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ABSTRACT. An inverse semigroup T is separated over a subsemigroup S if
T is generated, as an inverse semigroup, by S and for each a, b € S there
exists x € Sa M Sb such that a”'ab~ b = x~ !x and dually for right ideals. For
example, if T is generated as an inverse semigroup by a semigroup S whose prin-
cipal left and right ideals form chains under inclusion, then T is separated over
S. In this paper we investigate the structure of inverse semigroups T which are
separated over subsemigroups S.

The structure theory of inverse semigroups has been the object of much study
over recent years with particular attention being paid to 0-bisimple and O-simple
inverse semigroups ([2], [9], [10], [11], [13], for example). These papers attempted
to determine the structure of various O-bisimple or 0-simple inverse semigroups
directly in terms of groups and semilattices. However the degree of complication
involved even in these cases leads one to suspect that this is, in general, a futile
task although it is possible in some cases.

In a general sense, the structure of inverse semigroups is determined by its
semilattice of idempotents and a semilattice of groups. This is a consequence of
a theorem of Munn [11] which shows that the maximal fundamental homomorphic
image S/p of an inverse semigroup S is a full subsemigroup of the semigroup Tg
of isomorphisms between the principal ideals of the semilattice E of idempotents
of S. The canonical homomorphism p: S — S/u is idempotent separating so its
kernel is a semilattice of groups. The problem of constructing idempotent separ-
ating extensions of semilattices of groups by inverse semigroups has been solved,
theoretically at least, by D’Alarcao [4] and Coudron [3] so that one could, in
principle, construct all inverse semigroups if one could construct all fundamental

inverse semigroups; the latter, however, remain a mystery.
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In this paper, we shall adopt a more internal approach to describing inverse
semigroups. Suppose that @ is a homomorphism of a semigroup § into an inverse
semigroup T. Then we shall say that T is separated over S, by 6, if T is

generated as an inverse semigroup by S0 and, for each a, b € §,

a0(a0)~160(b0)~ ! = x0(x0)~! for some x €aS N bS,

(@)~ 'a0(b60)"! b0 = (y@)'lye for some y € Sa N Sb.

The main aim of this paper is to investigate the structure of an inverse semigroup
T, which is separated over a semigroup §, in terms of S. Special cases of this
concept have been considered before. For example, let T be a bisimple monoid
and let S be the right unit subsemigroup of T; if S is right reflexive then T is
separated over S. Clifford [1] has described the structure of T in terms of S. On
the other hand, Eberhart and Selden [5] have described the structure of all one
parameter inverse semigroups. Any such semigroup T is separated over a sub-
semigroup S of the multiplicative semigroup of the positive reals.

Theorem 3.5 gives an explicit method of construction for all fundamental inverse
semigroups which are separated over an arbitrary semigroup S. Thus, by using
D’Alarcao’s extension theorem [4] one could, in principle, construct all inverse
semigroups which are separated over S. We have not been able to do this explicitly
without imposing conditions on S. A semigroup S is naturally quasisemilatticed
if the sets of principal left and right ideals of S form semilattices under inclusion;
thus an inverse semigroup is naturally quasisemilatticed. If S is naturally semi-
latticed and T is separated over S by 6 then, for a, b € S,

at(a8)~60(60)~" = (@ A, bla A )11,

(a0)~1a0(66)~ 150 = [(a A 561~ Ha A, )0,

where, for example, a /\' b in S is such that aS! N bS! = (a /\’ b)S!. There is
thus a universal inverse semigroup E(S) in the category of inverse semigroups
which are separated over S. An explicit construction and several coordinatisations
for E(S) are given in §4 while the congruences and ideal structure form the sub-
ject matter of $§s.

Whenever the sets of principal left and right ideals of a semigroup S are
chains under inclusion, every inverse semigroup generated, as an inverse semi-
group, by a homomorphic image of S is separated over S. Hence E(S) is the free
inverse semigroup on $ and so § can be embedded in an inverse semigroup if and
only if it can be embedded in E(S). The last result remains true if S is naturally
quasisemilatticed (Theorem 4.6) so that we can use E(S) to obtain a set of
necessary and sufficient conditions for the embeddability of such semigroups in
inverse semigroups.
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The main tools used in this paper are what we term shift representations of
S by one-to-one partial transformations. Theserepresentations generalise both the
Vagner-Preston representations of inverse semigroups and the regular representa-
tions of cancellative semigroups. They are described in $2.

The theory undergoes considerable simplification when the semigroup § under
consideration is cancellative. It is applied in $6 to give necessary and sufficient
conditions on a cancellative semigroup so that each element of I(S) should be of
the form ab~!c with a, b, c € S; the precise conditions are that the sets of prin-
cipal left and right ideals of S should be chains under inclusion. The theory is
also applied to give a characterisation of the positive cone of a right ordered group.

The final section consists of several examples of inverse semigroups which
arise from the general theory. In particular the theory gives a method for con-
structing 0-simple inverse semigroups in which D £ 4. The D-classes in these
semigroups are traversed by a semigroup but no D-class is a subsemigroup so that
the O-simple inverse semigroups obtained here are, in a sense, dual to those con-
sidered by Munn [12].

1. Embedding a semigroup in an inverse semigroup. If S is any semigroup,
it follows from general categorical considerations, or from [8], that there is an
inverse semigroup I(S) and a homomorphism 7: S — I(S) with the following prop-
erty: given any homomorphism 6 of S into an inverse semigroup T, there is a
unique homomorphism : I(S) — T such that the diagram

n l\ T
I(S)%

commutes. The semigroup I(S) is called the free inverse semigroup on S. One of
the aims of this paper is to investigate the structure of I(S) and some related semi-
groups when the ideal structure of S has certain special properties; in particular,
when the sets of principal left and right ideals of S form chains under inclusion.
It follows easily from the functorial properties of S1, S® and I(S) that I(S})
and I(S)! and 1(5°) and I(5)° are naturally isomorphic. Hence, in studying the
relationships between S and I(S) we may, without loss of generality, assume that
S has a zero and an identity. We shall assume the latter throughout this paper.
Because any homomorphism of § into an inverse semigroup can be uniquely
factored through 7, S can be embedded in an inverse semigroup if and only if 7 is
one-to-one. We can use this to give a short proof of Schein’s theorem [16] which
gives necessary and sufficient conditions for embedding semigroups in inverse

semigroups.

Let S=5! bea semigroup. Then a nonempty subset H of § is strong if
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ax, bx, ay € H together imply by € H. Clearly, if nonvoid, the intersection of
strong subsets is strong.
Let H £ 0 be a strong subset of S = S! and define

x=y (fRH) if and only if H'x=Hy

where, for example, H 'x ={u € S: x u € H}. Then 9{” is a right congruence on
on S [2, $10.2] and can be used to construct a representation of § by one-to-one
partial transformations in the following way [2, §11.4]. Set Wy = {x € S:H 'x =ol.
Wy is clearly an .(RH-class of §, and let XH be the set of .(RH-classes different
from W,. For each a € S, define
:'r'pg =xa for each X efo such that Xa GXH.

Then the mapping pH H —-»pg is a representation of S by one-to-one partial
transformations of fo; thus pH is a homomorphism of S into the symmetric in-
verse semigroup g(iH) on %H’

Recall that, if T is an inverse semigroup, the natural partial order on T is
defined by

x <y if and only if x = ey for some e = eleT (2, §7.1}

Lemma 1.1. Let 6 be a homomorphism of a semigroup S =S into an inverse
semigroup T and let a € S. Then K ={x € S: a0 <x0} is a strong subset of S

which contains a.

Proof. Suppose bx, by, cx € K Then a0 <(bx)d, a0 < (by)d, af < (cx)0 and so,
also, (a0)~! < (bx)0~!. Thus

af = af(a)~'ad < (cx)0(bx)0~ 1(by)d = cO(x0 x0~ 160~ 16)y0 <(cy)d.
Hence cy € K. This shows that K is strong and, clearly, a € K.

Lemma 1.2. Let S =S! be a semigroup and let a€ S. Then a =

{x € S: an<xn} is the smallest strong subset of S which contains a.

Proof. ByLemmal.l, @ is a strong subset of S which contains a. On the
other hand, suppose that H is a strong subset of S and @ € H. Let pfl: § —4X,)
be the representation of S obtained from H and suppose that x € a. Since pH
can be factored through 7, it follows that apH < po and so, in particular, the
domain Ap’: of pg is contained in Apf. Now a =Tz € X}, soT ¢ Apg; hence
Ie Ap:’.. Further, since pg <,

E:TP’J:Tp?:E.

Hence H_'x = H'a and so, since 1 € H_'a,x € H. This shows that a C H.



INVERSE SEMIGROUPS SEPARATED OVER A SUBSEMIGROUP 89

Theorem 1.3 (Schein [16)). Let S =S! be a semigroup. Then S can be em-
bedded in an inverse semigroup if and only if for each pair of distinct elements of

S there is a strong subset of S which contains one of the pair but not the other.

Proof. Suppose that 7 is one-to-one and that @ #b in S. Then an# by and
so and by or by an; thus béa or a ¢b.

Conversely, if H is strong and a € H, b ¢ H then, since a CH, b ¢ @ and
so an § by; in particular, an # by).

The method of proof of Theorem 1.3 can be used to give the relationship be-

tween the ideal structure of S and that of I(S).

Proposition 1.4. Let S =S! be a semigroup and let n: S — I(S) be the
canonical homomorphism of S into the free inverse semigroup on S. Then ar,(arl)’l

<bylbn)~! if and only if a N bS # 0.

Proof. Suppose @ NbS £0. Then bx € a for some x € S and so an < (bx)y.
Hence an = bylbn)~ lan; that is anlap)™! < bylby)~ L.

Conversely, suppose that an(an)'l < br)(b'q)'l and let p be the representa-
tion of § by one-to-one partial transformations obtained from the strong subset a.
Then, since p can be factored through 71, aplap)™! <bplbp)~!; that is Aap C Abp.
Since 1 € Aap, this implies 1 € Ap, so that be .GX"Z‘; that is bS Na £ 0.

Corollary 1.5. The mapping a defined by (aS)a = (an)l(S) is an order isomor-
phism of the set of principal right ideals of S into the set of principal right ideals
of I(S) if and only if a NbS £ 0 implies a € bS.

If T is an inverse semigroup, then the intersection of principal right (left)
ideals is again principal and, indeed, if aT N bT =cT then xaT N xbT = xcT
for each x € T. Thus, when one considers the relationships between S and I(S)
it is of interest to suppose that § is naturally quasisemilatticed in the sense of
the following definition.

Definition. Let S =S! be a semigroup. Then § is naturally quasisemilatticed
if, for each @, b € §, there exists @ A b € § such that aS N bS = (a A, b)S and,
for each x € §, (xa A _xb)S = x(a A, b)S and dually for left ideals.

IfS=S'isa semigroup in which 9 is trivial then § is naturally quasisemi-
latticed if and only if it is a left semilatticed semigroup under the partial ordering
a < b if and only if a € bS and dually. Any semigroup in which the sets of
principal left and right ideals form chains under inclusion is naturally quasisemi-
latticed as is the positive cone of an /-group and the multiplicative semigroup of
a principal ideal domain. The free monoid on a set X is not naturally quasisemi-
latticed; however if a zero is adjoined, the resulting monoid is naturally quasi-
semilatticed.
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In §$6 we shall give necessary and sufficient conditions for embedding a
naturally quasisemilatticed semigroup into an inverse semigroup. These condi-
tions, unlike those in Theorem 1.3, do not involve strong subsets; the latter are
hard to find in general.

2. Shift representations of semigroups. Let S =§ ! be a semigroup and let

o be an equivalence on § x § which obeys the following condition:
1) (a, xb) 0 (¢, xd) if and only if (ax, b) o (cx, d)

for all @, b,c,d,x € S and, for each x € §, define a partial transformation PZ

on the set (S x §)/0 of o-classes by

(a, xb) o pi = (ax, bo.

Then p: is clearly a one-to-one partial transformation of (S x S)/o.

Lemma 2.1. Let o be an equivalence, which obeys (1), on a semigroup S =S,
Then the mapping p°: S — I((Sx $)/0) defined by xp° = p, is a representation of
S by one-to-one partial transformations (S x S)/o if and only if

(2) (a, b) 0 (c, d) implies (a, b) o (xa, dy) for some x, y €.
Proof. Forany a,b € S, Ap”, CAp7p, and further, if (x, aby)o € Aoy,
(x, aby) 0 p3, = (xab, y)o =(xa,by) 0 Py =(x, aby)opop;.

Hence p7 is a representation if and only if Ap:p:g Apr for all a, b € S.

Suppose that (2) holds. Then (x, ay)o ¢ Apjp; implies (xa, y) o (u, bv) for
some u,v € S. Hence, by (2), (xa, y) o (rxa, bus) for some r,s € S. Thus, by
(1), (&, ay) o (rx, abvs) so that (x, ay)o € Ap?,.

Conversely, suppose that Ap:pz C Ap:b and let (a, b) o (c, d). Then
(1, ab) o pa=(a,blo=(c,d)o implies (1, ab)o € Ap’pT = ApC . Hence (1, ab) o
(x, ady) for some x,y € S and so, by (1), (a, b) o (xa, dy).

Definition. If S =S! is a semigroup then an equivalence o on § x § is called
a shift equivalence if (1) and (2) are satisfied. If o is a shift equivalence on
S x S then the corresponding representation p° of S by one-to-one partial trans-
formations of (S x S)/o is called a shift representation of S.

Equivalence relations on § x § which obey (1) arise naturally when one con-

siders homomorphisms of S into inverse semigroups as the following examples show.

Proposition 2.2. Let 0 be a homomorphism of a semigroup S =S into an

inverse semigroup T and define equivalences o, Ops0g on § x$ as follows:
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(@, b) o (c, d) = b0(ab)0~" = db(cd)f™ ",
(a, b) op (c, d) = (ab)0~'ab = (cd)0~1c9,

(a, b) o (c, d) = af~ e b0 b0~ = O~ TcO O ™.

Then each of these equivalences obeys (1).

Proof. We show o obeys (1).
(a, xb) o, (c, xd) = af™ 'aB(xb)xp)0~ ! = 07 ' cOlxd)O(xa)0~"

= a0~ Hax)0b0b0~ 10~ = 6~ 1(cx)0d0d9~ 19-1
= 20~ 120~ Hax)0b0b0~ ! = x0~ 10~ (cx)0d0dO~ 1
= (ax)0~ Hax)0b060~ ! = (cx)0~ Y (cx)04040~ !

= (ax, b) og (ex, d)
since idempotents commute.
The other two are proved similarly.
There is clearly a smallest equivalence on § x § which obeys (1). In some

important cases, this can easily be described and is a shift equivalence.

Lemma 2.3. Let S =S! be a semigroup and define a relation r, on S xS by
(a, b) 7o (c, d) = there exist Xgs ot s X Yo ttta Y, such that a = Xp C=%,
b=y, d= Y and X, Vo1 =%Yi_1=%Y;» 15i<n. Then 7, is an equiva-

lence and is contained in the smallest equivalence on S x S which obeys (1).

Proof. 7 is clearly an equivalence on § x S. Further, if o is an equivalence
on § x § which obeys (1) then x,_,y, |, =xy, |=xy, implies

oy, Doley, 1,1 and (1, xy, )o(l, xy)

Thus, by (1), &, .y, Dok, y,_Jolx, ¥,) so that, from the definition of
Tos 7o SO0

Propositions 2.6, 2.7, 2.9 give examples of types of semigroups on which
To is a shift and thus is the finest shift on S x S. Under these circumstances we

can use 7, to give necessary and sufficient conditions for embeddability in inverse
semigroups.

Lemma 2.4. Let S =S! be a semigroup such that 7o s a shift and let p be
the shift representation associated with 7. Then p = p, i and only if a=b

Proof. If 7, is a shift, then p can be factored through 7 and so ai=b
implies p_=p,.
a b
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On the other hand, p, = p, implies (1, @) 7 (x, by) and (a, 1) 7o (xb, y) for
some x,y € S. The first of these equivalences implies the existence of u, «--,
Uy Vgs++osv, in S suchthat =1, u =x, v =a,v =by and u,_ v, =

up, =uy, 1<iln. Then v ) = a € a. Suppose vi_IAG a; tl:en U, Vi1 =
€a'v.Nna v. .. Since
1 1 o i=-1

a is strongand 1 € @’ v._,, this implies 1 € a’ v, so that v, € a. Hence, by

Ui =UY, = a€a implies u._ v, € @ and so u,_
induction, by € a. Dually, the second equivalence implies xb € a.

Since xby =a € a and by € a we have y € 2.'xbﬂ 2.'b and so, since 4 is
strong and 1.€ 2.°xkb, 1e 2_'b; thus b € a. Finally, by duality, we also get
ace€ l: Hence a = b.

Theorem 2.5. Let S =S be a semigroup on which 7o is a shift and let
p: S = 4((S x S)/ro) be the corresponding shift representation. Then S can be
embedded in an inverse semigroup if and only if p is one-to-one.

We now give some examples of semigroups in which 7, obeys (1) and (2).

isa

Proposition 2.6. Let § = S! be a left cancellative semigroup. Then 7o

shift equivalence on S x S.

Proof. Suppose § is left cancellative and let (a, b) 7 (c, d). Then a =x,
c=x,b=y,d=y andx,_ 3y, ,=xy,_ =%y, 1<i<n, for some

x,¥; €S. Since S is left cancellative, this implies y,_, =y, 1< <7; hence
each y, is b and so (@, b) 7y (c,d) implies b =d and ab = cb. On the other hand,

b=d,ab=cb clearly implies (a, b) 7 (c, d). Hence
“(a, b) 7o (c, d) =b=d, ab=cbh

It follows from this characterisation of 7 that (a, xb) 7 (c, xd) if and only if
axb = cxd, xb = xd. Since S is_left cancellative, the last two equations hold if
and only if axb = cxd and b =d. Hence (1) holds. Finally, from the characteri-
sation of 7, (a, b) 7, (c, d) implies (a, b) , (a, d) so that (2) holds trivially.

Proposition 2.7. Let § = S! be an inverse semigroup. Then 1, is a shift

0
equivalence on § x S.

Proof. Suppose (a, xb) 7 (c, xd); then a = Ugy €=U , xb = Voo xd = v, and
u =uUY,_=uUy, 1 <i <n, for some U, v, € S. Set po =ax, pn =CX,

1

i-1Yi-1

9o=b,49,=d and p,=u;x, g,=x" v, 1 <i<n Weshowthat p,_,q, | =

b4, ,=b4,, 1<i<n This proves that (ax, b) 7 (cx, d) and, together with

its dual, gives (1).

Since u._.v. . =wuuv. ., it follows that v, .v. v ilxx Vouy, v lxx"!
i-1"i=-1 ii=1 i-1i=17i=1 i i=1"1=1
and so, since idempotents commute, («, _ 1x)(:c' Iui_ 1) = (%)™ lul._ l);
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similarly () "1y, )= ()" w), 1<i <n Hedce, for 1<i<n, p,_yq,
=p4,_,=04, Further

Pody=axb=ugv,=u v =uxb=p4q,

and, as above, ulxx"lu0 = ulxx'lv1 =p,9, so that, since v, =xb, P dy=uw
=upx"lvg=p g, Similadly p,_q, =04, =4, Thusp,_q, =
piqi-l =p1qi’ 1 SiS"-

Finally, suppose that (2, b) 7, (c, d); then a=x(, c=x , b=y, d=y_

0

and x;_y, =%y, ,=xy,, 1<i<n, for some x, y € S and some positive

integer n. As in the immediately preceding paragraph, this implies (x 0% la, yo)
7o (xna' lg, yn); that is (a, b) 7 (ca~'a, d). Hence (2) holds.

Corollary 2.8. Let S =S! be an inverse semigroup and let p be the shift
representation associated with . Then p is faithful.

Proposition 2.9. Let § = S! be a naturally quasiordered semigroup on which

D is trivial. Then 7o is a shift equivalence on § x S.

Proof. This is a special case of Theorem 3.9 so we omit a proof.
3. Fundamental inverse semigroups separated over a semigroup S.

Lemma 3.1. Let 0 be a homomorphism of a semigroup S into an inverse semi-
group T. Let a, b, c € S and suppose that

a0af- 160601 = x0x60~1, b0~ 1b6c~1cO = uf~ub
where x =ay = bz, u =vb =wc. Then
af~60c0~ " = yO(wbz)0~ 1wh.

Proof. For convenience of notation, let us identify S with its image in T.
Then

a e~ = a~laa~ o= lpe=1 = g= l(ay)(ay)_ lpe=l o am layy' lg=1pe=1
= yy-la- Lpe=1 o ch.Ibc_l = yx.lbb-lbc'.lcc"l = yx-lb(wc)" lwcc'1

= yx~ o(we) ™ Mw = y(62)7 1 b(ub) ™ tw = y(vbz) ™ lw

since idempotents in T commute.

Lemma 3.1 is similar to Lemma 3.4 in [5]).

Theorem 3.2. Let 0 be a homomorphism of § = S! into an inverse semigroup
T. If T is separated over S by 0 then T =1{aBb0~'cO:b € SancS, a, ¢ € Sk
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Proof. As in Lemma 3.1, we identify S and S6. Let ab~lc, de~1f € K, where
K denotes the right side of the equation for T, and suppose that b = ua = cv,
e =pd = [q.

By Lemma 2.1, if bb~'cd(cd)™! = bb~! and (cd)~lcde~'le = k= 'k with
b = by =cdz and k = xcd = we, then

b~lede™ ! = y(xcdz)™w

so that @b~ lcde ™ = ay(xcdz)~'wf. Further xcdz = xby = xuay € Say and
xcdz = wez = wfqz € wfS so that ab~!cde~!f € K. Since, by Lemma 3.1, K is
closed under inverses, it follows that K = T.

Definition. Let T be an inverse semigroup and let S =S! be a subsemigroup
of T. Then T is an inverse semigroup of strong quotients of S if each element
of T is of the form ab~!c where b € Sa N cS.

In the light of this definition, we have

Corollary 3.3. Let T be an inverse semigroup which is separated over a sub-

semigroup S. Then T is an inverse semigroup of strong quotients of S.

The inverse semigroups which are separated over a semigroup § = § 1 appear
to be closely related to the shift representations of S. We have not been able to
determine this relationship in general; however we have been able to characterise

fundamental inverse semigroups which are separated over S.

Lemma 3.4. Let 0 be a homomorphism of a semigroup S =S! into an inverse
semigroup T. Suppose that T is separated over S by 0 and define o on
S$xS§ by

(a, ) o (c, d) = a0~ 'aBb0b0~" = O~ 'c040d0™"

for all a, b, c, d € S. Then o is a shift equivalence on S xS and S x S/og
is a semilattice, isomorphic to the semilattice of idempotents of T, under the
partial ordering

(a, blog < (c, dog «=(a, b) o (u, v) for some u € Sa N Sc, v €bS N dS.
Proof. Since T is separated over S, Theorem 3.2 shows that each element
of T is of the form a0b0~'cO where b € Sa N cS. For such an element of T,
afb0= 1 c0(afb6~ )~ = 2060~ OO~ b0ab~ !
= afb0~ 16020~ since b € cS

= w0~ 'u0abaf~" if b = va.
Hence the mapping defined by (u, alog — uf” 140a0a0~" is a bijection of
(S x S)/oE onto the semilattice of idempotents of T. Further, since
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a0~ 1a0b0b0~ ! < c6~1c0d0d0~" if and only if a0~ 'afbObO~ ! -

a0~ 'a0c6~ 'cObObO~1d0d0~ ! and since T is separated over S, a0~ 'abObO~! <
c0~'c046d6~" if and only if (a,b) of (u, v) for some u € Sa NSc, v € bS N dS.
Hence (S x §)/og is a semilattice under

(a, blog < (c, d)oE = (a, b) o (u, v) for some u € Sa N Sc, v € bS N dS.

Finally, Proposition 2.2 shows that o obeys (1) while, since (§ x S)/oE is
a semilattice under the partial order described above, o clearly obeys (2). Hence

Op isa shift.

Lemma 3.5. Let S =S! be a semigroup and let o be an equivalence on S x S.
Suppose that (S x S)/o is a semilattice under

(a, b)o < (c, d)o = (a, b) 0 (4, v) for some u €Sa N Sc, v €bS NS,

Then,
(i) (1, @)a A (1, b)o = (1, v)o for some v € aS N bS,
(ii) (a, Do A (b, 1)o = (u, 1)o for some u € Sa N Sb,
(ii1) (a, 1)o A (1, b)o = (a, b)o
for a, b € S.

Proof. (i) Suppose (1, a)o A (1, b)o = (x, y)o. Then, because (x, y)o < (1, da,
there exist x, €5, y, € yS N aS such that (xl,yl) o (x, y). Since (xl, yl)o_<_
(1, b)o, there exist u € S, v € ylS N bS CaS N bS such that (xl, yl) o (g, V).
Thus (1, @a)o A (1, b)o = (4, v)o. But (u,v)o < (1, v)o < (1, a)o, (1, b)o from the
definition of < since v € a§ NbS. Hence we must have (1, a)o A (1, o =(1, v)o.

(ii) This is dual to (i).

(iii) From the definition of the partial order on (S x §)/o, (a, b)o < (a, 1)o,

(1, )o. On the other hand, if (x, y)o < (a, 1)o, (1, b)o, then (x,y) o (x p ¥y for
some x, € Sa N Sx and then, since (x v y1)0_<_ (1, b)o, (xlyl) a(xz, y2) for
some x, € le N Sa and y, € yIS N bS CbS. Thus (x, ylo = (xz, yz)of (a, blo.
Hence (a, 1)o A (1, b)o = (a, b)o.

Suppose that T is an inverse semigroup with semilattice of idempotents E
and for each @ € T define a partial transformation p_ of E by xp, = a~lxa for
each x € Eaa~'. Then Munn [11] shows that wT— §(E) defined by ap = o
is a representation of T by partial one-to-one transformations of E and that

T/ p ‘‘is’’ the maximum fundamental homomorphic image of T.

Theorem 3.6. Let S =S! be a semigroup and let @ be a homeomorphism of S into
a fundamental inverse semigroup T which is separated over S by 6. Define
og on S xS by
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(a, b) o (c, d) = ab™1aBb0BO™" = O~ ' Oddf™1

and let p: $ — §((S x S)/oE) be the shift representation associated with op. Then
T is isomorpbic to the inverse bull of Sp in 4((s x S)/aE).

Conversely, let o be an equivalence on S x S which obeys (1) and is such
that (S x S)/ o is a semilattice under

(a, b)o < (c, Ao = (a, b) 0 (4, v) for some u €Sa NSc, v e€bS NS
and let p be the shift representation associated with o. Then the inverse bull

of Sp in (S x $)/0) is fundamental and o = op-

Proof. Let 6 be as in the statement of the theorem. Then, by Lemma 3.4, the
mapping ¢ defined by a¢ = (a, blog if a =af” 120606~ is an isomorphism
from the set E of idempotents of T onto (S x §)/og. Thus we can use (§ x$)/og
to obtain a representation Y of T equivalent to p and hence to obtain an
isomorphic copy of T/pu. For each a€ T, since ¥ is equivalent to p,

Ap, =tep €(SxS)/og: e eAp,l=lep €(SxS)/og:e<aa !l
Hence, if a = af(b0)~'cO, where b = ua = cv,
Ay, = {ed: e < aB(b0)~ cOcO™ 1 pad~ 1}
=fep: e < u0~1uBabab™ '} = {egp: edp < (4, a)og}
= {(xu, ay)og: x, y €S} by Lemma 3.4.

This is independent of the particular choice of a, b, ¢, u, v € §, with b =ua = cv,
such that a = af(b@)~ 'cB. Further, using the fact that ¢ is equivalent to p,
direct calculation shows that (xu, ay) o ¥, = (xc, vy)og.
Consider the diagram
\)

.
6 l\ §(s x $)/op).
P

¥

Let a € §; then, since a0 = af(a0)”'a0 where a=1-a=a -1,
Aabyr = {(x, ay)aE: x, y €S} =Aap
and, for (x, ay)og € Aaby,

(x, ay) g aby = (xa, y)og = (x, ay) og p,,

from the calculations in the preceding paragraph. Hence p = 8 and the diagram

commutes. Since Ty & T/u is generated, as an inverse semigroup, by S0y = Sp,
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it follows that T/p is isomorphic to the inverse hull of Sp in 4((s x S)/UE). In
particular, if T is fundamental, so that p is an isomorphism [11], T is isomorphic
to the inverse hull of Sp in 9((s x S)/OE).

Conversely, suppose that o is an equivalence on § x § which obeys (1) and

is such that (S x §)/0 is a semilattice under
(a, b)o < (c, Ao = (a, b) 0 (u, v) for some u € Sa N Sc, v € bS N dS.

Then, clearly, o obeys (2) and so gives rise to a shift representation p of S by

one-to-one partial transformations of (S x §)/o. For each a € §,

Ap, =1lx, ay)o: x, y € S} = (g, v)o: (4, v)o < (1, adol.

Hence, by Lemma 3.5 (i), since (S x §)/0 is a semilattice

Ap, 0 Ap, =y, v)o: (u, v)o < (1, a)o A (1, blo}
= {(g, v)o: (4, Vo < (1, y)o}
= Apy for some y € aS N bS.

- - - -1 - -
Thus p_p, Ipbpb P PP, ! for some y € aS N bS and, dually, Pa PaPy lpbe -
Py lpx for some x € Sa N Sb. Hence the inverse hull K of Sp is separated over
$ by p and so, by Corollary 3.3, is an inverse semigroup of strong quotients of

Sp. In particular, the idempotents of K are all of the form P 1papbp; 1 Further,

Parapps <Pzl pap7t = (o, Do < (e, d)o,

by Lemma 3.5 (iii). Hence the semilattice of idempotents of K is isomorphic to
(§ x §)/o and 0 = 0. From the proof of the first part of the theorem, K/y, the
maximum fundamental homomorphic image of K, is isomorphic to the inverse hull
of Sp in 9((S x §)/0); that is, to K itself. Hence K is fundamental.

Remark. The proof of the first part of Theorem 3.6 shows the following: if
T is separated by € over S then T/p is isomorphic to the inverse hull of Sp in
§(S x 5)/op).

The second part of the theorem shows that if ¢ is an equivalence on § x §

which obeys (1) and is such that (S x §)/0 is a semilattice under the relation
(a, b)o < (c, d)o =(a, b) 0 (4, v) for some u €San Sc, v €bS N dS,

then there is a homomorphism of § into an inverse semigroup T with semilattice
(S x $)/o.

Theorem 3.6 characterises fundamental inverse semigroups which are separ-
ated over § in terms of equivalences on S x S. To end this section, we show
how such equivalences can be obtained from equivalences on S.

If 7 is a right congruence on S = S! then there is a natural action of S on

the set S/7 of equivalence classes as follows:
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am - x = (ax)m forall a, x €85.

Dually, if 7 is a left congruerce on S, then S acts naturally on the left of S/m.
Let 7 be a right congruence on S such that $/7 is a semilattice. We say
that S acts naturally on the semilattice S/m if

@ADB) - x=a-xNb.x
forall @, b € S/m, x € S.

A dual definition holds for left congruences.

Lemma 3.7. Let o be an equivalence on S x S which obeys (1) and is such
that (S x S)/o is a semilattice under the partial ordering

(a, bo<(c, o =(a, b) o (u, v) for some u €Sa N Sc, v €bS N dS
and define
aLbes(a,1)o(b 1), aRbe=(1,a)o0(l,d).

Then L is a right congruence on S, S/L is a semilattice (with operation )

under

alL<bL = alu for some u € Sa N Sb

and S acts naturally on S/L. Dual results bold for R. Further
(@, p)0(c,d) s abLla Aj)oR(a Ajc)Nb A dLclbA dRcd

where, for example, a N, c denotes any element of S such that (@ A, c)L =
@aL A, cL).

Proof. Let p be the shift representation associated with ¢. Then (a, b) o
(c, d) if and only if P lpapbp;l = p:lpcpdp‘;l. Hence a L b implies ap™ lazp =
bp~bp which, in turn, implies (ax)p~ '(ax)p = (bx)p~ 1(bx)p; that is, ax L bx.
Thus L is a right congruence on S.

Let @, b € S and pick u € Sa N Sb such that (@, Do A (b, Do = (u, 1)o;
by Lemma 3.5 (iii) such an element exists. Then, from the definition of the partial
order on S/L, uL < aL, bL. On the other hand, if vL <aL, bL then vL = yL for
some y € Sa NSb and so (v, 1)o = (y, 1)o < (a, 1a, (b, 1)o; thus (v, 1)o < (z, 1)o.
This implies (v, 1)o = (v, 1)o A (4, 1)o and so, by Lemma 3.5 (iii), (v, 1)o =
(z, 1)o for some z € Sv N Su C Su. Hence yL =zL <uL. It follows that S/L is
a semilattice with aL A bL = uL where u € Sa N Sb is such that (a, 1)o A
(b, 1o = (u, 1o. Further, up~lup = ap~lapbp~lbp implies

(ux)p™ YWux)p = xp~ Hap~ Lapbp~ bp)xp

= xp~Yap~Yapxpxp~1bp~bpxp = (ax)p” Yax)p(bx)p~ 1(bx)p.
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Hence (ux)L = (ax)L Al (bx)L and so S acts naturally on S/L.
Next (a, b) 0 (c, d) if and only if

ap” Iapbpbp'1 =cp” 1cpalpdp'l

implies ap™lapbpbp~! = (a A, Ap~ Ha A, pbpbp~!
implies (a A, p~Ua A, pbpbp~! = (a A, Ap~Ha A, eple A dplb A, dp~!

implies (a A c)p'l(a N, c)plb A, dp(b A, dp=! = cp'lcp(b A, dp(b A, d)p~!

implies cp~cplb A, dplb A, dp=! = cp~lepdpdp~!

where, for example, (@ A, c) L (aL Al cL). These implications give in sequence

(ablp~Hadlp = la A, Ablp~ a A, e)blp so ab L(a A )b

[ A, elplla A, Ielp~ =a A, )b A Dpla A, )b A, D™
so (@ A;jc)bRa A )b A A

[a A, )b A, dp~ @ A, )b A, Dlp=Lclo A, Dlp~lclo A, Dlp

so (a Al )b /\’ d) L b /\rd)
(6 A, Dlplce A, Dlp~! = (cdlplcdlp™! so clb A d) R cd.

Hence (a, b) 0 (c, d) implies
abLa Ajc)bR(a Ajc)b A L cb A, d R cd.

The converse follows, as in the proof of Theorem 3.8, because 0 is a shift.
Lemma 3.7 shows that 0 is determined by the equivalences L and R. The
next theorem shows how, starting with a pair of equivalences L andR we can

obtain a shift o.

Theorem 3.8. Let S = S be a semigroup and let L and R be respectively
right and left congruences on S such that S/L and S/R are semilattices under
aL <bL = alL c for some c € Sa n Sb,
aR < bR = a R c f[or some c €aS N bS.
Suppose also that S acts naturally on the semilattices S/L and S/R. Define
a relation 0 =o(L, R) on Sx S by (a, b) 0 (c, d) = there exist finite sets
Xgy vets X 4 Yoo coes Y, in S such that a = x, c=x,b=y, d =y, and, for
1<i<n,

%Yo Ly Rxyg
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Then o is the [inest equivalence on S x S with the following properties:
(i) o obeys (1),
(ii) (S x 8)/o is a semilattice under

(a, b0 <(c, d)o = (a, b) 0 (4, 1) for some u € Sa N Sc, v €bS N dS,
(iii) @ L ¢, b R d implies (a, b) o (c, d).

Proof. First, it is easy to see that 0 is an equivalence on $ x S. Suppose
that (@, b) 0 (c, d) and let u, v € S. Also let Xgy +++s X0 Yoy i++» ¥, be as in

the definition of 0. Then
X 1Yio1 Ly, y implies x,_yy, y Ajuy, Ly, Nwyisg

where, for b, k€ S, b Alk denotes any element of Sh N Sk such that (b Al E)L =
bhL /\1 kL. Since S acts naturally on the semilattice S/L, it follows from this
that (x,_, /\1 uly,_ L (x; A, uly,_, and hence, because L is a right con-
gruence, (<, Ay adly, A o)L (e, Ay, | A v). Similarly, xy, ;R *Y
implies (x; A, uly,_y N, vIRx, Ajuly, A v), 1<i<n, Thus
(a /\i‘u, b /\’ v) o (c Al u, d /\rv).

This shows, in particular, that the mapping S/L x S/R — (S x S)/0 defined
by (aL, bR) — (a, b)o is a semilattice homomorphism so that (S x S)/0 is a
semilattice. Further, because of the order on S/L and S/R,

(a, bo < (c, d)o =(a, b) o (a Ae b A, d)

=(a, b) 0 (u, v) for some u €Sa N Sc, v € bS N dS.
Suppose that @a=ug, -+, u, =c, xb=vy, -+, v,=xdand u; v,  Luw, | Ruuv,,
1< i< n Define gq;=w;, 0< 1< n, where w; is such that xw; €
x§ N vS and xw;R=xR A v,R with wy=b, w, = d and set p; =

u;x, 0<i< n Then
pic19m1 =%y "W Lupw,_y=pg,_y for 1<i<n

since xw,_, € v, S and L is a right congruence, and p,qy = uyxb =

1
ugo L uw,=u,xb=p,q, Further,since § acts naturally on the semilattice S/R,

b R=upw, \R=uxRA up, |R
=uxRAN uvR =ulxR A v.R)

13 r 11 1 r 1

= ulxwiR = pl:qiR, 1<i<n

Hence (ax, b) o (cx, d). The dual also holds so that o obeys (1).

Finally, a L ¢, b R d implies (a, 1) o (c, 1) and (1, ) 0 (1, d) and so
(@ N1,6 A Dol A, 1,d A1) by the first paragraph of the proof; thus
(a, ¢) 0 (b, d) so that (iii) holds.
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Conversely, suppose that 7 obeys (i), (ii), (iii). Then x._jy, Lxy, Rxy,
implies (xi-lyi-l’ Dn (xl_yi__l, 1), (1, xl.yl._l) 7 (1, xiyi) and so, by (i),
=,y Yo,y Prlx, y;). Hence (a, b) 0 (c, d) implies (a, b) 7 (c, d).
Thus o is, in fact, the smallest equivalence on § xS which obeys (i) and (iii).

If L and R are right and left congruences on § = Sl, which obey the hypoth-
eses of Theorem 3.7, it is easy to see that e cL, R CR where £ and R are the
familiar Green’s relations. Since £ and R obey the hypotheses of the theorem
when § is naturally quasisemilatticed we get, i'mmediately, the following result

which is of fundamental importance in later sections.

Theorem 3.9. Let S =S' be a naturally quasisemilatticed semigroup and
define a relation 7 on S x S by

(a, b) 7 (c, d) = there exist finite sets Xgy tres X , Ygrtrray, in S

such that a =x,, c=x , b=y, d= Y and X 1Yot e XY R xy, 1<i<n
Then 7 is the [inest equivalence 0 on S x S which obeys (1) and is such that

(S x S)/o is a semilattice under

(a, b)OS (¢, Ao = (a, b) 0 (u, v) for some u € Sa N Sc, v € bS N dS.

Remark. If S = S! is naturally quasisemilatticed then ($ x §)/0 is a semi-
lattice under the partial order in Theorem 3.8 if and only if (a, b) 0 (c, d) implies
(@ Aju b A v)ole A, u d A v) forall u, veS where, for example a A u
denotes any element of S such that S(a /\l u) = Sa N Su.

4. Naturally quasisemilatticed semigroups. If S = S! is a naturally quasi-
semilatticed semigroup then it is easy to see that an inverse semigroup T is
separated over S, by a homomorphism 6, if and only if T is generated as an
inverse semigroup and, for each @, b € §,

a6af~ 6060~ " = (a A, )0(a A B0 if (@ A b)S =aS N bS,

a0~ 12060~ 110 = (a A, b)0~a A, b)0 if S(a A, b) = Sa N Sb.

It follows that there is a universal inverse semigroup E(S) which is separated

over S; E(S) is the quotient of I(S) under the relations

aa™ o™ =@ A_bNa A B)"1 if (a A b)S =aS N BS,

a~lab™ o =(a A, B)"Ha A B) if Sla A, b) =Sa N Sb.

In this section we shall give an explicit construction for E(S), as the inverse hull
of Sp under a shift representation p of S, and several coordinatisations of E(S).
Throughout this section and the following ones we shall suppose that a

choice of representatives has been made from the generators of the principal left
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and right ideals of the naturally quasisemilatticed semigroup being considered; if
a, beS then a A ;b will denote the representative of the principal right ideal
aS N bS and a /\l b will denote the representative of the principal left ideal
Sa N Sb. For each a, b € S we also choose elements a * b and a '*I b in § such
that a(a.*' b)=a /\’ b, (a * bb =a Al b.

Definition. Let S = S! be a naturally quasisemilatticed semigroup and let @
be an equivalence on § x S. Then we shall say that o is a semilattice congruence

on S xS if (§xS8)/0 is a semilattice under
(a, b)as (c, Yo = (a, b) 0 (y, v) for some u €Sa N Sc, v € bS N dS.

Thus 0 is a semilattice congruence if and only if, for every choice function

on the generators of the principal left ideals and right ideals of S,
(a, b) 0 (c, @), (u, v) 0 (x, y) implies (a A u, b A, vale Ajx, d A, y)-

Lemma 4.1, Let S = S! be a naturally quasisemilatticed semigroup and let
0 be a semilattice congruence on S which obeys (1), Define a relation o* on
S xS by

(a, b) 0™ (c, d) = (a, b) 0 (c, d) 0 (4, v) for some u, v €S

such that av = cv, ub = ud. Then o is an equivalence on S x S which obeys (1) and
(3) (a, b) 0™ (c, d) = (a, b) o* (x, y) for some x € Sa N Sc, y € bS N dS;

in particular, o* is a shift.

Proof. First of all, 0* is clearly reflexive and symmetric. Suppose that
(a, b) 6™ (c, d) and (c, d) 0™ (e, [). Then there exist x, y, u, v, € S such that
(a, b) o (c, d) 0 (4, v) with av = cv, ub=ud and (c, d) o (e, f) o (x, y) with
cy = ey, xd = x{. Since 0 is a semilattice congruence, (a, b) 0 (¢, /) 0
(u Al x, v A, y). Further, since v /\' y =v(v * y), alv /\r y) = av(v * y) =
cu(v * V=clw A, y) and similarly c(v A y) =e(v A, y); likewise (u AI x)b =
(u A, x)f. Hence (a, b) o* (e, /) and so 0” is transitive.

Suppose now that (a, xb) 0* (c, xd). Then (a, xb) 0 (c, xd) 0 (4, v) for some
u, v € S such that-av = cv, uxb = uxd. Then, since 0 is a semilattice congruence
(a, xb) 0 (u, x N\ . v) = (g, x(x * v)) so that (ax, b) 0 (cx, d) 0 (ux, x * v) by (1),
Further,

ax(x * v) = alx A, v) = ax(v *, %) = chv * x) = exlx * v) and
(ux)b = u(xb) = ulxd) = (ux)d.

Hence, (ax, b) 0* (cx, d). The dual holds by symmetry so we get (1),

Next suppose that (a, b) 0% (c, d). Then it is easy to see from the definition
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of 0" that there exist e € Sa, [ € bS such that (a, b) 0 (c, d) 0 (e, /) and eb = ed,
af = ¢f. Since S is naturally quasisemilatticed and eb = ed € ebS NedS, eb =
e(b A, d)t for some t € S, and, similarly af = s(a Al c){ for some s € S.
Because (e /\Ia) Le,f R /\' b) and, by Theorem 3.9, 7 C o, these equations
imply

(@, b) o (e, D) ale, (b A d)t) and (a, b)o(sla A o) /)
Set
4 = sla AIC) A e vl=//\r(b /\rd)t.

Then, since o is a semilattice congruence and (4, b) 0 (sla /\IC), Nole A , ),

(a, b) o (sla Ayo) Aje, [ A, (B A, A =G, V).
Further

sa Ay’ =sta Ay fifx A D) =af(f+ (b A D) =a

and similarly «'(6 A )t = u'b.

Finally, since («', v') <(s(a A,¢), (6 A d)t) <(q, b) in the natural quasi-
order on S x S and each o class is convex, the fact that (a, b) o (&', v") implies
(a, b) o (sla A, c), (b A, d)t). Hence we have shown

(a, b) 0 (sla A ©), (B A, Ao v') and av'=sa A, Ay d'b=u'lb A,

that is (@ b) 0™ (s(a Al c), (b A, d)t). Thus (3) holds.

Lemma 4.2. Let S =S' be a naturally quasisemilatticed semigroup and let
0 be an equivalence on S x S which obeys (1) and (3). Suppose that p is the
corresponding shift re presentation of S. Then the inverse hull of Sp in 4(S x $)/0)
is separated over S by p.

Further the semilattice congruence o defined by

(a, B) o (e, d) = plp p, 07" = P:lpcpdp:ll
is contained in every semilattice congruence which contains o.
Proof. Let @, b € S; then Apa ={(x, ay)o: x, y € S} and so, since o obeys
(3), Ap, NAp, =1x, (@ A _bly)o:x, y € S1=Ap, A,y Hence papglpbpgl =
Pa A, bpa"}\’ p and dually. Thus the inverse hull of Sp is separated over S by p.

By Lemma 3.4, o is a semilattice congruence on S x S. Suppose that 7 is

also a semilattice congruence and that 0 C 7. Then

(a, b op (c, d) implies (a, b) 7 (xc, dy), (c, &) 7 (ua, bv) for some x, y, u, v €S
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and so, since 7 is a semilattice congruence, (4, b) 7 (c, d). Hence og Cm.
It follows from Lemma 4.2 that, if 0 is a semilattice congruence on § x §
which obeys (1), then az C 0. However 0 need not equal 0:.. (For example, if
S is cancellative with trivial group of units oz. is always the identity while o
could be § x §). However, if we take o = 7 then, since, by Theorem 3.8, 7 is the
smallest semilattice congruence which obeys (1), 7 = TZ“' We can use this to find E(S).
The next lemma is rather technical. It can be applied, among other things,
to give necessary and sufficient conditions for embedding naturally quasisemi-

latticed semigroups in inverse semigroups.

Lemma 4.3. Let S =5 bea semigroup and define an equivalence 1 on
S xS by (a, b) 7(c, d) if and only if there exist finite sets Xqs++=s %y Ygsoe+s ¥,
in § witha=xy, c=x,b=y, d=y and x._\y._, £ XY th‘yi' 1<i<n
Let b =ua = cv, e = pd = f{q and suppose there exist x, y, &, 3, ¥, 0 in S such that

(u, a) r (xp, dy) r (a, B) with uf} = xpB, aa = ady
and

(c, v) 7 (xf, gy) 7 (y, &) with cb = x5, yv = yqy.
Then

ab~lc <de” l/’ in the free inverse semigroup I(S) on S.

Proof. Let o be defined on S x S by (g, b) o (c, d) if and only if
a~Yabb~' =c~'cdd™ ' in I(S). Then o obeys (1) and a £ ¢, b R d implies (a, b) o
(c, d). As in the proof of Theorem 3.7, this implies 7 C o.

In I(S):

Ll caa~ Yy~ Yuu e

ab~lc = aa
= dy (@)~ p) = xp)BB~1uc since (u, @) 7 (xp, dy) 7 (a, B)
= dy(xpdy)™ 'uBuB)~ ¢ = dy(xfqy)~ 1uBuB)~'c
< dy(xfgy)~'c since uP(uP)~! is idempotent.
Now, since (xf, gy) 7 (y, 8) and 7 C o,

()™ Lxfgylgy) =t =y~ 1y88~!
so that
(N~ Ixfgylgy) ™t = P~ Lxpy™ 1588~ Laylgy) ™!

which implies xfqy = xfy~'y88 'qy. Thus
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ab~ e < dy(xfy=1y88=1gy)~1c = dy(x/86~ R

= dy(c88~ 1y~ Yygy)~le = dyy~1q~ ly~ 186~ 1c 1c

=dyy~ g~ Uxf)™ I:c/qy(qy)'1 since (¢, v) 7 (xf, qy) 7 (y,8) and 7 C o

= d)’)’-lq-l("/)-lx/= dyy~ Nig)~ 1x~ 1xf

<de” l/ since e = fq.
Theorem 4.4. Let S =S' be a naturally quasisemilatticed semigroup and let
p: S — (S x 5)/7*) be the shift representation of S associated with 7. Then
the inverse hull of Sp in §((S x §)/7*) is isomorphic to the quotient E(S) of I(S)

modulo the relations
aa~ o= = (a A, b)a /\,,b)-l, a~lab~ b= (a A, 5~ a /\l b)
for all a, b € §.

Proof. The proof of Lemma 4.2 shows that, for @, b € S,

-1 -1 -1 -1 -1 -1
PaPa PPy =P(a A, »)P(a A, b)’ Pa PaPy Pp="Pa A )P (a Ay ®)

so that the inverse hull T of Sp is a quotient of E(S). More precisely, there is
a unique homomorphism ¥: E(S) — T such that p = pyy where p denotes the
canonical homomorphism § — E(S).

Let b=ua=cy, e= pd fq and suppose that p_p, pc Spap, p/ Then
since, for example, Ap Pb o= ey, ay)r X,y € S}, there exxst %, y € S such
that (u. a) r* (xp, dy) and @, a) ™" p _p} p = (xp, dy) 7" p o7 p/, that is
c, v)r (x/ qy). The first and th1rd of these relations are precisely those in
Lemma 4.3. Hence, in I(S), ab~'c <de” / Since E(S) is a quotient of I(S), we
have there apbp™ 'cp < dpep™ 'fp. Therefore (apbp™'cply = (dpep™ 'dply implies
aybp'lcy =dpep” lfy and so ¥ is one-to-one; thus an isomorphism.

IfS=5'isa semigroup whose principal left and right ideals form chains
then the relations

aa™ o™l =@ A BMa A, B)7Y, aTlabTlb=(a A BTN A, B)

hold in I(S). Hence we have

Theorem 4.5. Let S =S! be a semigroup whose principal left and right ideals
form chains under inclusion and let p be the shift representation of S associated
with 7. Then I(S) is isomorphic to the inverse bull of Sp in 3((S x §)/7).

As a consequence of its description as a subsemigroup of $((S x $)/7), the

semigroup E(S) admits several natural coordinatisations. Before giving these,
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we show how E(S) can be used to give necessary and sufficient conditions for
embedding a naturally quasisemilatticed semigroup in an inverse semigroup.

Theorem 4.6. Let S = S' be a naturally quasisemilatticed semigroup. Then
S can be embedded in an inverse semigroup if and only if the canonical homomor-
phism p: S — E(S) is one-to-one.

Proof. Let 7 be the canonical homomorphism S — I(S). Then, since p can
be factored through 7, 7 ° n-tc pou~ !, On the other hand, ap = by implies
apap” lap = bubp~ 'bp in E(S) and so, by Lemma 4.2, aa” 12 =bb"" in I(S).

Thus ap = by implies an = b7n. Hence no 7]-l =pop” L

Theorem 4,7. Let S =S! be a naturally quasisemilatticed semigroup and let
U be the set of all 4-tuples (a, v, u, c) of elements of S with ua = cv. Define
a binary operation on U by

(a, v, u, I, g, p, [) = (alv *_d), gld *_v), (p*, c)u, (c % ).

Further define
(@, v, u, )~ (d, q, p, [) = there exist x, y, z, w €S

such that (4, @) 7™*(xp, dy), (c, v) 7™ (xf, qy), (0, &) 7 (zu, aw), (f, q) 7™ (zc, vw).
Then ~ is a congruence on U and U/~ is isomorphic to E(S).

Proof. First of all, it is easy to see that the multiplication described above
is, in fact, a binary operation on U. Define y: U — E(S) by (a, v, u, c) =
pap; lpc where b = ua = cv; since E(S) is, by Theorem 3.2, an inverse semi-
group of strong quotients of Sp, ¢ is onto. Further, easy calculation shows that
Apap;lpc = by, ay)™ x, y € S}, Vp_p; lpc ={lxc, vy)™*: x, y € S} and thus,

because 7 obeys (3), that

Apap;lpcpdp:lp/ ={(x(p *, u, alv %, d)y)y*: x, y €S},

V£ oo o, = e %, D)f, gld x, vlyh*: %,y € SL.
Thus, because of the action of p_p, lpcpa,p: lp/ we find

-1 -1 _ 1 0
PaPy PPiPe Pr=Po s 3Plp s cluaty s e s P
= [(a: v, u, C)(d: q, P, /)]‘/I'

Hence Y is a homomorphism.

Finally, the proof of Theorem 4.4 shows that pp; 'p, = p,p 'p, if and only
if (@, v, u, ¢)~(d, q, p, f)» Hence ~ is the congruence of ¢ and so U/~ is

isomorphic to E(S).
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Theorem 4.8. Let S =S! be a naturally quasisemilatticed semigroup and let
V be the set of all triples (a, b, c) of elements of S with b € Sa NcS. Define
a binary operation on V by

(@, b, )4, e, [) =alb % cd), (e « cdlcd(cd » b), (cd *, e)f)
and a relation ~ on V by
(@, b, )~ (d e, ) = b=ua=cv, e=pd=[q and there exist x, y, z, w €S
such that (u, a) ™ (xp, dy), (c, v) ™ (xf, qy), (b, d) 7 (zu, aw), (f, q) 7 (zc, vw).
Then ~ is a congruence on V and V/~ is isomorphic to E(S).

Proof. First

(e *, cd)cd(cd * b) = (e *) cd) b(b * cd) = (e *) cd)ua(b * cd) € Sab * cd)

while
(e *, cd)cd(cd *, b) = (cd *) elelcd * b) = (cd *, e)fqlcd * b) €(cd *) e)fs

so that the multiplication is a binary operation on V.

Define y: E(S) by (a, b, ¢ = PP, 1Pc" Then, by Theorem 3.2, ¥ is onto
and further, from the proof of that theorem, ¢ is a homomorphism. Finally, as in
the proof of Theorem 4.7, ~ is the congruence of ¥ so that E(S) &V/~.

The coordinatisation given in Theorem 4.8 reduces to that given by Eberhart
and Selden when S is a subsemigroup of the positive reals <1 [5]. It has, how-
ever, the drawback that, when restricted to a Brandt Y-class of E(S) it does not
give the usual Brandt multiplication. The latter can be recovered if we give E(S)

the coordinates described in the next theorem.

Theorem 4.9. Let S = S' be a naturally quasisemilatticed semigroup and let
W be the set of all triples (a, b, c) of elements of S with b € Sa N Sc. Define a
binary operation on W by

(a, b, )d, e, ) = (alc * d), blc *, d) A eld* o), fld* c))
and a relation ~ by
(a, b, )~ (d, e, ) = b=ua=uvc, e=pd=qf and there exist x, y, z, w €S

such that (u, a) 7™ (xp, dy), , ) 7 (xq, fy), (b, ) 7" (zu, aw), (gf) ¥ (zv, cw).
Then ~ is a congruence on W and E(S) & W/~.

Proof. Since

blc * d) AI eld * e) = {blc * d) *) e(d * c)igfld * c)
= {eld * c) *; blc * d)lualc * d)
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where b =ua = vc, e = pd = qf, the multiplication described is, in fact, a binary
operation on W.

Define (a, b, o) = ap(bp)”™ 'vp if b = ve. T.hen, firstly, ¢ is well defined.
For, if b = vc = wc, then

14
aplbp)~Lup = aplupcp)™1vp = apcp™vp~ lup
= apcp” lvp' lvpcpcp'I since indempotents commute
= aplue)p™ Hwe)pep™ ! = aplwelp™ Hwedpcp™? = aplop)~ wp.

Next w.e show that ¢ is a homomorphism of W onto E(S); the ontoness is obvious.
Since (a, b, )d, e, MY = (ap(bp)~ 'vp)dplep)™qp), it follows from the
multiplication in 9((S x §)/7*) that

(a, b, ), e, P =lalc * d)iplp A, wld A, c)ip"l{(v * plglp.

On the other hand, from the multiplication in W,

{a, b, Nd, e, NW
={alc * Dlplblc x d) A, eld * Mo~ Mfblc « d) x, eld x g)lgp.
Since S is naturally quasisemilatticed,
(p Ayod A ) &ipld A ) A, kd A N=eldx o) A blc* d)
so there exist x, z € § such that

(p A vNd A, c) = x{blc * d) /\1 e(d * ot
z{(p A, wd A, M = ble * d) A, e(d * ).

Hence, working with x alone,
(p A w)d A, ¢), 1) 7* (xfblc * d) A eld * A}, D

. * . .
so that, since 7 is a shift and

(0 Ay A A, €)= (p* Dualc * d) =(v*, plgfld *_ o),

blc * d) A, e(d * c) = {eld *, c) *, blce * d)ualc * d)

= {blc * d) *) eld * cNgfld * ),
we get

(p *, Vu, alc * d) r* (xleld * c) *, blc * Ay, alc * d)l,

(v %, p)g, f(d* 1" (clblc * d) %, eld x g, [(d* ON.
Hence, by Lemma 4.3,

(a, b, )Y (d, e, DY <(a, b, Nd, e, NIy
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Operating with z gives the reverse inqeuality so that ¢ is a homomorphism.
Finally, if b = ua = vc, e = pd = qf, Lemma 4.3 and the definition of p shows that

(a, b, W =(d, e, W =(a, b, c)~ (4, e, {).
Hence E(S) & W/~.

The congruences in Theorems 4.7, 4.8, 4.9, and thus the coordinatisations for
E(S), undergo considerable simplification in two cases: (i) S is cancellative; the
. . ey Y . .« . . .
results for this case are stated in Theorem 6.2. (ii) 4 is trivial on S; in this

case =1 = 7, is a semilattice congruence on S x S and the congruences reduce to
(@, v, u, )~ (d g, p, ) in U=y, a1 (p, D, (c, )7, (f, 9),
(q, b, c)~ (4, e, /) in Ve (g, a) 7o (p, d), (c, v) L (/, q)

where b= ua = cv, e = pd = [q,

(@, b, )~ (d, e, ) in W = (g, @y (p, Dy (, )7y (g, )

where b = ua = vc, ¢ = pd = q.

To end this section, we give an example to show how the coordinatisation in
Theorem 4.9 gives rise to the Brandt multiplication in Brandt J-classes of E(S).
Suppose that § x slisa naturally quasisemilatticed cancellative semigroup on
which § is trivial. Then it follows from Theorem 5.2 that, in E(S) = W/~,

]b=§(a, b, ): b €San Sc}

is a -class for each b € S: in this case ~ is, in fact, the identity congruence.
By Theorem 4.9,

(a, b, Nd, b, ) = (alc * d), blc* d) A, bld x, o) [(dx o).

This belongs to |, if and only if b = b(c * d) A b(d x c). But the latter implies
b € Sblc * d)S CSbS and b € Sb(d * c)S CSbS whence, since g is trivial and S
is cancellative, (¢ * d) = 1=(d * c); thus ¢ =d. Hence, modulo the ideal gen-
erated by J,,
] (a, b, ) if c=4d,
(a, b, cNd, b, |) ={ .
0 otherwise.
This is just the multiplication in the Brandt semigroup
mo({li; X, X, A) where X ={x €S: b € Sx}.

5. Green's relations and congruences on E(S). In this section § = ! denotes
a naturally quasisemilatticed semigroup and E(S) denotes the quotient of I(S),

modulo the relations

aa~ b~ = (a A, bla A 7L alapTle=(a A, b~ a A, b)
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for all a, b € S, regarded as a subsemigroup of 4((S x $)/7™). The resules are
easily translated into the coordinatised forms of E(S).

Lemma 5.1. Le: papzlpc € E(S) where b = ua = cv. Then
@ ooy e, )" No 07 0,) = b o0 p] "

1) 3PaPy Pe PaPyp P =Pc PPy, s
i) (p ey o Meapy o)™ = py o p by

Theorem 5.2. Let papglpc, PP lp/ € E(S) where b =ua =cv, e = pd = fq.
() papy o, £ pgp7 lo; = (e v) 7 (f, ).

(i) p Py lpc Ropp: lp, = (u, a) 7 (p, d).

(iii) pp; ‘e Hopgp'p, = a) 7 (p, d), (e, ) 7 (), 9).

(iv) pp; e T peps lp/ =bPe.
(V) pap, P S g PapL Py b S e

Proof. (i)
-1 -1 - -1 - -1 -1 -
PP e Lppsle, =050 ) oy e ) = (o 07 0 )" o p S lp)

=p o et =07 lop eyt = (e )7 (, g)

since, by Theorem 3.8 and Lemma 3.4, (S x §)/7 is the semilattice of idempotents
of E(S).

(ii) is dual to (i) while (iii) is immediate from (i) and (ii).

(iv) If pap;lpc P PaP. 1p/ then p_p, lpc £ pxp; 1pz R PP, lp/ for some
x,y, z € S with y =rx =zs. By (i) and (ii), these imply (c, v) 7 (2, s), (r, x) 7
(p, d). Hence, from the definition of 7, b = cv Pzs=rx T pd =e.

Conversely, if b $ e then, for some t € S, b £t R e. Hence there exist
a, B, y, 6 € S such that

b=oat, t =PBb=ey, e=15
thus e = BbS. Let g = Pu, x =ad and set y =gx, z=[; so y =e =zq. Then

ua=b81=Pua=ga tRe=1t5=pPuad =gx. Thatis, ua £ ga R gx which
implies (u, a) 7 (g, x). Hence, by (i), (ii),

-1 -1 -1 -1 -1
papy o Rp e e LT e ey Lol ey

Thus p.p; o, D p.p7 e,

It p o} o, € ES)pyp;'p ES) then pp;'p R pp]'p, and pp7lp, €
E(S)pdp;‘p/ for some x, y, z € S with y = rx = zs. Since (§ x §)/7 is the semi-
lattice of idempotents E(S),: these relations imply (z, a) 7 (r, x) and
(z, s) 7 (z A fos /\'q). Hence b=ua $rx =y and y =2zs L (2 /\l/)(s /\'q)=
(z *,{Y4(q % s) which implies b € SfgS = SeS.
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Conversely, if b € SeS, p, € E(S)peE(S) and so, since PaPZIPc b) p, and

-1 - -
pape P D e papy P < Papl

Corollary 5.3. Let I be an ideal of S and set 1" = tp Py lpc € E(S): b € I}.
Then 1* is an ideal of E(S) and each ideal of E(S) bas this form.

Corollary 5.4, If S has a kernel, so has E(S); the kernel of E(S) is bisimple
if the kernel of S is a D-class of S (even if KerS is not bisimple).

An equivalence relation 3 on the set E of idempotents of an inverse semi-
group T is called a normal partition if there is a congruence p on T such that
B =p N(E x E). Reilly and Scheiblich [14] have shown that an equivalence
on E is a normal partition if and only if

(i) (a, b) € B, (c, d) € B implies (@A c, b Ad) € B,

(ii) (a, b) € B implies (" lax, x~lbx) € B forall a, b, c,d €E, x €8.

It is shown in [14] that the mapping ®: 0 — 0 N (E x E) is a complete
lattice homomorphism of the complete lattice A of congruences on T onto the
complete lattice of normal partitions on E. Thus each ®-class is a complete sub-
lattice of A; in particular, it has a greatest and a least element; if 8 is a normal
partition on E we shall denote the greatest and least elements of B@”l by Bv
and RN respectively.

Theorem 5.5. The lattice of @-classes of congruences of E(S) is isomorphic
to the lattice of semilattice congruences on S x S which obey (1).

If B is the normal partition corresponding to the semilattice congruence o on
$ xS then E(S)/BV is isomorphic to the inverse hull of Sp in §((S x §)/0), where
p is the shift representation of S associated with o.

Proof. Since every homomorphic image of E(S) is separated over S, it is
immediate from Theorem 3.6 and Lemma 3.4 that the normal partitions on E(S) are
precisely the shift semilattice congruences on § x S. Further, from its definition,
E(S)/ﬁv is, up to isomorphism, the only fundamental homomorphic image of E(S)
with normal partition . Hence the rest of the theorem follows from Theorem 3.6.

As a consequence of Theorem 5.5, we can regard the normal partitions 3 of
E(S), and the corresponding semigroups E(S)/BV, as known. Although Theorem
3.8 gives a method for constructing all shift semilattice congruences on § x §
from equivalences on §, it does not give a unique method of construction. Hence
the situation is not entirely satisfactory. However, in the case when § is the
positive cone of an archimedean ordered group, it is easy to see that congruences
on S which obey the conditions of Theorem 3.8 are the Rees factor congruences
on §. This, together with the fact that a semigroup, with a left and right zero,
has a zero, gives Theorem 4.4 of [5].



112 D. B. McALISTER

6. The cancellative case. If the semigroup S x S' is cancellative, the theory
in the previous two sections undergoes considerable simplification.

Lemma 6.1. Let S =S! be a cancellative naturally quasisemilatticed semi-
group. Then (a, b) 7 (c, d) = a =gc, b =dbh for some units g, b € S while 1*
is the identity on S x S.

Hence the results in Theorems 4.7, 4.8, 4.9 reduce to the results in Theorem 6.2.

Theorem 6.2. Let S =S! be a cancellative naturally quasisemilatticed semi-
group.
(i) Let U=1{(a, v, u, c) € S xS xS x S: ua = cvl; define

(a, v, u, Nd, q, p, ) = (alv * d), qld * v), (p *) Au, (c *, )

and

(@, v,u,c)~d, q,p, ) >u=gp, c=gf, a=dh, v=gbh

for some units g, b €S.

Then ~ IS a congruence on U and E(S)® U/~.,
(i) Let V =1{(a, b, c) € S xS xS: b € Sa N cS}; define

(a, b, Nd, e, ) =(alb *_cd), (e x, cd)cdlcd x b), (cd * e)f)
and

(@, b, c)~(d, e, ) =a=dbh, b=gebh, c=gf f[orsome units g, b €S.

Then ~ is a congruence on V and E(S) & V/~ -
(iii) Let W ={(a, b, c) € S x S xS: b € Sa N Sc}; define

(a, b, Nd, e, ) = (alc *_d), blc * &) A eld * o), fld* o)
and

(@, b, c)~(d, e, [) =>a=dh, b=geb, c=[h ([orsome units g b €S.
Then ~ is a congruence on W and E(S) & W/~.

Definition. An inverse semigroup T is an inverse semigroup of quotients of
a subsemigroup § = S! if each element of T is of the form ab™'c with 4, b, c € S.
If S =S! is a cancellative semigroup in which the sets of principal left and
right ideals form chains under inclusion then it follows from Theorem 4.5 that
I(S) is a semigroup of quotients of S. In fact the converse is also true. To prove
this, we consider a type of representation which generalises the shift representa-
tion considered earlier.
A subset H of a semigroup § = st is called right consistent if ab € H
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implies a € H. Suppose that H is a right consistent subset of a cancellative
semigroup § = S! and for each a € S, define

(6.1) xp, =xa for each x € H such that xa € H.

Then the proof of the following lemma is straightforward.

Lemma 6.3. Let S =S' be a cancellative semigroup and let H be a right
consistent subset of S. Then the mapping p: a — p_ is a representation of S

by one-to-one partial transformations of H.

Lemma 6.4. Let S =S! be a cancellative semigroup and let w be the shift
representation S defined by (x, ay)w = (xa, y) forall x, y €S. Then

A(o wwbm L. Sa x bs.

Theorem 6.5. Let S =S' be a cancellative semigroup. Then the following
statements are equivalent.
(i) I(S) is an inverse semigroup of strong quotients of S.
(ii) I(S) is an inverse semigroup of quotients of S.
(iii) The sets of principal left and right ideals of S form chains under inclusion.
(iv) S is naturally quasisemilatticed and I(S) is naturally isomorphic to E(S).
(v) S is naturally quasisemilatticed and 1(S) is separated over S.
(vi) for each a, b € S there exist x, y € S such that

aa~Yob~l = xx"1, @ Lab=1p = y~ 1)/
in I(S).

Proof. Clearly (i) implies (ii) and (iii) implies (iv) implies (v) implies (vi) so
we need only show that (ii) implies (iii) and (vi) implies (i).

(ii) = (iii). Let @, b € S and set H ={x € S:a’ € xS or ab € xS}. Then
H is easily seen to be right consistent let p be the corresponding representation
of S. Then a € Ap_p; ' Apbpb so that p_p_ pbpb is nonzero. By hypoth-
esis, p_p_ pbpbl =P, p pz for some x, y, 2 € S. Thus a e PPa pbpb implies
ax = uy for some u € H and so ap_ p p = uz. Since p p pbpb is idempotent,
a =uz and so uy =ax = uzx whence, because § is cancellative, y = zx.

Now let w be the represenataion of S by one-to-one partial transformations

of S xS given in Lemma 6.4. Since, in I(S), aa” b~ = xx~ 2712, we have

-1 -1
Sx (@S N bS) = Amawa w,©;

=Mo" o 0 w ! =Sz x «S.

z zZ x X
Thus z is a unit in S and so, in I(S), z7 'z = 1. It follows that paP;Ipbp;l =
pxp;l and so a € Ap_; this implies a’ € axS or ab € axS. Hence a € xS =

aS N bS or b € xS =a$ N bS; that is aS CbS or bS CaS. This shows that the
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set of principal right ideals of § is a chain under inclusion. Dual arguments show

that the same is true for principal left ideals so (iii) is proven.

-1 1 -1 -1
O)b(l)b —(L)C(DC

and so, by Lemma 6.4, aS N bS =cS. Hence the set of principal right ideals of

(vi) = (i). Suppose aa~16b~! = cc ™! in I(S); then w0,
S is a semilattice under inclusion and, in I(S), @z~ ‘b0~ = (a /\' b)a /\’ b)~ L.
The dual clearly holds, so we may invoke Theorem 3.2 to conclude that I(S) is an
inverse semigroup of strong quotients of S.

Theorem 6.5 can be applied to characterise the positive cones of right ordered
groups among semigroups.

Theorem 6.6, Let S =S! be a semigroup. Then the following are equivalent.

(i) S is positive cone of a right ordered group.

(ii) each element of 1(S) has the form xy~'z for a unique triple x,y, z € S
with y € $x:Nz$.

Proof. (i) = (ii). Since S is cancellative and the sets of principal left and
right ideals of S are chains under inclusion, it follows from Theorem 6.5 that each

2 where y € Sx NzS. Further, by Theorem 6.2,

element of I(S) has the form xy~
-1
Xy

units. Hence (ii) holds.

z=ab~'c ifandonly if x =a, y =b, z =c because S has trivial group of

(ii) = (i). Suppose that ux = uy in S and define 0 on § xS by

(g, D)o (c, d)e= b~ ab) = d~Hed) in KS);

by Proposition 2.2, o obeys (1). Then, by (1), (1, x) 0 (4, y) so that x " Naux) =
y~Yuy) in I(S); whence (ux)~!x = (uy)~'y. By the uniqueness hypothesis in
(ii), this gives x =y.

The dual also holds, hence S is cancellative and so, by Theorem 6.5 and
Theorem 6.2, the sets of principal left and right ideals form chains under inclu-
sion and further S has trivial group of units. Hence S is the positive cone of a

right ordered group.

6. Some examples. 1. Let S be the semigroup of all 2 x 2 real matrices of
the form (7 %), >0, b>0. Then the sets of principal left and right ideals of

S form chains under inclusion. § has group of units

a 0

Hl= ( :a>0,b=0
b 1
a 0

K= >1a>0,b>0.
b 1

The kernel is not bisimple but is a P-class of S.

and kernel
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Since § consists of a group of units and a kernel, it follows from Theorem
6.6 and Proposition 5.2 that the same is true of I(S). In fact, since the kernel
of § is a D-class of S, Proposition 5.2 shows that the kemel of I(S) is a P-class
of I(S) and thus, by [2, Example 2.3.6); is a bisimple inverse semigroup.

2. Let S be the semigroup of all 2 x 2 real matrices of the form (§ ), 2, b >0
or b=0, a > 1. Then the sets of principal left and right ideals of S form chains
under inclusion. § consists of the disjoint uinon

(s e

which is isomorphic to the semigroup of reals >1 which was considered in (5], and

s et

a kernel K

-— a 0
S, ,)
b 1
Ve
7 a0
()
7 b 1

R
1
!
|
\
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Since S has a kernel, so has I(S); in fact I(S) is the disjoint union of I(P)
and its kernel which is a simple, but not bisimple, inverse semigroup. It follows,
from Theorem 5.2, that each D-class of Ker I(S) contains a unique element of S.
Thus the D-classes of Ker I(S) have S as a transversal but no P-class of Ker I(5)
is a subsemigroup. Thus Ker I(S) is a different type of simple inverse semigroup
from those considered by Munn [ 11}

The semigroup S in this example is the positive cone of a right order on the
group of all 2 x 2 real matrices of the form (: (1))’ a > 0. Similar examples can be
obtained by considering g-classes in the positive cones of right ordered groups
which are not ordered.

3. Let S be the positive cone of the I-group. Then, in §, H =9 and so, by
Proposition 5.2, P = ﬂ in E(S). Regard E(S) as V/~ where V is as in Theorem
6.2; then ~ is the identity so E(S) = V. The idempotents in the § = D-class
containing (b, b, b) are the triples {(a, b, 4): b = ua}. Further, from Lemma 5.1,

(a, b, u) <(c, b, v) <> u €Sv, a €cS.

Hence if this inequality holds, ua =vc = b, u =xv, a =cy for some x, y € S.
This implies, vc = ua = xvcy and, since Sp = pS for each p € §, vcy =y'vc for
some y' €S, so vc =xy'vc. Since S is cancellative with trivial unit group this
gives x = y' =y = 1. Hence the idempotents in each §-class are trivially ordered.
Thus each §-class is Brandt and so E(S) is completely semisimple.

4. Let S=S5" be the cyclic monoid of index r and period m [2, p. 20]; thus

- -1yl
S=1a, a% ...a™" 1, oy .o atm 1L

Then the sets of principal left and right ideals of § are chains under inclusion
so that Theorem 4.5 may be applied to describe I(S).
It is easy to calculate, using Theorem 3.7 that, on S x §,

(a",a")r(ap,aq)=u=p,v=q on u+U:P+qZT
and thus that

@ aV) ™ @?, a) s u=p, v=y o u+v, p+q>r and

ea = ea®, ea’ = ea? where e’ = e £ 1.
It follows from this that I(S) can be identified with the set of triples
{G, k, §): 4, j <k <r - 1} together with the kernel {a’, .-+, a"*™~1} of S. Hence
I(S) has order m + X k2 =m + 1 + 1)(2r + 1)/6. It is easy to see that any non-
trivial congruence on I(S) induces a nontrivial congruence on S. Hence, up to

isomorphism, I(S) is the only inverse semigroup generated by S.
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