, suppose that ¢ € B and
(pelg’fa )‘flf’f)(pgﬂ Ag) = (peIe&f’ )‘flf’f)'
We then have that
Lepe Iy pg = LepeIy”

and so, in view of the comments following the definition of full con-
necting relation,

Lyg=1Lipg =Ly
Hence f <. g in B so that (p, A\;) <. (ps, Ag) in B. Consequently,
(eI P M) £ (pg, M)
Tt follows that for (p I/, A I6S), (pe MY, Ay M*¥) in Up,
(peIS NI £ (pp MZY, N, M®¥) if and only if f Ly in B.
We now show that £ is a left congruence. Suppose that (pelf’f, AIeT)

and (p, M7, A\, M*¥) are L-related elements of U, and that (p, J?", X, Jo")
is a further element of Ug. Then

(peIy ML) (g I M JOM) = (0. K7, A K2)
and
(pa M}, )\yM;c,y)(ngZg,h’ )\hJﬁ,h) _ (pZ/Kéz’,w” )\w/KT,qzlyw,)
where
(z, faf) € I% (g F g, w) € JO (2, ygy) € M™ and (gyg,w') € J&",

the relations K** and K’#*' being constructed as in Lemma 4.3. Since
B is a band we have that

9f9LfgLygLagyg
so that as J9" is full connecting, w £ w', giving that
(szg,w’ A K7) L (pZ’KéZ , )‘w’KTI"ZI’w/)

and £ is a right congruence as required.
An argument that is completely dual gives that

(eI AT ) R (pes Ae)
for any (pelS!, \;1¢f) € Ug, and that R is a left congruence.

To show that (WIC) holds, let (p.I¢', \;1¢/) € Up and choose
(g, Ag) With (p I A I¢T) R (pg, Ay), so that eRg in B. Suppose
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that x € B and (ps, A\s) < (pg,Ag), so that © < gRe in B. Now
xR xe < e so there exists (ze,t) € I°/. We claim that

(P2 A ) (PG AFIET) = (eI M 15T ) (pes M),
that is,
(PaeI? AT Aa) = (peI( pr MIEY).
We have that for any y € B,
Lypeely” = Loeyoey T = Lucteyerse i = Lt
where (eye,u) € I/, On the other hand,
Lypelf’fpt = Leyeff’fﬂt = Lupt = Lut-
Considering the second coordinate, for any z € B,
RSN, = Ryt IS\, = Ry\y = Ryps
where (v, fzf) € I/. Now
Rz)\tlf’f = thtlf’f = Rtfzftff’f = Ryevze
since (ze, t), (v, f2f) € I%/. But
revre R xev = zv R zvx.
We have established that
(0 M) (P N TET) = (peIE T A TE) (s Me).

The dual argument completes the verification that (WIC) holds.
Finally we must argue that Upg is fundamental. To this end suppose
that (pels”, \(I&T), (pg J", AnJEM) € U and

(eI { T A1) g (pg T8 A T2,
Then for any b € B,
(00, Ao) (P57 A IET) Heg (s Mo) (pg T2 M TED).

Our formula for composition, together with the fact that (p,, Ay) =
(ppe®, Apt), gives that

(PG A K7 Hag (por M7 N M)
where
2 = beb, (ebe,w) € 1%/, 2" = bgb and (gbg, w') € Jo"

and where K*® M*"" are full connecting relations. This gives in par-
ticular that w £Lw’. Now

Luped(! = LeapeIp = Loy = Ly = Loy JP" = Lypg J{".
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Thus pJJ¢7 = p, Jo" and dually, A\ I¢/ = A, J9". We conclude that
Ug is fundamental.
U

Finally in this section we prove that Up contains a copy of every B-
fundamental, weakly B-abundant semigroup having (C) and (WIC).

Theorem 4.5. Let S be a weakly B-abundant semigroup with (C) and
(WIC). The map 6 : S — Ug given by

a) = (aaa ﬁa)

where for all v € B, Ly = Lgay- and Ryfy = R(az)+, is a strongly
B-admissible morphism with kernel pg. Moreover, 0| : B — B is an
1somorphism.

Proof. In view of Lemma 3.1, it remains only to show that the image
of 0 is contained in Ug. L

Let a € S and choose a™, a* € Bwitha* LgaRgat. From Lemma 4.2
we have that 77* is connecting and is full since S has (WIC). We
claim that

a0 = (g, Ba) = (par If " Ao IE0).
To see this, take any x € B. Then

at,a* at,a*
mea“'Ie = La+ma+Ig = Ly

where (a*za®,y) € I°7, that is, y < a* and aTzaTa = ay. Now

+ +

y=ayLyay =a‘raTaLyzata = 2a Ly (za)*,

giving that
ana = L(l’a)* = Ly = praJrIéH_’a*
and hence a, = pa+I§+’a*. Dually, 8, = A-I%" so that af € Ug as

required.
O

The following corollary is immediate.

Corollary 4.6. If S is a weakly B-abundant semigroup with (C) and

(WIC), then any idempotent of S is Hp-related to an idempotent of
B. In particular, if S is, in addition, B-fundamental, we have that
B = E(S).
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5. THE SEMIGROUP Vg

The aim of this section is to construct a full subsemigroup Vg of Ug
that satisfies the stronger version of (WIC), namely the idempotent con-
nected condition (IC) as introduced by El Qallali in [3]. It follows from
Lemmas 2.7 and 3.2 that Vg is a fundamental, weakly abundant semi-
group with (C). In addition we show that every B-fundamental weakly
B-abundant semigroup with (C) and (IC) embeds into V. Many of
the results and techniques of this section appear in their original form
in [3].

We begin by reminding the reader that a weakly B-abundant semi-
group S satisfies (IC) if for all @ € S and for some a™, a*, there is an
order isomorphism « : (a*) — (a*) such that for all z € (a™),

za = a(za).

The graph gr(a) of such an « is clearly contained in 7™*" | which must
therefore be a full relation. We see in Section 6 that 7*"*" can be full
without containing the graph of an order isomorphism, so that S can
have (WIC) without having (IC).

The order isomorphism « given above is said to be a connecting order
isomorphism. As with the definition of (WIC), we can replace ‘some’
by ‘any’, but now we have to be slightly more careful. If a,a™ and a*
are chosen as above, and af, a® are idempotents of B with

aﬁB a’ ﬁB al and aEB a* LNB a’,
then in B we have that o™ R a' and a* La°. Thus 8 : (a') — (a*) and
v : (a*) — (a°) given by
2 =a"ra” = za™ and yy = a°ya® = a’y

are isomorphisms. Thus
Bay: (af) = ()
is an order isomorphism. Moreover, for any z € a',
ra = zata = a(zfa) = a(a®(xfa)) = a(zPfary),

so that fasy is connecting.

The subset Vi of O(B) is constructed in a manner analogous to the
Hall semigroup, beginning as follows. For any e, f € B we define V, s
to be the set of all order isomorphisms « from (e) to (f) such that

raya L (zy)a and ua™ ' va™' R (uwv)a™!
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for all z,y € (e) and u,v € (f). For any o € V. ; we can define partial
maps of B/L and B/R by

Lyoy = Ly and Ry, ' = Ryp-1.

That oy and «, are well defined and order preserving is a consequence
of the next lemma.

Lemma 5.1. Let e, f € B and let o : () — (f) be an order isomor-
phism. Then « € V. ¢ if and only if the graph gr(a) of a is contained
in a (necessarily full) connecting relation I°7. If this is the case, then
in particular, for all x,2" € (e) and y,y' € (f),

x <, a' implies that xa <, 2’ o,
y<gy' implies that yo~' <g y'a™",
oy = If’f and o, = I,

Proof. Suppose that e, f € B and a € V. ;. Notice that if 2,2’ € (e)
and x <, z’, then z = 2’ so that

ra = (za)aLrzar'a

and consequently, za <, z'«a. Dually, if y,4' € (f) and y<gv', then
ya ' <gpy'al.

Consider the graph gr(a) of a. We have that gr(a) C (e) x (f) is a
full relation such that for any = € {e€) and y € (f), (z,za), (ya~',y) €
gr(a).

Let @*/ be the subsemigroup of (e) x (f) generated by gr(a); since
gr(a) C @/ and gr(a) is full, certainly @/ is full.

Let

(xli yl)(xQ; y?) ce (xm; ym); (ula ,Ul)(u% U?) ce (u’n; v’n) € ae’f:

where (z;,y;) = (v, 1), (uj,v;) = (uj,uja) € gr(a) for 1 < i < m,
1 < j <n, be such that

1T o Ty <] ULU . . . Up,.
Then y195 ... Ym = T 2200 ... T and
riaxea .. Ty L(vimy)arsa. . xpal oo L(012Ty .. Ty

and similarly,
V1Vg . . Uy L (ugug . . uy)a.

From remarks above, since x; ...z, < uj...u,, we have that

Yoo Ym L(T1 . ) <g (up ... up)a Loy .. vy,



FUNDAMENTAL REPRESENTATIONS 21

Thus @®/ preserves the <,-order from left to right, and dually, it pre-
serves the <g-order from right to left. Consequently, @/ is a connect-
ing relation.

Conversely, suppose that gr(a) C I/ where I®/ is connecting. Let
z,x’" € (e). Then as

(z,20), (2',7'a) € I/

and the latter is a subsemigroup, we have that (x2’,zaz’'a) € I%/.
But also (z2', (x2')a) € I/ and since 1%/ preserves the < -order from
left to right we have that (zz')a £ (za)(2'a). Together with the dual
argument we have shown that oo € V, ¢. The lemma follows. O

We remark that if S is a weakly B-abundant semigroup with (C) and
(IC), a € S and « : (a*) — (a*) is a connecting order isomorphism,
then since the graph gr(a) of « is contained in 1% we have from
Lemmas 4.2 and 5.1 that a € V+ 4-.

From Lemma 5.1 it is clear that

Ve = {(pecs, \sa, ') s e, f € B, € Ve g}
is a subset of Ug.

Theorem 5.2. (c.f.[3]) The set Vi is a full subsemigroup of Ug. Con-
sequently, Vg is fundamental weakly abundant with (C) and (WIC).
Further, Vg has (IC).

Proof. For any e € B we have that

(Pes Ae) = (petgs Ae(1)7 )

where € is the identity relation on (e). Clearly 1 € V, . so that B C Vg.
To see that Vp is a subsemigroup of Ug, let e, f,g,h € B, o € V¢4
and 3 € V. According to the proof of Lemma 4.3,

(pecte; Apay ) (pgBe M) = (K7™ My K7)
where (2, fgf) € a7, (gfg,w) € B*" and
PR —e 29:h
K50 = @90,0,8°") 01 ((2) x ().

Clearly we can take z = (fgf)a~' and w = (¢fg)3; K*¥ then contains
the graph of the order isomorphism v = a|yf,5,3. Moreover, since
K*% is connecting, Lemma 5.1 gives that v € V, ,,. It follows that

(K", M K2™) = (p27ve, Aoy ') € Vg,

as required.
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It remains only to show that Vg has (IC). To this end, let e, f € B,
« € V,; and consider (p.as A\sa; ') € Vg, From the proof of Theo-
rem 4.4 we have that

(pe: Ae) R (peies Ara ) £ (pg Ay)-
Further, for any z € B with (pz, Az) < (pe, Ae) (so that z < e in B)
and any (z,t) € a®/
(pa:: )\m)(peaf: )\fa;l) = (:0805[: )\fa;l)(pta )\t)

In particular, we can take ¢ = za. Since a : (¢) — (f) is an order
isomorphism, we can clearly define an order isomorphism

@ {(pe; Ae)) = ((pg; Ag))

by (pz, Ae)@ = (Pza> Aea)- It follows that Vi has (IC).
O

We now show that Vj is the canonical B-fundamental weakly B-
abundant semigroup with (C) and (IC) which we seek.

Theorem 5.3. [3] Let S be a weakly B-abundant semigroup with (C)
and (IC). The map 0 : S — Vg given by

a) = (aaa ﬁa)

where for all v € B, Lyoq = Lize)» and Ry3, = Raz)+, 8 a strongly
B-admissible morphism with kernel pg. Moreover, 0| : B — B is an
1somorphism.

Proof. We need only show that the image of # is contained in Vjp.
Let a € S, choose at,a* and let a : {(a*) — (a*) be a connecting
isomorphism. We know from Theorem 4.5 that

af) = (pa+ If A 1707,

From the comments following Lemma 5.1, & € V,+ 4+ and as the graph
of a is a full relation contained in 1%, clearly
af = (pa+ay, A=, ') € Vp.

O

We end this section by showing that the regular elements of Vz form
the Hall semigroup Wpg. For elements e, f € B, the definition of the
set V. s is, of course, close to that of W, ;, where W, is the set of
isomorphisms from (e) to (f). To see that not every element of V, ;
need lie in W, ; we give the following example, taken from [3].



FUNDAMENTAL REPRESENTATIONS 23

Example 5.4.

Let B be the band with the following D-class structure:

[e]

EAE

It is easy to see that (e) = {e,x1,22,0} and (f) = {f,y1,92,0};
clearly, they are not isomorphic. However, the function « : (e) — (f)
given by

ea = fira=vy; (i=1,2),0a=0

is easily seen to be a connecting order isomorphism.

To show that Wp is the set of regular elements of V5, we begin with
some observations concerning « € V ;.

First, if gRe and fLh for some e, f,g,h € B, then B € Vg,
where 3 = f.a0y. It is not hard to see that, further, (p,0,, \nf3, ') =
(peOtg, )‘fa;l)'

Next, if e = f and (peay, A, }) = (pe, Ae), then « is the identity in
(e). For if z € (e), then

L:n = mee - meeal = L:EOQ - L:ra

so that x £Lza; similarly, z Rxa™!. Tt follows that for any y € (e),

yaRyaa™t = y. Consequently, for any x € (e), z H za, giving that
T = xa as required.

Finally, if o' € V},, then « is a semigroup isomorphism. For in
this case, if 2,y € (), then as o' € V}, and (™')™ = q,

zayaR (zy)a.
Certainly za ya L (zy)«, yielding za ya = (xy)a as required.
Theorem 5.5. [3] For a band B, the Hall semigroup
Wg = {(pecs; \sa, ') i e, f € Bya € W}

is the set of regqular elements of Vp.
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Proof. From [10], we know that Wp is an orthodox subsemigroup of
O(B) which clearly is contained in Vp. It remains only to show that
every regular element of Vg lies in Wp.

To this end, let e, f € B and a € V, ; with (pec, A\pa, ') regular.
We know that

(pea )‘e) ﬁ (peaf’ )‘far_l) E(pf’ )‘f)

so that from comments in Section 2, since (p.ay, Ara, ') is regular,

(pea )‘e) R (peab )‘fa/r_l) L (pfa )‘f)

From I1.3.5 of [12], there is an inverse (p, 3¢, My ') of (pecus, Apart) in
VB with

(Pes Ae) = (pete, Ara; ) (pgBe, Myt
and

(pf’ )‘f) = (pgﬁfa )‘hﬁr_l)(pea%’ )‘far_l)'
Notice however that we must have that ¢’R f and h Le, so that from
comments preceding the theorem we can assume that ¢ = f and h = e,

so that 8 € V..
For x < e we have that

L:n = mee - meeafpfﬁla

whence x £ xa 8. Similarly we can show that x R xa 8 and so © = zaf.
Dually, S« is the identity in (f), so that 3 = a™' € V}.. From remarks
above, & € W, ¢ so that (pecw, A pa; ') € Wp. O

6. EXAMPLES

We now present a number of examples, allowing us to compare semi-
groups of the form Wpg, Vg and Ug.

In what follows we bear in mind that, consequent upon Lemma 4.1,
if 1%/ is a full connecting relation on (e) x (f), then I/ induces an
order isomorphism between {D, : x < e} and {D, : y < f}. Therefore,
if we are determining a full connecting relation 7%/, we know that I¢/
is the disjoint union of subsets of sets of the form DY x lej , where
z<ey<f,Di=D,N{e)and Df = D, N (f).

We recall also that if o € V., in particular, if o € W, ¢, then the
graph of « is contained in a full connecting relation I¢/. On the other
hand, if we can show that a full connecting relation I/ contains the
graph of an order isomorphism «, then from Lemma 5.1, we know that
a €V, 5 and

(pecus, Apa, ) = (,Oeff’f, AT,
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Example 6.1.

We begin by considering a rectangular band B. If e € B, then (e) =
{e}, so that for any e, f € B, there is just one full relation from (e)
to (f), namely {(e, f)}, which is clearly the graph of an isomorphism
t(e, f). Thus

WB — VB - UB = {(pel’(ea f)fa )‘fL(ea f)r_l) | €, f € B}

But for any =z € B,
Lypet(e, f)e = Let(e, f)e = Ly = Ley = Laypey
and dually, R, Asi(e, f);' = RyAes. This gives that
Wg=Vg=Up = {(pes Ae) : € € B} = B,

thus confirming the result of Example 2

Notice that for any weakly B-abundant semigroup, if S/uB = B,
then ’HB = up is a congruence on S. For if a,b € S and a’HB b, then
app HB bug, giving that aug = bug, since HB = H is trivial in the
band B.

Proposition 6.2. A band B has the property that every weakly B-
abundant semigroup having (C) and (WIC) must also have (IC), if
and only if Ug = Vp.

Proof. Suppose that Ug = Vg and S is a weakly B-abundant semigroup
with (C) and (WIC). By Theorem 4.5, § : S — Up = Vg is a strongly
admissible morphism onto a full subsemigroup, with kernel ug. By
Lemma 3.2 we have that S has (IC), whence S has (IC) by Lemma 3.3.

Conversely, assume that Ug has (IC), and let (p I¢7, A\ Ie7) € Up.
From Theorem 4.4 we have that

(Pes M) R (peIf T AfIET) £ (g, M),
so that by assumption there exists an order isomorphism
0: ((Pes Ae)) = ((prs Ap))
such that for all (p,, A\,) € ((pe, Ae))s
(P )‘Z)(pejg’fﬂ )‘fIf’f) = (pel?fﬂ )‘fIf’f)(pZ: )‘Z)g

Clearly 6 induces an order isomorphism 6 : {€) — (f). Moreover, from
the remarks preceding the statement of Theorem 5.2, 6 € V(,, x.).(p; /)
and so also 6 € V, ;. We claim that

(peIgT A IETY = (pobi, As6,).
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Let z € (e), and let (x,t) € I*/. Then
LerPeIg’f = Lemelg’f
= LI/
- I,
and so as

(pma )‘m)(pefg’fa )‘flﬁ’f) = (peIlf’fa )‘flﬁ’f)(pmﬂ% )‘19):

we have that ;
Lt = Le,OeI;’ Pzo

prIG
= L.

Consequently, for any w € B,
Lw,oegf = Lewete = L(ewe)9 = Lewel—g’f = prefgfz’f-

Hence p I = p.fy and dually, A ;1 = X6, whence (p I3, \ ;1T €
Vg as required.

O

Where appropriate we denote a map « from a finite set {x, z9, ..., 2, }
to itself by
T T e Tn
<ZL'10( TolX ... .ZL'nOé>

Example 6.3.

Let B be the band of Example 5.4; we have already shown that
Ve.f 7 We,s. We show that Wp # Vg = Ug. From the remarks at the
beginning of this section we need only consider full connecting relations
of the form " where (u,v) is a pair in the following set:

({e, f} x{e, fH U ({m1, 22,1, 52} % {@1, 22,41, 92}) U {(0,0)}.

Consider first relations from (e) to itself. Clearly V, . consists of the
identity and the isomorphism

(e x w2 O
5_<61‘2 T 0>'

L:clpe = L:vl 7£ L:vg = L:vlpeﬁéa
so that (pe, Ae) # (peBe, Ae371). Suppose now that %€ is a full connect-
ing relation. From comments above, we must have (e, ¢e), (0,0) € [*°
and the remaining elements form a full subset of {x1, x5} x {1, 22}. If
(x1,71) € I%%, then we cannot have also that (z,z2) € I*°, since I*°
is L-preserving from left to right. But I*° is full, so that (x5, x9) € 1°

Moreover,
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and consequently, (zo,21) ¢ I®°. We deduce that in this case, 1°°
is the graph of the identity map; a similar argument gives that if
(x1,29) € 1%, then I%° is the graph of 5. The dual argument gives
that the only full connecting relations from (f) to itself are the graphs
of the identity map and a second isomorphism . Moreover, these
isomorphisms give rise to distinct elements of Wg.

We have already seen in Example 5.4 that W, ; is empty, but V, s
contains «, where o has graph

{(6a f)? (mlayl)a (J"QayQ)? (0’ 0)}

We know that the graph of a generates a full connecting relation from
{e) to {f). On the other hand, for any full connecting relation I®/, we
must have that (e, f), (0,0) € I®/ and that the remaining elements of
I°4 lie in {z1, 12} % {y1,y2}. However, it is easy to see that for any
such I¢7,

L. L, L. L; L, L
ele’f: e x1 x2 ! Y1 0) _ .
Pely (Lf L, L, Ly L L0> PeCte

and

R. R, R R, R, R
ef e 1 f Y1 Y2 0) _ -1
Al _<Ro R, R. R. R. R0>_)‘f0‘7"‘

There are no connecting relations from (f) to {(e). For if I/ were
such a relation, we would have to have (y;, 1), (y;,x2) € I/ for some
i,j € {1,2}, since I/ is full. But this is impossible since y; Ly; but
x1 is not L-related to x,.

For u,v € {x1,29,y1,92}, it is clear that (u) = {u,0} and (v) =
{v,0} and consequently, the only full connecting relations from (u) to
(v) is the graph {(u,v), (0,0)} of an isomorphism ¢(u, v).

Clearly the only other candidate for a full connecting relation be-
tween principal ideals is {(0,0)} from (0) to itself.

We conclude that Ug = Vg and there are potentially 22 elements in
Vg, of which at most one, (peav, Apa, ), does not lie in Wp. However,
not all of these elements are distinct. We know from the proof of
Theorem 4.4 that for elements of Vg written in standard form,

(pube, M0, ) R (peme, Ayn; ') if and only if u Rz
and dually,

(pudfa )\vér_l) E(pmnfa )‘ynr_l) if and Only if v ‘Cy
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This allows us to deduce that (pecws, Ay ') ¢ Wp. Moreover, straight-
forward checks show that for any 4, j € {1, 2},

(_ ) (L L, L, Ly L, Ly
Potl Vi)t = \L,, Ly, L, Ly Lo L

and

T St B Re Ry, Rf Ryl Ry2 Ly
)\yjb(iﬂzayj)r _<R0 Ry Ry, R, R, Ry’

Continuing is a similar manner we can argue that Vz has 15 distinct
elements, consisting of the seven elements (p;, ;) € B, together with

(peﬁh )‘6/6;1)7 (peafa )‘fa/;l)a (pf,wa )‘f’}/;l)7 (pmlL(xla yl)fa )‘yll’(zla yl);1)7

(pyll’(yh xl)fa )\mllf(yla 5171);1), (pyll’(yh 5172)3, )\:L‘QI’(yI: x?);l):

(Pys (Y2, 1) 0, Aay (Y2, 21), ) and (pyot(Y2, 22) 2, Ayt (Yo, 2), ).

We remark that Vp cannot be abundant; for if it were, then by the
results of [4], it would be embeddable into Wp.

Our final example is of a weakly B-abundant semigroup with (C)
and (WIC), but not (IC).

Example 6.4.

Let B = {e, f,x1, 22, u,0} be the band with the following D-class struc-
ture:

Arguments very similar to those of Example 6 allow us to show that
Wp = Vg is a regular semigroup with 10 elements. However, the
relation

17 = {(e, f), (z1, ), (w2, u), (0,0)}
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is full and connecting and gives rise to an element (peIf’f, A I%7) which
is equal to

Le Ly, Ls, Ly L, L)\ (R. R., R; R, Rq
Ly L, L, Ly Ly Ly)'\Ry R, R. R, Ry

and which lies in Ug but not in Vp; in fact, it is the only such. We
have that

(Pes Ae) R (peI &, N IE9Y L (pf, A)

but there is no order isomorphism from ((pe, Ae)) to ((ps, As)). We
deduce that Up is an 11 element weakly abundant semigroup with (C)
and (WIC), but not (IC). From comments in Section 3, U cannot be
abundant.

7. STRUCTURE OF WEAKLY B-ABUNDANT SEMIGROUPS

We end the paper by using the existence of the semigroups Up and
Vg to determine the structure of weakly B-abundant semigroups with
(C) and (WIC) (or (IC)), as spined products of Ug (or Vp) with a
weakly B/D-ample semigroup. Our approach is inspired by that of
Yamada [16] and Hall [11] in the orthodox case.

We first remind the reader that if we are given semigroups S,7, H
and morphisms ¢ : S — H,vy : T — H, then the spined product
S=8(S,T,¢,v) of S and T with respect to H, ¢ and 1) is

S={(s,t) € SxT:sp=t)}.

Clearly, if non-empty, S is a subsemigroup of S x T

Next, we recall some facts about the relation dg, which is the ana-
logue for a weakly B-abundant semigroup S with (C) and (WIC) of
the notion of the least inverse congruence on an orthodox semigroup;
for convenience we cite from [8]. The relation dp is defined on S by the
rule

adpb if and only if a = ebf,b = gah for some e, f,g,h € B.

It is shown in [8] that dp is a congruence on S, which restricts to D
on B, and is such that the natural morphism 659 : S — S/op is B-
admissible. Moreover, putting Bd% = B, we have that S/dp is weakly
B-ample.

Proposition 7.1. Let S be a weakly B-abundant semigroup with (C)
and (WIC) and let T be a weakly E-ample semigroup, where E is a
semilattice isomorphic to B/D. Suppose that there exists an admissible
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morphism ¢ : T — S/0p such that | : E — B is an isomorphism.
Let

B' ={(b,ey) : b € B}
where e, € E is such that ey) = bdg. Then B’ is a band isomorphic
to B and the spined product S = S§(S, T, 5%, V) is weakly B'-abundant
semigroup with (C) and (WIC). Moreover, if S has (IC), then so does
S.

Proof. We begin by remarking that for any b € B,
bip € B = E’QZ),

and there exists a unique e, € E such that ey) = bég. Thus B’ C S.
It is easy to check that for b,c € B,

€be = €p€c = €cCp = C¢p
and
bD c if and only if bdg = cop if and only if e, = e,.
Consequently, x : B — B’ given by bk = (b, €) is an isomorphism.
Suppose now that (z,s) € S. As 5% is B-admissible, we have that
for any =,

Cptth = atop = (WSB)Jr = (S@D)Jr = 3+@/},

so that e,+ = sT. Consequently, if (z,s), (y,t) € S, then if T Rpy we
have that

st = Ept = €yt = t+,

so that sﬁEt inT.
Next, we show that for any (z, s), (y,t) € S,

(x,9) Ry (y,t) if and only if 2Ry Y.
If 2Rp y, then by the above, sRpt. Tt follows easily that for any
(b, 61,) € BI,
(ba 61))(1', S) = (:Ea S) if and OIlly if (ba eb)(ya t) = (ya t)a

so that (z,s) Ru (y,t) as required.
Conversely, we suppose that (z,s) R (y,t). Choosing z* € B, we
know that e,+ = s* and so

+,6$+)($, S) = (LE, S):

(x
giving

(er’ em"‘)(y’ t) = (?J, t)'
In particular, 27y = y and so 2¥y* = y*; dually we can argue that
ytazt =27 and so x Rpy as desired.
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We now have that for any (z,s) € S,
(x,$) Ry (T, s),

so that S is weakly B’-abundant, and condition (C) holds with respect
to B'.

It remains to show that S has (WIC), (and (IC) if S does). To this
end, suppose that (z,s) € S; choose x7, so that (x,s) Rp (T, sT) and
suppose that (b,e;) < (z*,sT). Since & is an isomorphism, b < z* in
B and from b = ztbat we also deduce that e, < e,+ = s in E. Now
S has (WIC), so that bx = xc¢ for some ¢ € B with ¢ < z*, for some
chosen z*. Since both dg and 1) are admissible,

(ers)y = (eps)y)”

|
=)
=2
s

whence (e,5)* = e.. Consequently,

(b,en)(z,s) = (
= Exc,s(ebs)*)

= ({L‘, 5)(67 60):

using the fact that 7" is weakly E-ample. Thus S has (WIC).

Finally, we suppose that S has (IC). We must show that for any
(z,s) € S and for some (z,s)", (z,s)*, there is an order isomorphism
a: {(x,s)") = ((x,s)*) such that for all (b,e,) € ((x,s)7),

(b, ep)(x,8) = (x,5)(b, ep) .

We choose ™ and z*, and take (z,s)" = (27, sT) and (z, s)* = (2%, s*).
Suppose that (b,e;) < (xt,st); then as above, b < xt,e, < s, and
for any ¢ € B with bx = zc, we have (b, ep)(z,s) = (x,s)(c, e.). Since
S has (IC), we know there is an order isomorphism « : (z) — (x*)
such that for any d € (z1), dx = x(da)). We thus have that

(bﬂ 61,)((1], S) = (ZL', S) (bCk, eba):
and as ba < z%, (bay, €pq) < (2%, 5*). Clearly

a:((a",s7) = ((=",57)
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given by
(ba 61))a = (ba, 6ba)
is a connecting order isomorphism. It follows that S has (IC).
U

Let S be a weakly B-abundant semigroup with (C) and (WIC). We
know from Theorem 4.5 that 8 : S — Upg is a strongly admissible
morphism, with kernel pp, to the weakly B-abundant semigroup Up,
where Up also has (C) and (WIC). Denoting Eé% by B*, the remarks
preceding Proposition 7.1 give that Up/dg is weakly B*-ample. We
have the following diagram of semigroups and admissible morphisms:

0
S Up
0% 0%
S/o5 Us /o5

Let a,b € S with adp b, so that a = ebf,b = gah for some elements
e,f,g,h € B. As B = B it is clear that afdzbf in U and so
a@d% = 696% We can therefore define a map ¢ : S/dp — Up/dz by

(sdp)p = 305% Clearly the following diagram commutes

0
S Ug

b
&% 0%

S/65

Us/d5
Notice that
B* = Bé% = BOSE = By = B,
Lemma 7.2. With notation as above, 1) is a B-admissible morphism

such that Y|g : B — B* is an isomorphism.

Proof. Suppose that adp ﬁg bog. Since 659 is admissible, we know that
for a™, bt € B,
a+(53 RECLéB Rﬁbég Rﬁb—i—éB.
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But B is a semilattice, and so a*dp = b1 dp, giving that a™ Dbt in B.
Since f|p : B — B is an isomorphism, certainly at@Db%0 in B, so
that by the same remarks, atéz = b*005. Consequently, since both
 and d7 are admissible

adptp = abé5 Rp- (abd5)t = a* 065
= bt 065 = (b065) T R bS5 = bép,

so that 1) preserves Rp. Dually, ¢ preserves Lp, so that ¢ is B-
admissible.

We have remarked that ¢|g : B — B* is onto. Suppose now that
edpyy = fopy, for some e, f € B. Then eféz = fOig, giving that
efD f0 in B. But 0|3 is an isomorphism from B onto B, and so eD f
in B. We deduce that edp = fdp and 1|p is one to one, finishing the

proof of the lemma.
O

We are now in a position to prove the main result of this section.

Theorem 7.3. Let S be a weakly B-abundant semigroup with (C) and
(WIC). Then there ezists a B-admissible morphism 1) : S/dp — Up/og
such that ¢|p : B — B* = F&% 18 an isomorphism. Moreover, S is
1somorphic to the spined product

S = S(Us, S/dp, 6%, 1)).

Conwversely, let T be a weakly E-ample semigroup, where E is a semi-
lattice isomorphic to B/D. Suppose that there exists an E-admissible
morphism ¢ : T — Upg/dg such that |g : E — B* is an isomorphism.
Then the spined product S = S(Up, T, 6%, 1Y) is a weakly B'-abundant

semigroup with (C) and (WIC), for a band B' isomorphic to B.

Proof. In view of Proposition 7.1, it remains only to show that if S is
weakly B-abundant with (C) and (WIC), then S is isomorphic to

S = S(Us, S/d5, 05, ),
where 1) is constructed as for Lemma 7.2. Clearly, ¢ : S — S given by
s = (s0,s0p)

is a morphism from S to the direct product Ug x S/dp. Since 59(5% =

5653@/) for any s € S, we have that the image of ¢ is contained in §. If
s@ = tp, then (s,t) € up N dp since the kernel of 6 is pp. From [8] we
know that Hg Ndp =1, and so s =t and ¢ is one to one.
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It remains only to show that ¢ is onto. Let (X, sdp) € S, so that
Xog = sdpy = s0d5. From the definition of d, we must have that

X =el s [0,

for some ef), f0 € B = Bf, where again using [8] we may take ef in
E((s§)") = E(s*0) and f0 in E((s#)*) = E(s*0). But then X =
(esf)f, and as § maps B isomorphically onto B6,

(€Sf)5B = 653 553 f&B
= S+ 53553 5*53
= (stss*)ip
= 853.

We have shown that (esf)p = (X, sdg), so that ¢ is an isomorphism
as required. O

With almost no adjustment we can replace ‘(WIC)’ by ‘(IC)’” and Up
by Vg in Theorem 7.3 and obtain our final result.

Theorem 7.4. Let S be a weakly B-abundant semigroup with (C) and
(IC). Then there exists a B-admissible morphism 1 : S/op — Vp/og
such that ¢|p : B — B* = F&% 18 an isomorphism. Moreover, S is
1somorphic to the spined product

S = 8(Vs, S/dp, 6%, 1)).

Conversely, let T be a weakly E-ample semigroup, where E is a semi-
lattice isomorphic to B/D. Suppose that there exists an E-admissible
morphism ¢ : T — Vg /o5 such that ¢|g : E — B* is an isomorphism.
Then the spined product S = S(Vp, T, 6%,’@ is a weakly B'-abundant
semigroup with (C) and (WIC), for a band B' isomorphic to B.
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