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Abstract

For W a finite set of words, we consider the Rees quotient of a free monoid with respect
to the ideal consisting of all words that are not subwords of W. This monoid is denoted
by S(W). It is shown that for every finite set of words W, there are sets of words U D W
and V' D W such that the identities satisfied by S(V') are finitely based and those of S(U)
are not finitely based (regardless of the situation for S(W)). The first examples of finitely
based (not finitely based) aperiodic finite semigroups whose direct product is not finitely
based (finitely based) are presented and it is shown that every monoid of the form S(W)
with fewer than 9 elements is finitely based and that there is precisely one not finitely based
9 element example.

1 Introduction

This paper is a combination of results obtained independently by the two authors.

A semigroup S (indeed, any algebra) is said to be finitely based (FB) if the set, Id(S), of
identities it satisfies can be derived from a finite subset of Id(S). Otherwise it is said to be not
finitely based (NFB). A locally finite semigroup is said to be inherently not finitely based (INFB)
if it is NFB and any locally finite variety containing it is also NFB. There exist semigroups with
every consistent combination of these properties: FB; INFB; and NFB but not INFB. The term
“weakly finitely based” (WFB) has been introduced in [1] to denote those locally finite algebras
that are not INFB. Likewise a semigroup will be called “weakly not finitely based” (WNFB) if
it is NFB but not INFB (that is, from the intersection of the class of WFB semigroups and the
class of NFB semigroups).

The classes of FB and INFB finite algebras were shown to be recursively inseparable by R.
McKenzie ([2]), giving a negative solution to one of the most famous problems in the study of
varieties, Tarski’s Finite Basis Problem. For semigroups there is a very large volume of work
devoted to investigating the finite basis problem (see [10] for example) and in contrast with
McKenzie’s result, a powerful description of the INFB finite semigroups has been obtained by
M. V. Sapir ([6] and [7]). Algorithmically classifying the classes of FB and WNFB semigroups
still remains a difficult and unsolved problem.

In this paper we investigate an interesting class of finite aperiodic semigroups (that is, semi-
groups with only trivial subgroups) whose identities are very simple to describe yet exhibit some
complicated behavior.

Definition 1.1 (i) Let X* be a free monoid on some set of generators X and W be a finite,
nonempty set of elements of the free semigroup X+. Let S(W) be the Rees quotient X*/I(W),
where I(W) is the ideal of X* consisting of all elements of X* that are not subwords of W.
S(W) is a finite monoid with zero.

(ii) If S(W) is FB then we will say that W is a FB set of words (or W is FB). Otherwise W is
a NFB set of words. If W contains just one word w then we will say that w is a FB (or NFB)
word if W = {w} is a FB (or NFB, respectively) set of words.



The identities of semigroups of the form S(1') have been of interest since P. Perkins ([3]) showed
that S({abcba, acbab, abab, aab}) was NFB, one of the first examples of a finite NFB semigroup.
It is clear from the results in [6] and [7] however that a semigroup S(W) is never INFB. This
means that there does exist a FB, locally finite variety containing S({abcba, acbab, abab, aab})
and it is therefore natural to ask whether this FB, locally finite variety can be generated by a
semigroup of the form S(V') for some finite set of finite words V. More generally we may ask:

Question 1.2 (i) If W is a finite set of finite words, are there finite sets of finite words U, V
such that W UV is FB and W UU is NFB?

(ii) Conversely, do there exist finite sets of words W such that V is FB (or NFB) whenever
VoOWw?

Another natural question (essentially Question 7.1 of [10]) is the following:
Question 1.3 Which finite sets of words are FB?

A partial solution to Question 1.3 has been obtained by the second author of this paper:

Theorem 1.4 (0. Sapir, [9]) If w is an element of {a,b}* then w is a FB word if and only if
it 1is one of the following words: a™b™, b™a™, a™ba™, or b™ab™ for somen and m.

This shows that “most” words in a two letter alphabet, are NFB! On the other hand, results
in this paper obtained independently by both of the authors show that the general solution to
Question 1.3 is likely to be very complicated. In particular we show that for any finite set of
finite words W one can find finite sets Vi, Vo, ... of finite words with W C V; € V5 C ... such
that V5; is FB and Vo;_1 is NFB for each ¢ > 0. Thus we have a positive solution to Question 1.2
part (i) and consequently a negative solution to part (ii). Also proved are a number of general
non-finite basis results for monoids all of which have applications to the finite basis problem for
sets of words. Finally we show that there are finite sets of finite words Uy, Us and V7, V5 such
that S(Uy), S(Uz) are FB, S(V1), S(V2) are NFB but S(U;) x S(Uz) is NFB and S(V1) x S(V2)
is (as will be shown, this is equivalent to U; U Us being NFB and V; U V5 being FB). These
provide the first examples of FB (or NFB) aperiodic semigroups generating varieties whose join
is NFB (or FB respectively).

2 Preliminaries

Elements of a free semigroup will be referred to as words and the equality relation on a free
semigroup will be denoted “=". The length of a word w will be the number of (not necessarily
distinct) letters appearing in w. Unless otherwise stated, in all arguments to follow we will take
“W is a set of words” to mean “W is a finite subset of X T, the free semigroup on an alphabet
X”. Tt is apparent from Definition 1.1 that we may regard S(W) as consisting of 0 and 1 along
with all subwords of W, and with the obvious multiplication.

Definition 2.1 Let w be a word. Then occ(x,w) is the number of occurrences of the letter x
inw and c(w) is {x : occ(x,w) > 0}, the set of all letters occurring in w (the content of w). If
W =A{wi,...,wy} is a finite set of words then c(W) = U, c(w;).

An identity is an expression u =~ v where v and v are words and a semigroup S will be said
to satisfy u ~ v (written S |= u ~ v) if for every assignment, 6, of elements of S to the letters
in c(u) Uc(v), O(u) takes the same value in S as 6(v). The set of all identities satisfied by a
semigroup S will be denoted by Id(S).



If ¥ is a set of identities then we will say that u &~ v can be derived from ¥ (written ¥ F u =~ v)
if there is a sequence of words u = uy, us, . .. Un_1, U, = v in an alphabet X and homomorphisms
0; : X — X1 so that u; = u}0(p;)v} and u;41 = u(g;)v} for some (possibly empty) words
and v, and some identity p; ~ ¢; € ¥. The homomorphisms 6; are called substitutions and the
number n — 1 is called the length of the derivation of u ~ v from X.

Definition 2.2 (i) If occ(x,w) = n then z is said to be n-occurring in w. If m > n then we will
say x is less than m-occurring in w and if m < n then we will say x is more than m-occurring
in w. The letter x is n-occurring in an identity p ~ q if x is n-occurring in both of the words p
and q. The identity is said to be balanced if for every letter x, occ(x,p) = occ(x, q).

(i) A word w is n-limited if occ(z,w) < n for all letters x. An identity p ~ q is n-limited if
both p and q are n-limited words.

(i4i) The expression ;x means the it occurrence of a letter x in a word.

In the special case when a letter x is 1-occurring in a word w we will also say that x is a linear
letter in w. Very often it will be necessary to extend some property of words to identities. This
will done using the following definition.

Definition 2.3 If L is a set of words then an identity u ~ v is an L-identity if both u and v
are words in L.

So if an almost linear word is defined to be one with at most one nonlinear letter, then an almost
linear identity u &~ v is one in which both v and v are almost linear words.

Definition 2.4 If c(w) = {x1,...,zn} then w(xgsi1, Thios ..., Tn) 18 the word obtained from
w by assigning 1 to each of the letters in {x1,...,x}. In this case we will say that ‘“w
deletes to w(xps1, Thios---,Tn)”. If p = q is an identity, T, with c¢(p) = c(q) = {z1,...,zn}
then we will say p ~ q deletes to p(Tg+1,Tk+2y---,Tn) = Q(Tkt1, Tht2,-.-,Tn) or T deletes to
T(Tpa1, Tht2s - Tn)-

Since S(W) is always a monoid with zero element, S(W) |= p ~ ¢ implies that c¢(p) = ¢(q)
and that every identity that p ~ ¢ deletes to is also an identity satisfied by S(WW'). Because of
this, in the arguments to follow we will tacitly assume that all sets of identities are closed under
deletion.

Definition 2.5 A pair of letters (z,y) in an identity p ~ q is called stable if p(x,y) = q(z,y).
If (x,y) is not stable in p ~ q we will say it is unstable in this identity. A pair of letters is
stable in a word w with respect to a semigroup S if S = w ~ v implies (x,y) is stable in w ~ v.

Naturally, if every pair of letters are stable in an identity then that identity is a tautology (trivial
identity). We can define a similar notion of stability for pairs of the form (;z,; y).

Definition 2.6 A pair (;z,;y) is stable in an identity u ~ v if the order of appearance of the
ith occurrence of x and the j*" occurrence of y is the same in both u and v. If (sx,;y) is not
stable in uw ~ v then we will say it is unstable in this identity. An unstable pair (;z,;y) is a
critical pair for u ~ v if it is unstable in u =~ v and (;x)(;y) is a subword of u. The set of all
unstable pairs (;x,;y) in an identity u ~ v is denoted Chaos(u ~ v).

Definition 2.7 A word p is an isoterm relative to a set of identities ¥ if EFp~qg=p=gq.
When referring to a specific semigroup S, a word will be said to be an isoterm for S if it is an
isoterm for 1d(S), the set of all identities satisfied by S.



Note that if w is a subword of a word in W then w is an isoterm for the identities of S(W)
though there may be many isoterms for a monoid S(W) that are not subwords of the set W. For
example xx, xxy and yzrx are all isoterms for S = S({abb, aab}) since they are equivalent, up to
a change in letters names to the words bb, aab and abb, all of which are words or subwords of
words in the set {abb, aab}. However zyz is also an isoterm for S since if S satisfies an identity
xyx ~ w for some word w then because zx is an isoterm for S and zyz is 2-limited, occ(z, w) = 2
and occ(y,w) = 1. Since zzy and yzz are both isoterms for S, w must be zyz.

3 FB Finite Sets of Words

In this section we find finite bases for a number of sets of words that will be important in Sections
4 and 5. We will be considering words with a large number of linear (1-occurring) letters. To
avoid unnecessary confusion with indices, we will always assume t stands for a linear letter and
that different occurrences of ¢ in a word have different indices which we shall omit. For example
by the word ztytabct we will mean the word xtiyteabets. We will use {t} to denote the set of all
linear letters in a word and subwords between successive linear letters in a word will be called

blocks.

Definition 3.1 Ifw is a word wyws . .. w, (thew; are not necessarily distinct letters) then |w,t]
is the word witwatwst . .. wyt, where different occurrences of t, as usual, represent distinct linear
letters. Likewise [t,w]| is the word twitwatwst . . . wy,.

Definition 3.2 (i) A critical pair (;x,;y) of an identity U =V is said to be u ~ v-removable
if after applying u ~ v to U we obtain an identity U' ~ V such that Chaos(U’ =~ V') does not
contain (;x,;y) and is a subset of Chaos(U = V).

(ii) If 3 is a set of identities, we say that a critical pair is X-removable if it is o-removable for
some o € 2.

Definition 3.3 Let S be a semigroup and X be a subset of [d(S). We say that a set of identities
I’ complements ¥ in Id(S) if all identities of S follow from ¥ and T'.

Definition 3.4 Let S be a semigroup. If L is a set of words with the property that for any
u€ L, S Euuv impliesv € L then we say that L is a closed set with respect to S.

The following lemma from [9] gives us the most economic way of proving that a monoid is
FB.

Lemma 3.5 (/9]) Let S be a semigroup satisfying a set of identities ¥.. Let L be a closed set for
S and suppose that the set of all L-identities of S complements ¥ in Id(S). Suppose also that
any nontrivial L-identity of S contains a X-removable critical pair. Then % contains a basis of
identities for S.

Let A, denote the system of two identities:
{z" ~ 2"t wtextsr. tyr A x"tyty...ty}
and let W,, be the set of all n-limited words in two letters.

Theorem 3.6 Let S be a monoid satisfying A1 for some n and suppose that every word in
W, is an isoterm for S. Then Ay,y1 is a finite basis of identities for S.



Proof. Let L be the set of all n-limited words. Since z' is an isoterm of S, L is a closed set for
S. The identities A1 can be used to reduce every word w to an (n 4 1)-limited word of the
form wiwy where wy is n-limited and ws is of the form x?“x?“ .t for

{z1,...,2m} ={z € c(w) : occ(x,w) > n},

the set of more than n-occurring letters in w. Therefore the set of all n-limited identities of S
complements A,, in Id(S). Since all words in W,, are isoterms and S is a monoid, all L-identities
are trivial. Thus all conditions of Lemma 3.5 are satisfied.

|

No letter appears in a word from W,, more than n times and therefore S(W,,) = A,+1. This
implies the following

Corollary 3.7 Let S be a monoid satisfying A, for some n > 0. Then the identities A, are a
finite basis for Id(S x S(W,_1)).

Taking S to be a trivial monoid, gives the following corollary.
Corollary 3.8 The set of words Wy, is FB.

Another obvious corollary is:

Corollary 3.9 Let S be a semigroup (or finite semigroup) satisfying the set of identities A,, for
some n. Then S is a subsemigroup of a FB semigroup (or a FB, finite semigroup respectively).

A semigroup is said to be k-nilpotent if the product of any k elements is 0 and a monoid is
said to be k-nilpotent if it is a k-nilpotent semigroup with adjoined identity element. It is clear
that if S is a k-nilpotent monoid then S satisfies the conditions of Corollary 3.9, with n = k and
S0 is a subsemigroup of a finitely based finite semigroup. However the direct product of S with
S(W}) is not a nilpotent monoid (it has identity element (1,1) but (1,0) is also an idempotent).
An alternative construction is as follows. Since S and S(W}) are nilpotent monoids, S = S\{1}
and S(Wy) = S(Wy)\{1} are nilpotent semigroups. Now consider the semigroup 7 on the set

(S\{0}) U (S(Wi)\{0}) U {0}

with multiplication within the subsets S and S(W},) unchanged and all other products equalling
zero (this construction is called the 0-direct join of S with S(W})). Finally let T be the semigroup
T with adjoined identity element. It is clear that T contains both S and S(W},) as submonoids
and that T is a (2k + 1)-nilpotent monoid (since the longest word in Wy is 2k letters long).
Finally Theorem 3.6 shows that 7" is FB. Thus we have shown the following

Corollary 3.10 The pseudovariety generated by the class of finite, FB, nilpotent monoids (that
18, the closure of this class under taking subsemigroups, homomorphic images and finite direct
products) contains all nilpotent monoids and nilpotent semigroups.

The next result uses the fact that the words in W, are capable of “dominating” smaller
collections of words.

Corollary 3.11 If W is a set of words then there is a finite set of words W' 2 W involving no
more than |c(W)| letters such that W' is a finitely based set of words.



Proof. If W is a set of words in one letter, then S(W) is commutative and therefore already
finitely based (see [3]). Assume then that ¢(W¥) contains two letters a and b. Let n be the
maximal number of times a letter appears in words in W and take W’ to be the union of W
and W,,. Then any word in W), is an isoterm for S(W’) and S(W’) satisfies A,,. By Theorem
3.6, S(W’) is FB.

Theorem 3.12 The set
Y = {tiztoztzx ~ titots, 22 ~ 23, ot & tex, vt aytey ~ xtiyxtoy}
is a finite basis for the identities of S = S({abcab, abcba}).

Proof. We will use Lemma 3.5. First note that S does indeed satisfy ¥. Now let L be the set
of all 2-limited words u with the property that for each 2-occurring letter x in u, u deletes to
xtx for some linear letter ¢t. If u ~ v is an identity of S and v is an L-word then since ztzx is an
isoterm of S, v must be also an L-word. So L is closed with respect to S. We now show that
every word w can be transformed by ¥ to a word of the form z3...z2u where u is an L-word and
does not contain any of the letters x1, zo, ..., Z,.

Firstly, if  occurs more than 3 times in the word u then we may apply the identity
tiztoxtsr ~ x3titats to move all occurrences of it to the left. Applying 2® ~ z? then re-
duces the number of occurrences of x to 2. Thus for any word w, ¥ F w ~ w’ where w’ is
2-limited.

Now say that z is 2-occurring in a 2-limited word w and that there is no linear letter ¢ in w
for which w(z,t) = xtz. So w = AzBxC for some words A, B and C' where every letter in B is
2-occurring in w. If B is empty then we may apply txx =~ xxt to move x to the left as required.
If B is not empty then we have the following cases.

Case 1. There is a letter y that is 2-occurring in w such that zBx = D(3y) Ex where D
contains only first occurrences of letters 2-occurring in w (this includes the situation where E
is empty and z is y).

In this case we may move y leftward out of B using ztizytoy ~ xtiyxtoy and zat ~ trx.

Case 2. There is a letter y that is 2-occurring in w such that xBx = xD(1y)Ex where E
contains only second occurrences of letters 2-occurring in w.

In this case we may move y to the right using zat ~ tzx or atiyxtey =~ xtizytay.

In each case the length of B is reduced. Therefore by repeating these steps a word in which
xx is a subword is eventually obtained. Both occurrences of the letter x can now be moved to
the far left hand end of the word using the identity xat ~ txxz. Since this can be done for all
2-occurring letters x in w such that w does not delete to xtx for some ¢, we have shown (for
some n) ¥ F w ~ x?2..22u where u is in L as required. So if w &~ v is an identity satisfied by
S then we may use X to derive w = x%m%ul and v = .’L’%.’I}%UQ where u; and w9 are in L.
Since u1 and ug do not contain x; for ¢ < n, S must satisfy the L-identity u; =~ ug Therefore
L-identities complement ¥ in Id(S) and so the first part of the Lemma is satisfied.

In order to complete the proof we are going to show that any critical pair (;z,;y) in an
L-identity u = v is removable by applying 3 to one of the words u or v.

Let u ~ v be an L- identity of S. Critical pairs of the form (22,1 ) and (;2,2 y) are removable
by applying the identity xt;zytoy ~ xtiyzrtey. If u ~ v contains a critical pair of the form (2,1 y)
then without loss of generality we may assume that © = AzyBaxCyD or AzyByCxzD for some
words A, B, C, D. Since u is in L, B must contain a linear letter, t. But then we can assign
a tox, btoy, ctotand 1 to all other letters and u takes the value abcba or abcab which are
isoterms for S({abcba, abcab}). This contradicts the assumption that (1z,1 y) was a critical pair



and therefore such critical pairs do not exist in w ~ v. The case for critical pairs of the form
(2z,2y) follows by the symmetry of the set {abcba, abcab}.

Similarly we can show that there are no critical pairs of the form (yz,t), (2x,t), (t,1 x), or
(t,2 ) (t is a linear letter as usual) since there is a linear letter between every 2-occurring letter in
u ~ v and ztx is an isoterm. Thus every L-identity contains a {zt1zytey =~ xtyrtay}-removable
critical pair and so by Lemma 3.5, S({abcba, abcab}) is FB.

To give the shortest proof of the next theorem, we will use a further result from [9].

Definition 3.13 Let U and V be words from {z,y}*. An identity u ~ v is said to be (U, V)-
pseudocommutative if
u=|Utlzylt, V], v=|Utlyxz|t,V].

Definition 3.14 Let S be a semigroup.

(1) A pair (;x,;y) in a word uw = U(;x;y)V is said to be commutative in v modulo S if S satisfies
the (U(x,y),V(x,y))-pseudocommutative identity.

(ii) A critical pair in an identity u =~ v is said to be commutative modulo S if it is commutative
in u orin v modulo S.

Recall that a word is called almost linear if it contains at most one nonlinear letter.

Lemma 3.15 ([9]) Let W be a finite set of words and let n be the mazimum number of times
that any letter appears in a word from W. Suppose that all words in Wy, are isoterms of S(W).
Let L be the set of all n-limited words containing no more than one more than k-occurring letter.
Suppose that each L-identity of S(W) contains a commutative critical pair modulo S(W) or a
T-removable critical pair for some almost linear identity T € Id(S). Then W is a finitely based
set of words.

Theorem 3.16 Let
U = {abbaa, ababa, aabba}

and
V' = {baaab, aabb, abba, abab}.

Then U and V are FB sets of words.

Proof. Let S = S(U) and T' = S(V). We will check the conditions of Lemma 3.15. First
notice that each letter occurs in U and V no more than 3 times and that all words in W5 are
isoterms for both S(U) and S(V'). So for both S and 7', the set L described in Lemma 3.15 is
the set of all 3-limited words containing no more than one 3-occurring letter. Let z denote the
single 3-occurring letter in an L-identity u ~ v. The remaining (less than 2-occurring) letters in
u ~ v we will denote by y;,7 =1, ..., m. Since every word in W5 is an isoterm for both S and T,
the identity u(y1,y2, ..., Ym) = v(y1, Y2, ..., Ym) must be a tautology and u(y1, ..., ym) must be an
isoterm for both S and T

Let ¢, denote the k' (not necessarily distinct) letter to appear in the 2-limited word
w(y1, Y2, ..., Ym) (so that the initial segment of u(y1,y2, ..., ym) to the left of ¢, has length & —1).
Now for a 3-occurring letter z; in u, define ;x to have coordinate k in u if the j* occurrence of
7 in u lies between c; and cpy1. If jo is before ¢; (or after ¢y, y.,))) then the coordinate of
jx is 0 (or |u(y1, ..., ym)| respectively).

To verify the last condition of Lemma 3.15 for S, we will use the following easily verified
properties of S:



S1: Let z be 3-occurring in an identity u(z,y) =~ v(x,y) and y be less than 3-occurring in

u(z,y) = v(x,y). If u(x,y) is not one of the words yzrzyzx, ryxxy, rrry, yrar, any critical pair

is commutative in w.

S2: The critical pairs (1y,1 ) in xyzey ~ yrryxr and (2y,3 ) in yreryr ~ ryrry are commuta-

tive.

Now let u ~ v be a non trivial L-identity with occ(z,u) = 3. S1 and S2 show that any critical

pair of the type (12,;y), (i¥,2 z), (2x,; y) or (;y,3 x) is commutative (i € {1,2}). Denote this fact

by S3. Now since u ~ v is a nontrivial L-identity and W,, are all isoterms for S we can assume

without loss of generality that one of the following holds:

Case 1. The coordinate of ;z is smaller in « than in v.

Case 2. The coordinate of 3z is smaller in v than in v.

Case 3. Both 1z and 3z have the same coordinates in both u and v but the coordinate of oz is

smaller in » than in v.

In Case 1, u = v either contains a critical pair of the form (yz,;y) or u contains the subword

(1z)(2z). Property S3 shows that the critical pair (1x,;y) is commutative. If u contains the

subword (1z)(2x) then either v contains the subword (1z)(2x) or v &~ u contains a critical pair

of the form (;y,2 ). This critical pair is also commutative by property S3. If both u and v con-

tain the subword (;2)(2z) then either v contains the subword zzx or u ~ v contains a critical

pair of the form (2z,;y) which is commutative by property S3. If v contains zzx then either

u contains xxx or u &~ v contains a critical pair of the form (;y,3 ) which is commutative by

S3. Finally if both u and v contain xzzx then all critical pairs involving = are removable using

the identity zzat ~ txxzx. Thus in Case 1, the identity u =~ v contains a commutative or a

23t & ta>-removable critical pair. The situation described in Case 2 follows by symmetry. In

Case 3 u ~ v must contain a critical pair of the form (2z,; y) which is commutative by property

S3. Thus any L-identity of S contains either commutative or 23t ~ tz3-removable critical pair.
To check that every L- identity of T' contains a commutative critical pair, consider the fol-

lowing easily verified properties of T":

T1. Let x be 3-occurring in a word u(x,y) and y be less than 3-occurring in u(x,y). If u(z,y)

is mot one of the words yzxyz, ryxxy, any critical pair is commutative.

T2: The critical pairs (12,1 y) in zyzey ~ yrryr and (2y,3x) in yrryxr ~ ryrcy are commuta-

tive.

Thus if v ~ v is a L-identity for T then any of the critical pairs (;y,1 ), (i¥,22), (22, y) or

(3, y) are commutative. The rest of the proof is similar to the above proof for S.

4 NFB Finite Sets of Words

Lemma 4.1 Let S be a monoid such that xy is an isoterm of S. Let u be an isoterm of S.
Erasing a prefiz (suffiz) of a block in u gives a new isoterm for S.

Proof. Let {t1,...,tx} be the set of all linear letters in u. Erase a part B’ of a block B = B'B”
between linear letters ¢; and ¢;41 in u and denote the resulting word by v. Suppose that there
exists a nontrivial identity v ~ w satisfied by S. Since xy is an isoterm, w has the same
pattern of linear letters as v (otherwise for some j, k, v(t;,tx) = w(t;, tx) would be the identity
tity ~ tit;). Since the identity v ~ w is not trivial, w contains a block which does not match the
corresponding block in v. Consider the substitution § which takes t; to ¢; B’ and is identical on all
other letters. Then #(v) = u and #(w) contains a block which does not match the corresponding
block in u. Therefore, u ~ 6(w) is a nontrivial identity which contradicts the fact that u is an
isoterm. Therefore no such word w exists and v is an isoterm.



The following lemma will also be useful.

Lemma 4.2 Let u be an isoterm for a monoid S that contains a linear letter t1. If u # tq,
then the word, v, obtained by adding a linear letter to immediately to the left (or right) of the
occurrence of t1 in u is also an isoterm.

Proof. Since occ(ti,u) = 1 and u # t1, the word zy must be an isoterm. Let v be as in the
statement of the lemma. If v &~ w is a nontrivial identity satisfied by S then any unstable pair
in v & w must include the letter ¢t and not the letter ¢; (note that if (¢1,¢2) was unstable then
S would satisfy t1ty &~ tot; which is not the case). Let (x,t3) be such a pair. Now the word
obtained from v by deleting ¢; is equivalent to u up to a change of letter names and therefore is
an isoterm. This contradicts the fact that (x,t2) is an unstable pair in v ~ w. Thus no such w
exists and v is an isoterm for S.

Definition 4.3 Let X = {z1,22,...}. Then [Xn] and [nX] denote the words x1x5 ...z, and
TnTn—1 ...x1 respectively. We will use [X(2n)] to denote the word

To2T4 ... X2 X1L3 ... TAn—1-

Lemma 4.4 Let S be a monoid. Suppose that

(1) for some words A, B and C from the monoid {xyt,yxt}*, the word U = AyxtBzytC' is
an isoterm of S,

(2) for each n = 1,2, ..., the semigroup S satisfies the identity 7,:

P(A)y[Xn|[Y n]atg(B)[nX]ry[nY |to(C) = ¢(A)[Y nlyx[Xn]t¢(B)x[nY]|[nX]yte(C),

where X = {x1,22,...}, Y = {y1,y2,...} and ¢ is a substitution (that is, ¢ : {xyt,yxt}* —
XUY U{z,y,t} is a homomorphism) defined by

d(zyt) = xt[Xn|t[Y nltyt, ¢(yxt) = yt[nY|t[nX]tat.
Then S is NFB.

Proof. Let L, be the left hand side of 7, and R,, be the right hand side. The following prop-
erties of 7, are easy to check:

P1: The only unstable pairs of letters in 7, are: (x;,y;), (z,2;), (y,y;) for i,5=1,...,n.

P2: If (21, 22) is an unstable pair of letters, then 7,(z1, 22, {t}) is essentially the following iden-
tity modulo renaming letters (that is they differ only by names of letters): A'zytB'zytC’ =~
A'yxtB'yxtC’, where deleting some linear letters from A’, B’, C’ gives us A, B, C respectively.
P3: If the pair (z1, z2) belongs to the set {(z4,y), (z,y), (z,v), (@i, x5), (¥i,y;); 6,5 = 1,...,n, i #
j}, then Ly (21, 22, {t}) is essentially the isoterm U with some extra linear letters added adjacent
to existing linear letters in U. So by Lemma 4.2 L, (21, 22, {t}) is an isoterm for S and therefore
L, (21, 22, {t}) = Ru(21, 22, {t}).

Fix m and let n = 2m. Let us show that there is no derivation of 7, involving identities of
length less than m (where the length of an identity is the maximum of the lengths of its two
sides).

Claim 1. If L,, ~ w is a nontrivial identity of S, then w = R,,.

Clearly w has the same pattern of linear letters as L, (otherwise deleting all but an unstable



pair of linear letters from 7, would give an identity of the form ¢;t; ~ t;¢;, contradicting the
fact that U is an isoterm). Now Lemma 4.1 implies U(z, {t}) is an isoterm. Since L, (x,{t}),
L, (y,{t}), Lyn(x;, {t}) and L, (y;, {t}) are all equivalent to U(z,t) modulo renaming letters, each
block in w is a permutation of the corresponding block in L,. Condition P3 implies that each
block [Xn], [nX], [Yn] or [nY] is identical to the corresponding block in w. Therefore nontrivial
permutation can only happen in blocks of w which correspond to blocks By = y[Xn|[Yn]z and
By = [nX]zy[nY] in L,. Call these blocks of w B} and Bj. Condition P3 implies that letters
in y[Xn|, [Yn]z, [nX]y and z[nY] do not commute within L ~ w. So, the block B] must be a
shuffle of y[Xn| and [Yn]z and B} must be an interleaving of [nX]y and x[nY].

Condition P3 implies that L, (z,y,{t}) is an isoterm. Therefore y precedes x in Bj and x
precedes y in Bj. Now suppose that for some ¢, j, y; precedes x; in Bj. It follows that x; cannot
precede y; in Bj since then L, (z;,ys, {t}) # w(z;,yi, {t}) but w(x;,y;, {t}) is an isoterm for S
(it would be of the form described in P3). Therefore y; precedes z; in Bj as well. Since the
letters in y[Xn], [Yn|z, [nX]y and z[nY] do not commute, we must have that y,, precedes x; in
Bj and also that y, precedes z1 in Bj. This implies that for every i, j < n, y; precedes z; in B}
and consequently that y; precedes z; in B (else w(zj, s, {t}) would be an isoterm of the form
described in P3). Therefore B} and B] are the same as the corresponding blocks in R, and the
claim is proved.

Claim 1 shows that without loss of generality any derivation of L, =~ R,, may be considered
as a derivation of length 1. That is there is an identity u ~ v such that L, = u;0(u)v; and
R, = u160(v)vy.

Claim 2. There is no length 1 derivation of 7, from those identities of S which involve only

words with length less than n.
Assume 7 can be derived from an identity u = v of S where both u and v are words of length
less than n. So there are letters z; and zy occurring u =~ v and a substitution so that 6(z1)
contains z;z; 41 for some i = 1,...,n — 1 and 6(z2) contains y;y;41 for some j = 1,...,n — 1.
Since (x;,y;) is an unstable pair in L, ~ R, we may assume that u(z1, 22, {t}) = v(21, 22, {t})
is nontrivial. However u(z1, 22, {t}) is equivalent, modulo renaming letters, to a word obtained
from U by deleting all subwords of the form yx and possibly some subwords of the form zy.
This is an isoterm by Lemma 4.1 and so we have obtained a contradiction. Thus S does not
satisfy u &~ v and so any basis for S must contain identities of arbitrarily large length.

Example 1 Consider S({abba}). Take A, B and C in Lemma 4.4 to be the empty word. Now
xyyzr and xyx are isoterms for S({abba}) so therefore xytiyxty is an isoterm. On the other
hand, it is easy to verify that

S({abba}) = y[Xn][Yn]zt; nX]|zy[nY|te = [Ynlyz[Xnltiz[nY]|[nX]yte

since for any unstable pair (z1,22), Tn(z1,22) is simply the identity z1z02120 ~ 29212221. By
Lemma 4.4, S({abba}) is NFB.

The following lemma is similar to one in [9] but uses different identities.

Lemma 4.5 If xyxy is an isoterm for a monoid S and for every n > 0, S satisfies the identity
wp, given by Ly, = [X(2n)]t[X(2n)] = [X(2n)]t[X (2n)] = R, then S is NFB.

Proof: Given that xyzy (and consequently xytxy) is an isoterm for the monoid S it follows that

if (24, 2;) is an unstable pair in any identity L,, ~ w satisfied by S then either i is even, j is odd
and j < i or jis even, i is odd and ¢ < j. Furthermore in this case the identity Ly (x;,xj,t) ~
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w(xi, xj,t) is equivalent up to a change of letter names to the identity xytyr ~ yrtry. We now
show that if L,, ~ w is a nontrivial identity of S, then w = R,, = [X(2n)]t[X (2n)].

Let (x;, ;) be an unstable pair in a nontrivial identity L, ~ w satisfied by S. It is convenient
to denote the word to the left of ¢ in L,, by B; and the word to the right of ¢ in L,, by Bs. Since
xyz is an isoterm for S, (z;,t) is stable in L,, ~ w for any ¢ < 2n and so there are corresponding
blocks B} and BY in w either side of the linear letter ¢ that are permutations of the corresponding
blocks By and By in L,,. Without loss of generality, we may assume that x; precedes x; in By
and z; precedes z; in B]. As noted above we have that ¢ is odd, j is even and ¢ < j and therefore
since xytzy is an isoterm for S we can conclude that w(z;, z;,t) = xjxite;x;. Now ¢ is odd and
so we have that L, (z1,z;,t) = zixtxi2;, an isoterm for S or i = 1. If ¢ is not 1 it follows that
x1 precedes x; in B and in By and also that =1 precedes z; in Bj (because x; does). As noted
at the start of the proof, the pair (z;,x2,) is stable in L, = w and so x, occurs after x; and
therefore after z1 in Bj. That is, (x1,x9y,) is an unstable pair in L,, ~ w. If x; precedes xa,
in B] (as it does in By), then w(x1, xon, {t}) is the word x1xontx129,, an isoterm for S and so
contradicting the fact that (z1,z2,) was an unstable pair. So we must have x; occurring after
T2, in BY. Since for any odd number j, (z1,z;) is stable in L, ~ w, we must have z; occurs
after xo, in Bj. Likewise for any even number ', z; precedes xa, and therefore 1 in Bj. These
facts ensure that Bf is the word [X'(2n)]. It now easily follows that in Bj, x1 precedes o,
precedes x3 and so on, so that Bj is the word [X (2n)]. So w = R,, = [X(2n)]t[X (2n)].

We now show by contradiction that if 3 is a basis for the identities of S then for every
nontrivial identity L, =~ R, satisfied by S, 3 contains an identity with at least 2n letters. Since
S satisfies such an identity for infinitely many n, this implies that ¥ is infinite. Any derivation
of L, =~ R, involves just one step since we showed above that R, is the only word w # L,, for
which S = L, ~ w. Therefore there is an identity p ~ ¢ € ¥ such that L,, = U16(p)Usz and
R, = U10(q)U; (indeed it is clear from the form of L,, ~ R, that U; and U, can be taken to be
empty). Say p = ¢ involve fewer than 2n distinct letters. The word [X (2n)] involves 2n distinct
letters and so there must be a letter x in ¢(p) such that, for some ¢ < 2n— 1, z;z;41 is a subword
of O(x). This subword occurs just once in L,, and w so x must be linear in p and ¢. Similarly
there is a variable y such that 6(y) contains a subword of [X'(2n)] whose length is at least 2,
and y is linear in p and ¢. However the subword 6(x) occurs before 0(y) in L,, and after 6(y) in
R,,. Therefore p(z,y) ~ q(x,y) is the identity zy ~ yx, contradicting the fact that zyxy is an
isoterm for S. Hence p ~ ¢ must contain at least 2n distinct letters as required. Therefore S is
NFB. O

Example 2 Consider S({abab}). If we take A, B and C to be the empty word then since xyx
and xyzry are isoterms, we have that xytizyts is an isoterm for S({abab}). On the other hand
we can easily verify that S({abab}) E [X(2n)]t1[X (2n)]te =~ [X(2n)]t1[X (2n)]t2 since for any
unstable pair (z1,22), wn(21,22) is the identily z1202021 &~ z9212122. Therefore by Lemma 4.5,
S({abab}) is NFB.

The following two lemmas will be useful in Section 5.

Lemma 4.6 Let A, B be elements of {xyt,yxt}* and p be a substitution defined by p(xyt) =
|zy[Xn|,t], pyzt) = [[nX]yzx,t]. Let ui, ug, v1, and vy be elements of {xy,yx} such that ujus
s not xyxy and vive 1S not TYYT.

(a) If for some m > 1, Az™y™tB, and AzytrytB are isoterms for a monoid S and for every
n> 0,5 p(A)zyxzy ...l zytp(B) ~ p(A)uizPay . ..zl ustp(B), then S is NFB.

(b) If for some m > 1, Ax™y"™tB and AxytyxtB are isoterms for a monoid S and for every n,
S E p(A)zyalal ... alyxtp(B) ~ p(A)vial'al ...z vetp(B) then S is NFB.
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Proof. We will only prove part (a) since the proof of (b) is almost identical. Let L, be the
word
p(A)zyai'zs’ ... ;' zytp(B)

and R,, be the word
p(A)urz'xy ...z ustp(B).

Let L, = w be a nontrivial identity satisfied by S. By Lemmas 4.2 and 4.1, for any non-linear
letter z, L,(z,{t}) is an isoterm. Therefore w differs from L, only by permutations within
blocks. Since there is only one block of length more than 1, the only differences between L,
and w are to be found in this block. We will refer to this block as the central block of L, and
w. Since Az™y™tB is an isoterm, Lemma 4.2 implies that Ly (x;,x;, {t}) is an isoterm. Thus
it must be the case that L,(x1,...,2,,{t}) is an isoterm. Since Az"y™¢B is an isoterm, by
Lemma 4.1, Ax"yytB and Azzy™tB are isoterms. Thus for any letter x; € {x1,...,z,}, the
central block of w(z, x;, {t}) cannot be of the form zxx!" or x"xx. In particular this is true for
t =1 and 7 = n. Thus the central block of w is of the form uzix5'z5" ... z]" ;x,v, where u is a
permutation of wa_l and v is a permutation of x%”flx.

Now we examine possible derivations of L, ~ R, from the identities of S. In any derivation
of L, = R, we have a sequence of identities I1 ~ Iy, Io =~ I3, ..., I}_1 = I}, such that I; = L,
I, = R, and for each i there is an identity p; ~ ¢; and a substitution 6; such that I; = uf;(p;)v
and ;11 = ub;(g;)v for some words u,v. Let h smallest number such that I (z,y) # In+1(z,y)
(this exists since by the choice of u; and ug, L,(x,y) Z R,(x,y)). Both I}, and I are of the
form of w as described above. Consider pj, = q;,. Since the central block of both words contain
n+2 distinct letters, if p;, contained less than n letters, there must be a letter z in ¢(py) such that
0;(z) contains xjx ;1 for some j. This subword occurs just once in Ij, and Iy so z is linear in
pi. Similarly there a letters 2/ and y’ such that ;(z’) contains  and 6;(y’) contains y. Consider
pu(2’ Y 2, {t}) = qn(z’,y', 2, {t}). By the choice of I}, and I(j, 41y, (2,%) is an unstable pair in
this identity. Now if z is a linear letter, AzyzaytB and all subwords of this word are isoterms.
Define a new substitution 8’ by defining 0'(z') = z, 6'(y/) = vy, 6/(z) = z and assigns remaining
linear letters in pp(2/,y', 2, {t}) to subwords of AzyzzytB between corresponding occurrences
of &' (2'), &' (y') and 0'(2’). That (2/,y’) is an unstable pair in py(z', v/, 2, {t}) = qn(2', ¢/, 2, {t})
now contradicts the fact that AxyzxytB is an isoterm. Thus pp must contain more than n
letters. Since S satisfies

p(A)zyx'ay ... xzytp(B) ~ p(A)uyz'ay’ ...z ustp(B)

for every n > 0, any basis for Id(S) must be infinite since for every n > 0 it contains an identity
with more than n letters.

|

Example 3 Consider S({abcab, abcba, a*b*}) for some k > 2. Some isoterms for this semigroup
are xytryt, xytyxt and ¥y*t. On the other hand it is easy to verify that S({abcab, abcba, a*b*})
satisfies xyxh ... xkxy ~ xyaxk ... akyx. Therefore by Lemma 4.6, S({abcab,abcba,a*b*}) is
NFB.

Lemma 4.7 Let A, B be elements of {xyt,yxt}*. Say AzyzytB and AyxxytB are isoterms
for a monoid S and for every n > 0, o(A)zxx[nX][Xnlto(B) is not an isoterm for S, where o is
a substitution defined by o(xyt) = |x[Xn],t] and o(yzt) = |[nX]z,t|. Then S is NFB.

Proof. The proof will be similar to that of the previous three lemmas. Fix some number n
and let L,, be the word o(A)zz[nX][Xn|to(B). As in the proofs to the previous three lemmas,
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Lemmas 4.1 and 4.2 show that for any nonlinear letter y in ¢(Ly,), L(y, {t}) is an isoterm. Thus if
L, = w is a nontrivial identity satisfied by S then w differs from L,, only by a permutation within
blocks. The word zz[nX][Xn] forms a block in L,, which we will refer to as the central block Bj.
Since Bj is the only block in L,, with length more than 1, there is a block Bs in w corresponding
to the central block of L, which is a permutation of zz[nX][Xn]. Since AyxxytB is an isoterm,
Ly (x;,xj,{t}) is an isoterm for every i,j < n. Thus the central block is an interleaving of zx
and [nX|[Xn|. Because AyzzytB is an isoterm for S, the two occurrences of x in By cannot lie
between the two occurrences of any letter x; since in that case w(z, x;, {t}) would be an isoterm
yet (z,x;) an unstable pair in L, ~ w. Furthermore, for every i < n, the central block cannot
delete to xz;zz; since then w(zx, z;, {t}) is an isoterm and w(z, z;, {t}) # Ln(x, z;, {t}). Thus w
is either the word
0(A)InX]Cxto(B),

where C'is a interleaving of x and [Xn/|, or the word
o(A)z[nX]|[Xn|xto(B).

Now we show that if ¥ was a set of identities with fewer than n distinct letters then X
L, ~ w only if S £ ¥. Thus any basis for S is infinite.

Let 3 be such a set of identities and let A" and B" be the words A(x, {t}) and B(x, {t}) respec-
tively. Since AyzzytB is an isoterm, Lemmas 4.1 and 4.2 imply that A'zztB’ (= (xt)°c@d gt (xt)occ@B))
and A'ztB' (= (xt)c®L)=1) are isoterms. Lemma 4.2 implies that A’zzztB’ and A'zztB’ are
also isoterms if z is a linear letter. Furthermore, if we give z the value xx in the isoterm
A'yzzytB’, then similar arguments show that A’zzaxtB’ must be an isoterm as well. Since
Y F L, =~ w there is an identity p ~ ¢ € ¥ and a substitution # such that L, = uf(p)v and
uf(q)v is of one of the two forms derived above. Given the restricted nature of these two forms,
0(p) must contain the word zz[nX|[Xn]. ¥ contains only identities involving less than n letters
so any substitution # must assign some letter z in ¢(p) a value containing as a subword the word
Tixi41. Since this subword occurs just once in Ly, z is linear in p. Furthermore there must be a
letter 2’ or letters 2’ and 3’ such that 6(z') = x or both 6(2') = z and 0(y') = x and (2/, 2) are
an unstable pair in p =~ ¢. In either case we have that p(a/, z, {t}) = q(2/, z, {t}) is not satisfied
by S as required because (2/,2) is an unstable pair in this identity and we can delete some
linear letters so that p(z’, z, {t}) becomes a subword of one of the forms A’zxztB’, A'xztB’ or
A'zzatB'. Thus S is NFB.

Example 4 The semigroup S({abab, abba}) is NFB.

Definition 4.8 i) Let w be a word in a two letter alphabet {a,b}. The height of w (written
h(w) ) is the mazimum of the number of distinct subwords ab and the number of distinct subwords
ba. For example, the word aaabbab has height 2 because it contains 2 occurrences of ab and 1
occurrence of ba.

ii) Let w be a word in an arbitrary finite alphabet. Then the height of w is

maz{h(w(a,b)); (a,b) € c(w) x c(w),a £ b},
the mazimum of the height of w(a,b) for all disjoint pairs (a,b) from c(w).

iit) If W is a finite set of words, then the height of W (written h(W)) is the mazimum height
of the words in W.
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Lemma 4.9 Let A and B be alphabets and w be a word over B of height h. Let (x,y) be a pair
of letters in w such that the height of w(x,y) is h. Let 6 be a substitution B — A* such that
none of the following conditions hold:

1)0(z) =1

2)0(y) =1

3) 6(x) = a™ and 0(y) = a™ for some letter a.
Then the height of 0(w) is greater or equal to h.

Proof. Case 1. Suppose that 0(x) or 6(y) contains the subword ab. Then the number of
different subwords ab in 0(w) is at least the number of occurrences of z or y in w, which is
greater than h.

Case 2. Now suppose that 6(z) = a™ and 0(y) = b™ (with a #Z b). Then 0(w) contains at
least h different subwords of the form o™ and therefore at least h different subwords of the
form ab. Thus in this case the height of 6(w) is greater or equal to h too.

The following theorem gives a general sufficient condition for S(W) to be NFB.

Theorem 4.10 Let W be a (possibly infinite) set of words of (finite) height h in an arbitrary
alphabet. Suppose that among the words of height h there exists a word w in two-letter alphabet
which starts and ends with a and contains a subword b a®2b™3, where a; > 2 for i = 1,2,3.
Then W is a NFB set of words.

Proof. w = wiba®?bwy for some words w; and ws such that wy starts with a and ends with b
and wy starts with b and ends with a. Let n be the height of w; and m = h — n be the height
of wy. Let us check conditions of Lemma 4.4.

(1) Take A = yatyyxty ... .yxt,, B=1, C = xyty132ytniq . . . TYtpimy2. We will show that
I = Azxyt,1yrt,2C is an isoterm of S(W).

Firstly every pair of linear letters is stable in I with respect to S(W) since otherwise S(WW)
would satisfy either zy ~ yx or & ~ z* for some k > 1. Now if all maximal subwords of the
form b* in w are replaced by linear letters, we get an isoterm w’ otherwise there would be a
nontrivial identity w’ ~ v satisfied by S(W) which could be applied to w to derive a nontrivial
identity involving this word. Now Lemma 4.1 can be applied to the word w’ to show that
rtiwte.. Tty 2ty o2ty 3. b1 is an isoterm. So (x,t;) is a stable pair in I(z, {t}) for all
i #n+1,1<n+m+1 We show that(z,t,4+1) and (z,tp+m+2) are also stable pairs for
I(x,{t}) with respect to S(W). If I(x,{t}) ~ J is an identity satisfied by S(WW) then since
tita ... tmynt2 and xtlx...tnxztn+23:...:ntm+n+1x are isoterms, J(x,t1, ... tp4+m+1) must be one of
the following words:

xtix. . tprty 1ty pox.. Tlypin1x (= Iz, t1,ta, . o tnems1)),

T T.. tntny1TTn42T . . . Thptnt1, OT
T Cn T 1tn42T . . Thpyn4+12.

If we delete t,, in the second of these or ¢, 2 in the third, then we get a word equivalent after a
change of letter names to the word :):tlx...tn$2tn+2x...tm+n+1x which is an isoterm. Therefore
J(x,t1,...thym+1) must be the first of these words, that is

J(IE,t]_, -~-tn+m+1) = I(CC, tl, ...,tn+m+1).



Likewise,

J(:c,tl, -"7tn7tn+27 '-‘7tn+m+17tm+n+2) = I(x7t17 -‘-7tn7tn+27 '-‘7tn+m+17tm+n+2).

So therefore I(x,{t}) is an isoterm. Since I(y,t) is essentially the same word as I(z,t), it is also
an isoterm.

To complete the proof that I is an isoterm, it only remains to show that (z,y) is a stable
pair in I. To do this, use a substitution # which takes x to b, y to a, and I to w (that is, assigns
to each linear letter a maximal subword between corresponding occurrences of ab or ba). Since
w € W is an isoterm for S(W), condition 1 of Lemma 4.4 is satisfied.

(2) Let 7,, be the identity L, ~ R, as defined in Lemma 4.4. By Property P2 in the proof
of Lemma 4.4, for any unstable pair of letters (z1, 22), T, (21, 22, {t}) is essentially the identity
AxytryC = AyxtyxC. Notice that the height of both parts of this identity is greater than h.
Since W has height h, if the identity was to fail on S(W) by Lemma 4.9 we must assign 1 to
at least one of the letters in every pair a’,y’ for which h(L,(2',y")) > h or h(R,(z',y")) > h.
This reduces the identity to a tautology and so 7, holds on S(W). Thus Lemma 4.4 applies and
S(W) is NFB.

|

Theorem 4.11 Let w be a word of height h > 0 and length | > 2 in the alphabet {a,b} such
that w is a NFB word.

(a) If the height of a set of words W is less than max(1,h —2), then W U {w} is a NFB set of
words.

(b) If the mazimum length of the words in W is less than | — 1 then W U {w} is a NFB set of
words.

Proof. The proof essentially follows from the proof of Theorem 1.4. In the proof of Theorem 1.4
(see [9]), if S({w}) is NFB, it is shown that S({w}) satisfies for each n > 1 an identity u, =~ vy,
(depending on m) and that within /d(S({w})) these identities have no finite basis (that is, there
is no finite subset of Id(S({w})) from which w,, ~ v, can be derived for every m). Furthermore,
for every unstable pair (z,y) (or (y,z)) in the identities u,, ~ vy, the height of both w,,(z,y)
and v, (z,y) is at least h — 2. Since the height of W is less than h — 2, S(W) & u,, = vy,
for every m also and therefore S(W U {w}) = um =~ vp,. Since Id(S(W U{w})) C Id(S({w}),
S(W U{w}) is NFB as required.

The proof for part (b) is very similar since for any unstable pair (x,y) in the identities
Up R Up, the words u,(x,y) and v, (z,y) have length [ — 1.

|

Using variant of Lemma 4.4 it is possible to replace the number max(1,h — 2) above with
mazx(1l,h —1).
Theorems 4.10 and 4.11 easily give us the following:

Corollary 4.12 If W is a set of words then there is a word w in a two letter alphabet such that
W U{w} is a NFB set of words.

Corollary 4.13 If S is a k-nilpotent monoid then S is a subsemigroup of a NFB max(5, (k+2))-
nilpotent monoid.

Proof: We will assume that k£ > 3 and show that S is a subsemigroup of a k 4+ 2 nilpotent
monoid. Let k' be the smallest integer such that 2k’ > k for some number k. Consider the
monoid S({ba(ab)¥~1}). This is certainly (k + 2)-nilpotent since the length of ba(ab)¥ ! is
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either k or k+1 and in both cases S({ba(ab)* ~1}) is (k + 2)-nilpotent. We now use Lemma 4.4.
Let A and B be the empty word and C be the possibly empty word (xyt)k/_2 (this exists since
k > 3 implies that ' > 2). It is easily established that yatzytC is an isoterm for S({ba(ab)* ~1}).
Thus if S({ba(ab)* ~'}) satisfies the identities 7, of Lemma 4.4 then it is NFB. For any unstable
pair (21, 22) in 7,, the length of L,(21,22) and Ry, (z1,22) is exactly 2k’. This shows that S
satisfies 7, since k < 2k" and any product of k¥ non identity elements in S is zero. Now assume
that 7, fails on S({ba(ab)¥'~'}) under some assignment 6. Since S({ba(ab)¥'~1}) is (2k" + 1)-
nilpotent, all letters in ¢(L,) must be assigned the value 1 except for two letters z; and 2z, with
the property that (z1,22) is unstable in 7,,. Furthermore one of the letters z; and zo must be
assigned a and the other must be assigned b. By property P2 of Lemma 4.4, we may assume
that 7,(z1, 22) is the identity
21222122(2122)k/—2 ~ 2221,2221(2122)]“/_2.

Evidently 6(L,) and 6(R,) are not subwords of ba(ab)* ~! and so both take the value 0 on
S({ba(ab)¥~1}), contradicting the assumption that 7, failed under the assignment #. Thus both
S({ba(ab)¥'~1}) and S satisfy .

Using the same construction as for Corollary 3.10 we arrive at a (k + 2)-nilpotent monoid 7'
containing both S and S({(ab)*'}) as subsemigroups and satisfying 7,. Thus T is NFB.

An immediate corollary of this is

Corollary 4.14 The pseudovariety generated by the class of finite NFB nilpotent monoids con-
tains all finite nilpotent monoids and all finite nilpotent semigroups.

Combining Corollaries 3.11 and 4.12 we have the following:

Corollary 4.15 If W is a set of words then there are sets of words W = Vy, Vi, Va, ... with
le(Vi)| = max(2, [c(W)]) and V; C Vg1 for i > 0 so that Vaj is FB and Vaji1 is NFB for every
7 >0.

This means that if V' is a variety generated by a monoid of the form S(W) (where W is a finite
set of words) then there is an infinite chain of supervarieties of V', each generated by a finite
semigroup S(V;) but whose identities alternate between being FB and NFB.

We now address the question as to what is the smallest NFB word.

Theorem 4.16 (i) For any set of words {wy,we, ..., w,} with the length of each w; strictly less
than 4, {w1,...,w,} is FB.
(ii) If S(W) has less than 10 elements it is NFB if and only if S(W) = S({abab}).

Proof. Let W = {w;,wa,...,w,} be a set of words as in part (i) of the theorem. If there is
a word w; of the form abc (that is, containing three distinct letters) then we can replace this
with the word ab and the resulting semigroup will be equationally equivalent to S(W). This
is because zy is an isoterm in a monoid if and only if zyz is an isoterm. Furthermore if W
contains two words wi; and wo differing only by letter names then we may remove wi, say, and
the resulting semigroup S(W\{w;}) is still equationally equivalent to S(W). Up to a change in
letter names, this leaves only subsets of the set {aaa, aba,aab, baa} to consider (recall that we
are assuming this set is closed under taking subwords).

Recall that a word u is almost linear if at most one letter appears in « more than one time.
In [9], O. Sapir has shown that if W is a finite set of almost linear words then S(W) is FB.
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Since every subset of the set {aaa,aba,aab,baa} contains only almost linear words, Theorem
4.16 part (i) is proved.

Now assume that S(W) is a NFB semigroup with less than 10 elements. By (i) we can assume
that W contains a four letter word. It is easily verified that a four letter word, w, involving three
distinct letters has at least 8 distinct subwords and so S({w}) has at least 10 elements. Now the
only four letter words w involving two or less distinct letters for which S({w}) has less than 10
elements are (up to a change in letter names) aaaa and abab. The word aaaa has only 4 distinct
subwords. In [5] it is shown that if a semigroup satisfies xyx ~ zxy or zyxr ~ yxx then it is FB.
If xxzz is an isoterm then in order that S(WV) not satisfy one of these identities, either zyz or
both zyy and yyx must also be isoterms. However S({aaaa, aba}) and S({aaaa, aab,baa}) have
at least 10 elements (in fact they are FB anyway). The Theorem now follows since by Example
2, S({abab}) is NFB.

5 Joins of Varieties Generated by Monoids of the Form S(1V)

Examples found by M. Volkov (see [10]) and M. Sapir ([8]) show that the class of finite FB
semigroups and the class of finite NFB semigroups are not closed under taking subsemigroups,
homomorphic images, or direct products. The presence of nontrivial subgroups plays a central
role in these examples. An aperiodic semigroup is a semigroup with no nontrivial subgroups.
Corollaries 3.11 and 4.12 show that the class of finite FB aperiodic semigroups and the classes
of finite FB and finite NFB aperiodic semigroups (and in particular the classes of FB or NFB
monoids of of the form S(W)) are also not closed under taking subsemigroups or homomorphic
images. In this section we will address the problem of finding FB finite aperiodic semigroups
whose direct product is NFB and NFB finite aperiodic semigroups whose direct product is FB.
The following lemma is useful.

Lemma 5.1 Let Wi and Wy be two sets of words over some alphabet X. Then S(W1UWs) has
the same identities as the direct product S(W1) x S(Wa).

Proof. Indeed, if an identity p ~ ¢ holds in S(WW; U W3) then for every substitution 6, if 6(p)
or 6(q) is a subword of a word in W7 U Wy then 6(p) = 6(g). This implies that p ~ ¢ holds on
S(W7) and on S(W3), so it holds on S(W7) x (W3). On the other hand, if p ~ ¢ does not hold
on S(W1 UWs) then there exists a substitution 6 such that 6(p) or 6(q) is a subword of a word
in Wy or Wy but 0(L,) # 0(R;). But then p ~ ¢ does not hold in one of S(W7) or S(Ws), and
so it does not hold in the direct product of these monoids. The lemma is proved.

Definition 5.2 Let A, be the set of all words starting with a in the alphabet {ab,ba} whose
length n (as words in this alphabet) is greater than 1 and let A be a fized element of An, say
(ab)™ (ba)™2...(ab)™, m; > 0 for all i < k, my, >0, & m; =n.

For n > 2, at least one of the words (ab)" 'ba and ab(ba)”~! are contained in the set A,\{A}.
Fix one of them and call it B. For each m > 1 let £,,, be a substitution defined by &,,(ab) = [Xm)],
&m(ba) = [mX]. We now construct an identity L4, =~ Ram Or Tam, as follows. To make the
word L 4, first replace every occurrence of ab by the word abt and every occurrence of the word
ba by the word bat. Let the resulting word be denoted by A’. Now replace every occurrence
of a in A" by the letter = and every occurrence of b by corresponding occurrences of &, (ab) or
&m(ba) from the word &,,(B). That is, if the i'? letter to appear in B as a word in the alphabet
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{ab,ba} is ab then the i'® occurrence of b in A’ is to replaced by &, (ab). Otherwise replace
the i" occurrence of b in A’ by &, (ba). The same procedure is followed to make the word
R A m except each occurrence of b in A’ is replaced with  and each occurrence of a is replaced
with the corresponding subwords of &,,(B). For example, let n = 3, A = ababba and therefore
B = abbaba. So A’ is the word abtabtbat and

Lam = (x(z122. .. ) t)(@(@h, . .. 2221)t) (2, - - . 227 2T)

Likewise,
Ras = ((z1z2. .. xm)xt) (@, . . . x2x1)2t) (2(X0, - . . 221 )E).

Lemma 5.3 If S is a monoid for which An\{A} (for some n > 2) are isoterms and for every
m >0, S |=Tam, then S is NFB.

Proof. If A is not the word (ab)™ then by assigning a to x and b to respective linear letters ¢ we
find that L4, (z, {t}) becomes the word (ab)”. Since this is an isoterm, L4 ,(x, {t}) must be
too. If A = (ab)" then both (ab)"~'ba and (ab)" 2baab must be isoterms. By assigning a to z
and maximal subwords of the form b to corresponding linear letters ¢ we find that zt,xts...xt,_12
and ztixts...xt,_oxxt, are isoterms. These two facts combined ensure that xtixts...xt, is an
isoterm. So for every non-linear letter y in 74 1, 74,m(y, {t}) is a tautology and the words in
this identity are isoterms. Since B is an isoterm for S, L (21, Z2, ..., ) is an isoterm and for
any i <m, Lam,(z,z;) is essentially the word A (up to a change in letter names).

Let L, ~ w be a nontrivial identity satisfied by S. There is an unstable pair (z, ;) in
LA ~ w and since A, \{A} and L, (z, {t}) are all isoterms, w(z, z;) = Ra m(x, x;). We show
that this statement is true for ¢ = 1 and ¢ = m: this combined with the fact that xtixzts...xt,
and L4 (21,2, ..., Zm) are isoterms are enough to show that w = R ,,. Since B # A there is a
subword of L 4 ,, of the form z;...xox12 (or zz122...2;) and x; occurs before x in the corresponding
block in w (or z; occurs after x in w respectively). Since L (21, Z2, ..., Ty ) is an isoterm, (z, 1)
must also be an unstable pair. Similarly there is a subword zzy,...z; (or x;...xpx) in L4y, such
that in the corresponding block of w the order of appearance of z and x; are switched. Thus
(x,zy,) is also an unstable pair and consequently w = R4 .

Now we show that there is no derivation of 74 ,, involving identities of S that contain less
than n letters. Assume otherwise. So there is an identity p &~ ¢ involving fewer than n letters
and a substitution @ such that L4, = uf(p)v and L4, = uf(q)v. By the choice of B we can
assume that there is only one occurrence of each subword z;;12; in L4 ,,. Since we are assuming
that |c(p)| < n there must be a linear letter z in ¢(p) such that 6(z) contains x;11z; as a subword.
There is also a letter 2/ € ¢(p) such that 6(z) contains = and (2, 2) is unstable in p ~ q. We may
further assume that linear letters {¢} in p are assigned subwords containing the linear letters in
LA m. Now for some j, jx occurs before (jxit1)(jzi) in Lay, and after (jzi41)(j2;) in Raom.
Therefore for some j', jsz" occurs before z in p and after z in ¢. So p(2/, z, {t}) = q(a', z, {t}) is
the identity

.Tltl...(j/.?}/)Z(tj/)(I}‘/tj/+1...xlt(occ(x/7p)) ~ x/tl”'z(j’x/)(tj’)x/tj’+1"'x/t(occ(:r’,p))'

Since xty...xt, is an isoterm and occ(z’,p) < n, by Lemma 4.2 the left hand side of this is an
isoterm, a contradiction. Thus no such identity p ~ ¢ exists. Therefore any basis for S must
contain identities involving arbitrarily large numbers of letters and is therefore infinite.

|

Recall that W, is the set of all words in the alphabet {a,b} with at most n occurrences of any
letter. For any fixed word 7A from A, with n > 1 let W, 4 be the result of removing from W,
the word A and the word A obtained from A by replacing a by b and b by a.
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Corollary 5.4 Forn > 1, Wy 4 is a NFB set of words.

Proof. For n > 2 Lemma 5.3 can be used as follows. Since Ap\{A} is a subset of W, 4, every
word in A,\{A} is an isoterm for S(WW, 4). On the other hand, every word in W,, 4 has length
less than 2n+1. So if  was a substitution such that 8(L,, 1) was contained in W, 4 then (L, a)
must have length less than 2n + 1. Therefore § must assign 1 to at least all but two letters from
{z} U{zs;i < m}. In this case either 0(L,, a) = 0(Rp a) or (L, 4) is equivalent up to a
change of letter names to A and 6(R,, 4) is similarly equivalent to A. Since S(W,, 1) E A ~ A,
S(Wp,a) = Tim,a for every m > 1. Therefore by Lemma 5.3, S(W,, 4) is NFB.

Forn = 2, A, is the set {abab, abba}. S(W,,) is equationally equivalent to S({abab, abba, aabb})
since {abab, abba, aabb} contains a copy (up to a change of letter names) of every 2-limited word
in a two letter alphabet. Thus to prove the result we need to show that S({abab,aabb}) and
S({abba, aabb}) are NFB. For this we can easily apply Lemmas 4.4 and 4.5 respectively. For
example xytizyte is an isoterm for S({abab,aabb}) since xyry and zyx are. However for any
unstable pair of letters (z,y) in wp,, wm(x,y) is the identity zyyx ~ yxxry which is a satisfied
by S({abab, aabb}). Thus S({abab,aabb}) = wy, for every m > 0. The Corollary is proved.

g

The following Corollary now follows immediately from Theorem 1.4, Corollary 3.7 and Corol-
lary 5.4.

Corollary 5.5 For every n > 1 and every word A € A,, the monoids S({A}) and S(Wy, a) are
NFB but S({A}) x S(Wy,a) is FB. That is, {A} and Wy, a are NFB sets of words but {A}UW,, 4
1s a FB set of words.

Since abab and Sabba are NFB words, one might wonder if the set {abab,abba} is FB,
therefore giving a smaller example. Example 4 shows however that this is not true. Nevertheless,
we can find two NFB words w; and ws such that {w; Uws} is FB. First consider the following
lemma.

Lemma 5.6 If w is an isoterm for a monoid S then Id(S) C Id(S({w})).

Proof. Let p ~ ¢ be an identity not satisfied by S({w}). This means that there is a substitution
6 such that 6(p) is a subword of w and 0(p) # 6(q). So w = ub(p)v for some words u and v
so that uf(p)v #Z ub(q)v. But then p = g F uf(p)v = ub(q)v so w is not an isoterm for any
semigroup satisfying p ~ ¢. That is, S [~ p ~ ¢. The lemma is proved.

g

Since S({ababcddee}) contains the subsemigroup S({abab}) and the subsemigroup S({ddee}),
Id(S({ababcddee})) is contained in both Id(S({abab})) and Id(S({aabb})) and therefore also in
Id(S({abab, aabb})). On the other hand since zyzy, ryyz, xay, yrx and zyz are all isoterms for
S({abab, aabb}), so must be the word ababcddee and so Lemma 5.6 shows that 1d(S({ababeddee})) D
Id(S({abab, abba})). Therefore S({ababcddee}) is equationally equivalent to S({abab, abba}) and
in a similar way S({ababcddee, abba}) is equationally equivalent to S({abab, aabb, abba}). There-
fore ababeddee and abba are NFB words but {ababeddee, abba} is a FB set of words.

Another simple example of two NFB words w; and we such that {wy,ws} is FB are the words
abcba and abcab. The arguments used in Examples 1 and 2 apply equally well to the monoids
S({abcba}) and S({abcab}) respectively and so abcba and abcab are also NFB. On the other
hand in Theorem 3.12 it was shown that {abcab, abcba} (and by Lemma 5.6, {abcabdefgfe}) is

a FB set of words. The relevancy of this example is due to the following theorem:
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Theorem 5.7 For any n > 2 the monoids S({abcab,abcba}) and S({a"b"}) are FB but the
monoid S({abcab, abcba}) x S({a™b"}) is NFB.

Thus by Lemma 5.1 we have an example of two finite FB aperiodic semigroups whose direct
product is NFB. The problem of finding such an example was raised by M. Sapir about 10 years
ago.

Proof. Theorems 1.4 and 3.12 show that S({a"b"}) and S({abcab, abcba}) are FB while Example
3 shows that S({a"b"}) x S({abcab, abcba}) is NFB. That is {a"b"} and {abcab, abcba} are FB
but {a"b", abcab, abcba} is NFB.

|

Finally we present an example of two FB sets of words in the alphabet {a,b} whose union
(or equivalently, the direct product of the two corresponding monoids) is NFB.

Theorem 5.8 The monoids
S = S({abbaa, ababa, aabba})

and
T = S({baaab, aabb, abba, abab})

are FB but S x T is NFB.
Proof. Firstly, the monoids S and 17" are FB by Theorem 3.16. Now let
M = S({abbaa, ababa, aabba, baaab}).

By Lemma 5.1 it follows that M satisfies the same identities as S x T
We now show that M is NFB. It is easy to check that for each n, this monoid satisfies

[Xnlytiyta[n Xy = y[Xn|t1ytay[nX]
Now [Xn]tinX], xtixtex, xytixtoyx and yxtixtexy are all isoterms for M. Thus if
S({abbaa, ababa, aabba, baaab}) = [Xnlytiyta[n Xy =~ W
for some word W, then W = y[Xn]t1ytoy[nX]. Any derivation of
[(Xn]ytiyta[n Xy = y[Xn]t1ytay[nX]

therefore consists of a single application of an identity to the word [Xn]yt1yte[nX]y. If this
identity has fewer than n letters then it must assign linear letters to some portion of [Xn] and
[nX] (since they contain n distinct letters). Thus

S({abbaa, ababa, aabba, baaab}) = tsytiytatsy ~ ytstiytayty.

By assigning a to y, bb to t3 and 1 to all other letters, we see that the right hand side of this
identity takes the value abbaa but the left hand side does not. Since abbaa is an isoterm for
M, we have reached a contradiction. Therefore any basis for the identities of M must contain
identities involving arbitrarily large numbers of letters, and therefore must be infinite. |

20



References

[1] O.G. Kharlampovich and M. V. Sapir. Algorithmic problems in varieties, Internat. J. Algebra
Comput. 5 (1995), 379-602.

[2] R. McKenzie. Tarski’s finite basis problem is undecidable, Internat. J. Algebra and Comput.
6 (1996), 49-104.

[3] P. Perkins. Bases for equational theories of semigroups, J.Algebra 11 (1969), 298-314.
[4] P. Perkins. Basic questions for general algebras, Algebra Universalis 19 (1984), 16-23.

[5] G. Pollak and M. V. Volkov. On almost simple semigroup identities, in
Semigroups. Structure and Universal Algebraic Problems, Budapest (1985), 287-323.

[6] M. V. Sapir. Problems of Burnside type and the finite basis property in varieties of semi-
groups, Math. USSR Izvestiya, 30 (1988) No. 2, 295-314.

[7] M. V. Sapir. Inherently nonfinitely based finite semigroups, Math. USSR Sbornik, 61 (1988),
No.1, 155-166.

[8] M. V. Sapir. On cross semigroup varieties and related questions, Semigroup Forum, 42 (1991)
345-361.

[9] O. Sapir. Finitely based words, to appear in Internat. J. Algebra and Comput.

[10] L. N. Shevrin and M. V. Volkov. Identities of semigroups, Russian Math (Iz. VUZ), 29
(1985), No. 11, 1-64.

21



