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Abstract

The finite generaticn and presentation of Schiitzenberger products of semigroups are investigated. A
general necessary and sufficient condition is established for finite generation. The Schiitzenberger
product of two groups is finitely presented as an inverse semigroup if and only if the groups are finitely
presented, but is not finitely presented as a semigroup unless both groups are finite.

2000 Mathematics subject classification: primary 20M0S5; secondary 20M18.

1. Introduction

This paper concerns Schiitzenberger products of semigroups and groups, a con-
struction introduced by M.P. Schiitzenberger [11] in connection with his analysis of
monoids without non-trivial subgroups. Subsequently it found other natural applica-
tions both in semigroup theory and in language theory; see, for example, [1, 3, 5, 6].
In this paper we consider Schiitzenberger products in the context of finite generation
and finite presentability. This strand of research originates in [5], where the authors
determine generators and relations that define SQT, in the case where S and T are
monoids. However, unless S and T are both finite, the set of generators and the
set of defining relations for SQOT are infinite. There is further work on this topic
in [1], in which a more general construction (the Schiitzenberger product of n groups)
is considered and two infinite presentations are exhibited, each of which reflect the
structure.
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Let S and T be semigroups and let &2,(S x T) denote the set of all finite subsets of
the direct product S x T. Define two actions on /(S x T): S acts from the left via

sQ =1{(sp,q) : (p,q) € Q}and T acts fromtheright via Qr = {(p, q1) : (p, q) € O}.
The Schiirzenberger product SQT is the set S x &;(S x T) x T with multiplication

(1.1) (51, @1, 1)(s2, Oa, 1) = (8152, 512U Q1o i),

We immediately observe some basic properties of this construction.
(S1) SOT isamonoid if and only if S and T are monoids, in which case the identity
of SOT is (15,9, 17).
(82) SOT is finite if and only if S and T are finite.
(S3) SOT iscountable if and only if S and 7 are countable.
(S4) S x {0} x T is a subsemigroup of SO T isomorphic to the direct product § x T.
Its complement (SOT) \ (S x {@} x T)is an ideal of SOT.
(S5) S and T are homomorphic images of SOT.
(86) If G and H are groups then G { H isan inverse semigroup with set of idempotents
{(l6, Q. 10): Q € Z4(G x H)}.

The following are our main results.

THEOREM A. Let § and T be semigroups, at least one of which is infinite. The
Schiitzenberger product SOT is finitely generated if and only if the following conditions
are satisfied:

(1) SandT are finitely generated;
(i1) S has a unique maximal -class R and there exists a finite A S S such that

S = RA;
(i) T has a unique maximal . -class L and there exists a finite B C T such that
T = BL.

THEOREM B. The Schiitzenberger product GO H of rwo groups is finitely presented
as an inverse monoid if and only if G and H are finitely presented.

THEOREM C. The Schiitzenberger product GO H of rwo groups is finitely presented
as a monoid if and only if both G and H are finite.

For standard notions of semigroup theory, and especially for Green’s relations Z
and .¢ and natural partial orders defined on them, the reader should consult any
standard monograph such as [4]. For the definition and basic properties of inverse
semigroups see [7]. The notions relating to presentations will be reviewed in Section 2.
The above results will be proved in Sections 3, 5 and 6, respectively, while Section 4
contains some necessary technical material. Where S and T are not groups, the
question of finite presentability of SOT remains unsolved.
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2. Preliminaries

Denote by X* the free monoid on an alphabet X. A pair of words (4, v) € X* x X*
is called a relation and will be written as u = v. For asubset R € X* x X* we let R*
denote the smallest congruence on X* that contains R. We say that (X |R) presents §
as a monoid if S = X*/R-. We write this as S = Mon(X|R). We say that S is finitely
presented as a monoid if there are finite X and R such that § = Mon(X|R).

For an alphabet X we define a new alphabet X~' = {x~' : x € X} and denote
X* = X U X~'. Foraword w € (X*')*, which we write as w = x? .. .x (with
eachx; € X,8; € {1, —1}), we define w™' = x % ... x7%. Then the standard inverse

monoid relations on X comprise the set
Ry = {ww'w=w, ww'zz"' =zz7'ww™ 1w,z € (X*')*}.
If S = Mon(X*!'|R, M) then § is an inverse monoid, and we use the abbreviation
Inv (X|R) = Mon( X*'| R, 9y)

and say that Inv(X|R) is an inverse monoid presentation of S, or that Inv(X|R)
presents S. We say that S is finitely presented as an inverse monoid if there are
finite X and R such that Inv{X|R) presents S.

If an inverse monoid S is finitely presented as a monoid then it is finitely presented
as an inverse monoid. Indeed, if S is inverse and S = Mon{X|R) then, by adding
the standard inverse monoid relations (see (T2) below), S = Inv(X|R). The converse
does not hold in general: in [10] it is shown that the free inverse monoid is not finitely
presented as a monoid (this result also appeared as Theorem IX.4.7 of [7]).

Let us consider a presentation Mon{X|R) and two words w;, w, € X*. We write
wy, = w, if they are identical words. We say that w, = w, holds by one application
of a relation in R if we may write w; = pu,q and w, = pu,q where p,q € X* and
(uy = us) € Ror (u> = u;) € R. We say that w, = w, may be deduced from the
relations in R if there is a finite sequence of words vy, ..., v, € X* suchthat v, = w,,
v, = ws and foreachi = 1, ..., n— 1 we have that v; = v;;, holds by one application
of a relation from R. Then elements s, r € Mon{X|R) represented as words over X
are equal if and only if this equality can be deduced from the relations R.

The following are called Tietze transformations, which may be applied to any
monoid presentation Mon{X|R}.

(T1) Add a symbol z to the list of generators and add 7z = w, for some w € X*, to
the list of relations.

(T2) If w; = w,, for some w,, w, € X*, may be deduced from the relations R, then
add this to the list of relations.
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(T3) If there is a symbol x € X and arelation x = w (for some w € (X \ {x})*)
in the list of relations R, then replace X by X \ {x}, remove the relation x = w and
replace x by w everywhere else that it occurs in the relations R.

(T4) If a relation w;, = wa, which appears in the list of relations R, can be deduced
from the other relations, then remove this relation.

Tietze transformations produce equivalent presentations; that is, presentations
which define the same semigroup. Moreover, two finite presentations define the
same semigroup if and only if there is a finite sequence of Tietze transformations
which transforms one into the other.

There are analogous notions of semigroup and inverse semigroup presentations.
The basic definitions are given by replacing the free monoid X* by the free semi-
group X% (which is X* without the empty word) in the above descriptions. Further
information on presentations may be found in [9].

3. Finite generation

In our examination of the finite generation of the Schiitzenberger product we will
use connections with the direct product (properties (S4) and (S5)). We say that an
element x of a semigroup § is indecomposable if there do not exist y, z € S such
that x = yz. Then, by [8], the direct product S x T is finitely generated if and
only if S and T are finitely generated and if one is infinite then the other contains no
indecomposable elements.

By (S2) above, finite generation of SQT is trivial when S and 7 are finite. Theo-
rem A deals with the non-trivial situation where at least one of the factors is infinite.

PROOF OF THEOREM A. (=) Assume that X finitely generates SOT. By prop-
erty (S5) it follows that S and T are finitely generated, so condition (i) holds.

Let £k = 1 + max{| Q| : (x. Q.v) € X}. Then, for arbitrary s € S, t € T and
P € P;(S x T) with |P| = k. there are generators (x;. Q;. ¥;) € X such that

(S, Pvt) = (xl- le_yl) "'('xnv an .Vn)-

We first note that n > 1. Itis clear thats = x;...x, and r = y,...¥,, so neither §
nor T contain any indecomposable elements.
As S is finitely generated, it has only finitely many maximal %-classes, and every

other Z-class is below one of these. We let R,,.... R, be the maximal Z-classes
and we select representatives r; € R; fori = 1,....l. Now we consider an arbitrary
element s € S. There are u, v € § suchthat s = uv and there is i € {1, ...,/} such

that R, < R;. Hence there is w € S' such thatu = r;w, sowv € S and s = r;wv.
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We conclude that for each s € S there are a(s) € {1,...,!} and u(s) € S such that

s = Va(s),u(s)-
We define the finite set A = C U D where

C={seS:(s,t)e Q forsome (x,@,y) e Xandr e T};
D = {u(s):s € C}.

We claim that
1

(3.1) S=<UR,-) A.
i=1

To prove this assertion, we begin by letting s € S be arbitrary. Further, we pick
t,t; € T and let P € &;(S x T) be a k-set containing (s, t). We now consider the
triple (r;, P, t;) and write it as

(3.2) (ri, Pon) = (x, @1, 1) - -« (%ns @y Y)s

a product of generators from X. Again we note thatn > 1. Thenr; = x;...x,, 0
Xi...x; € R forevery j =1, ..., n. Equating the middle co-ordinates of (3.2) gives
that

n
P = UX| ---xj—leyj+l S
j=1

Therefore there is & € {1, ...,n} and (a, b) € Q, (soa € C) such that

(5,8) = (x1... %514, byysr ... Yu).

Ifh = 1thens =a = ryu(a) € Ry A. If h > 1 then, clearly, s € R A. This
proves (3.1).

We now see that either S is infinite, in which case, by (3.1), atleastoneof Ry, ..., R,
is infinite, or else § is finite and T is infinite. In any case, without loss of generality,
we may assume that R; x T is infinite. Let P = {(s;, 1), ..., (5, )} € R, x T be
arbitrary of size k and let t+ € T be arbitrary. Let us suppose that / > 2. We consider
(ra, P, ) and write it as another product of generators from X:

(r27 Pv f) = (-xlv Q11 )’l)---(xm Qn, .Vn)-

Yet again, note that n > 1. Further, Q; # @ for some j > 2. For (a, b) € Q;
it follows that (x,...x;_a, byj41...y,) € P, so there is some m € {l,...,k]
with s, = x;...xj_1a. Also, r; = x;...x,, S0 x; € R,. It now follows that
Ry = R,, < R,, = R,, a contradiction. Hence ! = 1. Therefore S has a unique
maximal Z-class. Returning now to (3.1), we see that condition (ii) holds. By a
symmetric argument, it can be shown that condition (iii) holds as well.
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(<=) Assume that conditions (i), (ii) and (iii) hold. Neither S nor T contain any
indecomposable elements (by (ii) and (iii)) and both § and T are finitely generated
(by (i)). Hence S x T is finitely generated and we let Y be a finite generating set for
S x (@} x T (=S x T). We fix arbitrary r € R, € L and let

X=YUl(r.{@ab}.):acA bec B}

We will complete this part of the proof by showing that SOT = (X).

By induction on | P} we will show that (s, P.r) € (X) forall P € £;(S x T) and
alls € S, € T. The base case | P| = 0is obvious as X includes a generating set for
Sx{@}xT.

Next we consider the case |P| = 1,by letting 5,5, € Sand r,1, € T be arbitrary
and examining the triple (s, {(s).7)}.7). As S = RA there are r, € R, a € A such
that s, = rja. As R is the unique maximal Z#-class of S, there is u € S such that
s = ru, using the fact that s is not indecomposable in the case s = r|. Similarly, there
is u, € S such that u = ru,. Therefore s; = rja and s = ryru,. A dual argument
shows that there exist b € B, !, € L and vy, € T such that r;, = b/, and t = vl!,.
Hence (s, {(s;, 1)}, 1) = (r1, @, v)(r, {(a, b)}, ) (u;,8,1) € (X).

For the inductive step we assume that (X) 2 {(s, P,1): |P| <k,s e S,t € T} for

some positive integer k. Welets, s; € S.1,1; € T bearbitrary fori =1, ..., k+1and

consider the triple (s, {(s;, #;), . ... (Sks1 tes1)}. 7). Thereexistr; € Rand x|, x; € §

such that s;4) = rix, and s = ryx,. Also, there are/, € L and v, ..., Yie1 € T such

thatt = yyyand;, = vl fori = 1...., k. Then

AGLO) G kDB D = (nixa G 1), oo Gk el (X, ) b Yerrd)
= (rh {(SI! .\:l)# ey (Ska v/\)} .\,k+l)(x2’ {(xls r/\‘+l)}v ll)

and the claim follows by induction. O

From this point we will mainly consider Schiitzenberger products of groups, so we
make the following observation.

COROLLARY 3.1. Ler G and H be groups. The Schiitzenberger product GOH
is finitely generated if and only if G and H are finitely generated. Moreover,
rank(GOH) = rank(G x H) + 1.

PROOF. The first statement of the result follows directly from Theorem A. From
the proof of that result, we observe that

GOH = (G x {8} xH, (g, {(g, 1)}, 1n) ),

so rank(GOH) < rank(G x H) + 1.
From the property (S4) it follows that rank(GQH) > rank(G x H), completing
the proof. O
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4, Schiitzenberger products of two groups: an infinite presentation

In this section we lay foundations for proofs of Theorems B and C by obtain-
ing an infinite, but ‘nicely behaved’, presentation ((4.2) in Theorem 4.2) for the
Schiitzenberger product of two groups. A very similar presentation (which we label
here as (4.3)) appears in [1], where it is derived from a presentation for a more general
structure.

We show another way to derive it, beginning with the following theorem from [5]
and uvsing Tietze transformations.

THEOREM 4.1. If § = Mon(X|Rs) and T = Mon(Y |Rt) then

@1
SOT =Mon (X, Y, z,, (s€S,1 € T)|Rs, Ry, xy = yX, 22, = Zo1s ZZurw = Zuwsss

XZgr = ZesuX, Zuy = YZuy X € X, yeY,s,uec S t.ve T)).

We now transform presentation (4.1) in the case where the monoids considered are
groups G and H.

THEOREM 4.2. Let G and H be groups and let G x H = Mon{A|R). Let z be
a new letter not in A. For each (g, h) € G x H we let w,;, € A* be a fixed word
representing (g, h) and let z, y = Wq p-1ZWy-1 4. Then

(4'2) (A7 Z l R’ zz =2 zg].hlzgg.hg - zgz,llng|./l| (gls 82 € Gv hh h2 € H))
presents GOH as a monoid.

PROOF. Let (X|Rs) and (Y|Ry) present G and H, respectively, as monoids. By
Theorem 4.1, a presentation for GO H is given by (4.1) with G and H in place of §
and T respectively.

For every g € G we let w, € X* be a fixed word representing g. Foreveryh € H
we let w, € Y* be afixed word representing . By repeated application of the relations
XZ,4 = ZeguX We can deduce all relations of the form wg z, 4 = zg,,.0W,,, SO WE USE
the Tietze transformation (T2) to add these to the presentation (4.1). Likewise, from
ZenY = YZe.ny WE can deduce all relations of the form z, , w;,, = wp,Zg.nn,, SO WE USE
(T2) to add these to (4.1) as well. .

Now, from wg, 2,4 = Zg,0.4We,> Ze.n Wi, = Wi, Ze.nn,» R and Ry we can deduce all
relations of the form wywy-12),.1, WhWe-1 = Z,.4, SO We use (T2) to add these to our
presentation.

We now use (T3) to remove all z, ,, except for z;, 1, from the generating set, and
delete all relations z, , = wewy-121,.1, Wywe-r from the set of defining relations and

https://doi.org/10.1017/51446788700037976 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700037976

364 Peter Gallagher and Nik RusSkuc [8]

replace z, , by the above word in the remaining relations. For the sake of brevity
we will rename z;,;, as z. We will also continue to use the symbols z, , with the
understanding that they represent the corresponding words w,wy-1 2w, We-.

From the relations Rs, Ry and z> = z we can deduce all relations of the form
zﬁ. » = Ze.n SO We use (T4) to remove these from our presentation, except for =z

Similarly, from Rs, Ry and xv = yx we can deduce all relations of the forms
We,Zgh = ZggnWe and Zp Wy, = Wy, Zppn, S0 we use (T4) to delete these from our
presentation. Thus we have transformed the original presentation (4.1) for GO H into

(4.3) (X. Y. 2|R, Ry. xy = ¥x, 2 =2, Zgn Zunhs = Zeon T
(xeX.yeY, g,8€G h,h € H).

Since both {X,Y|Rs. Ry, xyv = vx (x € X.v € Y)) and {(A|R) define G x H,
there is a sequence of Tietze transformations which converts the former into the latter.
Applying the same sequence to (4.3) yields the presentation (4.2), as desired. O

5. Finite presentability of GO H as an inverse monoid

We now use Theorem 4.2 to consider presentations for GO H as an inverse monoid.
THEOREM 5.1. If G x H = Mon(A|R) then GOH = Inv(A. z|R. 7> = 2).

PROOF. This follows immediately from (4.2) because relations of the form

Tery~gss = TgahsZgy.h)

say that certain idempotents commute, which occurs in any inverse monoid. Thus
these relations are consequences of M 4y;; and may be deleted. O

We note, from the above presentation. that GO H is the inverse monoid free product
of G x H and the two-element semilattice. More importantly, Theorem B now readily
follows.

PROOF OF THEOREM B. (=) Assume that GO H is finitely presented as an inverse
monoid. Again we use property (S4). Corollary 5.4 of [2] states that a subsemigroup
with an ideal complement inherits finite presentability (this also appears in [9]), so it
follows that G x H is finitely presented. In turn this implies that G and H are each
finitely presented.

(<) If G and H are finitely presented, then G x H is finitely presented and
Theorem 5.1 gives a finite presentation for GOH as an inverse monoid. O
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6. (Non)finite presentability of GO H as a monoid

We return to the question of the finite presentability of GO H as a monoid. Again
we use Theorem 4.2.

PROOF OF THEOREM C. Assume that G and H are not both finite but that GO H is
finitely presented. Therefore, by the same argument as the proof of Theorem B, but
applied to monoid presentations, G x H is finitely presented as a monoid by (A|R),
say. Remembering the definition of z, , in Theorem 4.2, we rearrange those relations
using g = g;'g2 and h = h k3" to see that

6.1 (A, z |R, 2=z, Wy hZWe-1 y-1ZWp y = ZWe 2 ((8, h) € G % H))

presents GOH as a monoid. As GOH is finitely presented, the generators of (6.1)
and a finite subset of those relations will suffice to define it. Therefore, for some finite
W C G x H, we have

(6.2) GOH =Mon (A, z|R, 22 =z, WehzWe-14-12Wey = 2wepz ((8,h) € W)) .

We will complete the proof by showing that this is not possible.

Consider a word of the form zw, ,z for some fixed g € G,h € H such that
(g.h) ¢ WUW-'U{(lg, 1y)}. We claim that any word obtained from Zw, 52 by
applying the relations from (6.2) is of the form

(6.3) 0120027 ... € ZBZ0 gy oo 201 20

forsomea; € A*(i =1, ..., r+10), all of which represent (15, 14), and some 8 € A
which represents (g, k). Intuitively, a word of the form (6.3) has ‘centre’ z8z, which
is surrounded by ‘redundant’ factors which do not change the element of GOH that
the word represents. Clearly the word zw, »z is of this form. We proceed to show
that applying any relation from presentation (6.2) to a word of the form (6.3) yields
another word of the same form.

A relation from R contains no occurrences of z. Hence any application of such
a relation is wholly within y, where y = «; or y = B, and it does not change the
element of G x H that y represents.

The result of applying the relation z2 = z to a word of the form (6.3) is that,
depending on whether the right hand side is substituted for the left or vice versa,
the number of occurrences of z is decreased or increased by one and an empty o; is
removed or inserted.

We now consider the effect of applying the relation

W ZWg =1 - LWy hy = TWg, 0,25
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for some particular (g;, #;) € W, to aword of the form (6.3). We first consider the
case where this relation is applied by replacing the left hand side by the right. Consider
the particular occurrence of wy, 4, ZW-1 -1 ZW,, 4, s a subword, which is to be replaced
by zw,, ,z. If this occurrence is in «;_ze;za4 1, then ai_) = cwg, py, @ = Wyt ot s
iy = Wy, d for some c,d € A*. But «; represents (lg, 1), so all of the words
Wy, n+ Werty1, ¢ and d in fact represent (16, 14). Applying the relation as stated
transforms the subword cwg,_,,,zwxl-n.,,l-lzwg,,,,,a' into czw,, , zd and leaves the rest of
the word unchanged. In particular, the newly obtained word also has the form (6.3).
If Wby Wyt 41 ZWg, 5, APPEATS AS A subword in o, _ 1z, 2B Or Bzor, 412,45, then wy 4,
again represents (1, 1) and, by an argument similar to that above. we deduce that
applying the relation as stated produces a new word which also has the form (6.3). If
Wy iy ZW et =1 ZWy, is a subword in ¢,z8za, ), then B = Wyt ot This leads to the
contradiction (g, 1) = (g,. h;)™' € W', and so this case cannot arise.

We now consider the case where the same relation can be applied by replacing the
right hand side by the left hand side. Then zw,, 4, £ appears as a subword of (6.3). If this
subword is ze,,z, then a,, = w,, 5, andhence (g, h)) = (Ig. 14) = (g7'. h7"). Ap-
plying the relation as stated keeps the overall word in the given form. If zw, ,z
appears in the word as zBz then 8 = w,,,,, which leads to the contradiction
(g, h) = (g, h) € W. Our claim is shown.

To complete the proof of the theorem we note that since (g, h) # (lg, 1y), the
word w, ,ZWe-1 -1 2W,; is not of the form (6.3). Thus the relation

TWye pl = Wy pIWy-1 -1 IWy py

holds in GOH but is not a consequence of presentation (6.2), a contradiction. O

There is an interesting dichotomy, reminiscent of the free inverse monoid, that the
Schiitzenberger product GO H, where G and H are finitely presented infinite groups
(or one infinite and one finite), is finitely presented as an inverse monoid but not
finitely presented as a monoid.

There remains an obvious unsolved question.

OPEN PROBLEM 6.1. Ler S and T be monoids, or even semigroups. Can SQT be
finitely presented (without S and T both being finite) and, if so, when?
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