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Let S be a bisimple semigroup, let Eg denote the set of idempotents of S,
and let £ denote the natural partial order relation on Eg. Let < * denote the
inverse of <. The idempotents of S are said to be well-ordered if (Eg, < *) is a
well-ordered set.

The structure of bisimple semigroups with idempotents well-ordered is
described modulo group theory and ordinal arithmetic in [4]. These semi groups
are precisely the w*-bisimple semigroups where « is an ordinal number and w is
the order type of the natural numbers under the usual order.

In this paper we describe the homomorphisms of an w*bisimple semigroup
into and onto an w’-bisimple semigroup and we describe the congruence relations
on an w*bisimple semigroup. Any congruence relation R on an w*bisimple semi-
group S is a group congruence (S/R is a group), an wf-bisimple congruence
(S/R is an w”-bisimple semigroup) for some ordinal number f such that 0 < g < «,
an o*-bisimple congruence which is idempotent separating (S/R is an w*-bisimple
semigroup and each R-class contains at most one idempotent), or an w*bisimple
congruence which is not idempotent separating.

We generally follow the notation and terminology of [1] and [2]. Extensive
use is made of the results in [4].

1. Introduction

In this section we present some introductory items and review pertinent
material.

Let X be a right cancellative semigroup with identity and let P(X) denote
the collection of principal left ideals of X. Let a,be X and let (a) and (b) denote
the principal left ideals of X generated by a and b respectively. We choose to

1 This research was sponsored in part by the Benedum Foundation administered by The
Marshall University Research Board.
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write (a) < (b) if and only if (a) 2 (b) and to call the partialiy ordered set
(P(X), £ ) the ideal structure of X.If U denotes the group of units of X, a (normal)
subgroup V¥ of U is called a right normal divisor of X if aV < Va for every
aeX.

Let « be any order type. A right cancellative semigroup with identity whose
ideal structure has order type « is called an a-right cancellative semigroup and
a bisimple semigroup S such that (Eg, < *) has order type « is called an a-bisimple
semigroup [ 10].

Let o be any ordinal number. Let w denote the order type of the positive in-
tegers with the usual order. Let H, be the set of ordinal numbers less than »® and
let + denote usual ordinal addition. For ordinal numbers f and y we define © by
y ® B = B+ y. Then, (H,, ®)is an w*right cancellative semigroup [4, Example].
Using this operation and [5, Theorem 2, p. 323], each non-zero element § of H,
may be uniquely expressed in the normal form

B = b O ® b0 O b0

where k and b,,b,,---, b, are positive integers and B, 8,, -, B, is a decreasing
sequence of ordinal numbers with § = w®* = B,. Note that we use usual ex-
ponential notation for ordinal numbers and that we write dw” in place of the
usual @'5. The semigroup (H,, ®) is called the semigroup of ordinal numbers
less than w® We have displayed the normal form of y © g for 8, ye H, [4, (1.1)].
For non-zero elements f§ and y of H, having normal forms

B =bao®*® - ©b0"0 b and y = ¢, 0@ - O 0" O c;0",

we make the following definitions:

O if ﬁl <y1y
(1.Y N(y, B) ={
sup{j: ﬁj 2 }’1} if B 2y,.

M@,B) = k—N@p -1
D(y) = degreey =y,.
Now let W, = H, x H,. Define an operation on W, by

(1.2)  (B.)Gm = (B + (max{y, 6} — y), n + (max{y, 6} — 5)).

Then, under this operation, W, is a semigroup which we call the a-bicyclic semi-
group. It is not difficult to show that W, is a bisimple inverse semigroup with
identity (0,0) whose right unit subsemigroup is isomorphic to (H,, ©). Thus, W,
is an w*bisimple semigroup. Note that W, is the bicyclic semigroup, and for
positive integers n, W, is isomorphic to the 2n-cyclic semigroup of Warne [10].
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If G is a group, X is an element of G, and 0 is an endomorphism of G, we
write 0° indicating the identity mapping and we write YCy = XYX ™! for Y& G.

THEOREM 1.1. (Hogan [4]) Let P be a right cancellative semigroup with
identity whose ideal structure is well-ordered. Then P is an w*right cancellative
semigroup for some ordinal number o.

THEOREM 1.2. (Hogan [4]) P is an w*right cancellative semigroup if and
only if P =~ G x H,, where G is a group and (H,, ®) is the semigroup of ordinal
numbers less than ©*, under the multiplication given as follows:

For (X,y),(Y,p)eG x H,,

13) X DT = (X, cuo™ O O ;") (Y, 50O -+ @ by

(x((0 (TE =00 eo) o2~ T1051). v 0 5)

j=0

= ify#0, B#0, and M(y,5) =0,
(X(Y il;ll 0;:), y© [3) otherwise,

where {0,:0 £ o < «} is a collection of endomorphisms of G and {z(3,0):
0 < 0 < 8 < a} is a collection of elements of G such that

(1.4) 2(0,0)0, = 2(p,0)C,p5 for 0 S0 <d<p<ua
and
(1.5 050, = 0,Coi5y for 0 £ 6 <o <.

CoRrOLLARY 1.3. (Hogan [4]) Let P be a right cancellative semigroup with
identity. Then the following are equivalent:

(1.6) P has well-ordered ideal structure.
(1.7) P is an w*right cancellative semigroup for some ordinal number o.
(1.8) Zis a congruence on P and P|¥ =~ H, for some ordinal number o.

Moreover, P =~ H, for some ordinal number o if and only if P has trivial unit
group and satisfies one of (1.6), (1.7), and (1.8).

As a consequence of Theorem 1.2, we use the notation
P = (G’Ha’ {00}’ {2(5» 0)})

to denote an w*right cancellative semigroup. The collection {0,: 0 < ¢ < o} of
endomorphisms of G is called the collection of structure endomorphisms of P,
and the collection

{2(8,0): 0= 0 < 8 < a}
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of elements of G is called the collection of distinguished elements. A normal
subgroup N of G is called {6,}-invariant if N0, = N for each structure endo-
morphism 6, .

Note that P is a Schreier extension [7, p. 1117] of G by P/.# =~ H, and that
the function pair of this extension is given by

M(7,8) _ -1 m
(T 2 upiep oz T o5

J i=2
(L.9) 7] = if 720, 8#0, and M(f) 2 0,
E, the identity of G, otherwise,
and
(1.10) A7 = A(H H;:) for AeG
vi=1

where y and f have the normal forms
P = '™ ® - © 0" and B = b © - © b0

Let us now review the main result of Clifford [ 3]. Let P be a right cancellative
semigroup with identity such that the intersection of two principal left ideals is a
principal left ideal. For each class of Z-equivalent elements of P pick a fixed
representative. Define a \V b to be the representative of the class containing ¢
where Pa N Pb = Pc. Define the operation * for a,be P by

(1.11) (@*bb=avb.

Let P~ o P denote the set of ordered pairs (a, b) of elements of P. Define equality
on P~'o P by

(1.12) (a,b) = (a’,b") if @’ = ua and b’ = ub where u is a unit of P,
Define a product in P~1o P by
(1.13) (a,b)(c,d) = ((c * b)a, (b * c)d).

THEOREM 1.4. (Clifford [3]) Starting with a right cancellative semigroup
with identity P having the property that the intersection of two principal left
ideals is a principal left ideal, equations (1.11), (1.12), and (1.13) define a
semigroupy P~1 o P which is a bisimple semigroup with identity in which any
two idempotents commute.

Conversely, if S is a bisimple semigroup with identity in which any two
idempotents commute, then its right unit subsemigroup P is a right cancellative
semigroup with identity having the property that the intersection of two principal
left ideals is a principal left ideal and S is isomorphic with P~* o P, The semi-
lattice of principal left ideals of P under intersection is isomorphic with the
semi-lattice of idempotent elements of S.
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As a result of Theorem 1.4, we may identify S and P~ o P if S is a bisimple

semigroup with identity in which any two idempotents commute.

THeoReM 1.5. Hogan [4]) Let S be a bisimple semigroup with idem-
potents well-ordered. Then S is a bisimple inverse semigroup with identity and

S is an w*-bisimple semigroup for some ordinal number .

THEOREM 1.6. (Hogan [4]) A bisimple semigroup S with idempotents
well-ordered is an w*-bisimple semigroup if and only if 5 is a congruence on

Sand S|# = W,.

CoRrOLLARY 1.7. (Hogan [4]) A bisimple semigroup S with trivial unit group
and idempotents well-ordered is an w*-bisimple semigroup if and only if

S>W,.

In the material which follows, we observe the notational conventions of
N(B, 3) being replaced by 0 if 6 = 0 and of a product of the form Hﬁ(%é) being

replaced by the identity of G if 6 = 0 or if M($,6) <O.

THEOREM 1.8. (Hogan [4]) S is an w*bisimple semigroup if and only if
S = G x W, where G is a group and W, is the a-bicyclic semigroup, under the

multiplication

(L14) (X, (0, XY, (3,0) = (X, (™ ® -+ © ;0" b’ ® -+ © b))
(Y,(d,0* @ - © dio’ro’ © - O ro™) = (Z,(,5©,p)

where Z is given as follows:

Z= XY ifp=34,

Z=X {[(Ajii) z"""f(al,é,,_j))‘l(YGm)

M(a,p) ] - P
(I = @urep) o 11 02)
=0 i=3
if f>06 and 0 = f — O has normal form

5,077 © - O 5,0%,

M(a,p) b - p .
( z ""(al,ﬁk_j))] e | 0;;} Y
ji=0 i=2

if B< 6 and ¢ = 0 — B has normal form

5,0°7 @+ © 5,0 %
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Juxtaposition denotes multiplication in G and W,, {0,: 0 £ ¢ < a} is a collection
of endomorphisms of G, and {z(3,0): 0 £ ¢ < § < a} is a collection of elements
of G such that

1.15) 2(8,06)0, = z(p,0)C,p5 for 0 S0 <d<p<a
and
(1.16) 058, = 0,C.s5y for 0 £ <0 <.

As a consequence of Theorem 1.8, we use the notation S = (G,W,,{6,},
{2(6,0)}) to denote an w*bisimple semigroup. The collection {6,: 0 < ¢ < «}
of endomorphisms is called the collection of structure endomorphisms and the
collection {z(8,0): 0 = o <6 < a} is called the collection of distinguished
elements.

2. The Homomorphism Theory

In this section we describe the homomorphisms from an w*bisimple semi-
group into and onto an w’-bisimple semigroup.

Let S = (G, W,,{6,},{z(8,0)}) be an w*bisimple semigroup. The right unit
subsemigroup of S is

P = (G,H,,{6,}, {z(6,0)}).

In the proof of Theorem 1.8, we have shown that the mapping ®g from P~1o P
to S given by

2.1) ((E,7), (X,8)P5 = (X,(7,0)),
where E is the identity of G, is an isomorphism.
THEOREM 2.1. Let S = (G, W,,{0,}, {z(5,0}) be an w*-bisimple semigroup

and let
S* = (G*, W, {¥,},{t(4,0)})

be an w-bisimple semigroup. Let y be any ordinal number such that 0 S p <«
<u + Bandlet {3,: 0 < 6 < a— u} be any subset of Hy with

2.2) Ao>0 and
2.3) 0 <0 <p<a—pu implies D(A,) < D(4,) satisfied.

Let {U;: 0 £ 6 < a} be elements of G*, let T be an element of Hy, and let f be
a homomorphism of G into G* such that

(24) fCy,=086,f for0so <y,
(2.5) U Af)%o-w=(40,/)U,for0Spu<co<aand AeG,
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(2.6) U (Ufo=#)[2}n| = (2(0,0)/U, for 0Su<é<o<ua,
@7 U U§*») = (2(6,0))U, for 0L <p <o <u,
and
28 UU; =z, U, for0<d<o<yu=a.
For each

(X,(7,8)) = (X, (cu™ ® -+ © ¢,0"",dy0™* © - © dy0™)) €S,
let

29) (X,(9)F =
((E*,(v9) © 0,(|(r9)| ' Gh)~ (X £) (61| (39)°], (9) © ©))®s

where ®g. is given by (2.1), g is a homomorphism of (H,,®) into (Hy, ©)
given by

(2.10) O0g =0,wPg =0 for 0 p <, and
w'*Pg =4, for 0 p <o —p,

and h is a function from H, into G* given by
c...—1

1) ok = [T (08| Gorg"™]1)
i=o

em-1—1
{ H [(Ugjfoj'l"‘i))l (jwy"‘“g)(wym_l”)l ]} (cmw¥mg)
j=o
| (C w}'mg) (cm—10Ym=1g) l es
m
-1
{CIH [(U(J'w“a)),(]-whg)(w”la)' ]} (cm@?M@ -+ Oc2072)g
71
j=0

I(mey'" 'ORNO, cza)“)g(c‘“’y’”) {

Then F is a homomorphism from S into S*. Conversely, every homomorphism of
S into S* is obtained in this fashion.

PrOOF. Assume the conditions of the theorem. Utilizing [4, Theorem 2.5],
we have

(X, 7N = (Xf)(vh),v9)

as a homomorphism of P into P* where P and P* are the right unit subsemi-
groups of S and S* respectively, g is given by (2.10), and h is given by (2.11).
By use of [4, Theorem 2.9], N is a semi-lattice homomorphism. Thus, utilizing
[7, Theorem 1.1], if (E*,1) € P* where E* is the identity of G*, then
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((X,7), (Y, )M = ((X,y)N(E*,7),(Y,0)N(E*, 1))
is a homomorphism of P~1 0 P into P*~' o P*, Hence, if (X,(y,d)) e S, we have
(X,(3.9)®5 ' M = ((E,),(X, )M = ((E,y)N(E*,1),(X,)N(E*, 1))
= ((vh,v9)(E*,7),((X f)(dh), 69) (E*, 7))
= ()| G9)7, (v9) © V(XSGR |(59)" |, (Bg) © 7))
= ((E*,79 @ 1),(|G9)"|~'@h) =X ) (h)|(59)7],9 © D).

Consequently, F = ®5 ' M®g. is a homomorphism of S into S* as desired.

For the converse, let F be any homomorphism of S into S* and define M
by M = ®;F®3). By use of [7, Theorem 1.1], there exists a semi-lattice homo-
morphism N of P into P* and (Z, ) € P* such that M is given by

(X, 7),(Y, )M = ((X,y)N(Z,7),(Y,0)N(Z,)).
Define N*: P — P* by (X,y)N* = (Z2~1,0)((X,y)N)(Z,0). Thus,
(X, 7),(Y, )M = ((Z,0)(X,y)N*(E*,1),(Z,0) (Y, )N*(E*, 1))
= ((X,7)N*(E*,7),(Y, S)N*(E*, 1)).

Since N* is given by [4, Theorem 2.5], we have the conditions of that theorem
satisfied so the conditions here are satisfied. From F = ®5 'M®g., we get (2.9)
as desired.

THEOREM 2.2. Let o and B be ordinal numbers such that 0 < B < o. Let
S = (G, W,,{0,},{2(3,0)})
be an w*bisimple semigroup and let
5* = (G*, W, {¥,}, {13, 0)})

be an wf-bisimple semigroup. Let u be an ordinal number such that o = p + .
Let {U;:0 < 6 < o} be elements of G* and let f be a homomorphism of G onto
G* such that

(2.12) fCy, = 0,f for 0 =0 <y,

2.13) (f¥,-)Cu, = 0. for 0= p S0 <u,

(2.14) (Us¥,-)te — p,6 — W)Cy, = 2(0,8)f
for0fuséd<o<a,

(2.15) UsY¥,-)Cy, = 2(c,0)f for0£d<u=go<a,

and
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(2.16) UCy, = 2(6,0)f for 0 S d<o<pusa.

For each

X,(7,0)) = (X, (cp’m ® -+ © ¢;0", dyo* ®  © d,0’)) €S,

let
(2.17) (X, (7, 00F = ()~ UX f)(h), (v9,69))
where g is a homomorphism of (H,, ©®) onto (H;, ®) given by
[0ify=0,
Cn® FO - Q"™ ify#0 and p < Yy
218) g = Gl O Qe iy # 0 and
s is such that 1 £s<m—1

and yepy < p S vy

0ifys+#0and p> vy
and h is a function from H, into G* given by
(E* ify =0,

Cm—1 -1
( H Uvm 'Ym_l‘) ( H Ym=1 ‘{I;m 1= u\P;:—u) "

j=0

(.‘11
(HU‘i’n A SR y—u)lfv#ofmd%vm

(2.19) yh="+ IIIU;‘: :) (1:[1 U,¥ ,s_,,)

c1—1
(jll) U, Y¥;, - ,,'P” ‘Pf'.,,) if y # 0 and s is such that

y2—p"

I1<ssm-—1and yp, <p =7,

m—1
(H U;,',',':f) ify#0and u>y,.
i=o

Then, F is a homomorphism of S onto S*. Conversely, if F is any homo-
morphism of S onto S*, then there exists an ordinal number p such that
a = pu+ B, elements {U;:0 £ 6 < o} of G*, and a homomorphism f of G into
G* such that (2.12), (2.13), (2.14), (2.15), and (2.16) are valid and F is given
by (2.17).
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PROOF. Assume the conditions as given. Thus, by [4, Theorem 2.6],

(X, )N = (X f)(yh):v9)

is a homomorphism of P onto P* where g is given by (2.18) and h is given by (2.19).
By [4, Theorem 2.9], N is a semi-lattice homomorphism. From [7, Theorem 1.1],

(X, 1, (Y, )M = ((X,y) N,(Y,0)N)
is a homomorphism. It is clear that M is onto. Thus, if we let F = ®5 'M®., then
X, (3, F = (E,1){X, 8))M®s. = ((vh,19), (X f)Oh),69)) s+
= ((E*,79),((?h) =1 (X1)(3h), 69))®s+ = ((yh)~ (X )(Oh), (vg, 89))
as in (2.17).

Conversely, let F be any homomorphism of S onto S* and define M by
M = ®gF®5.). By [7, Theorem 1.1], there exists a semi-lattice homomorphism
N of P into P* and (Z, t) € P* such that M is given by

((X,7),(Y,0)M = ((X,7)N(Z,7),(Y,0)N(Z,7)).
Let
((4,p),(B,0))M = ((E*,0),(E*,0)) = ((4,p)N(Z,7),(B,0)N(Z,7)).

Thus, (A4, p)N(Z,7) = (W,0) for some W e G*, whence (Z,7) = (V,0) for some
V € G*. If we define N*: P —» P* by

(X,)N* = (V~L,0) (X, )N)(V,0),
then

(X, (Y, )M = (X,pN(,0),(Y,5)N(V,0))
= ((V,0)((X, N, (V,0)((Y, 6)N*)) = ((X,y)N*,(Y,5)N*).
We use the fact that N* is given by [4, Theorem 2.6] to complete the proof.

REMARK. Theorem 2.10 of [4] describes the isomorphisms of an w*bisimple
semigroup S onto an w*bisimple semigroup S*,

THEOREM 2.3. There exists no homomorphism of an w*-bisimple semigroup
S onto an wP-bisimple semigroup S* for o < .

PROOF. Suppose F is a homomophism of S onto S*. Then, M = & Fdgl
is given by [7, Theorem 1.1]. That is,

(X, 7),(Y,0)M = ((X,7IN(Z,7),(Y,0)N(Z, 7))

for some (Z,7) € P* and some semi-lattice homomorphism N of P into P*. As in
the proof of Theorem 2.2, we get
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((X,7),(Y,0)M = ((X,7)N*,(Y,0)N*),

where N* is a homomorphism of P into P*. We note that N* is given by [ 4, Theo-
rem 2.5]. Thus,

(X, PN* = (X)(h),v9),

where f is a homomorphism of G into G* and g is a homomorphism of (H,, ®)
into (H,, ©) given by [4, (2.3)], [4, (2.4)] and [4, (2.5)]. However, if pe Hy,
there exists (4,0) € P and (V,0) € P* such that

(4,0)N* = ((Af)(oh),09) = (V,0)(E*, p) = (V,p).
That is, g must be onto. By [4, Theorem 2.4], g cannot be onto when « < f.

THEOREM 2.4. Let S = {G,W,,{6,},{z(5,0)}) be an w*-bisimple semigroup
and let Sy be a group. Let {U;:0 < 6 < a} be elements of Sy and let f be a
homomorphism of G into Sq such that

(2.20) fCy,=0,ffor 0o <a

and

2.21) UsCy, = 2(c,0)f for 0 £ 0 <0 <.
Then

222) (X,(no)F
= (X,(cy0? ® - O, dw*® - Od,w”)F

(i) (i)

is a homomorphism of S into S,.
Conversely, every homomorphism of S into S, is obtained in this fashion.

ProoF. The proof is essentially contained in the proof of Theorem 2.1.

3. The Congruence Relations

In this section we study the congruence relations on an w*-bisimple semi-
group. As mentioned previously, we show that any congruence relation on such a
semigroup is a group congruence, an w*-bisimple congruence for some ordinal
number f such that 0 < f < o, an w*-bisimple congruence which is an idempotent
separating congruence, or an w*-bisimple congruence which is not an idempotent
separating congruence. A description of the idempotent separating congruences
and of the w*-bisimple congruences for 0 £ f < « is presented.

THEOREM 3.1. Let S = (G, W,,{6,},{2(5,0)}) be an w*bisimple semigroup.
Let E denote the identity of G and let R be a congruence relation on S. Then,
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R is an wP-bisimple congruence for 0 < B < o if and only if there exists an
ordinal number p such that « = p + f and the following condition is satisfied:

(E,(y,7))R(E,(5,0)) if and only if n = v whenever
y =nof+v, 0 L v <o and § = 10" + o,

00 < o®
Moreover, if 1 > 0, then R is not idempotent separating.

PROOF. Suppose R is an wf-bisimple congruence on S with 0 < f < a. Let
F:S— S/R be the natural mapping. Note that F is described by Theorem 2.2.
Thus, there exists an ordinal number p such that « = u + f and F is given by
(2.17). Next, suppose (E,(y,y)R(E,(5,0)) with y = go* +v, 0 £ v < ©" and
é = 1"+ 0,0 £ ¢ < w" Hence,

(E,(y,Y))F = (E,(9,0)F,(E*,(v9,79)) = (E*,(89,09)),

and yg = dg. It follows that # = t using (2.18). If # = v with y = nqo* + v,
0<v<w'and é§ = t0"+ 0, 0 £ 6 < 0, then yg = dg. Hence, by reversing
the steps above, we get (E,(y,y))R(E, (9, 0)).

Now suppose R is a congruence relation on S, suppose there exists an ordinal
number u such that « = p + B, and suppose the condition is satisfied. The semi-
group S/R is a bisimple inverse semigroup with identity. The set of idempotents
of S/R is a kernel normal system of S [2, Theorem 7.48]. These facts, along with
the information that for any ordinal number 1 where 0 < 1 < ©f we have

(E, (r0*,t0")R(E, (t0* + 0,10" + 7))

when 0 < ¢ < *, produce the result that S/R is an w?-bisimple semigroup. It is
clear that R is not idempotent separating when y > 0.

THEOREM 3.2. Let S be an w*-bisimple semigroup and let R be a congruence
relation on S. Then, R is a group congruence, an w’-bisimple congruence
JSor some ordinal number B such that 0 < < a, an w*-bisimple congruence
which is not idempotent separating, or an o®-bisimple congruence which is
idempotent separating.

Proor. Let R be a congruence on S which is not a group congruence. Let
(E,(d,9)) be the largest idempotent of S such that (E, (5, 5))R(E, (0,0)). We wish
to show that there exists an ordinal number u such that 0 £ u < « and é = ",
To that end, let y < 8. Assume é — y < 6. Hence,

(E’ (5, 5))R(E’ (é’ 0)) (Ea (5 ) é— Y)) (Es (0, 5))’ and
(E,(3,8))R(E, (0 + (6 — 7),0 + (6 — 7).
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We let x = (E,(y,9)) and utilize [1, Lemma 1.31] to show that {x, x~! ) is the
bicyclic semigroup W,. By [1, Corollary 1.32], it follows that RI(x,x‘1> is
idempotent separating. However,

x71x = (E,(5,6)R(E,(0 + (6 —9),0 + (6 — 7))

x~1x~1xx,

is contradictory. We conclude that 6 —y = dand y + & = 4. From [5, Theorem 1,
p. 282] and [5, Theorem 1, p. 323], we conclude that 6 = w* for some u where
O0<pu<aNextletf=a—pora=pu+p.Lety =no*+v where0 <v < o
and § = nw" + o where 0 < ¢ < w*. We wish to show (E,(y,7))R(E,(J,9)).
To this end, suppose y < 8. Then, y+(6—v) =0 and d —y =0 —v <ot
Hence,

(E,(0,0))R(E, (0 — 7,0 — ),

(E’ (y’ 7))R(E, (y’ 0)) (E’ (5 =% 4~ ')’)) (Es (Oa '}’)), and
(E, (v, YIR(E, (9, 6)).

Finally, suppose (E, (v, 7))R(E, (6,8)) where y = no* +v,0 £ v < &*, 6= 10" + 0,
and 0 £ ¢ < w*. We wish to show that = 1. To this end, assume < 7. Then,
6>y and 6 —y = (r — n)w* + 0. Hence, by previous considerations, we have

(E,(6 = 7,0 — P)IR(E, ((r — ne*, (r— mw*)).
Now, (E, (y,7))R(E, (8, )) implies
(E,(y,0))(E, (0,0)) (E, (0, y))R(E, (y,0)) (E,(6 — 7,6 — Y)(E,(0,7))
and we get (E,(0,0))R(E, (6 — 7,6 — ¥)). Thus,
(E, (0, 0)R(E, ((r — mo*,(r — n)w*)), and
(E’ ((1)“, (L)"))R(E, ((U”’ w”)) (E’ ((T - '7)60", (1.' - ’1)(1)“)), or
(E, (0", 0")R(E, ((r — n)o*,(r — n)o*)).

But, here we have (E, (0,0))R(E, (w", w")) contrary to the choice of w*. We con-
clude that 5 = 7. At this stage, we utilize Theorem 3.1 to conclude that R is an
wP-bisimple congruence for 0 < f < « which is not idempotent separating in
case u > 0. The conclusion of the theorem is now immediate.

ReMARK. If a is not a limit ordinal, it is impossible for a congruence relation
on an @*bisimple semigroup to be an w*-bisimple congruence which is not
idempotent separating.

The following two theorems are straightforward generalizations of results
o Warne [11].

THEOREM 3.3. Let P = (G, H,,{6,}, {z(8,0)}) be an w*-right cancellative
semigroup. The right normal divisors of P are the {0,}-invariant subgroups of G.

https://doi.org/10.1017/51446788700028809 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700028809

454 J. W. Hogan [14]

ProoF. Let V be a right normal divisor of P and let X € V. Then, if0 £ 0 < «
and E denotes the identity of G, we have

(E,0°)(X,0) = ((X0,),0") = (Y,0) (E,0°) = (¥, 0°)

where Y e V. Hence, X6, e Vand V is {6,}-invariant.

Conversely, let ¥ be an {0,}-invariant subgroup of G. Let YeV and let
(X,y) e P where

P =Cu0? @ - O ¢y,
Then,

@m0 = (x(v 16).7) = (x( T165)x-%0)cxn.
i=t \ i=1
Consequently, V is a right normal divisor of P.

THEOREM 3.4. Let S = (G, W,,{6,},{z(d,0)}) be an w*-bisimple semigroup.
There is a one-to-one correspondence between the idempotent separating con-
gruences of S and the {0,}-invariant subgroups of G. If RY is the congruence
relation corresponding to the {0,}-invariant subgroup V, then the congruence
class containing (X.(y,9)) is the set {(YX,(,8)):YeV}. If V and W are
{0,}-invariant subgroups of G, then V.< W if and only if RY < R¥. # is the
maximal idempotent separating congruence on S. The idempotent separating
congruences on S are those congruences such that the congruence class con-
taining the identity is a group, and they are uniquely determined by this class.

ProoOF. This result follows from Theorem 1.6, Theorem 1.8, Theorem 3.3,
[8, Lemma 1.2], [9, Theorem 2], and (2.1).

We now describe the congruence relations on an @*-bisimple semigroup
which are w”-bisimple congruences where 0 < < a.

THEOREM 3.5. Let S = (G, W,,{6,},{z(,0)}) be an o*-bisimple semi-
group and let R be an w’-bisimple congruence on S with 0 < f < a. Then,
there exists an ordinal number u such that o = pu+ B and an {0,}-invariant
subgroup V of G with the following satisfied:

(3.1) Iffor each ordinal number v such that 0 < v < o we let

4, = {X,(1,9): (X, MNR(E, (v, v*))},
then the collection A = {A,:0 < v < &’} is a kernel normal system and

R = {(a,b)e S x S:aa~,bb~*,ab~* e A, for some v}.
(3.2) If y=vo*+7y, E=v0*"+p, 1=xko"+6, and A =xo*+0

where 0y <o, 0SS p< w06 < and 0 £ 0 < o then
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X, (6 DR(Y, (&, ) if and only if (X,(y,0))R(Y,(p,0)).

(3.3) Suppose u=0. Then, (X,(y,0))eA, if and only if y =08 =0 and
XeV. Also,

(X, (2, 0)R(Y,(p,0)) if and only if y = p, § = o,
and XY~ 1eV.
(3.4) Suppose p > 0 is an ordinal number of the second kind. Then,
(X,(1,0) = (X,(cq@0™ @ -+ ® 0", do®™* ® -+ © dyw®)) e 4,
if and only if 0 < max{y,,8,} <u and
%02V (L #60.00-)) (T #-00.0,8-))

where 1(y,0) = max {y,,6,} +1. Also, if 0 <y, <p, 056, <u, 0<p, <p
and 0 < 6, < yu, then

X, (ch0™ @+ O 0", d@® @ -+ © d;w’))R

Y, (r0® © - O ro’ s’ ® - O s;0’)
if and only if

m-—1
(jl:IO Zcm—j(s(?’ 6: P> 0'), 'Ym—j))_ I(Xos(r,é,p,a')))

k—1 n—1 -1
(].—_L de-j(s(ya 5: P O'), 6k—j)) ( Zs"_ j(s(% 5, P O'), an—j))
ji= =0

J
q-1
(Y—lgs(y,d,p,a))( HO qu_ j(s(‘y’ 5’ P 0'), pq—j)) eV
j=

Where 5(7, 6:/)’ 0') = max {YIaal,pl’al} + 1

(3.5) Suppose u is an ordinal number of the first kind. Let n be defined by
n+ 1 = p. Let a non-negative integer D and an element B of G be specified as
Sollows: (a) If (Y,(quw",0)) ¢ A, for every Y e G and every positive integer q,
then p =0 and B = E; (b) If there exists Y € G and a positive integer q such
that (Y, (qo",0))e Ay, then p is the smallest positive integer with this property
and B is such that (B, (pw",0))e Ay. Then,

X, (1,0) = (X, (cy0™ @ - © ¢,0", d0™ @ -+ ® dyo’™)) e 4,
if and only if 0 < max{y,,6,} <p and

M(o'.y) \

M(o",8) -1
zcm-j(”’ 'Ym—j))Br ( H de_j(rl’ 5k—j))

XB,,eV(
=0
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whererp=c,N(w",y)—d;N(0",0). Also,if 0 Sy, < p,0= 6, < p, 0= p, <y,
and 0 £ 0, < u, then

X, (c, 0™ ® - © ;0" d@* ® - ® d;’)R
Y, (r0° ® - ©ro”so” o - O s50’))
if and only if

{[(M(ﬁ o 1 e ,)) x
(M;ijc;a)z i, 5k—j))] B:I‘N(O’"»p)}

M(w".p) n
( 11 z'“'f(n,pq_j))]ﬂf,‘”(‘” '”} € VB' where
Jj=0

pt = ¢;N(",y)— d;N(@",8) + s;N(@",06) — r{N(", p).

ProOF. Let F: S —S/R be the natural mapping where S/R = S* = (G*, W,
{¥,},{1(8,0)}). Note that F is described by the converse in Theorem 2.2. Thus,
there exists an ordinal number p such that @ = pu + B, elements {U;: 0 < 6 < a}
of G*, and a homomorphism f of G into G* such that (2.12), (2.13), (2.14), (2.15),
and (2.16) are valid and F is given by (2.17). If V is the kernel of f, then V is
{6,}-invariant by use of (2.12) and (2.13).

Let A = {A;: i e A} be the set of idempotents of S/R. From [2, Theorem 7.48],
A is a kernel normal system and R = {(a,b)e S x S:aa~!, bb=*,ab™' € 4, for
some i€ A}. Next, let (X, (y,8)) € A; where

9 =" @ © ¢ and § = dw*© - © do®.
Then, ((X,(y,9)) (X,(y,0))) F = (X,(7,9)) F. Hence,

(Z,(3,0) (7, 0)F = (X,(y,6)F
where Z = X?if § = y, and

~-x([(H = em-) e
(e e o

J

if 6 > y and 6 = & — y has the normal form ¢ = 5,0 © -+ © 50"
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Since F is given by (2.17), we have

(X, (7, 0)R(E, (v,7)) if 6 =,
W~NZS) (6 + (6 —yDh) = (yh)~"'(Xf)(6h) and (6 + (6 —))g = &g if 6>,
and

(v + (v — PR)=H(ZS)(6h) = (Yh)~ (X f)(6h) and (y + (y— O))g = vg if 6 <.

Note that yg = &g in any case. If § > y, we utilize [4, (2.11)] to produce
(|G =’ DA + (B — yDh) = (5 — )R (Sh)
since (8 — y)g = 0. Hence, (Z/)((|(6 — )°[)f)~*((6 — y)h) = X f and

(e

M(s,8)
( Ho 296, 8_)) )]9” ' H 93}
j=

(G =’ PNH=HG —h) =
We utilize (1.9) to get

M(a,d)
@=whr =D = [(T] 2 eudep oz [0z} 7
Using these results and (1.10), it follows that
M(o,y) -1 P
[( 1T z”'"'f(al,vm_j)) 627 11 esz] CHICEROE

That is, (|6 |f)~"(X°f)(ch) = E*. From [4, 6, 2.18)] and the fact that og = 0,
this becomes

(|e’| )~ eh)(Xf) = E*
Then, from [4, (2.17)], we get
(|6?|f)(8h) = (sh)(yh) so (X)) = (yh)(Sh)~*.
This means that
(X, (7, 0)F = (yh)~ " (X f)(6h),(vg,09)) = (E*,(vg,v9)) = (E,(¥,M)F,
or that (X, (y,6))R(E, (y,7)). If 6 <y, we begin with
G+ @G- Zf) = G~ (XS)
or (X~ 1f)(yh) = (Z=11)((y + (y — 8))h). As before, we have
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Z 1O DA UG — ) = (X~1f)
and ((| 6®|)f)"(X°f)~!(ch) = E*. Hence,
((Ia"lf)‘l(ah)(X‘lf) = E*

and (Xf) = (yh)(6h)~'. Again we get (X,(y,9))R(E,(y,y)). Thus, in all cases we
have (X,(y,8)R(E,(7,7)). From Theorem 3.1, we conclude that A is given by (3.1).
Next, we consider (3.2). Then (X, (y, t)R(Y, (&, 1)) if and only if

)= X (xh) = EM~HYS)(h).

By utilizing [4, (2.17)], (1.9), and (1.1), we see that (zh) = (6h) (xw*h), (Ah)
= (ch)(kw"h),(xh) = (yh)(vw*h), and (Eh) = (ph)(vw*h). Tt is now clear that
(3.2) is valid.

Now suppose u = 0. Let (X, (7,8)) € 4o. Since F is given by (2.17), it follows
thaty = 6 = Oand X e V. Conversely,ify = 6 = Oand X e V, then (X, (3, 9)) € Ao.
Since g is the identity mapping when u = 0, it is clear that (X, (y, 6))R(Y,(p,0))
ifand only if y = p, = o, and XY~ ' e V. This completes the proof of (3.3).

Next, a brief outline of the proof of (3.4) is presented. We use the notation
of (3.4). Thus, (X, (y,8)) € A, if and only if

m—1 k—1 -1
Xf= ( T U5z f)(H Us’::::i)
.

Ji=0

and 0 < max{y;,8,} <pu. We use (2.12) and (2.16) to show that the condition
on X is equivalent to

m—1 k—1 -1
X0,V (T 200.000-) ) T2 00.0.6,-5)) -
ji=0 \j=0

Oy, <, 08, <u, 0<p, <y, and 0 < 0, < pu, then
X, (e ® + ® ¢,0", dw* © - © d;o’))R

(Y, (ro® © - O rio’sn” @ - O s50™))
if and only if

(Tozt) an(Toses) = (M) on (T vasy)

By (2.12) and (2.16), this condition is equivalent to the condition stated in (3.4).

Finally, we present an outline of the proof of (3.5). Let n,p, and B be as
specified in (3.5). We use the notation of that result, Thus (X, (y,6)) € 4, if and
only if 0 < max{y,,6,} < u and
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m—1 k—1 -1
xr=( o) (Moszs) o
j=0 =0

M(o"v) M(o",8) -1
j=0 )

Cm c1N(@",y) - diN(w™,8) die— j
x7 = (11 vgzzg)uevetmanes( T oy
j=

Following the procedure of prior work in utilizing (2.12) and (2.16) we show that
this condition on X is equivalent to the condition

Mo,y

M(0",5) -1
x,ev( 1L = oae) BT 2000
j=0 j=o

where rp = CIN((U”,?) - le(w'l’a)_ If 0 é Y1 < i, 0 g 51 <K, 0 é P1 < i
and 0 < 0, < p, then

(X, (e’ @+ ©® c,o”, dw® © - ® d;0’))R

(Y, (o © - © 10", 5,0 © -+ © 5,0°"))
if and only if

(T o) “n (Mot) = (o) o (o)

j=0

We use (2.16) to show this condition to be equivalent to

el M) o -1
U’rlx (w vp){[( H Z'"_J(’?a)’m—j)) X

j=0

M(w".8)
("I e map) | 7] vie

Jj=0

Nt M(w",p) . -1
= Uyt '”{[( I Z"’"(n,pq—j)> Y

Jj=0

M(w".a) 5 i N(w" o)
( I z"-J(n,an_j))]f} ypve'o)

j=0

Then, (2.12) is used to complete the proof of (3.5).
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