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ABSTRACT. We show that the semigroups Sy ; having semigroup presentations (a,b :
abk = béa> are residually finite and finitely separable. Generally, these semigroups
have finite separating images which are finite groups and other finite separating
images which are semigroups of order-increasing transformations on a finite partially
ordered set. These semigroups thus have vastly different residual and separability
properties than the Baumslag-Solitar groups which contain them.

0: INTRODUCTION AND NOTATION

Let k£ and ¢ be nonnegative integers. Throughout, we will write Sy, for the
semigroup having semigroup presentation (a,b : ab® = b‘a). We regard these
semigroups as being, in some respects, analogous to the groups Gy, ¢ having group
presentations Gp{a,b : ab® = bfa). The groups Gy, are generally referred to
as Baumslag-Solitar groups. Since the Baumslag-Solitar groups have one-relator
presentations, it has long been known, by a theorem of Magnus, [15], that they
have solvable word problems. The Baumslag-Solitar groups are HNN-extensions
over the integers, so brief modern proofs that they have solvable word problems
follow from Britton’s Lemma. By a theorem of Baumslag and Solitar, [3], many
of the Baumslag-Solitar groups are non-hopfian and hence are not residually finite
[16]. For a more recent account of Baumslag-Solitar groups, see also [2].

When k£ > 1and ¢ > 1, it is known by a theorem of Adjan, [1, Section II, Theorem
3], that the natural homomorphism from Sk, to Gy is an embedding, and hence
the presentations given for Sy ¢ also have solvable word problems. Moreover, [1,
Section II, Theorem 1], a left-cancellation law holds in Sk ¢ provided that ¢ > 1
and a right-cancellation law holds in Sy ¢ provided that & > 1. In Section 1, we will
give direct explicit solutions of the word problem for the semigroups Sk ¢ (even in
the fairly simple cases where k and/or £ are 0). Later, we will outline an alternate
proof of the cancellation laws.

When A is a set, regarded as an alphabet of letters, we will use A* to denote
the free semigroup of nonempty words on A. The free monoid, A* on A is the set
of all words on A, including the empty word. We will write 1 for the empty word.
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When the semigroup S is given by a semigroup presentation (A : R), write p for the
congruence on AT that is generated by R. Then the elements of S are equivalence
classes [w], or [w] of words w from A*. We will write s = s" or [w] = [w'] to indicate
equality of elements of the semigroup S and use w = w’ to indicate equality of words
in the free semigroup A% or the free monoid A*. For a word w from A*, we will
write |w| for the length of w as a word on the letters of the alphabet A. If z € A
is a letter, we will write |w|, for the number of occurrences of z in w.

Given a semigroup presentation ( A : R), the membership problem for the pre-
sentation is to decide, given a word w on A and a finite set {wy,ws,. .., w,} of words
on A, whether or not w is equivalent, modulo the congruence on the free semigroup
on A generated by R, to an element of the subsemigroup generated by the image of
{w1,ws,...,w,}. In Section 2, we give a brief proof that the membership problem
is always solvable for the semigroups S ¢.

A semigroup S is residually finite if for any pair s,s’ of distinct elements of
S, there is a finite semigroup () and a semigroup homomorphism & of S onto @
such that ®(s) # ®(s’). Equivalently, S is residually finite if and only if it is a
subdirect product of finite semigroups. (See the analgous proof for groups in [21]
or the analogous exercise for monoids in [14].)

A semigroup S is finitely separable, see e.g. [8], [9], if for every subsemigroup
M of S and every element s € S— M, there is a finite semigroup @ and a semigroup
homomorphism ® of S onto @ such that ®(s) ¢ &(M).

A semigroup S has finitely separable subsets, see [8], [9], if for every subset
M of S and every element s € S— M, there is a finite semigroup @ and a semigroup
homomorphism ® of S onto @ such that ®(s) ¢ ®(M). It is easily observed that a
semigroup having finitely separable subsets is finitely separable and residually finite.
We will denote by S the monoid obtained from a semigroup S by adjoining a new
unit 1 to S. In [9], Golubov has characterized semigroups with finitely separable
subsets as follows: for elements x and y of the semigroup S, define [y : z] to be
{(u,v) € St x S' : uxv = y}. Then S is a semigroup having finitely separable
subsets if and only if for every fixed element y € S there are only a finite number
of distinct sets [y : x] as x ranges over all elements of S. In Section 2, will use this
to show that the semigroups Sy ¢ have finitely separable subsets. In Section 3, we
will strengthen this result by showing that we can generally require that the finite
images of Si ¢ have additional properties.

For any set X, the full transformation semigroup ¥x on X is the set of functions
X — X, with operation composition of functions. Tx is a monoid. When X is a
finite set with n elements then Tx has order n™. If (P, <) is a partially ordered
set, we will say that a transformation f € Tp is order-increasing if x < zf for
every x € P. Order-increasing transformations are also called extensive transfor-
mations. It is known that a finite semigroup S has a faithful representation by
order-increasing transformations if and only if Green’s relation R on S is the trivial
relation. See Chapter 4 of Pin’s book, [18], Varieties of Formal Languages, for a
proof of the corresponding result for monoids. As usual, x < y means that either
x =y or else z < y, and we may describe the partial ordering on P either by the
relation < on P or else by the relation < on P.

An element 0 in a semigroup S is a zero element if 0-s = s-0 =0 for every
s € §. Such an element is unique. If S is a semigroup with a zero element 0, then
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an element s € S is nilpotent if s” = 0 for some natural number n. A semigroup
S with a zero element is nilpotent if every element of S is nilpotent. It is not
difficult to prove that every finite nilpotent semigroup is R-trivial and hence has
a faithful representation as a semigroup of order-increasing transformations on a
finite partially ordered set.

We begin Section 3 by proving the following proposition (Proposition 3.1). If
the semigroup S has a presentation (A : R) and s € S is represented by only a
finite number of words on the alphabet A, then there is a homomorphism ® of S
onto a finite nilpotent semigroup such that ®(s) & ®(S — s). As a first corollary
of this proposition, provided that neither k£ nor ¢ is 0, the semigroups Sj , have
finitely separable subsets where we can take the finite images to be finite nilpotent
semigroups.

A word on the alphabet A is an R-word, with respect to the semigroup pre-
sentation (A : R), if it is one of the words in a pair from R. A piece, relative
to the presentation, is a word which occurs as a subword of R-words in at least
two distinct ways. For n > 1, the presentation satisfies the small overlap hypoth-
esis C(n) if no R-word can be written as a product of fewer than n pieces. In
his thesis, [19], John Remmers proved that if a semigroup S has a finite presenta-
tion (A : R), which satisfies the small overlap hypotheses, C(3), then the word
problem for the presentation is solvable. Actually, he stated and proved a much
stronger result which has the following easy consequence: for any element s € S,
there are only a finite number of words on the alphabet A which represent s in this
presentation. For a published version of this work, see Theorems 5.2.14 and 5.2.15
in Peter Higgins’ book [10]. Using Remmers’ geometric method, Cummings and
Goldstein, [6], proved that the word problem is also solvable for finite semigroup
presentations which satisfy the small overlap hypothesis C'(2) and also a certain
semigroup hypothesis 7'(4). As the reviewer of their paper points out, they actu-
ally prove a conclusion that is strong enough to obtain the same consequence that
is noted above for Remmers’ result. As a second corollary of Proposition 3.1, every
semigroup which has a finite presentation satisfying either C(3) or else both C(2)
and T'(4) has finitely separable subsets and we may take the finite images to be
nilpotent semigroups.

In Section 4, we prove that, for k& and ¢ both at least 1, Sy ¢ is residually a finite
group: by this we mean that given any two distinct elements s,s’ € Sy, there is
a finite group G and a semigroup homomorphism @ from Sj, onto G such that

D(s) #£ D(s).

1:  NORMAL FORMS FOR Si. ¢

Example 1.1. Let u be the element of Sy 35 which is represented by b’ab®ab*ab®.
If we use the relation ab? = b3a to push b3’s to the right, we shorten the length of
the word at every step and end with (b%a-ba-ba-a)-b®. If we use ab® = b3a to push
b%’s to the left, we lengthen the word at every step and end with v**- (a-ab-a - a).

The next two lemmas include definitions for explicit normal forms for elements
of Si¢. We will need these normal forms in later sections of the paper. Readers
familiar with either the van der Waerden trick or with string-rewriting techniques
will regard the proofs of these lemmas as obvious.
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Lemma 1.2: Right-hand normal forms for Sy .. Suppose that ¢ > 1.

(1) Every element s of Sk can be written as [wb"] where n > 0 and w is a
word on the set Wy = {a,ba,b%a,...,b* ta}. (We may have that n = 0 or that w
is the empty word, but not both of these for any element s of the semigroup Sk ¢.)

(2) Let NR = {wb™ : n > 0,w is a word on Wy and wb™ is nonempty }.
Then distinct elements of N'R represent distinct elements of Sy ¢. We will call the
element of N'R which represents s € Sk ¢, the right-hand normal form for s.

(3) Suppose that s is an element of Sk, that w is the right-hand normal form
for s and that v is any other word on the alphabet {a,b} which also represents s in
Sk. Then |u| < |v| ifk < ¥, Ju| = |v| if k = ¢, and |u| > |v] if k > L.

Proof. (1) Observe first that [b%°a] = [ab?] in S, for any natural number q. Let u
be a word on {a, b} which represents s in Sy o. We prove by induction on |u|, that [u]
is equal in S, ¢ to [v] where v = wb™ is a word in the desired form. If |u|, = 0, then
u = b"™ for some n > 0 and we are done. If |u|, > 0, then we may write u = u’ab™2
for some u’' and nsy, and we are again done if v’ is the empty word. If v’ is not
empty, by the induction hypothesis, we have that [u'] is equal in Sk ¢ to [w'd™] where
n1 > 0 and w' is a word on {a, ba,...,b*"ta}. Divide ny by £ to write n; = ¢/ + j;
where 0 < j; < ¢. Then [u] = [w'b™ ab™?] = [w'b71b%ab™2] = [(w' - b1 a) - b2F+n2].

(2) We adapt a well-known argument of van der Waerden [22] to show that
distinct elements of N'R represent distinct elements of Sy . Write NR* for N'R U
{1} where 1 is the empty word, and let T prg+ be the full transformation semigroup
on NR*. We want to define transformations o and S on N'R*. First, lao = a
and 13 = b. If wb" is a nontrivial element of N'R*, write n = ¢f + j, where
0 <j < (and let wb"a = (w - ba)b?*. Define 3 at wb”™ by wb"B = wb" 1. Let
& be the subsemigroup of Tarr~ that is generated by « and . It is routine to
verify that a8¥ = 3‘a as elements of &, so we have a homomorphism ® : Sk — 6
defined by ®([a]) = a and ®([b]) = 3. An easy argument by induction verifies that
1P ([wb™]) = wb™. From this, we may conclude that ® is an isomorphism and that
every element of Si ¢ has a unique representative in N'R.

(3) This follows easily using the same induction on |u|, as in part (1) of this
proof.

Lemma 1.3: Left-hand normal forms for Sj .. Suppose that k > 1.

(1) Every element s of Sk can be written as [b"w] where n > 0 and w is a
word on the set Wy, = {a,ab,ab?, ..., ab?~'}. (We may have that n = 0 or that w
is the empty word, but not both of these for any element s of the semigroup Sk ¢.)

(2) Let NL = {b"w : n > 0,w is a word on Wy, and b™w is nonempty }. Then
distinct elements of N'L represent distinct elements of Sk¢. We will call the element
of NL which represents s € S, the left-hand normal form for s.

(8) Suppose that s is an element of Sk, that u is the left-hand normal form for
s and that v is any other word on the alphabet {a,b} which also represents s in
Sk Then |u|l > |v| if k < €, Ju| = |v| if k =¢, and |u| < |v| if k > ¢.

Proof. This result and its proof are dual to Lemma 1.2.

We can solve the word problem for (a,b : ab® = b‘a) using Lemma 1.2 when
¢ > 0 or by using Lemma 1.3 when k > 0. If k = ¢ =0, then Sp = {a,b}*.
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We can slightly strengthen Lemma 1.2 (and dually for Lemma 1.3) to show that
if k < £ and v is an arbitrary word on {a,b} which represents s € S, then there
is a sequence of elementary transitions from v to the right-hand normal form for
s which shortens the length of the representative for s at every transition. If two
words, v; and vy represent the same element of S, then by reducing both to their
common right-hand normal form, we find a derivation for their equality which has
length at most |v1| + |ve2|. In particular, we see that the Dehn function is in this
case at most linear. When k = £, it is not hard to see that the Dehn functions are
bounded by quadratic functions.

2: Sk, HAS FINITELY SEPARABLE SUBSETS

Lemma 2.1. Suppose that £ > 0 and that uy and ug are words on the alphabet
{a,b} with [ui] = [ug] in Ske. If u1 =b™avy and ug = b™avy with 0 < ny < £ and
0 < mng </, then ny = ng and [v1] = [v2] as elements of Sk.e.

Proof. Let wj be the right-hand normal form for v; and w2 be the right-hand normal
form for vy. By the restrictions on n; and no, b™*aw; is the right-hand normal form

for u; and b™2aws is the right-hand normal form for us. Since [u1] = [uz] in Sk ¢,
these normal forms are the same and we have that ny; = ny and that w; = ws. By
the definition of the normal forms, we have that [v1] = [w1] and [vs] = [ws] in Sk ..

Lemma 2.2. Let u and v be words on the alphabet {a,b} such that [u] = [v] in
Sko. Then |ulq = |v]qg.

If 0<k<de then |uly(k/0)"™ <|oly < |uly (£/k)" .
If 0<(<k, then |ulp (¢/k)"* <]y < |uly (k/0)" .

Proof. If w — w' is any elementary transition, replacing an occurrence of ab® by
bla or vice versa, then |w|, = |w'|,. It follows that |u|, = |v],-

By symmetry, it will suffice, for the rest, to prove that |ul,(k/¢)!"le < v, when
0 < k < £. We prove this by induction on |u|q. If |ul, = |v|, = 0, then u = v = b,
for some n > 0 and we are done, with equality in this case. Assume then that
|u|q > 0 and write u = b"*au’ and v = b"2av’. For ¢ = 1,2 divide n; by ¢ to find
n; = £q; + j; where 0 < j; < . Then [u] = [b1ab*?u/] in Sy ¢ and [v] = [b2ab*920/]
in Sk . By Lemma 2.1, we see that j; = jo and [b*%u/] = [bF%20/] in Sy 4. Each of
this last pair of words has |u|, — 1 occurrences of a, so we may apply the induction
hypothesis to conclude

|, (/0 < pFed|y, or (kaqy + |ub) (/01T < ko + [0
Then |uly(k/¢)/"le
‘ N k. k ul
=(lqy + j1 + |u']) (k/€)"le = (kg1 + 7+ Zlu’lb)(k/@‘ o1

<(kqr + g1 + [ |o) (/0271 < i+ (kqr + [u/|o) (k€)1
<j1 4+ kga + V'] < j1+ lga + V'] = |vlp.
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If s € Si,¢ and u is any word on the alphabet {a, b} which represents s, then we
will define |s|, to be |u|,. By the first conclusion of Lemma 2.2, this is unambiguous.

The next result is a known consequence of Theorem 2.5, below. The proof here
gives a direct, explicit solution of the membership problem. For both Theorem
2.3 and Theorem 2.5, the most difficult cases are when 0 = k < £ or 0 = ¢ < k.
For these difficult cases of Theorem 2.3, the membership problem is known to be
solvable in polynomial time by a result of R.V. Book, [4, Theorem 4.2], since the
string-rewriting systems with rules b‘a — a or ab® — a are convergent and monadic.
The author thanks F. Otto for bringing Book’s paper to his attention.

Theorem 2.3. The membership problem is solvable for {a,b: ab® = bza).

Proof. Let v be a word on {a,b} which represents some arbitrary element of Sk ¢
and let U = {uy,uz,...,un} be a set of words representing the generators for some
finitely generated subsemigroup of S. We need to exhibit an algorithm which will
decide whether or not the element represented by v is in this subsemigroup.

If k=¢=0, then Sk ¢ is the free semigroup on {a,b}. Let

M
Wz{uiluiz...uw tu; €U and Zuim|:|v|}.

m=1
Then W is a finite set and we can examine whether or not any element of W is v.

If 0 = k < £, write U = Uy UUs, where |u;l, = 0 if u; € Uy and |u;|, > 0 if
u; € Us. If Uy is empty, let

M
W—{uiluig...um tu; €U and Z |uim|a—|v|a}.

m=1

If v is equal in Si, to some product of elements of I/, then this product must
occur in W. Since W is finite, we can calculate the right-hand normal form for
each element of W and check whether or not one of these is also the right-hand
normal form for v. If U; is nonempty, rearrange the order of U, if necessary so that
Uy = {uy,ug,...,up} ={b™,..., 0"} and Us = {upy1,...,un}. Let

Bz{u{lu?...ug :0<j; <t for lgiSP}
:{bzfﬁ"i L 0<j; </l for lgigP}.

Since [b‘a] = [a], we observe that if z is any word in the subsemigroup of {a,b}*
generated by the words U, and w is any nonempty word on Uz, then there is a word
2" in B such that [zu] = [z'u] in Sy ¢. Write v in its right-hand normal form as wb”
where n > 0 and w is a word on {a, ba, ...,b' tal.

— / o i / . 51 KN n;
Let W = {uiluzlubul2 ...uiMule J1piz ., bR

M R
u, € B, u; € Us, Z |ui, |a = |v]a and anr < n}

m=1 r=1
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If v is equal in Sy ¢ to some product of elements of ¢/, then such a product must
occur in W. Since B is finite, W is also finite and we can again compare the
right-hand normal form for v to the right-hand normal forms for elements of W.

The case where 0 = ¢ < k is similar to the previous case.

Assume next that 0 < k < /. In this case, define W by

W = {uiluiQ...uiM Cu €U,

M M
D luiyla=[vle and Y ju, | < v|b(z/k)lvlu}.
m=1 m=1

Then we know by Lemma 2.2 that if v is equal in S}, ¢ to some product u of elements
of U, this product must occur in W. Since W is finite, we can calculate the right-
hand normal form for each element of W and check whether or not one of these is
also the right-hand normal form for v.

A similar argument works if 0 < ¢ < k.

Recall that for elements y and z of a semigroup S, the set [y : «] is defined by
[y: 2] ={(u,v) € S* x ST : uzv=y}.

Theorem 2.4, Golubov, [9]. In order that the semigroup S have finitely separable
subsets, it is necessary and sufficient that for every element y € S, there are only
a finite number of distinct sets [y : x| as x ranges over all elements of S.

Theorem 2.5. The semigroups Sk ¢ have finitely separable subsets.

Proof. By the theorem of Golubov Theorem just cited, it will suffice to show that
for each s € S ¢, there are at most a finite number of distinct sets [s : z].

If k =4¢ =0, then Spp is the free semigroup on {a,b} and [s : z] is nonempty
only when z is a subword of s. If £ > 0 and ¢ > 0, then we see by Lemma 2.2 that
there are only a finite number of words on {a,b} which represent s. If [s : z] is
nonempty, then x must be represented by one of the subwords of this finite set of
words. We see again that there can be only a finite number of elements x € Sk ¢
for which [s : z] is nonempty. For the remainder of the proof, we may assume by
symmetry that 0 = k < £.

Suppose first that s = [b"] for some n > 1. Then [s : z] is nonempty only when
z = [b"] with 1 <n/ <n.

For any element z € Sy, with |z|, > 0, we may write the right-hand normal
form of z as Wra...b2abi1ab™ where n > 0 and 0 < ji < flforl <q¢<p In
So.¢, multiplication takes the form [blaaba-1a...bl1ab%)] - [brab’>-1a. .. b ab] =
[biaabie—ra. .. b abrab’r-1a. .. bitabio] where i and i} are arbitrary whole numbers,
but we may assume that other exponents on b are at most /—1 and that the exponent
r is obtained as the remainder when iy + i;) is divided by ¢. Assume then that s
has right-hand normal form #ma...b2ab" ab™ where m > 1 and 0 < j; < ¢ for
1 <i<m.If s =wuzv, then we must have m = |u|, + |z|s + |v|o. We observe that
[s : ] can be nonempty only when |z|, < |s|, = m. If [s : z] is nonempty and



8 DAVID A. JACKSON

|z|e = m/, we write the right-hand normal form for = as Wi ab'm'—1a ... abitab® if
m/ >0 or as b if m’ = 0. If [s : z] contains an element (u,1) or an element (u, b')
then we must have n’ < n. Since m’ < m and 0 < j; < £ for 1 < ¢ < m/, there can
be only a finite number of different elements x such that [s : ] contains an element
(u,1) or an element (u,b?). If every element (u,v) € [s : z] has |v|, > 1, divide n/
by £ to write n’ = ¢f + n” where 0 < ¢ and 0 < n” < £. For i > 0 define z; to be
i abim'~1a. . abiiab™ i (or ™' if m’ = 0). Then [s: 2] = [s : ;] = [s : 0]
for i > 0. Since there are only finitely many possible choices for z¢, there can be only
finitely many different nonempty sets [s : o] for which every element (u, v) € [s : x(]
has |v|, > 1.

3: SEMIGROUPS HAVING FINITELY SEPARABLE SUBSETS

Proposition 3.1. Suppose that (A : R) is a semigroup presentation for the semi-
group S, that p is the congruence on AT generated by R and write [w] for the
p-congruence class of the word w € AY. Fors € S, let Cs = { w' € AT : [w'] = s}.
If Cy is a finite set, then there is a finite nilpotent semigroup Q and a homomor-
phism ® from S onto @ such that ®(s") # ®(s) whenever s' € S and s’ # s.

Proof. An element s; € St is a left divisor of s if s4s/, = s for some s/, € S*. We
are not requiring left divisors to be proper or to be nontrivial, so 1 and s are left
divisors of s. Let A, be the set of left divisors of s and let © be the set of elements
of S which are not left divisors of s. Let X, = A, U {Q}, so that the set 2 is an
element of the set X. If s = 5159, then Cy, and Cs, must also be finite: if w; € Cy,
and wy € Cs,, then wywy € Cs. If s4s);, = s, then s4 must be represented in S by
one or more of the finitely many initial subwords of one or more of the finitely many
words in Cy. Thus X is finite, and the transformation semigroup Tx, is finite also.
We observe that () is nonempty.

For a letter a;, € A, define a transformation o; € Tx_, by Qa; =  and for
Sda € As, sSaa; = sqla;] if sqla;] is also a left divisor of s and sga; = Q, otherwise.

Let @ be the subsemigroup of Tx_ that is generated by {«a; : a; € A}. Define
a semigroup homomorphism ¢ : AT — Q by ¢(a;) = a;. If v; = vy is an
arbitrary relation from the set R of relations for S, write 11 and vg for ¢(v1) and
¢(va), respectively. We want to show that 17 = v so that ¢ induces a well-defined
homomorphism ® : S — Q. Observe that Quv; = Q = Quy. If 5, is a left divisor
of s, then, by construction, spv; is either s,[v;] or else Q depending upon whether
or not sp[v;] is also a left divisor of s. Since [v1] = [v2], we have that both s,11 and
spv2 have value s,[vi] = s,[ve] when this is a left divisor of s and both have value
) otherwise.

If w is any word on A whose length is greater than every word in Cs, then ®([w])
is the zero element in Q. If [ ] a;; is any element of @, then for some sufficiently large
N, (ITai,)N cannot be one of the finitely many words in C, and hence (I, )™
must be the zero element in Q.

Finally, observe that 1®(s) = s and that if s’ is some element of S that is distinct
from s, then either 1®(s’) = Q, in the commonly occurring case where s’ is not a
left divisor of s, or else s’ is one of the left divisors of s and 1®(s’) = s'.

The author thanks S. Margolis for formulating and and giving a brief proof of the
following result which should be regarded as a converse to Proposition 3.1. Suppose
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that A is a finite alphabet and that (A : R) is a semigroup presentation for the
semigroup S. If S is residually a finite nilpotent semigroup, then every nonzero
element of S has a finite congruence class for the congruence generated by R.

We can define a very natural partial order on the set Ay of left divisors of s by
s1 = 8o if and only if s1 is a left divisor of s5. It follows easily from the finiteness
of C that =< is antisymmetric. We extend this partial order to X by taking Q to
be the greatest element and observe that all of the transformations «; are order-
increasing.

Let I" be the right Cayley graph of S* with respect to the generating set A. Then
X, can be obtained from the set of vertices in I' by collapsing the set €2 to a single
point. The partial order in the previous paragraph then follows from the natural
order on I'.

The proof of Proposition 3.1 works equally well if one replaces the set A, of
left divisors of s by the larger set of all divisors of s. Then 2 becomes the set of
elements of S which are not divisors of s. This () is a two-sided ideal in S and the
Rees quotient S/ is a finite nilpotent semigroup which separates the image of s
from the images of all other elements of S. One might reasonably argue that this
is a better way to prove the proposition, but this change will ruin the connection
with the right Cayley graph discussed in the previous paragraph.

If the set R of relations in Proposition 3.1 is finite and we know some word w in
the finite set C§, then it is not difficult to see that we can effectively calculate all
of Cs and then use this to construct Xy and Q. Since we first fix s and hypothesize
only that the one set Cs is finite, we might construct this finite separating image
Q for s even when the presentation (A : R) has an unsolvable word problem.

When the set R of relations in Proposition 3.1 is the empty set and S is the free
semigroup on A, then each set C; has exactly one element and the order < on X
is actually a linear order. As one consequence of Proposition 3.1, we obtain new
proofs of well-known separability properties of free semigroups. Below, we state
additional consequences.

Corollary 3.2. Suppose neither k nor £ is 0. If s € Sy ¢, then there is a homo-
morphism ® from Sy, onto a nilpotent semigroup such that ®(s) # ®(s’) for any
s' € Sk, that is distinct from s.

Proof. If s is an element of S ¢, let u be any word on the alphabet {a,b} which
represents s. By Lemma 2.2 we have a bound on length |u/|, + |u'|, for all words v/
on {a, b} which represent s. Therefore, the set Cs of Proposition 3.1 is finite.

In the introduction, we stated the definition for the small overlap hypotheses,
C(n). Following [6] and [11], we state a definition for the semigroup hypothesis,
T'(4). Assume for the semigroup presentation, (A : R), that the set R is transitively
closed: that is, if w; = wy and we = wg are both relations in R, then R also includes
the relation w; = ws. We will use P as a symbol for the presentation (A : R), here.
Let A be a set disjoint from A but in one-to-one correspondence with A. The star
(or coinitial) graph, P*!, for the presentation P, is a graph having A U A as its
vertex set. The edge set for P is the union of three sets: (1) m-edges: If the
segment a;a; occurs in any R-word, we include an edge between the vertices a;
and a; of Pst. (2) i-edges: If w; = ws is a relation in R, a; is the initial letter of
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w1, and a; is the initial letter of wy, then we include an edge in P*' between the
vertices @; and a;. We allow here the possibility that a; and a; are the same letter
of A and the resulting edge is a loop. (3) t-edges: If wq = ws is a relation in R, a;
is the final letter of w1, and a; is the final letter of w2, then we include an edge in
Pst between the vertices a; and a;. Again, this edge will be a loop if the two words
end in the same letter. Then the presentation P has the property 7'(4) provided
that every closed walk of length 3 in P! either has all of its vertices in A or else
has all of its vertices in A. More generally, P has property T'(k + 1) provided there
are no closed walks in P*¢ of length k' for 3 < k' < k having the form evy;e'vy; where
e and e’ are m-edges, ;, if nonempty, is composed of i-edges, and ~;, if nonempty,
is composed of t-edges.

Theorem 3.3, (Remmers, [19, 10]). Suppose that the semigroup S has a pre-
sentation, (A : R), which satisfies the small overlap hypothesis, C(3) and that § is
a bound on the lengths of the R-words. If wi,wy € A" are words that represent the
same element of S, then |wy| < §lwy].

Theorem 3.4, (Cummings and Goldstein, [6]). Suppose that the semigroup
S has a finite presentation, (A : R), which satisfies the small overlap hypotheses,
C(2) and T(4) and that § is a bound on the lengths of the R-words. If wi,ws € AT
are words that represent the same element of S, then |ws| < 26|wy].

Corollary 3.5. Suppose that the semigroup S has a finite presentation (A : R)
which satisfies either the small overlap hypothesis C(3) or else the hypotheses C(2)
and T(4) and let s be some element of S. Then there is a homomorphism ® from
S onto a nilpotent semigroup such that ®(s) # ®(s’) for any ' € S that is distinct
from s.

Proof. If s € S, let w be a word on A which represents s. When the presentation
satisfies C(3), we see by the theorem of Remmers that every word in the set Cy of
Proposition 3.1 has length at most §|w|. When the presentation satisfies C(2) and
T(4), we see by the theorem of Cummings and Goldstein that every word in Cj
has length at most 26|w|. Since the alphabet A is finite, we see that C; is finite in
either case and the conclusion follows from Proposition 3.1.

4 Sy Is RESIDUALLY A FINITE GROUP

Theorem 4.1. If k and ¢ are positive integers whose greatest common divisor is
1, then the semigroup Sk ¢ is residually a finite metabelian group.

Proof. Let s and s’ be distinct elements of Sy ¢. If |s|, # |$'|a, let G be a finite
cyclic group with generator ¢ whose order is greater than max{|s|,, |s'|, }. Define
®: Spe — G by ®(a]) = ¢ and ®([b]) = 1g. Then it is easily seen that ® is
well-defined and that ®(s) = ¢lsle £ ¢l5'le = &(").

For the rest of the proof, we will assume that |s|, = |s'|, = m for some m > 0.
Let w and u' be the right-hand normal forms for s and s’, respectively. Write
these as u = bima...b2abab® and o/ = bma. .. b2abliabl where 0 < j;, I < {
for 1 < i < m and jo,j, > 0. For an arbitrary right-hand normal form w =
bMq . . b72abrab’° where M = |w]e,0 < J; < £ for 1 <i< M and Jo > 0, define
the polynomial P, of degree at most M by P, (x) = sz‘zo Jixt.
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We want to show that the rational numbers P, (k/¢) and P,/ (k/{) are not equal.
We use induction on m and our claim is obvious when m = 0. When m > 0, define
right-hand normal forms v and v’ by u = b/mav and v’ = bim au’ , respectively. By
this construction, we have P,(z) = jnz™ + P,(z) and Py (z) = j,, 2™ + Py (z).
Suppose then, for the sake of obtaining a contradiction, that P,(k/f) = P, (k/{).
Then 0 = (P (/€) — Pur(6/6)) = Gim — k™ + £( 00 Gi — 7)™ 17).
Thus ¢ divides (jn, — j,,)k™. Since ¢ and k are relatively prime by hypothesis and
0 < jm,Jp, < ¥, we must have j,, = j/,. Then P,(k/{) = P, (k/{), so v = v’ by the
induction hypothesis and then u = u/. This contradicts our assumption that s and
s’ are distinct elements.

Let p be any prime which is relatively prime to both k and ¢. Write the nonzero
rational number P, (k/f) — P, (k/f) in reduced form as p - - where r and ¢ are
integers with r # 0,q > 0 and p is neither a factor of r nor a factor of ¢q. We note
that ¢ must be a factor of £ and that ¢ > 0. Let n be any natural number that is
greater than ¢. By our choice of n, we have that the integer (™ (P, (k/¢) — Py (k/€))
is not equivalent to 0 modulo p™. We write Zy,» for the ring of integers modulo p".
We generally abuse notation by writing just ¢ for the equivalence class, [c], in Zyn
of the integer c.

Since p is relatively prime to ¢ and k, using a standard result from elementary
number theory, see [17], there is an integer g with g¢ =1 mod p™ and an integer
h with hk =1 mod p™. Let f be the unique natural number with gk = f mod p™
and 0 < f < p™. It is then easy to see that f¢ = k mod p™, so that f is in some
sense k/¢ in the ring of integers modulo p™ and that f(¢h) =1 mod p”, so that f
is an invertible element in this ring. Below, we will use the easy observation that
Emfi = (™%’ mod p" for 0 < i < m.

0
0 1 1
Then o and § are invertible matrices and generate a subgroup G of GL3(Z,n). It

Define 2 x 2 matrices a and 3 over the ring Z,» by oo = {f 0] and § = [ 1

is easily checked that 8" = [i ﬂ for all r. Using our construction of f with

f o
k1
defined homomorphism ® : Sy, — G defined by ®([a]) = « and ®([B]) = S.

f¢ =k mod p", we also see that ffa = = af*. Thus, we have a well-

A routine induction on m shows that ®(s) = ®([u]) = [Pf(f) (1)] and that
0

O(s') = {Pj?f) 1]. If P,(f) = Puw(f) mod p", then, 0 = Em(Pu(f) — Pu/(f))

= m Y G — D= (G — Gk = M (Py(k/0) — Py (k/€)) and this
contradicts our choice of n.

. . . 1
Routine calculations show that commutators in G have the form [7“ ﬂ for

some element 7 in Z,» and then that any two such commutators commute with
each other, so G is a metabelian group.

The original proof of Theorem 4.1 was much longer and the author sincerely
thanks the anonymous referee for comments which have strengthened the conclu-
sion and greatly shortened the proof. Those familiar with the p-adic integers, will
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understand that the proof above is a self-contained version of the following much
shorter proof as outlined by the referee. Rather than using the normal forms for
s and s" to choose a sufficiently large n, begin by embedding Sy, into the general
linear group of 2 X 2 matrices over the rational numbers, replacing the f in the
definition of « by k/¢. We still need to check that this is an embedding. Then,
with p relatively prime to k and ¢, the group generated by a and 8 embeds into
the general linear group of 2 x 2 matrices over the p-adic integers, which is known,
see [7], to be residually finite.

We want to show that Sy, is still residually a finite group if we remove the
hypothesis that k and ¢ are relatively prime in the last theorem. If d > 1, let Il
be the monoid having monoid presentation Mon{a,b : b% = 1). We will show in
Lemma 4.4 that Il is residually a finite group. There is a natural homomorphism
from S}q ¢4 onto I14 and also a natural homomorphism from Sjg ¢q onto Sy ¢. These
induce a natural homomorphism 6 : Skaea — Sk, x Ilq where 0([u]) = ([u], [u])
for any word w on {a,b}. We want to show that 6 is one-to-one in some important
cases. The following lemma will be useful.

Lemma 4.2. If¢ > 1, then the semigroup Sk is a left-cancellation semigroup. If
k > 1, then the semigroup Sy is a right-cancellation semigroup.

Proof. Since the presentations for Sj, have no left cycles when ¢ > 1 and have
no right cycles when k > 1 this follows immediately from well-known results of
Adjan [1]. For a geometric proof of these results of Adjan and related results, see
the paper by Remmers [20], the account of Remmers’ work given in Peter Higgins’
book [10], and the paper by Kashintsev, [13] .

We outline a reasonably short direct proof of this lemma. To prove that Sy ¢ is
a left-cancellation semigroup, define for [v] € Sy ¢ a transformation A, € T, , by
Ap]([u]) = [vu]. Tt is easily seen that (4 is one-to-one and it will suffice to show
that Ap) is also one-to-one. For this, we quickly see that Apj([u]) # Ap([u']) if
[u|lg # |t]a- I Jula = |4]a = m, but u # « then an induction on m shows that
Aty ([u]) # Ay ([])-

We will write GCD(m,n) for the greatest common divisor of two integers, m
and n. To distinguish between [u] as an element of Syq ¢4, as an element of Sk ¢, or
as an element of II;, we will generally write s for [u] as an element of Siq 4. Us-
ing pr;((z1, 22,...,2,)) for the i*" projection of an n-tuple z, we can then write
pry((O[u])) or pr;(6(s)) for occurrences of [u] as an element of Sy, and write
pro((O[u])) or pry(6(s)) for occurrences of [u] as an element of I1,.

Lemma 4.3. Define 0 : Sgqeq — Sk, x g by 0([u]) = ([u], [u]) for any word u on
the alphabet {a,b}. Then 6 is a well-defined homomorphism. If either GCD(k,d) =
1 or GCD(¢,d) = 1, then 6 is one-to-one.

Proof. By induction on n, it is easily seen that [6*"a] = [ab*"] in Sj, for every
natural number n. In particular, [b*la] = [ab*?] in Sk . Since [b)] = [b*4] = 1 in
I, we have 0([b*Ya)) = ([b*al, [a]) = ([ab*?], [a]) = 6([ab¥?]) and 6 is well-defined.

We observe that if s is an element of any of the semigroups Siq, ¢d, Sk,¢ or 114 and
w and w’ are both words on the alphabet {a, b} which represent s as an element of
that semigroup, then |w|, = [w'|4, so we may define |s|, to be this common value.
When s € Ska,a, then |s|o = | pri(0(s))]|a = | Pra(6(s))|a-
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Suppose that s and s are distinct elements of Skgeq. If |8|a # |5'|a In Ska.ed,
then |pry(6())la # |pry(6(s)la and [pra(#(s))]a # |pra(8(s))la s0 6(s) # 6(s")
We may thus assume that |s|, = |§'| = M. If M =0, then s = [b7°] and &' = [Do]
with jo # jb. Then pry(8(s)) = [b7°] # [b/] = pry(A(s")) in S.¢, so we may continue
with [s|¢ = |§'|l¢ = M > 0. For this remaining case, we need to make use of the
hypothesis that either GCD(k,d) = 1 or that GCD(¢,d) = 1. By symmetry, we will
assume that GCD({,d) = 1 and then write elements of Siq ¢q and S ¢ using their
right-hand normal forms. We will assume that s and s’ are distinct elements of
Skd,ed with |s|lg = [s'|l¢ = M > 0 and also pry(6(s)) = pry(0(s’)) and we will prove
that we must then have pry(6(s)) # pry(6(s)).

Write u = WM ... b2ab/ ab’® for the right-hand normal form for s in Skd,ed
and v = b - b2gbiiabio for the right-hand normal form for s’ in Skgq¢q where
0 < ji,7; < €d for 1 <i < M. The assumption that we have pry(6(s)) = pry(6(s))
is equivalent to the requirement that we have j; = j/ mod d for 0 < i < M. Let
m be the largest ¢ with 0 < ¢ < M such that j; # j.. If m = 0, then jo # jj, but
ji =gl for 1 <i < M. Let v =b/M...b2agb a so that u = vb’® and v’ = vblo. If
we had pr,(0(s)) = pr,(0(s')), then we would have [v][p%] = [u] = [u/] = [v][b%] in
Sk,e. Since S, ¢ is a left-cancellation semigroup by Lemma 4.2, we would then have
[b0] = [b%] in Sy and jo = j4, a contradiction.

Assume then that m > 1. By symmetry, we may assume that j,, > j,,. In
this paragraph, define words v, u, and ' by v = bIMabiv-1 . abim+igbim, u =
bim—dmabim=1 _abitab’ and u' = abim-1a...ablab® so that s = [v][u] and &’ =
[v][u'] either as elements of Sig¢q or as elements of Sy . By Lemma 4.2 again,
it will suffice to show that [u] # [u'] as elements of Sy ,. (If j3, = 0 and ja >
0, then m = M,s = [u],s’ = [uv/] and v is vacuous, but generally, we want to
reduce to this situation.) As noted above, we are assuming that j; = j/ mod d
for 0 < 4 < M. In particular, j,, = j/, mod d. To begin the reduction of u =
bim=imabim=1 . abitablo to its right-hand normal form in Sy ¢, we should divide
Jm — ji, by £ to find a quotient ¢ and a remainder r :  j,, — ji, = ¢f + r where
g>0and 0 <7 < ¢ Then, in Sy, [u] = [b"ab?*Him-1gbim-2_ birghP]. We
continue by reducing b?tim-1gbim—2 bi1ablo to its right-hand normal form in
Sk.¢ and similarly reducing v’ to its right-hand normal form in S, ;. If we show that
r > 0, then we are done, since the right-hand normal forms for [u] and [u'] in S
will have different exponents on the left-most b. Suppose, for the sake of obtaining
a contradiction, that » = 0. Then j,, — j,, =0 mod ¢ and j,, — j,, = 0 mod d.
Since we assume here that GCD(¢,d) = 1, we then have j,, — j/, = 0 mod (4d).
But 0 < jp, ji, < ¢d, so this leads to j,, = j;,, contradicting our choice of m.

Lemma 4.4. Suppose d > 1 and that I1; is the monoid having monoid presentation
Mon{a,b : b =1). If s and s’ are distinct elements of Iy, then there is a finite
group G and a homomorphism ® from Iz onto G such that ®(s) # ®(s').

Proof. 114 is the monoid free product of the infinite free cyclic monoid with gener-
ator a with the cyclic group having generator b of order d. Every element s in this
free product IT; can be uniquely represented by a word b'mabim—1qa . .. ab’® where
0<ji<dfor0<i<m=|slg. If s and s’ are two elements of II; with |s|, = m
and |s'|, = m/, choose n > max{m,m’} and let G; = Gp{a,b : a" =1,b% = 1).
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Then, both as a monoid, and as a group, GG1 is the free product of the finite cyclic
group of order n having generator a and the finite cyclic group of order d having
generator b. There is a natural homomorphism from Il onto G and the elements
s and s’ have distinct images ¢ and ¢/ under this homomorphism. Then o~ to’ is
a nontrivial element of G1. Since G is a free product of two finite groups, G is a
residually finite group. See [5, Section 1.3]. If the group G is a finite image of G

in which 0~ !0’ is nontrivial, then the images of o and ¢’ are distinct in G.

Theorem 4.5. If K >0 and L > 0, then the semigroup Sk 1, is residually a finite
group.

Proof. It K = L = 1, then Sk, is the free commutative semigroup on {a, b},
and every element of Sk j can be written uniquely in the form a™b". Given two
elements ™ b™ and a™2b™ choose p > max{mi, mz2} and ¢ > max{ny, no}. Let G
be the direct product of two cyclic groups with orders p and ¢, respectively. Then
it is easy to see that the function taking a to a generator of the first direct factor
and b to a generator of the second direct factor is a homomorphism which separates
a™b™ and a™20™2.

If 1 < K < L and GCD(K,L) = 1, then the result follows from Theorem 4.1
and the case where 1 < L < K and GCD(K, L) =1 is similar.

If K =L > 1, then Sk x embeds in the direct product S7,; x IIx by Lemma 4.3.
If s and s are distinct elements of Sk k., then they have distinct images in either
S1,1 or else in Il k. If they have distinct images in S; 1, then we can separate these
images in a finite group by the first paragraph of this proof. If they have distinct
images in IIx, then we are done by Lemma 4.4.

The case where 1 < L < K and GCD(K,L) = D > 1 is similar to the case
where 1 < K < L and GCD(K,L) = D > 1 and we treat only the latter case. For
this case, let k = K/D and ¢ = L/D. Every prime factor of D must be relatively
prime to at least one of k or £. Let d; be the product of all of the prime factors of
D which are relatively prime to k and let ds be the product of the remaining prime
factors of D. Then ds is relatively prime to £ and to fd;. If d; = 1, then D = ds is
relatively prime to £ and if do = 1, then D = d; is relatively prime to k. In either
case, we have that the homomorphism 6 : Sk — Sk¢ x IlIp is one-to-one by
Lemma 4.3. If neither dy nor ds is 1, then K = kdids and L = {did> where ds is
relatively prime to ¢d; and d; is relatively prime to k. Making two applications of
Lemma 4.3, we see that Sk 1, embeds in the product (Sk¢ x IL4, ) x II,, where each
of the three direct factors is residually a finite group.

In addition to the remark following the proof of Theorem 4.1, the author thanks
the referee for numerous other comments which both strengthened results and short-
ened their proofs.
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