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ABSTRACT. Let S be a semigroup and let T' be a subsemigroup of S. Then T’
acts on S by left- and by right multiplication. This gives rise to a partition
of the complement S \ T and to each equivalence class of this partition we
naturally associate a relative Schiitzenberger group. We show how generating
sets for S may be used to obtain generating sets for 7" and the Schiitzenberger
groups, and vice versa. We also give a method for constructing a presentation
for S from given presentations of T" and the Schiitzenberger groups. These
results are then used to show that several important properties are preserved
when passing to finite Green index subsemigroups or extensions, including:
finite generation, solubility of the word problem, growth type, automaticity,
finite presentability (for extensions) and finite Malcev presentability (in the
case of group-embeddable semigroups). These results provide common gener-
alisations of several classical results from group theory and Rees index results
from semigroup theory.

1. INTRODUCTION

The notion of the index of a subgroup is a fundamental concept in group theory.
It may be viewed as providing a way of measuring the size of a subgroup relative
to its containing group. From this point of view, a subgroup of finite index may
be thought of as differing from its parent by only a finite amount. This intuitive
idea gains more significance when one considers the long list of properties that
are known to be preserved when passing to finite index subgroups or extensions,
which include: finite generation and presentability (and more generally property F,,
for every (n > 1)), solubility of the word problem, automaticity, the homological
finiteness property FP,,, residual finiteness, periodicity, and local-finiteness (see
[6, 16, 17, 36, 37] for details of these classical results). On the other hand, it is still
an open question as to whether the property of being presented by a finite complete
rewriting system is inherited by subgroups of finite index; see [45]. Important
problems about finite index subgroups and extensions continue to receive a great
deal of attention; see for example [4, 7, 23, 32, 39, 40, 41, 42, 43].
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2 GREEN INDEX IN SEMIGROUPS

In semigroup theory various notions of index have arisen, in several different
contexts. For example, the index of a subgroup of a semigroup was considered by
Bergman in [5], while a notion of index for cancellative semigroups arose in work
of Grigorchuk [22] on growth of semigroups. While these are direct generalisations
of group index, they are limited since they do not apply to semigroups in general.

For subsemigroups of semigroups in general, until recently, the most widely stud-
ied notion of index has been the so-called Rees index. The Rees indezx of a sub-
semigroup is defined simply as the cardinality of its complement. It was originally
introduced by Jura in [28], and since then, in analogy with group index, many
finiteness conditions have now been shown to be inherited when passing to finite
Rees index substructures or extensions (see [11], [47] and [26]).

However, Rees index is not a generalisation of group index. In fact, it is obvious
that an infinite group cannot have any proper subgroups of finite Rees index. So
although Rees index results have the same look and feel as group index results,
this is as far as the connection goes, and in particular they cannot be applied to
recover the corresponding group-theoretic results on which they are modelled. This
problem was the original motivation for the work in [19] where a new notion of
index was introduced, called Green inder. The Green index of a subsemigroup T
of a semigroup S is given by counting strong orbits (called T-relative #’-classes)
in the complement S \ T under the natural actions of T on S via right and left
multiplication (see Section 2 for more details). In particular, when S\ T is finite
T will have finite Green index in S, while if S is a group and T a subgroup then
T will have finite Green index in S if and only if it has finite group index in S. In
[19] it was shown that several important finiteness conditions are preserved when
taking finite Green index subsemigroups or extensions. Thus, Green index is both
general enough to simultaneously subsume Rees index and group index, but also
strong enough that a semigroup will share many interesting properties with its
subsemigroups of finite Green index. In this paper we continue the investigation of
Green index, and in particular extend the list of finiteness conditions that are known
to be preserved under taking finite Green index subsemigroups and extensions.

Extending the classical ideas of Schiitzenberger [50, 51|, with each T-relative
A -class H we associate a group I'(H), called its (T-relative) Schiitzenberger group,
obtained by taking the setwise stabiliser of the action of T on H by right multipli-
cation and making it faithful (see Section 2 for full details). Our results then relate
properties of S, T' and the family of (relative) Schiitzenberger groups I'(H).

The article is laid out as follows. After the preliminaries in Section 2, in Section
3 we prove a fundamental lemma (the Rewriting Lemma) which underpins many
of the results appearing later in the paper. This rewriting technique is utilised
in Section 4 to obtain a generating set for T from a generating set for S. In
Section 5 we obtain generating sets for the relative Schiitzenberger groups from a
generating set for S. In the case of finite Green index, finite generation is preserved
in both these situations. In Section 6 we give a presentation for S in terms of given
presentations for 7" and each of the Schiitzenberger groups. Again, when the Green
index is finite, finite presentability is preserved. Whether finite presentability is
preserved in the other direction, i.e. from S to T and the Schiitzenberger groups,
remains an open problem, but in Section 7 we show that this is the case for finite
Malcev (group-embeddable) presentations (in the sense of [9]). In the remaining
sections we consider a range of other properties related to generators in one way or
another: the word problem (Section 8), type of growth (Section 9), and automaticity
(Section 10) in the sense of [12, 24]. These results provide common generalisations
of the corresponding classical results from group theory, and Rees index results
from semigroup theory.
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2. PRELIMINARIES

Let S be a semigroup and let T be a subsemigroup of S. We use S' to denote
the semigroup S with an identity element 1 ¢ S adjoined to it. This notation will
be extended to subsets of S, i.e. X! = X U{1}. For u,v € S define:

uwZTv o ult =0T, wZTv & Thu=T,

and ST = Z7 N £T. Each of these relations is an equivalence relation on S; their
equivalence classes are called the (T-)relative %-, -, and J#-classes, respectively.
Furthermore, these relations respect T, in the sense that each #7-, £7T-, and
AT -class lies either wholly in T or wholly in S\ T. Following [19] we define the
Green index of T' in S to be one more than the number of relative J#-classes in
S\ T. Relative Green’s relations were introduced by Wallace in [52] generalising
the the fundamental work of Green [21]. For more on the classical theory of Green’s
relations, and other basic concepts from semigroup theory, we refer the reader to
[27].

Throughout this paper S will be a semigroup, 7" will be a subsemigroup of S, and
Green’s relations in S will always be taken relative to 7', unless otherwise stated. In
other words, we shall write 2%y to mean that 7" = T rather than 25! = yS*.
On the few occasions that we need to refer to Green’s Z relation in .S we will write
#°. The same goes for the relations . and ..

The following result summarises some basic facts about relative Green’s relations
(see [52, 19] for details).

Proposition 2.1. Let S be a semigroup and let T be a subsemigroup of S.

(i) The relative Green’s relation Z is a left congruence on S, and £ is a right
congruence.

(i) Let u,v € S with uZv, and let p,q € T such that up = v and vqg = u. Then
the mapping pp, given by x — xp is an Z-class preserving bijection from L, to
L,, the mapping p, given by x — xq is an Z-class preserving bijection from
L, to L, and p, and p; are mutually inverse.

With each relative J#-class we may associate a group, which we call the
Schiitzenberger group of the J#-class. This is done by extending, in the obvi-
ous way, the classical definition (introduced by Schiitzenberger in [50, 51]) to the
relative case. For each T-relative J#-class H let Stab(H) = {t € T' : Ht = H}
(the stabilizer of H in T'), and define an equivalence v = v(H) on Stab(H) by
(z,y) € ~ if and only if he = hy for all h € H. Then « is a congruence on
Stab(H) and Stab(H )/~ is a group. The group I'(H) = Stab(H)/v is called the
relative Schitzenberger group of H. The following basic observations about relative
Schiitzenberger groups will be needed (see [52, 19] for details).

Proposition 2.2. Let S be a semigroup, let T be a subsemigroup of S, let H be a
relative J-class of S, and let h € H be an arbitrary element. Then:

(i) Stab(H) ={t € T : ht € H}.
(ii) v(H) = {(u,v) € Stab(H) x Stab(H) : hu = hv}.
(iii) H = hStab(H).
(iv) If H' is an J-class belonging to the same £ -class of S as H then Stab(H) =
Stab(H') and T(H) =T(H').
(v) If H' is an 5 -class of S belonging to the same Z-class as H then T'(H') =
I'(H).
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3. THE REWRITING LEMMA

The aim of this section is to prove a rewriting lemma which arises naturally from
the theory of relative Green’s relations, and which will be a vital tool for the proofs
of many of the results about finiteness conditions that follow.

Throughout this section S will be a semigroup and T will be a subsemigroup
of S. We let {H; : i € I} be the set of relative ##-classes in S \ T, with a
fixed set of representatives h; € H; (i € I), and relative Schiitzenberger groups
I; = I'(H;) = Stabp(H;)/vi- Set I' = I U {1} where we assume 1 ¢ I. We
introduce the convention H; = {1} and h; = 1 where 1 is the external identity
adjoined to S.

Next we introduce two mappings

p:Stx It =T NIt x St— Tt

which reflect the way that the elements of S act on the representatives h;:

. j if sh; € H;
1 i) =
(1) pls,1) {1 if sh € T,
and
’ 1 ifhiseT.

The following lemma introduces related elements o(s,?) and 7(4, s) which ‘con-
nect’ sh; and h;s to their respective J#-class representatives.

Lemma 3.1. For alli € I' and s € S* there exist o(s,1),7(i,s) € T satisfying:

(3) shi = hps,io(s,1),
and
(4) his = T(ia S)hA(i,s)‘

Proof. If p(s, i) # 1 we have sh; s h,s ;) and so there exists o(s,i) € T" satisfying
shi = hy(s,iy0(s,1).

Otherwise p(s,i) = 1, and setting o(s,i) = sh; € T' equality (3) holds trivially.
The existence of 7(4, s) is proved dually. O

The following lemma describes the effect of pushing an .77-class representative
through a product of elements of S from left to right.

Lemma 3.2 (Rewriting lemma). Let i € I' and let s1,52,...,5, € S. Then

(5) his182...8, =tita ... tph;

where tq,...,t, € T' and j € I' are obtained as a result of the following recursion.:
(6) i =i

(7) i1 = A(ig,s6) (B=1,...,n),

(8) J o =iny

(9) ty =7(ig,sk) (E=1,...,n).

Furthermore:

(i) If all s4 € T and h;sisa...s, € T then his1s2...5,.Zh;.
(i1) If all s4 € T and h;s182...5, €T then j =1 and so h; = h; = 1.
(i1t) If all s¢ € T and h;s182 . ..5,%h; then hisi18a...s,5Ch;.
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Lemma 3.2° (Dual rewriting lemma). Leti € I' and let s1, 82,...,5, € S. Then
(10) $182...8phy = hjtita .. .ty

where ty,ta,...,ty, € T' and j € I' are obtained as a result of the following recur-
sion:

(11) in = i

(12) ire1 = p(sg,ig) (k=n,...,1),

(13) J = o

(14) try = o(sgyix) (k=mn,...,1).

Furthermore:

(i) If all sq € T and s152...s,hi € T then s152...5,h%h;.
(i) If all s4 € T and $182...s,h; € T then j =1 and so h; = hy = 1.
(11t) If all s¢ € T and sis2...s,7hi Lh; then sisy...sphi Hh;.

Proof. We just prove Lemma 3.2. Lemma 3.2’ may be proved using a dual argu-
ment.

For the first part we proceed by induction on n. The result holds trivially when
n = 0. Supposing that the result holds for n, the inductive step is as follows:

hisisz...SnSpp1 = ti...tuhi,  Sni1 (by induction)
= t1... tnT(in+1, sn+1)h)\(in+l7sn+l) (by (4))
= ti..tutnpihi, .
(i) We prove the result by induction on n. When n = 0 there is nothing to prove.

Now suppose that the result holds for n — 1. Because s, € T and h;sy...s, € T it
follows that h;sy...s,—1 € T so we may apply induction to obtain:

h1‘8182 PN Sn—lo?hin-

This implies
hisi...sn—180Lhi, 507 hx(i, s,) = hi,yy
by (2) and (7).
(ii) If i = 1 then from (2), (6), (7) and (8) it follows that 1 = i3 =iy = ...
in+1 = j. Otherwise, since h;s1...s, € T there exists 0 < k < n — 1 such that

h;S1...58k gT & hi51~~o5k5k+1 eT.

By (i) applied to h;sj ... s, we obtain
hik+1$h181 ... Sk

which implies

hik+15k+1$hz’51 c oo SESKE41
and so, h;, ., sp1 € T. Hence by (2) it follows that iry2 = A(iry1,5641) = 1. Then
as above (7) gives 1 = igp40 = igy3 = ... = lpt1 = J.

(iii) Again we proceed by induction on n. There is nothing to prove when n = 0.
Suppose that the result holds for n — 1. Since h;s; ...s,Zh; there exists t € T
such that h;s;...s,t = h;. But since s,, € T and s7...5,-1 € T it follows that
hiS1 . ..8p—1%h; and so we may apply induction. This gives

hisl ‘e Snfljfhin.

Since h;sy...Sp_1%his1...Sp_1Sn, by Proposition 2.1lii the mapping = — zs,
sends the J7-class of h;s; ...s,—1 bijectively onto the J#-class of h;sy ...Sp_15n-
In particular

hinsn%hisl oo Sp—18n-
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On the other hand, h;, s, € Hx(, s,) = Hi, ., by (2) and (7), and so
hin+1%hinsn%hisl .o Sn,

as required. O

4. GENERATORS FOR SUBSEMIGROUPS

Let S be a semigroup, T be a subsemigroup of S and {H; : ¢ € I} the set of
relative 7 -classes in S\ T. In this section we show how to relate generating sets
for S, T and the relative Schiitzenberger groups I'(H;). Throughout the section we
use the same notation and conventions introduced in Section 3.

If B is a generating set for T and C is a subset of S satisfying S* = C'T! then
obviously B U C' generates S. In particular we have the following easy result.

Theorem 4.1. Let S be a semigroup and let T be a subsemigroup of S. If B is a
generating set for T and C = {h; : i € I} is a set of representatives of the relative
H-classes of S\ T, then BU C is a generating set for S. In particular, if T is
finitely generated and has finite Green index in S then S is finitely generated.

Remark 4.2. Of course, in the above theorem we can replace C by a transversal
of just the relative Z-classes (or Z-classes) in S\ T, and B U C will still generate
S.

Now we go on to consider the more interesting converse statement. We begin by
fixing a particular choice of o and 7 from Lemma 3.1.

The following result provides a common generalisation of the classical result of
Schreier for groups (see [36, Chapter II] for example) and the analogous theorem
for subsemigroups of finite Rees index due to Jura [28].

Theorem 4.3. Let S be a semigroup generated by A C S, let T be a subsemigroup
of S, and let I, o, T be as above. Then T is generated by the set
B ={r(i,o(a,7)) :4,j € I', a € A}.

In particular, if S is finitely generated and T has finite Green index in S, then T
is finitely generated.

Proof. Let t € T and write t = ajas . .. ay,, a product of generators from A. Apply-
ing Lemma 3.2’ gives
t = hi,o(ay,i1)o(az,i2)...0(an,in)

where

in=1, idx_1=plag,ir), k=nmn—1,..., 1
This rewriting may be viewed as pushing the representative h; = 1 through the
product from right to left using Lemma 3.2°. Note that iy is not necessarily equal
to 1 here, but if it were then we would be done since o(ay, ix) = 7(1,0(ak,ix)) € B.
Applying Lemma 3.2 we now perform an analogous rewriting pushing the represen-
tative h;, = h;, back through the product from left to right giving

hj,o(ai,i1)o(az,iz)...0(an,in)
= 7(j1,0(a1,i1))7(j2,0(a2,42)) ... T(Jn, 0 (an, in))hyj, 1
where
jl :i07 jk-‘rl :A(jk70'(&k7ik)), k= 1727"'an'
Now by Lemma 3.2(ii) since each o(ay,ix) € T and
hjlo(al,il)a(ag,ig) Ce U(Qn,in) S T
it follows that j,+1 = 1 and therefore

t =70, 0(a1,01))7(j2, 0(az,42)) - .. 7(jn; 0(an, in)) € (B).
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The last statement in the theorem follows since if A and I are both finite then B
is finite. 0O

One natural question we might ask at this point is whether Theorem 4.3 might
be proved under the weaker assumption that S\ 7" is a union of finitely many -
classes (or dually Z-classes). Such a weakening is possible, for example, in the
case of groups (and more generally inverse semigroups) where for the complement
the properties of having finitely many relative #-, .Z- or s -classes are all equiv-
alent conditions. The following example (and its dual) shows that for arbitrary
semigroups such a weakening of the hypotheses is not possible.

Example 4.4. Let S be the semigroup, with a zero element 0 and an identity 1,
defined by the following presentation:
(a,b,b c|la>=c=0,ba=bla=ca=cb=cb' =0, bb~' =b"1b=1).
It is easily seen that a set of normal forms for the elements of S is:
N ={0}u{at'c" i,k € {0,1},5 € Z}.

From this it follows that this semigroup is isomorphic to the semigroup of triples
S = Zo X Z x Ze U {0} with multiplication:

(u,v+e f) fw=d=0
0 otherwise.

(u, v, w)(d, e, f) = {

Clearly S is generated by A = {(1,0,0),(0,1,0),(0,0,1),(0,—1,0)}. Now define:
T={(z,y,2) € S:2z>z}U{0},

where {0,1} is ordered in the usual way 0 < 1. So T contains all triples except
those of the form (1,4,0). Let (x1,y1,21), (T2, Y2, 22) € T be arbitrary. Then

(1,91 +y2,22) ifz1 =22=0
(T1,91,21) (72, Y2, 22) = .
0 otherwise,

and in the first of these two cases (z1,y1 + y2,22) € T since zo > 21 = 0. It
follows that T is a subsemigroup of S. Now S\ T has a single relative %Z-class since
S\T ={(1,4,0): i € Z} and

(177;70)(07j - 170) = (]-ujv 0)

On the other hand, T is not finitely generated since the elements in the set {(1,7,1) :
j € Z} cannot be properly decomposed in 7', as:

(‘Tlv Y1, Zl)(l’g, Y2, 22) = (17ja 1)
(where (x;,y:,2;) # (1,7,1)) implies that 1 = 1, 20 = 1 and 2y = 22 = 0. But
then (z1,y1,21) = (1,41,0) ¢ T which is a contradiction.
In conclusion, S is finitely generated, S\ T has finitely many relative %-classes,
but T is not finitely generated.

Before giving the next example we introduce a construction which will be used
several times throughout the paper. It is a special case of the well known strong
semilattice of semigroups, where the underlying semilattice is just a 2-element chain;
see [27, Chapter 4] for details of the general construction.

Definition 4.5. Let T and U be semigroups and let ¢ : T — U be a homomor-
phism. From this triple we construct a monoid S = S(T,U, ¢) where S = TUU
and multiplication is defined in the following way. Given z,y € S if z,y € T then
we multiply as in T7; if x,y € U then we multiply as in U; if x € T and y € U then
take the product of ¢(z) and y in U; if ¢ € U and y € T then take the product of
x and ¢(y) in T.
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Another natural way that one might consider weakening the hypotheses of The-
orem 4.3 would be to replace the condition that there are finitely many relative
H-classes in S\ T with the weaker property that there is a finite subset C' of S
such that

(15) Vs € S,Jce C,3t,t' €T :s=ct =tc

The following example shows that Theorem 4.3 cannot be proved under this weaker
assumption.

Example 4.6. Let M be a monoid finitely generated by a set A, and with a two-
sided ideal R and suppose that, as a two-sided ideal, R is not finitely generated.
Such examples exist; for example we could take M to be the free monoid on {a,b}
and R to be the two-sided ideal generated by all words of the form ab'a (i € N).
Let M be an isomorphic copy of M with isomorphism:
¢:M— M, mm.
Define S = S(M, M, ¢) and T = M U R where R = {F : 7 € R}.
Then S is finitely generated, by A U {€} where e is the identity of M, and T is

a subsemigroup of S. Also T < S satisfies condition (15) with C' = {e, €}, since for
all s € S

es = se ifseMCT

S =
em=me ifs=mforsomeme M CT.

However, T is not finitely generated. Indeed, if T were finitely generated then there
would be a finite subset X of R satisfying T = (M U X). Then for every r € R
we could write 7 € T as a product of elements of M U X where, since M < T,
this product would need to have at least one term from X. Thus we would have
7 = azf for some x € X and «, 3 € T' and applying ¢! it would follow that, in
M, X generates R as a two-sided ideal. Since X is finite, this would contradict the
original choice of R.

5. GENERATORS FOR THE SCHUTZENBERGER GROUPS

As above, let S be a semigroup and let T' be a subsemigroup of S. In this section
we show how generating sets for the T-relative Schiitzenberger groups in S may be
obtained from generating sets of T'.

Fix an arbitrary relative J#-class H of S and fix a representative h € H. We
do not insist here that H is a subset of the complement S\ 7', and thus allow the
possibility that H C T (meaning that H is just an s#-class of T in the classical
sense). Let Stab(H) < T be the stabilizer of H, let v be the Schiitzenberger con-
gruence and I' = Stab(H)/v be the corresponding relative Schiitzenberger group.
Let {H) : A € A} be the collection of all s#-classes in the %Z-class of H. By
Proposition 2.1(ii) we can choose elements py,p) € 7" such that

Hpy = Hy, hipapy = h1, hop\pr =h2, (A€ A, hy € H, hy € Hy).
Also we assume that A contains a distinguished element \; with
Hy, =H, py :p’/\1 =1.
We can define an action of 7" on the set A U {0} by:
N {u if A\ peA& Hyt=H,
0 otherwise.

In the classical (non-relative) case generating sets for Schiitzenberger groups may be
obtained from a generating set of the containing monoid by adapting the classical
method in group theory for computing Schreier generators (see [36, Chapter II]) for
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a subgroup (this may be found implicitly in Schiitzenberger’s original papers [50],
[51], and explicitly in [48]). In the following we record the easy generalisation of
that result to the relative setting (the original classical results may be obtained by
setting S =1T).

Theorem 5.1. Let S be a semigroup, let T be a subsemigroup of S generated by
a set B, and let H be an arbitrary T-relative € -class of S. Then the relative
Schiitzenberger group T =T(H) of H is generated by:

X ={(pabP\p)/v: A€ A, be B, A-b#0}.

In particular, if T is finitely generated, and the relative Z-class of H contains only
finitely many relative F€-classes, then I is finitely generated.

Proof. First we prove that with

F/ = {(p)\tp/)\t)/’y : )\GA, tGT, )\f?é()}
we have I' =I". On one hand, given (patp) ,)/v € I' since:
Hp/\tpl)\,t = H/\tp&.t = H)\-tp/)\.t =H
it follows that pxtp)., € Stab(H), the stabilizer of H, and therefore I" is well-
defined and IV C T'. On the other hand, given v/ € T since Hv = H it follows
that \; - v = Ay and therefore that v/y = (px,vp), )/y € T', and ' C T".
To finish the proof we must show that an arbitrary element g = (patph.,)/y € I”
can be written as a product of generators from X. Write ¢t = b1 ...b,, (b; € B). We
proceed by induction on m. If m = 1 we have g € X. Now let m > 1 and assume

that the result holds for all smaller values. Let ¢« = b; and uw = by...b,,. Now we
have:

g = (patph.)/v
= (paaup) 4,)/7
= (PAGP,\ P aupo\ @) )/ (by definition of py.q)
= (pxaph.o) /7 (Px-aUP(.0).)/7  (sinCE PAGD o Pr-atiP(y.q)., € T)
e (X) (by induction).
The last part of the theorem follows since if B is finite and A is finite then X is
finite. [l

Combining this result with Theorem 4.3 we obtain the following.

Theorem 5.2. Let S be a semigroup, let T be a subsemigroup of S with finite
Green index, and let {H; : i € I} be the T-relative J-classes in the complement
S\T. Then S is finitely generated if and only if T is finitely generated, in which
case all the relative Schiitzenberger groups I'(H;) are finitely generated as well.

6. BUILDING A PRESENTATION FROM THE SUBSEMIGROUP AND
SCHUTZENBERGER GROUPS

Given a semigroup S and a subsemigroup 7', in this section we show how one can
obtain a presentation for S in terms of a given presentation for 7" and presentations
for all the relative Schiitzenberger groups of S\ 7. In the case that the Green index
of T in S is finite we shall see that finite presentability is preserved.

A (semigroup) presentation is a pair P = (A|R) where A is a an alphabet and
R C AT x AT is a set of pairs of words. An element (u,v) of R is called a relation
and is usually written u = v. We say that S is the semigroup defined by the
presentation P if S = AT /n where 7 is the smallest congruence on A™ containing
R. We may think of S as the largest semigroup generated by the set A which
satisfies all the relations of 8. We say that a semigroup S is finitely presented if it
can be defined by (A|R) where A and R are both finite.
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Let S be a semigroup defined by a presentation (A|R), where we identify S with
AT /n. We say that the word w € AT represents the element s € S if s = w/n.
Given two words w,v € AT we write w = v if w and v represent the same element
of S and write w = v if w and v are identical as words.

We continue to follow the same notation and conventions as in previous sections,
so S is a semigroup, T is a subsemigroup, and I'; = Stab(H;)/v; = T'(H;) (i € I)
are the Schiitzenberger groups of the T-relative J#-classes in S\ T. As above we
also assume 1 ¢ I and follow the convention H; = {1} and hy = 1 where 1 is the
external identity adjoined to S.

Let (B|Q) be a presentation for T'and 3 : BT — T be the natural homomorphism
associated with this presentation (mapping each word to the element it represents).
Next define A = BU{d; : i € I} and extend 8 to a : AT — S given by extending

the map
o) = B(a) TfaeB '
h; if a = d; for some i € I

to a homomorphism. It follows from Theorem 4.1 that « is surjective. We also
introduce the symbol d; which we use to denote the empty word.

For every i € I let (C;|W;) be a (semigroup) presentation for the group I'; and
let & : C;F — T'; be the associated homomorphism. By Proposition 2.2(iv), for all
i,j € I if h;ZTh; then Stab(H;) = Stab(H;) and I'(H;) = I'(H;). Therefore we
may suppose without loss of generality that for all 4,5 € I:

higThj = Cz':Cj &Wz:WJ

(16) (h“hJ)QXT = CiﬁCjZQ&WiﬂWjZQ.

For every letter ¢ € C; (i € I) we have
&(C) el;, = Stab(HZ)/%

Since Stab(H;) € T and 3 : B — T is surjective there exists a word (c) € BT
with ﬂ(@(c)) € Stab(Hz-) and

B(&i(e)) /v = & (o).

This defines a family of mappings &, : C; — B (i € I), which when taken together
define a mapping from C' = (J,c; C; to BT, which in turn extends uniquely to a
homomorphism £ : C* — BT. For i € I define §; = £ [+, the restriction of £ to

the set C’;r C C*. Since §8 and &; are homomorphisms, and «; is a congruence, the
mapping ; satisfies:
B(&(w))/vi = &(w)
for all w € C’i+ .
In order to write down our presentation for S we need to lift the mappings p, A,
o and 7 introduced in Section 3 from elements of S to words, in the obvious way.

Abusing notation we shall use the same symbols for these liftings. Thus, considered
as mappings on words, we have

prA* x TV —T',  X:T'x A* — I,
o:A*xI' = B*, 7:I'x A* — B*,

where
P if € H, it by H,
p(w,i) = Jj %a(w)hze I Aiw) = J %hla(w)e f
1 if a(w)h; €T, 1 if hya(w) € T,
a(w)h; = hy@palo(w,i)), hia(w) = a(7(i,w))hxgw)-
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Theorem 6.1. Suppose that T is a subsemigroup of S, and that (B | Q) is a
presentation for T. With the remaining notation as above, S is defined by the
presentation with generators A = B U {d;|i € I} and set of defining relations Q
together with:

(17) ad;  =dyano(a,i) (a€Aiel"),
(18) djb = T(jv b)dk(jﬁ) (b € Ba.] € Il)a
(19) di&(u) = di€(v) (i €I, (u,v) € Wy).

In particular if T has finite Green index in S, and all of the Schiitzenberger groups
T'; are finitely presented, then S is finitely presented.

Proof. The defining relations @ and (17)—(19) clearly all hold. We want to show
that any relation w; = ws (w1, ws € AT) that holds in S is a consequence of these
relations.

Consider the word w; and transform it using our defining relations as follows.
First write wq = wid;. Then use relations (17) to move dy through the word wq
from right to left, one letter at a time. We obtain a word d;w} where w] € B*
and the subscript 7 is computed by the algorithm given in Lemma 3.2’. Next, use
relations (18) to move d; through w/| from left to right, one letter at a time, to
obtain a word w{d; where w{ € BT and d; is computed by the algorithm given in
Lemma 3.2.

If a(wy) € T we have j = 1 by Lemma 3.2(ii), and so we have transformed
wy into a word wy € BT. The same process applied to wy would then give a
word wj € B*. Since (B|Q) is a presentation for T, the relation w{ = w} is a
consequence of @), and so w; = ws is a consequence of the relations in this case.

Now consider the case a(wy) = a(ws) ¢ T. In this case, applying Lemma 3.2(i)
shows that h; = a(d;)Za(w;). Using relations (17) once more, we rewrite w{'d;
into diwy’. This time Lemma 3.2'(iii) applies, and so hy = «a(d)#a(w1). Fur-
thermore, because a(d;)-ZLa(wr)# a(dy), it follows that all the intermediate d;
appearing in this rewriting also satisfy a(d;)-Za(w1), and so C; = Cy by (16).
Thus all o(b,1) arising from applications of (17) are in the image of &, and, since
& is a homomorphism it follows that w{’ = & (w1) = (w;) for some w; € C}f.
The same process applied to ws rewrites it into a word d,.£(ws). From

h1 = a(d,)Ha(ws) = alwy)Ha(dy) = hg
it follows that r = k, and w, € C’,j.

From a(w;) = a(ws) we have hpa(€(w;)) = hra(£(Ws)), and so
(a(€(@1)), a(é(@2))) € Yr-

Since (Cy|Wy) is a presentation for 'y, it follows that w; = W, is a consequence of
the relations Wy. So, Wy can be obtained from w; by applying relations from W.
We shall now show that this can be translated into a sequence of applications of
the relations (18) and (19) transforming di&(wy) into di&(ws).

Clearly it is sufficient to consider the case where ws is obtained from w; by a
single application of a relation from Wy, so:

wy = zuy, wWa =azvy, z,y€ Cr, (u=1v) € W.
There is a sequence of applications of (18) transforming d&(x) into zd; where
z € B*. Moreover, since z € C/, it follows that a(£(x)) € Stab(Hy) and so
a(dé(@)) A a(dy),
implying ¢t = k. Now applying (19) we obtain:

dr€(W1) = dg(2)E(w)E(y) = 2dr€(w)E(y) = 2du€(v)E(y) = di€(2)E(v)E(y) = di€(W2),
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thus completing the proof of the theorem. O

At present we do not know how to obtain ‘nice’ presentations in the converse
direction. In particular, we pose:

Question 6.2. Let T be a subsemigroup of finite Green index in a semigroup S.
Supposing that S is finitely presented, is it true that: (i) T is necessarily finitely
presented? (ii) All T-relative Schiitzenberger groups of #7T-classes in S\ T are
necessarily finitely presented?

If the answers are affirmative, the proof is likely to involve a combination of the
methods used in the classical Reidemeister—Schreier theory for groups, those for
Rees index [47], and Schiitzenberger groups [48]. A major obstacle at present is
the nature of the rewriting process employed in the proof of Theorem 5.2, whereby
a word is first rewritten from left to right, and then once again from right to left.
This is in contrast with the rewritings employed in all the other contexts mentioned
above, which are all essentially ‘one-sided’.

In the remainder of this section we give some corollaries, examples and further
comments concerning Theorem 6.1

To begin with, note that Theorem 6.1 applies when the complement is finite, in
which case all of the relative Schiitzenberger groups I'; are finite and hence finitely
presented, so we recover the following result, originally proved in [47].

Corollary 6.3 ([47, Theorem 4.1]). Let S be a semigroup and let T be a sub-
semigroup of S with finite Rees index. If T is finitely presented then S is finitely
presented.

In Example 6.5 and Theorems 6.6, 6.8 below we will make use of the construction
S(U,V, ¢), introduced in Definition 4.5. But first we record the following properties
of this construction; the proofs are straightforward and are omitted:

Lemma 6.4. Let ¢ : T — U be a surjective homomorphism of semigroups, and
let S=8(T,U,¢).
(i) T<S and S\T=U.
(ii) The relative ZT -classes, LT -classes and A -classes in U are precisely %-
classes, £ -classes and € -classes respectively of U.
(iii) The T-relative Schiitzenberger group of an T -class H C U is isomorphic to
the Schitzenberger group of H.

We now proceed to exhibit an example which shows that the the condition of
finite presentability on the relative Schiitzenberger groups in Theorem 6.1 cannot
be dropped.

Example 6.5. Let G be a finitely presented group which has a non-finitely pre-
sented homomorphic image H, and let ¢ : G — H be an epimorphism. (H can
be chosen to be any finitely generated, non-finitely presented group, say with r
generators, and G to be free of rank r.) Let S = S(G, H,¢). By Lemma 6.4, G
has Green index 2 in S. On the other hand, S is not finitely presented. To see this
one can check the easy facts that H is a retract of S, and that finite presentability
is preserved under retracts (see also [46]). Alternatively one can apply results on
strong semilattices of monoids from [2].

As another application of Theorem 6.1, we obtain a rapid proof of the following
result from [48]:

Theorem 6.6 ([48, Corollary 3.3]). Let S be a semigroup with finitely many left
and right ideals. If all Schiitzenberger groups of S are finitely presented then so is
S.
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Proof. Let {H; : ¢ € I} be the set of all s#-classes of S where for each i € I,
h; € H; is a fixed representative and I'; = T'(H;) denotes the Schiitzenberger group
of H;. Suppose that all the Schiitzenberger groups of S are finitely presented. In
particular they are all finitely generated and from this it easily follows that S itself
is finitely generated. Indeed, for each ¢ € I we may fix a finite subset A; of Stab(H;)
satisfying (A;/7;) = I';. Then it is easily seen that

A=(JA)ufhi:ierny
iel
is a finite generating set for S.

Now let W = S(F, S, ¢) where F' is an appropriate free semigroup of finite rank.
Since S has only finitely many .7#°-classes and all the Schiitzenberger groups are
finitely presented, by Lemma 6.4 if follows that F' is a subsemigroup of W with
finite Green index and with all the F-relative Schiitzenberger groups of .7-classes
in W\ F = S finitely presented. Since F is free of finite rank, and hence is
finitely presented, it follows from Theorem 6.1 that W is finitely presented. As in
Example 6.5 this implies that S is finitely presented, since S is a retract of W. [O

We end this section by observing that the same trick used in the previous theorem
may be applied to recover the corresponding result (originally proved in [20]) for
residual finiteness, by using the following result from [19]:

Proposition 6.7 ([19, Theorem 20]). Suppose T is a subsemigroup of finite Green
index in a semigroup S. Then S is residually finite if and only if T and all the
T-relative Schitzenberger groups of S\ T are residually finite.

Recall that a semigroup S is residually finite if for any pair z,y € S of distinct
elements there exists a homomorphism ¢ from S into a finite semigroup such that
x¢ # y¢. Clearly this is equivalent to the existence of a congruence with finitely
many classes separating x from y.

Theorem 6.8 ([20, Theorem 7.2]). Let S be a semigroup with finitely many left
and right ideals. Then S is residually finite if and only if all of the Schiitzenberger
groups of S are residually finite.

Proof. Let ¢ : F — S be an epimorphism from a (not necessarily finitely generated
this time) free semigroup onto S, and let W = S(F, S, ¢). It is not hard to see that
W is residually finite if and only if S is residually finite. The direct part of this
claim is trivial since S is a subsemigroup of W. For the converse, given z,y € W
with & # y we have the following possibilities: If z € F and y € S (or vice versa)
then the congruence with two classes F' and S separates = from y. If x,y € F
then we may identify all the elements in S and apply the fact that F' is residually
finite to separate x from y with a finite index congruence. Finally, if z,y € S then
since S is residually finite there is a finite index congruence ¢ on S separating x
from y, and this may be extended to a finite index congruence on W by taking the
preimage of o under ¢, completing the proof of our assertion.

On the other hand since F' has finite Green index in W, and F' is residually finite,
it follows from Proposition 6.7 that W is residually finite if and only if all of the
F-relative Schiitzenberger groups of s#F-classes in S are residually finite. But by
Lemma 6.4 these are precisely the Schiitzenberger groups of S, and this completes
the proof of the theorem. O

7. MALCEV PRESENTATIONS

In the previous section we outlined the difficulties, related to the specific na-
ture of our rewriting process, that at present prevent us from proving that finite



14 GREEN INDEX IN SEMIGROUPS

presentability is preserved when passing to subsemigroups of finite Green index.
In this section we prove such a result for so-called Malcev presentations, which are
presentations of semigroups that can be embedded into groups. (For a survey of the
theory of Malcev presentations, see [9].) We do this by dispensing with rewriting
altogether, and using properties of universal groups instead.

A congruence o on a semigroup S is said to be a Malcev congruence if S/c is
embeddable in a group. If {o; : i € I'} is a set of Malcev congruences on S, then
0 = [);c; i is also a Malcev congruence on S. This is true because S/o; embeds
in a group G; for each i € I, so S/o embeds in [[,.;S/0;, which in turn embeds
in HiEI G7

Let AT be a free semigroup; let p € AT x A* be any binary relation on A*. Let
pM denote the smallest Malcev congruence containing p — namely,

el

pM = ﬂ {a 10 2 p, ois a Malcev congruence on A+} .

Then (A | p) is a Malcev presentation for (any semigroup isomorphic to) A*/p™.
The main result of this section (generalising [10, Theorem 1]) is:

Theorem 7.1. Let S be a group-embeddable semigroup, and let T be a subsemigroup
of finite Green index in S. Then S has a finite Malcev presentation if and only if
T has a finite Malcev presentation.

The proof of Theorem 7.1 is at the end of the section. We begin by recalling the
concept of universal groups of semigroups and their connection to Malcev presen-
tations. For further background on universal groups refer to [15, Chapter 12]; for
their interaction with Malcev presentations, see [8, §1.3].

Let S be a group-embeddable semigroup. The universal group U of S is the
largest group into which S embeds and which S generates, in the sense that all other
such groups are homomorphic images of U. The concept of a universal group can
be defined for all semigroups, not just those that are group-embeddable. However,
the definition above will suffice for the purposes of this paper. The universal group
of a semigroup is unique up to isomorphism.

Proposition 7.2 ([15, Construction 12.6]). Let S be a group-embeddable semi-
group. Suppose S is presented by (an ordinary semigroup presentation) (A | p) for
some alphabet A and set of defining relations p. Then the group defined by the
presentation (A | p) is [isomorphic to] the universal group of S.

The following two results show the connection between universal groups and
Malcev presentations. The proof of the first result is somewhat long and technical;
the second is a fairly direct corollary of the first.

Proposition 7.3 ([8, Proposition 1.3.1]). Let S be a semigroup that embeds into
a group. If (A | p) is a Malcev presentation for S, then the universal group of S is
presented by (A | p) considered as a group presentation. Conversely, if (A| p) is a
presentation for the universal group of S, where A represents a generating set for
S and p C AT x A, then (A | p) is a Malcev presentation for S.

In other words, Malcev presentations for S are precisely group presentations for
its universal group involving no inverses of generators.

Proposition 7.4 ([8, Corollary 1.3.2]). If a group-embeddable semigroup S has a
finite Malcev presentation, then its universal group G is finitely presented. Con-
versely, if the universal group of S is finitely presented and S itself is finitely gen-
erated, then S admits a finite Malcev presentation.

Our strategy in proving Theorem 7.1 relies on a dichotomy: either S and T are
both groups, in which case the problem reduces to the finite presentability of groups,
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or else S and T have isomorphic universal groups. The key technical observation is
the following:

Lemma 7.5. Let G be a group, let S be a subsemigroup of G, and let T be a
subsemigroup of finite Green index in S. Then either T is a group or for any
s € S\ T there erist ug, v, ws, s € T with s = usvy! and s = w;'x, in G.

Proof. Let J be the group of units of T, if T" is a monoid, and otherwise set J = @.
If J = T there is nothing to prove; so suppose T' # J. Let s € S\ T. Pick any
t € T\ J and consider the elements s, st,st?,.... Since T has finite Green index
in S, either we have st’ € T for some i, or else st'%Zst/ for some i < j. If st* € T
the elements us = st' and v, = t* belong to T and satisfy usv;' = s. On the
other hand, if st'’%st? then there exists u € S! such that st/u = st’, which implies
t/~iy = 1, and contradicts the assumption ¢ ¢ J. Similar reasoning using . yields
ws and Tg. O

Any finite cancellative semigroup is a group, so for the class of cancellative
semigroups the property of being a group is a finiteness condition. The following
result shows that for cancellative semigroups this property is preserved when taking
finite Green index subsemigroups or extensions.

Proposition 7.6. Let S be a cancellative semigroup and let T be a subsemigroup
with finite Green index in S. Then S is a group if and only if T is a group.

Proof. In [19, Theorem 5.1 & Proposition 5.3] it is shown that T is a group if S is
a group.

For the converse, suppose that 7" is a group, say with identity element e. Since
S is cancellative and e is an idempotent, e is a two-sided identity in S. Therefore S
is a monoid and 7T is a subgroup of the group of units of S. Let s € S be arbitrary.
We claim that s* € T for some 4 € N. Otherwise, since the Green index is finite
there would exist i < j with s°’%#7s/, implying s’ = s't for some t € T which by
left cancellativity yields s~% = t € T, a contradiction. Therefore s* belongs to
the group of units of S for some i € N which is clearly only possible if s itself is
invertible. Thus every element is invertible and we conclude that S is a group. O

Corollary 7.7. Let G be a group, let S be a subsemigroup of G, and let T be a
subsemigroup of finite Green index in S. Then T is a group if and only if S is a
group.

Theorem 7.8. Let S be a group-embeddable semigroup, and let T be a subsemigroup
of finite Green index. Then either S and T are both groups or S and T have
isomorphic universal groups.

Proof. Let G be the universal group of S and view S and T as being subsemigroups
of G. By Corollary 7.7 either both S and T are groups or neither are groups. In
the former case, the proof is complete. In the latter case, Lemma 7.5 says that
every element of S\ T" can be expressed as a right or left quotient of elements of T'.
The proof of [10, Theorem 3.1] thus applies to show that the universal group of T
is isomorphic to G. O

The following is now immediate:

Corollary 7.9. Let S be a group-embeddable semigroup, and let T be a subsemi-
group of finite Green index. Let G and H be the universal groups of S and T
respectively. Then G contains a subgroup of finite index isomorphic to H.

We are now in a position to prove our main result of this section.
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of Theorem 7.1. Let G and H be the universal groups of S and T, respectively.
By Corollary 7.9, H is a finite index subgroup of G; hence, by the Reidemeister—
Schreier Theorem [36, §I1.4], G is finitely presented if and only if H is finitely
presented. Furthermore, from Theorem 4.3 above S is finitely generated if and
only if T is finitely generated.

Now, by the observations in the foregoing paragraph and by using Proposition 7.4
twice, one sees that:

S has a finite Malcev presentation

<= S is finitely generated and G is finitely presented
<= § is finitely generated and H is finitely presented
<= T is finitely generated and H is finitely presented
<= T has a finite Malcev presentation. O

Remark 7.10. It is natural to ask whether preservation of finite presentability
when passing to subsemigroups of finite Green index holds for other types of pre-
sentations, e.g. presentations of cancellative semigroups, left or right cancellative
semigroups, or inverse semigroups. The corresponding results for finite Rees index
are known ([10, Theorems 2, 3] and [3, Theorem 1.2]), but rely on the result for the
‘ordinary’ presentations [47, Theorem 1.3]. Consequently, for Green index, these
results either have to wait for a positive solution to Problem 6.2, or else entirely
new methods are required.

The method of proof used above reduces either to the case where S and T are
both groups, or to the case where, as for finite Rees index, every element of S can
be expressed as a right or left quotient of 7. In light of this, one might suspect
that perhaps finite Green index for group-embeddable semigroups reduces either
to finite group index or to finite Rees index. The following example dispels these
suspicions:

Example 7.11. Let n € N. Let S =Z x (NU{0}) and let T =Z x (NU{0}) —
{1,...,n}). Then S and T are both group-embeddable and T is a subsemigroup of
S. Furthermore,
S—T=Zx{1,...,n}.

Let k € {1,...,n}. Then for any z € Z, the #T-class of (z,k) is Z x {k}. Since S
is commutative, these are the #7 and thus the #7-classes. Therefore there are
only n different ##7-classes in S — 7. Thus T has finite Green index in S. Since
S — T is infinite, T' does not have finite Rees index in S. Furthermore, neither S
nor T are groups.

8. THE WORD PROBLEM

In this section we consider some questions relating to decidability. Recall that
for a semigroup S finitely generated by a set A we say that S has a soluble word
problem (with respect to A) if there exists an algorithm which, for any two words
u,v € AY, decides whether the relation u = v holds in S or not. For finitely
generated semigroups it is easy to see that solubility of the word problem does not
depend on the choice of (finite) generating set for S.

The following result concerning the word problem essentially follows from the
arguments in the proof of Theorem 6.1.

Theorem 8.1. Let S be a finitely generated semigroup with T a subsemigroup of
S with finite Green index. Then S has soluble word problem if and only if T and
all the relative Schiitzenberger groups of S\ T have soluble word problem.

Proof. Assume that T has soluble word problem and that all of the relative
Schiitzenberger groups I'; of S\ T have soluble word problem. By Theorem 5.2, T
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is generated by a finite subset B C T  say, and S = (A) where A= BU{h; :i € I'}.
Theorem 6.1 gives a (possibly infinite) presentation for S but where the sets of
relations (17) and (18) are both finite since A, B and I are all finite.

Let wy,we € A*. As in the proof of Theorem 6.1 using the relations (17) and
(18) we can rewrite wy into a word of the form w{d; where w} € B and similarly
rewrite wy into a word of the form w4d, with wy € B*. By Lemma 3.2(1) wy
represents an element of 7' if and only if j = 1, while ws represents an element of T’
if and only if k= 1. Soif j = 1 and k # 1 (or vice versa) we deduce that w; # ws.
If j = k=1 then w; = w/ € Bt (i =1,2) and w; = wy if and only if w] = w} in
T which can be decided since T has soluble word problem.

The remaining possibility is that j # 1 and k£ # 1 so w; and ws both represent
elements from S\T. Now, again following the argument in the proof of Theorem 6.1
using the relations (17) and (18) we deduce:

w1 = drg(m); w2 = drg(@)

where w1, w3 € C}. Now w; = wo in S if and only if w7 = w5 in the Schiitzenberger
group I'y and this can be decided since I'y, has soluble word problem by assumption.

For the converse, suppose that S has soluble word problem. Then immediately T’
has soluble word problem since it is a finitely generated subsemigroup of S. Finally
let H be a T-relative J#-class in S\ T, with fixed representative h € H. The group
I' = T'(H) = Stab(H)/~ is finitely generated by Theorem 5.1. Let Y be a finite
subset of Stab(H) such that (Y/v) = I'(H). Let wy,ws € (Y/v)* Then w; = w;/vy
where w} € B* (i = 1,2) and w; = we if and only if hw] = hwj) in S which is
decidable since S is assumed to have soluble word problem. O

As with other results in this article, Theorem 8.1 generalises the well-known
classical result from group theory and the corresponding result for finite Rees index
subsemigroups proved in [47]. Just as for Theorems 6.6 and 6.8, Theorem 8.1 may
be used to prove that a finitely generated semigroup with finitely many left and
right ideals has soluble word problem if and only if all of its Schiitzenberger groups
have soluble word problem.

A finitely generated group G has only finitely many subgroups of any given
finite index n. If G is finitely presented, then a list of generating sets of all these
subgroups can be obtained effectively. In [19, Corollary 32] it was shown that the
first of these two facts generalises to semigroups: a finitely generated semigroup has
only finitely many subsemigroups of any given finite Green index n. We now show
that the second statement does not generalise to semigroups and Green index.

Theorem 8.2. There does not exist an algorithm which would take as its input
a finite semigroup presentation (defining a semigroup S) and a natural number n,
and which would return as the output a list of generators of all subsemigroups of S
of Green indez n.

Proof. Let Sy denote S with a zero element 0 adjoined. The Green index of the
subsemigroup {0} in Sy is equal to |Sp \ {0}| = |S|. This observation along with
the argument [49, Theorem 5.5] suffices to prove the theorem. o

9. GROWTH

A (discrete) growth function is a monotone non-decreasing function from N to
N. For growth functions a1, as we write a; < ao if there exist natural numbers
k1,ke > 1 such that a;(t) < kjag(ket) for all ¢ € N. We define an equivalence
relation on growth functions by a1 ~ as if and only if a; < ag and as < a;. The
~-class [a] of a growth function « is called the growth type or just growth of the
function a.



18 GREEN INDEX IN SEMIGROUPS

Let S be a semigroup and let X be a subset of S. Note that we do not insist
here that X generates S. Then for s € S and n € N we define:

?X(s,n) ={sry...0, €S :x;€ X' r<n}

and call this the out-ball of radius n around s with respect to X. For a semigroup
S generated by a finite set A the function

9s :N—=N, gg(m)=|[Ba(l,m)]

is called the growth function of the semigroup S. It is well-known (and easily
proved) that the growth type of a semigroup is independent of the choice of finite
generating set. Also note that if T" is a finitely generated subsemigroup of a finitely
generated semigroup S then gr < gs (since we may take a finite generating set for
S that contains a finite generating set for T'). In general the converse is not true,
but it is in the case that S is a group and T is a subgroup of finite index (this
follows from the more general fact that growth type is a quasi-isometry invariant;
see [16, p115, Section 50]). Here we shall show that this fact is more generally true
for subsemigroups of finite Green index. In fact, the result goes through under
far weaker hypotheses as we now see. The following result is very straightforward
to prove and it is quite likely that it is already known. We include it here for
completeness.

Proposition 9.1. Let S be a semigroup and let T be a subsemigroup of S. Suppose
that T is finitely generated and that there exists a finite subset R of S* with 1 € R
and S' = RT'. Then S and T are both finitely generated and have the same type
of growth.

Proof. Let B C T be a finite generating set for 7" and define A = B U R which is
clearly a finite generating set for S. For ¢t € T let Ig(t) be the shortest length of
a word in BT representing ¢ (i.e. the length of the element ¢ with respect to B).
Now gr < gs since T' < S so we just have to prove gs < gr.

As in Lemma 3.1, for all a;,as € A there exists r = r(a1,a2) € R and p(aq,as2) €
T satisfying:
(20) arag = r(ay,az)p(ar, az).
We claim that with k1 = |R| and ks = max{lp(u(a1,as2)) : a1,a2 € A} we have

9s(n) < kigr(kan)

for all n € N. Indeed, applying (20), given any word a;...a € AT there exists
r € R and p; € {p(ar,a2)) :a1,a2 € A} (i € {1,...,k}) with:

ar...ap =THy ... Ui

(This is proved in much the same way as the first part of Lemma 3.2.) For all
i=1,...,k we have p; € BT and Ig(p;) < k. Tt follows that for all n € N:

(21) E)A(l,n) C U E)B(r, kan).
reR

But for all s € S and m € N clearly we have:
— —
|Bp(s,m)| <|Bp(1,m).
Therefore by (21):
— —
gs(n) =B a(a,n) < |R||B (1, k2n)| = k1gr(kan),
for all n € N. (]
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Corollary 9.2. Let S be a semigroup and let T be a subsemigroup of finite Green
index. Then S is finitely generated if and only if T is finitely generated, in which
case S and T have the same type of growth.

10. AUTOMATICITY

In this section we apply our results concerning generators and rewriting to in-
vestigate how the property of being automatic behaves with respect to finite Green
index subsemigroups. In what follows we will give a very rapid summary of the
basic definitions; for a better paced introduction we refer the reader to [12], [24],
or [8].

Following [17], and unlike the previous sections, throughout this section we will
make a strict distinction between a word over an alphabet and the element of the
semigroup this word represents. Let A be an alphabet representing a generating
set for a semigroup S. If w is a word in A™, it represents an element w in S. If
K C A%, then K denotes the set of elements of S represented by at least one word
in K.

Now suppose A and B are two alphabets, and let $ be a symbol belonging to
neither. Let C' = {(a,b) : a,b € AU{$}} — {(8,$)} be a new alphabet. Define the
mapping § : AT x AT — CT by

(u1,v1) = (Um, V) if m =n,
(ul...um,vl..-’[}n)l—) (u17vl)...(un7vn)(un+17$)...(um7$) 1fm>n,
(ulvvl)"‘(umvvm)($vvm+1)"'($vvn) ifm<n7

where u; € A, v; € B. B
Suppose now that L is a regular language over A such that L = S. For any
w € A*, define the relation

L, = {(u,v) : u,v € L,uw = 7v}.

The pair (A4, L) forms an automatic structure for S if the language L,¢ is regular
for each a € AU {e}. An automatic semigroup is a semigroup that admits an
automatic structure.

Our main result for this section is:

Theorem 10.1. Let S be a semigroup and let T be a subsemigroup of S of finite
Green index. If S is automatic, then T is automatic.

Proof. Suppose that S admits an automatic structure (A, L). All the notation fixed
in Section 3 will remain in force throughout this proof. The goal is to construct an
automatic structure for 7. The proof is based on the rewriting technique given in
Lemma 3.2 and Theorem 4.3 above.

In Theorem 4.3 we proved that the set

(22) {r(i,0(@,j)):i,j €', ac A}

generates T. More precisely, we proved that an element @y as...a, € T, where
a; € A, can be re-written as
?1@ cee ﬁ = T(jla U(aih il))T(j27 0’(@7 Z2)) e T(jn7 0’(@7 ’L’I’L))7

where the indices iy, jr are computed by the following recursion:

(i) i, =1,

ii) ig—1 = p(ag,ix) for k=n,n—1,...,2
( 11) jl = p(ail,il)a
(V) Ji41 = A(jl70(ﬁl,jl)) fori=1,2,...,n—1,
V) A(n, o (@n,in)) = 1.

§
(
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Let us introduce a new alphabet representing the elements of (22):
B = {bj,a,i : Z,_] € Il, a e A}, bj,a,i = T(j,J(a,i)).
Let R C A* x BT be the relation consisting of pairs of strings

(23) (ala? ©rQp, bjlaalsilij’GZ’i2 T bjman,in)

such that the properties (i)—(v) above are satisfied. Notice in particular the corre-
spondence between the letters of a; and the middle subscripts of the letters b;, 4, i,
in (23). It is clear that the set of pairs of all strings (23) — or rather the image of this
under § — is regular. An automaton recognizing this set can easily be adapted to
check the properties (i)—(v): conditions (i), (iii), and (v) are all single ‘local’ checks,
and conditions (ii) and (iv) require only that the automaton store the subscripts
from the previously read letter of B. Thus the language RJ is regular.
We now have:

(vi) If w € AT represents an element of T', then there is a unique string v € BT
with (u,v) € R and uw = 7.
(vii) If v = bj; 01,61 0jasam,is ** * Djnsam,in € BT satisfies conditions (i)—(v), then there
is a unique string u € A" with (u,v) € R.
(viii) If (u,v) € Rthenw =7 andsouw e T.
Let M = {ve B*:(Ju € L)((u,v) € R)}. The aim is now to show that (B, M)
is an automatic structure for 7'. Clearly, the language M maps onto 7'.
Let b € B. Let w € AT be such that @ = b. The language L,,¢ is regular by [12,
Proposition 3.2]. The language (R~! o L,, o R)§ is thus also regular and

(u,v) € R oL,oR

— u,v € MA(3p,q € L)(u,p) € R"'A(p,q) € Ly A (q,v) € R)
<~ u,veE MA(Bp,qe L(P=uAG=TADW =17)

<~ u,vE MA(Ep,qe L(p=uANg=TAuW="7)

<— uwyveMANuw="1

= u,vE MAUb="7

= (u,v) € M,

Thus M, = R~*oLoR. So M,§ is regular and so (B, M) is an automatic structure
for T g

This theorem provides a common generalisation of the corresponding group the-
oretic result [17, Theorem 4.1.4] (without relying on the geometric ‘fellow traveller’
property) and [26, Theorem 1.1] for Rees index.

A variation of the notion of automatic semigroup is that of an asynchronously
automatic semigroup. Here we require that each relation L, (for a € A U {¢})
is recognised by an asynchronous two-tape automaton; see [24, Definition 3.3] for
details. The proof of Theorem 10.1 carries over verbatim to the asynchrnous case;
the reference to [12, Proposition 3.2] should be replaced by [24, Proposition 2.1(3)].
Thus we have:

Theorem 10.2. Let S be a semigroup and let T be a subsemigroup of S of finite
Green index. If S is asynchronously automatic, then T is asynchronously automatic.

The converses of Theorems 10.1 and 10.2 do not hold. We demonstrate this
by using the following example, which was introduced in [13, Example 5.1] for a
different purpose, viz., to show that a Clifford semigroup whose group maximal
subgroups are all automatic need not itself be automatic:
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Example 10.3. Let F' be the free group on two generators a,b, and let G be
the free product of two cyclic groups of order 2, i.e. G = {(¢,d|c® = d* = 1).
Let ¢ : F — G be the epimorphism defined by a — ¢, b — d. Form the strong
semilattice S = S(F, G, ¢).

Now, F', being a finitely generated free group, is automatic. Furthermore, F' has
finite Green index in S, with G a unique s#-class in S\ F. The Schiitzenberger
group of this J#-class is G, and so is automatic. But in [13, Example 5.1] it is
proved that S is not automatic. We will actually go further and show S is not even
asynchronously automatic.

Suppose for reductio ad absurdum that (A, L) is an asynchronous automatic
structure for S. Let Ap ={a€ A:a€ F}. Let Lp = LN(Ar)* and Lg = L\ Lp.
Then Lg = G. Choose a representative w € Lg of the identity 1o of G. Construct
the rational relation L,. Let K = {u : (u,w) € L,}; then K is regular and
represents all those elements s of S with slg = 1. Therefore, by the definition of
S we have K = {1} U (1g¢~1). Let J = {u: (u,w) € L.}. Then J is regular and
consists of all elements of L that represent 1. Thus K\ J is regular and represents
the kernel (in the group-theoretical sense) of ¢. Thus this kernel, K — J, is a
rational subset of the free group F. But it is thus a non-trivial normal rational
subgroup of infinite index in F', which is a contradiction by [18, Corollary 4] and
[31, Theorem 1].

Remark 10.4. There are other possible definitions of automaticity depending on
which side generators act, and on which side the padding symbols are placed; see
[25]. Straightforward modification of the above argument yields the corresponding
results for each of them.

ACKNOWLEDGEMENTS

We thank Simon Craik and Victor Maltcev for useful discussions during the
preparation of this paper.

REFERENCES

[1] J.-C. Anscombre. Sur une extension du lemme de Green. Atti Accad. Naz. Lincei Rend. CI.
Sci. Fis. Mat. Natur. (8), 55:650-656 (1974), 1973.

[2] I. M. Aratjo, M. J. J. Branco, V. H. Fernandes, G. M. Gomes, N. Ruskuc. On generators
and relations for unions of semigroups Semigroup Forum, 63(1):49-62, 2001.

[3] 1. M. Aratjo, N. Ruskuc and P. V. Silva, Presentations for inverse subsemigroups with finite
complement, submitted.

[4] J. Behrstock, and D. Margalit. Curve complexes and finite index subgroups of mapping class
groups. Geom. Dedicata, 118:71-85, 2006.

[5] G. M. Bergman. The index of a group in a semigroup. Pacific J. Math., 36:55-62, 1971.

[6] K. S. Brown. Cohomology of groups, volume 87 of Graduate Texts in Mathematics. Springer-
Verlag, New York, 1982.

[7] J. Burillo, S. Cleary, and C. E. Rover. Commensurations and subgroups of finite index of
Thompson’s group F. Geom. Topol., 12(3):1701-1709, 2008.

[8] A. J. Cain. Presentations for Subsemigroups of Groups. Ph.D. Thesis, University of St An-
drews, 2005.

9] A. J. Cain. Malcev presentations for subsemigroups of groups—a survey. In C. M Camp-
bell, M. R. Quick, E. F. Robertson, and G. C. Smith, editors, Groups St. Andrews 2005.
Vol. 1, pages 256-268. London Math. Soc. Lecture Note Ser., 339, Cambridge Univ. Press,
Cambridge, 2007.

[10] A. J. Cain, E. F. Robertson, and N. Ruskuc. Cancellative and Malcev presentations for finite
Rees index subsemigroups and extensions. J. Aust. Math. Soc., 84(1):39-61, 2008.

[11] C. M. Campbell, E. F. Robertson, N. Ruskuc, and R. M. Thomas. On subsemigroups of
finitely presented semigroups. J. Algebra, 180(1):1-21, 1996.

[12] C. M. Campbell, E. F. Robertson, N. Ruskuc, and R. M. Thomas. Automatic semigroups.
Theoret. Comput. Sci., 250(1-2):365-391, 2001.



22

(13]
(14]
(15]
(16]
(17]
(18]
(19]
20]

(21]
[22]

23]
[24]

[25]
[26]
27]
(28]
[29]
(30]
(31]
(32]
33]
(34]
(35]
(36]

(37]

(38]

(39]
[40]
[41]

42]

GREEN INDEX IN SEMIGROUPS

C. M. Campbell, E. F. Robertson, N. Ruskuc, and R. M. Thomas. Automatic completely
simple semigroups. Acta Math. Hungar., 95(3):201-215, 2002.

C. E. Clark and J. H. Carruth. Generalized Green’s theories. Semigroup Forum, 20(2):95-127,
1980.

A. H. Clifford and G. B. Preston. The Algebraic Theory of Semigroups (Vol. IT). Number 7
in Mathematical Surveys. American Mathematical Society, Providence, R.I., 1967.

P. de la Harpe. Topics in geometric group theory. Chicago Lectures in Mathematics. Univer-
sity of Chicago Press, Chicago, IL, 2000.

D. B. A. Epstein, J. W. Cannon, D. F. Holt, S. V. F. Levy, M. S. Paterson, and W. P.
Thurston. Word Processing in Groups. Jones & Bartlett, Boston, Mass., 1992.

C. Frougny, J. Sakarovitch, and P.E. Schupp, Finiteness conditions on subgroups and formal
language theory, Proc. London Math. Soc. 58: 74-88, 1989.

R. Gray and N. Ruskuc. Green index and finiteness conditions for semigroups. J. Algebra,
320(8):3145-3164, 2008.

R. Gray and N. Ruskuc. On Residual Finiteness of Monoids, their Schutzenberger Groups
and Associated Actions. (submitted) 2009.

J. A. Green. On the structure of semigroups. Ann. of Math. (2), 54:163-172, 1951.

R. I. Grigorchuk. Semigroups with cancellations of degree growth. Mat. Zametki, 43:305-319,
428, 1988.

F. Haglund. Finite index subgroups of graph products. Geom. Dedicata, 135:167-209, 2008.
M. Hoffmann, D. Kuske, F. Otto, and R. M. Thomas. Some relatives of automatic and hyper-
bolic groups. In G. M. S. Gomes, J. E. Pin, and P. V. Silva, editors, Semigroups, Algorithms,
Automata and Languages (Coimbra, 2001), pages 379-406. World Scientific Publishing, River
Edge, N.J., 2002.

M. Hoffmann and R.M. Thomas. Notions of automaticity in semigroups. Semigroup Forum
66 (2003), 337-367.

M. Hoffmann, R. M. Thomas, and N. Ruskuc. Automatic semigroups with subsemigroups of
finite Rees index. Internat. J. Algebra Comput., 12(3):463-476, 2002.

J. M. Howie. Fundamentals of Semigroup Theory, volume 12 of London Mathematical Society
Monographs (New Series). Clarendon Press, Oxford University Press, New York, 1995.

A. Jura. Coset enumeration in a finitely presented semigroup. Canad. Math. Bull., 21(1):37—
46, 1978.

A. Jura. Determining ideals of a given finite index in a finitely presented semigroup. Demon-
stratio Math., 11(3):813-827, 1978.

A. Jura. Some remarks on nonexistence of an algorithm for finding all ideals of a given finite
index in a finitely presented semigroup. Demonstratio Math., 13(2):573-578, 1980.

A. Karass and D. Solitar, Note on a theorem of Schreier, Proc. Amer. Math. Soc. 8: 696-697,
1957.

E. Katsuya, and V. Matijevié¢. Finite index supergroups and subgroups of torsionfree abelian
groups of rank two. J. Algebra, 319(9):3567-3587, 2008.

G. Lallement. Semigroups and combinatorial applications. John Wiley & Sons, New York-
Chichester-Brisbane, 1979. Pure and Applied Mathematics, A Wiley-Interscience Publication.
S. A. Linton, G. Pfeiffer, E. F. Robertson, and N. Ruskuc. Groups and actions in transfor-
mation semigroups. Math. Z., 228(3):435-450, 1998.

S. A. Linton, G. Pfeiffer, E. F. Robertson, and N. Ruskuc. Computing transformation semi-
groups. J. Symbolic Comput., 33(2):145-162, 2002.

R. C. Lyndon and P. E. Schupp. Combinatorial Group Theory, volume 89 of Ergebnisse der
Mathematik und threr Grenzgebiete. Springer-Verlag, Berlin, 1977.

Wilhelm Magnus, Abraham Karrass, and Donald Solitar. Combinatorial group theory. Dover
Publications Inc., New York, revised edition, 1976. Presentations of groups in terms of gen-
erators and relations.

L. Marki and O. Steinfeld. A generalization of Green’s relations in semigroups. Semigroup
Forum, 7(1-4):74-85, 1974. Collection of articles dedicated to Alfred Hoblitzelle Clifford on
the occasion of his 65th birthday and to Alexander Doniphan Wallace on the occasion of his
68th birthday.

A. Nikolaev, and D. Serbin. Finite index subgroups of fully residually free groups.
arXiv:0809.0938v1.

N. Nikolov, and D. Segal. Finite index subgroups in profinite groups. C. R. Math. Acad. Sci.
Paris, 337(5):303-308, 2003.

N. Nikolov. On subgroups of finite index in positively finitely generated groups. Bull. London
Math. Soc., 37(6):873-877, 2005.

N. Nikolov, and D. Segal. On finitely generated profinite groups. I. Strong completeness and
uniform bounds. Ann. of Math. (2), 165(1):171-238, 2007.



(43]
(44]
(45]
(46]
(47]
(48]
[49]
[50]
[51]

[52]

GREEN INDEX IN SEMIGROUPS 23

N. Nikolov, and D. Segal. On finitely generated profinite groups. II. Products in quasisimple
groups. Ann. of Math. (2), 165(1):239-273, 2007.

F. Pastijn. A representation of a semigroup by a semigroup of matrices over a group with
zero. Semigroup Forum, 10(3):238-249, 1975.

S. J. Pride, and J. Wang. Subgroups of finite index in groups with finite complete rewriting
systems. Proc. Edinburgh Math. Soc. (2), 43(1):177-183, 2000.

X. Wang, S. J. Pride. Second order Dehn functions of groups and monoids. Internat. J.
Algebra Comput. , 10(4):425-456, 2000.

N. Ruskuc. On large subsemigroups and finiteness conditions of semigroups. Proc. London
Math. Soc. (38), 76(2):383-405, 1998.

N. Ruskuc. On finite presentability of monoids and their Schiitzenberger groups. Pacific J.
Math., 195(2):487-509, 2000.

N. Ruskuc and R. M. Thomas. Syntactic and Rees indices of subsemigroups. J. Algebra,
205(2):435-450, 1998.

M. P. Schiitzenberger. D-représentation des demi-groupes. C. R. Acad. Sci. Paris, 244:1994—
1996, 1957.

M. P. Schiitzenberger. Sur la représentation monomiale des demi-groupes. C. R. Acad. Sci.
Paris, 246:865-867, 1958.

A. D. Wallace. Relative ideals in semigroups. II. The relations of Green. Acta Math. Acad.
Sci. Hungar, 14:137-148, 1963.



