REDUCIBILITY VERSUS DEFINABILITY FOR
PSEUDOVARIETIES OF SEMIGROUPS

J. ALMEIDA AND O. KLIMA

ABSTRACT. It is easy to show that a pseudovariety which is reducible
with respect to an implicit signature o for the equation x = y can also
be defined by o-identities. We present several negative examples for the
converse using signatures in which the pseudovarieties are usually de-
fined. An ordered example issue from the extended Straubing-Thérien
hierarchy of regular languages is also shown to provide a positive exam-
ple for the inequality = < y.

1. INTRODUCTION

Drawing motivation and problems from theoretical computer science, spe-
cially from the theory of finite automata and regular languages, the study
of finite semigroups has led to substantial developments since the 1960’s.
The connections between the two areas were formalized in seminal work of
Eilenberg [I8, 19] where, in particular, the relevant classification of finite
semigroups that emerged is in terms of the so-called pseudovarieties. In-
deed, through Eilenberg’s correspondence, pseudovarieties of semigroups are
associated, via syntactical recognition, to classes of languages (varieties) with
natural closure properties. Several combinatorial operations on varieties of
languages have been shown to correspond to algebraic constructions on pseu-
dovarieties of semigroups and the general aim is to decide membership in a
variety by deciding membership in the corresponding pseudovariety. Run-
ning through this general program, pseudovarieties of semigroups are often
defined as smallest pseudovarieties generated by a given class of semigroups,
constructed by applying some algebraic operator on semigroups from given
pseudovarieties. While this process does not in general preserve decidability
of the membership problem [IJ, [14], the search for stronger hypotheses on the
given pseudovarieties to guarantee decidability for the resulting pseudovari-
ety seems a worthwhile endeavor. Many works in this direction have been
developed, starting with deep results of Ash [I3] on the pseudovariety of all
finite groups and various attempts of extending it [3, [I0], more or less suc-
cessful depending on the algebraic operator under consideration. The case
of the semidirect product was initially based on a result [12] in whose proof
a gap was found and which remains to be filled (see the discussion in [28|
Chapter 3]).

In the approach considered in [10], several properties of pseudovarieties of
semigroups are considered depending on an enriched algebraic signature for
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finite semigroups given by an implicit signature: besides multiplication, a set
of other operations commuting with homomorphisms is taken into account.
A basic property is whether the signature is sufficiently rich to define the
pseudovariety (definability). Another important property, which is related
with the work of Ash [I3], is whether the signature is sufficient to witness
solutions, modulo the given pseudovariety, of systems of equations with con-
straints in finite semigroups (reducibility). Even for the system of equations
consisting of the single equation z = y, where x and y are variables, it is easy
to show that reducibility implies definability [10]. Prior to this work, nowhere
in the literature seems to be an example showing that the converse does not
hold. Many pseudovarieties have been shown to be reducible [6, 17, [7] with
respect to the signature in which they are naturally defined, but proofs are
very much dependent on the properties of the specific pseudovarieties.

The aim of this paper is to understand the relationship between definabil-
ity and reducibility. We show, that for simple pseudovarieties of semigroups
usually defined within a certain signature, reducibility also holds. In con-
trast, we present several negative examples, of pseudovarieties which are
definable in a natural signature but not reducible with respect to it. The
examples are drawn from three natural classes of semigroups: commutative
semigroups, groups, and completely regular semigroups. The technique to
establish the negative results involves choosing a suitable regular language
for which the syntactic congruence is tight enough to have simple to handle
classes and allow a combinatorial analysis of the desired witnesses.

2. PRELIMINARIES

The reader is referred to standard references [2] 5], 23 28] for background
on semigroups, pseudovarieties, and profinite semigroups. Most of what we
write about semigroups may equally well be established for monoids but we
usually stick with semigroups. We also consider the extension of the theory
of pseudovarieties of semigroups to ordered semigroups [25].

Given a pseudovariety of (ordered or not) semigroups V, the pro-V semi-
group freely generated by a set A is denoted Q4V. The pseudovarieties of
all finite semigroups and of all finite monoids are denoted, respectively, S
and M.

An tmplicit signature is a set in which each element belongs to some free
profinite semigroup Q4S, where A is a finite set, including binary multipli-
cation. The elements w of QS may be seen as A-ary (implicit) operations
with a natural interpretation wg : S4 — S on each profinite semigroup S:
for each function ¢ : A — S, we put ws(p) = $(w), where ¢ is the unique
extension of ¢ to a continuous homomorphism Q4S — S, the existence of
which amounts to the universal property defining free profinite semigroups.
Even when restricted to finite semigroups, this interpretation is injective and
produces exactly those operations that commute with homomorphisms. In
particular, for an implicit signature o, finite semigroups and €4S are nat-
urally viewed as o-algebras and this is always the structure of o-algebras
that we will consider on them. The o-subalgebra of QS generated by the
set A of free generators, denoted Q%S, is easily seen to be the free o-algebra
in the Birkhoff variety of o-algebras generated by S. The elements of £29S
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are called o-words. Note that, when ¢ is reduced to binary multiplication,
o-words are simply words, meaning elements of the free semigroup A*. In
general, elements of QS are called pseudowords. The set AT is topologically
dense in the metric space Q4S, that is, every pseudoword is the limit of some
sequence of words.

Some relevant and frequently encountered examples of pseudowords may
be described as follows:

gtk = lim 2"** (ke Z) and 2P = lim 2"

n—oo n—o0
These are just a few examples of pseudowords in one variable, of which there
are uncountably many. More precisely, let N denote the profinite comple-
tion of the semiring (N, +,:) of non-negative integers. The “logarithmic”
mapping ﬁ{x}l\/l - N sending the generator x to 1 extends uniquely to an
isomorphism of ﬁ{m}l\/l with the additive semigroup of the profinite semir-
ing N. Composition in ﬁ{w}l\/l, given by (uowv)g = ug o vg “logarithmically”
translates to multiplication in N. Note that the pseudoword x* corresponds
to the only nonzero additive idempotent of N. The additive semigroup ideal
it generates is a subsemiring isomorphic with the profinite completion 7 of
the usual ring of integers (Z, +, -), under an isomorphism sending w+ 1 to 1;
it should therefore lead to no confusion to abuse notation and denote the
inverse isomorphism by v — w + 7.

Further abusing notation, we will also denote by the same symbols the im-
plicit signatures consisting of pseudowords determined by a set of exponents
in N and binary multiplication. For instance, we write w ={ “, - }. In
case it is stated that y € Z, the notation is interpreted as v = { @t - L

By a pseudoidentity we mean a formal equality u = v of pseudowords
u,v € Q4S for some finite set A. In case u,v € Q9S, we call u = v a
o-identity. A finite semigroup S satisfies the pseudoidentity © = v and we
write S = u = v if ug = vg; this notion and notation are extended to
classes of finite semigroups and sets of pseudoidentities by requiring that
every semigroup in the class satisfy every pseudoidentity in the set. Some-
times, it is convenient to use the abbreviation u = 1 to stand for the pair
of pseudoidentities ux = x = zu, where x does not occur in u. The class
of all finite semigroups that satisfy all pseudoidentities in a given set % of
pseudoidentities is denoted [X] and is easily seen to be a pseudovariety. In
fact, every pseudovariety is of this form [27]. Pseudoinequalities and satis-
faction by finite ordered semigroups are defined similarly. Pseudovarieties of
ordered semigroups are also defined by pseudoinequalities [22, 25]. A pseu-
dovariety that may be defined by o-identities is said to be o-equational or
simply equational in case o consists only of binary multiplication.

We recall some notions, simplified to the context that interests us here.
They are taken from [I0], a paper to which the reader is also referred for
further motivation. Given a pseudovariety V, a finite semigroup S, ele-
ments s,t € S, and an onto continuous homomorphism ¢ : Q4S — S, by
a V-solution of the equation x = y for the triple (S,s,t) we mean a pair
u,v € Q4S5 such that V = u = v, p(u) = s, and ¢(v) = t. For an implicit
signature o, the pseudovariety V is said to be o-reducible (for the equation
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x = y) if, whenever there is a V-solution for a triple (5, s,t), there is some
V-solution consisting of o-words. This property is independent of the chosen
onto continuous homomorphism ¢ : Q45 — S (cf. [I0, Proposition 4.1]).
In case o is reduced to binary multiplication, we call word reducible a o-
reducible pseudovariety. Similar notions may be considered for pseudovari-
eties of ordered semigroups by replacing the equation = y by the inequality
x <y and the condition V= u=v by V Eu <w.

It is easy to see that, if a pseudovariety V is o-reducible, then it is o-
equational (see [10, Proposition 4.2| for the unordered case, the ordered case
being handled similarly).

3. POSITIVE EXAMPLES

In this section, we exhibit some examples of pseudovarieties that are usu-
ally defined by o-identities that turn out also to be o-reducible.

The simplest example is that of locally finite pseudovarieties V, in which,
for each positive integer n, there is a bound on the size of n-generated mem-
bers of V, that is, Q4V is finite for every finite set A. Such pseudovarieties
are clearly equational, being defined for instance by all word identities de-
scribing the multiplication of a word representative of each element by each
generator in each semigroup Q4V with A finite. The following result may
be considered a simple exercise and is presented here as a warmup.

Proposition 1. FEvery locally finite pseudovariety is word reducible.

Proof. Consider a finite semigroup S, s,t € .S, and a continuous homomor-
phism ¢ : Q4S5 — S. Assume that the pair (u,v) is a V-solution of the equa-
tion z = y for the triple (S, s,t). Let (un)n and (vy,), be sequences of words
converging to the pseudowords u and v, respectively. Let 1) : Q4S — Q4V be
the natural projection, mapping each generator to itself. Since the topologies
considered in S and Q4V are discrete, for all sufficiently large n, we have
o(up) = o(u), ¥(u,) = ¥ (u), and similarly for v, and v. AsV = u = v if
and only if ¥(u) = ¥(v), it follows that the pair (uy,vy) is a V-solution of
the equation = = y for the triple (S, s,t) whenever n is large enough. O

The argument of the preceding proof may be similarly applied to handle
arbitrary systems of equations. Except for the fact that only a special type
of systems, determined by finite directed graphs, were considered in [I0], a
much stronger result is [10, Theorem 4.18|.

The pseudovariety J* = [1 < z] corresponds to the one-half level in
the Straubing-Thérien hierarchy [26, Proposition 8.4]E| Since the basis is
equational, our goal is to prove that the pseudovariety is word-reducible (for
x < y). First we must recall that u < v is satisfied in J* if and only if every
finite subword of u is also a subword of v. More precisely, if we define, for
any pseudoword w € Q4M, the set of all finite subwords Sub(w) by

Sub(w) ={a1az2...a, € A" | a1,aq,...,a, € A,
Jwg, w1, ..., w, € Q4AM : w = woaywias . . . apwy,},
IThe syntactic order that we consider for a language L C AT is u <y wv if, for all

z,y € A", zuy € L implies zvy € L. Some authors [24] consider the opposite order, which
naturally leads to reversed pseudoinequalities.
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then we have J* = u < v if and only if Sub(u) C Sub(v).

Lemma 2. Given a finite monoid M, a homomorphism ¢ : QM — M
and a pseudoword w € QAM, there exists a finite subword v of w such that

p(v) = p(w).

Proof. There is a sequence of words (wy, ), converging to w in 24M such that
o(wy) = p(w), n > 1. We consider the Cayley graph of M with respect to A,
in which vertices are elements from M and, for every m € M and a € A,
we have an edge from m to m - ¢(a) labeled by the letter a. Thus, every wy,
labels a path from 1 to ¢(w,) = ¢(w) and one can extract a simple path from
this path also starting in 1 and ending in ¢(w). If the sequence of labels
of the edges in this simple path is (ay,...,ax), then the considered word
wy, can be written as w, = ugaiuq ...aru; for some words ug,...,u,. The
assumptions concerning the extracted simple path also imply that k < |M|
and p(aq ...ar) = p(w). Since there are only finitely many simple paths in
the Cayley graph of M, in infinitely many cases the extracted simple paths
for words w,, are the same. In this way we obtain a word a; ... ax, a label of
a simple path from 1 to ¢(w), and a subsequence (wy,) of the sequence (wy,),
such that w,, = u;0a1u;1 ... apu; for some appropriate words u; ;. Now,
by compactness, there is a strictly increasing sequence (ig); such that, for
each j =0,...,k, (u4,;)¢ converges to some pseudoword ;. We thus obtain
a final subsequence of (w), converging to w which shows that w can be
factorized as w = tgajtyas ... aily. Hence, v = aq ... a; is a finite subword
of w satisfying the required equality p(v) = p(w). O

Proposition 3. The pseudovariety JT is word-reducible (for v < y).

Proof. Let u,v € QM be such that J*t Eu <w, and let ¢ : QM — M
be a homomorphism to a finite monoid. By Lemma [2] there is a finite word
u = aias...a,, with ai,ao,...,a, € A, such that «' is a subword of u
satisfying ¢(u') = p(u). Since J* = v/ < u and consequently J* = ' < v,
there is a factorization v = wgaivias...apv, with vg,v1,...,v, € QM.
Now, if we replace each v; by a finite word v} such that ¢(v}) = ¢(v;), then
we obtain the finite word v/ = v{a1v]az...apv),. The constructed pair of
words u' and v" have the following properties: ¢(u’) = p(u), ¢(v') = ¢(v),
and v’ € Sub(v’), whence J* = u/ <. O

The remainder of the paper presents several examples of pseudovarieties
that are o-equational but not o-reducible, sometimes even not o’-reducible
for a larger signature o’.

4. COMMUTATIVE SEMIGROUPS

Our first negative example is that of the equational pseudovariety Com =
[ry = yx] of all finite commutative semigroups. It is shown in [8] that Com
is (w — 1)-reducible, in fact for all finite systems of (w — 1)-word equations.
We show that it is not w-reducible, whence also not word reducible (for the
equation z = y). Let Ab stand for the pseudovariety of all finite Abelian
groups.

Theorem 4. No pseudovariety in the interval [Ab, Com] is w-reducible.
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Proof. Let V be a pseudovariety such that Ab C V C Com. We exhibit a
finite semigroup .5, elements s,¢ € S and an onto continuous homomorphism
w: ﬁ{x7y}5 — S such that there is a Com-solution of the equation x = y for
the triple (5, s,t) but no V-solution exists in w-words. Let X = {z,y} and
A ={a,b}. We take S to be the syntactic semigroup over the alphabet A of
the language L = ((a?h)?)" U ((ab?)?)" and we denote by [w] the syntactic
class of a word w € {a,b}*. Let s = [bab?], and t = [a®ba]. A standard
calculation shows that s = babQ((abQ)Q)*, t= ((aQb)Q)*aQba, and

(1) [ab’]™ = [ab’],  [a®b]*7 = [a®b].

The continuous homomorphism ¢ is defined by letting p(x) = [a] and ¢(y) =
[b]. Note that, for a word w € {a,b}T, the set ¢~ !([w]) is the topological
closure of n~1([w]), where 7 is the restriction of ¢ to X T, that is, essentially
the syntactic homomorphism of the language L up to the change of letters
Tra,y b

We claim that there is no V-solution of the equation x = y for the triple
(9,s,t) in w-words. Let u,v € QxS be pseudowords such that ¢(u) = s
and ¢(v) = t. The above description of the syntactic class s shows that u €
yry? ((zy2)2)" = yoy?((zy®)?)!, where (w) denotes the closed subsemigroup
of QxS generated by w; similarly, we have v € ((22y)?) 2?yx.

Let 7 : QxS — QxAb be the natural continuous homomorphism, mapping
each free generator to itself. It is well known that the profinite group QxAb
is isomorphic with the product of two copies of the additive group 7 and we
identify it with this product.

Note that, for w € QxS, since m(w®“) is an idempotent, it is the identity
element of the group 7% 7. By induction on the construction of an w-word
from the generators, it follows that 7(Q2%S) € N x N, the reverse inclusion
being obvious.

For each w € QxS, we let (Jw|s,|w|,) = 7(w). By the above discussion,
there exist a, 8 € Z such that

lulg =2a+1, |uly =4a+3, |v]; =46+3, |v|, =28+ 1.

Assuming that a,8 € Z and Ab |= uw = v, which entails |u|, = |v|, and
|uly = |v|y, we obtain the system of equations f = 2a + 1 and a =25 + 1,
whose only integer solution is « = 8 = —1. Hence, u and v cannot both
be w-words, which establishes the claim. On the other hand, in view of the
preceding calculations and (1), the pair (y(zy*)*~!, (z*y)“ 'z) is a Com-
solution of the equation z = y for the triple (5,s,t). Hence, V is not w-
reducible. O

5. GROUPS

We say that a pseudovariety V has infinite exponent if it satisfies no pseu-
doidentity of the form z*t™ = 2 where n is a positive integer. Given a
non-empty set o of pseudowords, we let H, = [w = 1 : w € o], which is a
pseudovariety of groups.

Theorem 5. Let o be a non-empty set of binary implicit operations on the
alphabet X = {x,y} in which every element w satisfies one of the following
properties:
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(1) either 23 or y3 is a suffix of w;

(2) both xyx and yxy are subwords of w.
Suppose further that the pseudovariety Hy has infinite exponent. Then, no
pseudovariety in the interval [Hy N Ab,Hy] is o U {w}-reducible.
Proof. Let H be a pseudovariety in the interval [H, N Ab, H,|. Note that the
pseudovariety G of all finite groups satisfies the pseudoidentity z*~1y“z? =
x. We exhibit a semigroup S and a pair of its elements s,¢ such that
(¥~ 1y~22, ) is an H-solution of the equation 2 = y for the triple (S, s,t),
which has no H-solution consisting of ¢ U {w}-words. We take S to be
the syntactic semigroup of the language L = a?a™bta® over the alphabet
A = {a,b}. For each w € L, a pair (p,q) € A* x A* is a context of w, that is,
pwq € L, if and only if p € a* and ¢ is the empty word. This means that all
words from L form one syntactic class L = [w], for any w € L, for instance
for w = a3ba®. Since a pair (a®ba, 1) is a context of the word a and it is not
a context of any other word, we get [a] = {a}. Similarly, we can also see
that [a*] = [a®] and [b?] = [b].

Now, consider the onto continuous homomorphism ¢ : QxS — S, which is
the extension of the homomorphism ¢ : X* — S uniquely given by ¢(z) =
[a] and p(y) = [b]. Further, we put s = @(z*~1y“x?) = [a]*"1[p]¥[a]? =
[a3ba?] and t = @(x) = [a], so that the pair (z* !y“z? z) is a G-solution
of the equation z = y for the triple (S, s,t), whence also an H-solution. We
show that there is no H-solution of the equation x = y for the triple (S, s, t)
in o U {w}-words.

Suppose that u,v € QxS are such that $(u) = s, p(v) =t and H = u = v.
Since t = [a] = {a} implies ¢~ 1(t) = {x}, we have also ¢~1(t) = {z} and,
consequently, v = x. Now, we see that ¢~ 1(s) = {™y"2? | m >3, n > 1},
because s = [a®ba?] = L. The pseudoword u must, therefore, be a limit
of words from the set {z™y"z? | m > 3, n > 1}; in particular, u does not
contain yzy as a subword. Hence, u is equal (as an element of QxS) to a
pseudoword of the form 2%y?z2, where o, 3 € N \ {0}. Thus, H satisfies the
pseudoidentity z%yfz? = .

Now, suppose that u is a 0 U {w}-word. We claim that this assumption
leads to a contradiction, namely that H, satisfies some identity of the form
xFt2 = z, where k € N, which is contrary to the hypothesis that H, has
infinite exponent and thereby concludes the proof. To prove the claim, con-
sider an expression of u as a o U {w}-word. Since u is not a word, such an
expression must be of the form u = ugy(w)ui, where ug is another o U {w}-
word, u; is a word, w € o U {z*}, and % is a continuous endomorphism
of OxS. If lui| > 2, then 22 is a suffix of u; and the claim holds since
H E uo(w) = ug for some word ug which, upon identification of the vari-
ables x and y, reduces the pseudoidentity u = v to an identity of the form
zF*t2 = 2. Since the pseudovarieties H, N Ab, H and H, contain the same
cyclic groups, they also satisfy the same unary pseudoidentities. In partic-
ular we get H, = 22 = 2. Hence, we may assume that |u;| < 1, so that
¥ (w) must end with the letter z.

Let z be the last letter of w, which entails that z is the last letter of ¢(z).
Note that w cannot be z* for, otherwise, 2% would be a suffix of u = z®y’2?
or yzy would be a subword of u = 2*y%x2, which is clearly not the case.
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Suppose first that w satisfies the condition of the hypothesis, so that 23 is
a suffix of w. If both letters x and y appear in 9(z) then, since 1(z) ends
with z, yz is a subword of v(2), so yxy is a subword of ¥(2?), whence also
of ¥(w) and of w, which we know to be false. Hence, 1(z) must be of the
form 7, with v € N\ {0}. Again, since 2 is a suffix of w, it follows that 2
is a suffix of u, which is not the case. It remains to consider the case where
w satisfies the condition of the hypothesis. If ¢)(w) is a power of x, then
again 22 is a suffix ¢(w), whence of u, which is false. Hence, both letters
x and y intervene in ¢ (w). Since both xyz and yxy are subwords of w, it
follows that yxy is a subword of u, which is false. This concludes the proof
of the claim. O

Of course, the dual of the theorem, where “suffix” is replaced by “prefix”
in condition is also valid. In case o is a singleton set, we may combine
these two results to obtain a stronger result.

Corollary 6. Let u € Q{W}S be a pseudoword such that the group pseu-
dovariety H, = [u = 1] has infinite exponent. Then no pseudovariety in the
interval [Hy, N Ab, Hy] is {u,w}-reducible.

Proof. 1f any of the conditions (|1)), or its dual, or of Theoremis satisfied
by u, then we may apply the theorem to obtain the desired non-reducibility
property. Otherwise, up to exchanging variables, we may assume that u is a
pseudoword of the form z™y“x™, where m,n € {1,2}. But then, substituting
y by ¥ in the pseudoidentity u = 1, we see that H, &= 2™ = 1, which
contradicts the assumption that H, has infinite exponent. O

In particular, the pseudovarieties G and G, = [[xpw = 1], where p is prime,
are not w-reducible: take o = {a*} for the first of these pseudovarieties
and o = {zP”} for the latter, which is in fact not {w, p*}-reducible. Many
other examples can be considered. By [9, Theorem 3.2|, every extension-
closed pseudovariety of groups is of the form H, for some u € ﬁ{x7y}5, and
therefore Corollary [6] yields that, if nontrivial, then the pseudovariety H,
is not {u,w}-reducible. Note that, for the pseudovariety Gy, of all finite
solvable groups, concrete pseudowords u € ﬁ{%y}s such that H,, = G4, have
been hard to construct, with arguments that depend on the classification of
finite simple groups [I5] [16]. Another important pseudovariety of the form
H, is Guj, of all finite nilpotent groups, where u = [z, y] = lim,— 00z, Y],
with the iterated commutator defined recursively by [s, ] = s“~1t“~1st and
[Synt1t] = [[S;nt],t]. In this case, it is easy to see that one may apply
Theorem [5] directly.

6. COMPLETELY REGULAR SEMIGROUPS

The aim of this section is to prove that the pseudovariety CR = [z~ *! =

x|, consisting of all completely regular semigroups, is not w-reducible. Since
our proof technique is similar to the case of groups, we consider the more gen-
eral case of the pseudovarieties CR(H,) = CR N H, of all completely regular
semigroups whose subgroups belong to H,, where H, has infinite exponent
and o satisfies some suitable combinatorial hypothesis to be specified below.
Note that CR can be obtained as CR(H,,), because H,, = G.
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We say that a pseudoword w has two disjoint occurrences of another pseu-
doword wu if there is a factorization of w in which u appears twice as a factor.
A word u is said to appear as a factor of w within bounded distance from the
end if some finite suffix of w admits u as a factor.

Theorem 7. Let o be a non-empty set of binary implicit operations on the
alphabet X = {z,y} in which every element satisfies one of the following
properties:
(1) either x> or y> is a suffix of w;
(2) each factor of length 4 of w within bounded distance from the end has
two disjoint occurrences in w.

Suppose further that the pseudovariety H, has infinite exponent. Then, no
pseudovariety in the interval [Hy N Ab, CR(H,)] is o U {w}-reducible.

Proof. Let V be an arbitrary pseudovariety in the interval [H, NAb, CR(H,)].
We claim that the pseudoidentity (x2y)~“~!(zy?)?(2?y)? = 22y is valid in CR.
To prove the claim without invoking the general solution of the (w— 1)-word
problem for CR [20], 11, let T" be a finite completely regular semigroup and
¢ : QxS — T be a continuous homomorphism. We let p = ¢(x) and
q = p(y). Note that the elements gp and ¢*p are L-equivalent. Therefore,
(¢*p)*, an idempotent L-equivalent to gp, is right neutral to gp. Thus we
obtain ¢p(¢*p)” = qp, where the left hand side can be written as ¢(pg®)“p.
It follows that (p?q)“~1(pg®)“ (p?q)? = (p*q)“~1(p*q)?, where the right hand
side is equal to p?q in the completely regular semigroup 7. Finally, since the
pseudoidentity is valid in CR, it is valid also in V.

We proceed in a similar way as in the proof of Theorem [5| Let S be the
syntactic semigroup of the language L = (a?b)?(a?b)* (ab?) ™ (a?b)? over the
alphabet A = {a,b}. Note that each word w from the language L has a
unique occurrence of the factor b2a?. Hence, if a word w € L is a factor of
another word w’ € L, then w is a suffix of w’. Therefore, for each w € L,
a pair (p,q) € A* x A* is a context of w, if and only if p € (a?b)* and ¢ is
the empty word. This means that L forms one syntactic class. Since a pair
((a?b)3(ab®)(ab), 1) is a context of the word a?b and it is not a context of
any other word, we get [a?b] = {a?b}. One can also check that [a?b]* = [a?b]?
and [ab?]? = [ab?].

For X = {z,y}, we consider an onto continuous homomorphism ¢ :
QxS — S, which is the extension of ¢ : XT — S uniquely given by
¢(x) = [a] and ¢(y) = [b]. We put

s = ¢((2%y) " Hay®)*(a%y)?) = [a®6]“ " ab’]*[a®0]* = [(a®D)*(ab®)(a®D)’]
and t = ¢(2%y) = [a®b]. Assume that there are o U{w}-words u,v € Q%U{W}S
such that ¢(u) = s, (v) =t and V = u = v.

We have t = [a?b] = {a?b}, which implies (¢)~*(t) = {2%y}. So, we have

v = 2%y. Furthermore, we see that
vl (s) = {(@®y)" (xy®)" (a%y)? | m = 3,n > 1},
because s = [(a?b)3(ab?)(a?b)?] = L. The pseudoword u must be a limit of

words from the set ¢~1(s). Therefore, u is of the form (x2y)*(zy?)”(z%y)?,
where o, 5 € N.
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Consider an expression of u as a o U {w}-word. Since w is not a word,
such an expression must be of the form u = ugy)(w)u1, where v is another
o U{w}lword, u; € X* is a word, w € o U {2¥}, and ¢ is a continuous
endomorphism of QxS. We claim that |uj| > 4, in which case we are able
to proceed as in the proof of Theorem

Assume for a moment, that |u;| < 4. In other words, we have u; €
{1,y, 2y, x%y}. First, we discuss the case when w satisfies condition (1]). Let
z € X be the last letter of w, so that 23 is a suffix of w. We can see that
|(z)] > 2, because u does not contain a cube of a letter as a factor. In
case [¢(z)| = 2, one can easily check that none of the possible alternatives
¥(z) = 22, ¥(2) = 2y, ¥(2) = yx, or Y(z) = y? can hold as ¥(2)(2)u; is
a suffix of ya?yx?y. Thus, we have [1)(z)| > 3 and, therefore, [1)(2%)u;| > 9.
This means that (¢(2))? contains as a factor the word y222. Since this factor
has length 4 and the length of v(2) is at least 3, we deduce that y%z? is even
a factor of ¥(2)2. However, in such a case the factor y?z? has at least two
disjoint occurrences in (z)3, which is not possible, as u contains just one
occurrence of the factor y2z2.

Now, assume that w satisfies condition and recall that w is not a word.
As in the first case, under the assumption that |ui| < 4, one can show that
the word y2?z? is a factor of ¥(w). This means that it is a factor of some
(w') where w' is a factor of w of length 4 within bounded distance from the
end. Since w satisfies condition , we deduce that ¢ (w) contains another
disjoint occurrence of y2z2, which is a contradiction. This completes the
proof of the claim that |ui| > 4.

We can reformulate the previous claim as follows. The pseudoword u
is a product of a certain o U {w}-word u’ of the form (22y)(zy?)?2? and
the finite word yz?y. Next, we consider the continuous homomorphism ¢ :
QxS — QxS given by ¢(z) = p(y) = z. Since V | u = v, we obtain
V E ¢(u) = ¢(v). Since H, N Ab C V C CR(H,), the pseudoidentity
o(u) = ¢(v) must be valid in H, N Ab. The prefix of the left hand side,
corresponding to the prefix p(u’) of p(u), is equivalent over H, N Ab to
x* for some non-negative integer k. This means that, over H, N Ab, the
pseudoidentity ¢(u) = ¢(v) is equivalent to a certain identity x*z* = 23 for
some non-negative integer k. However such pseudoidentity is not valid in
H, N Ab, because H, N Ab and H, satisfy the same unary pseudoidentities
and the pseudovariety H, has infinite exponent, a contradiction.

This means that the equation x = y does not have a V-solution for the
triple (.5, s,t) consisting of o U {w}-words. On the other hand, we saw that
the equation x = y has a V-solution consisting of (w — 1)-words for the same
triple (.5, s,t). We conclude that V is not o U {w}-reducible. O

Note that Theorem [7] has some overlap with Theorem [5] but does not quite
supersede it. We have not succeeded in finding an analog of Corollary [] for
Theorem [7

Examples of application of Theorem [7|include CR, CR(G,), and CR(Gyi),
where o = {u}, respectively with u = 2%, u = 2", and u = [z,, y].

Another example is obtained by taking u = p® () = lim, e p™ (z), where
1 is the Prouhet-Thue-Morse substitution, defined as the endomorphism of
{z,y}T such that u(x) = vy and p(y) = yx. The length of the word pu"(x)
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is 2"™. Hence, by identification of the variables z and y, we conclude that
H, C Gs. The reverse inclusion is a particular case of a general result,
namely [4, Proposition 5.6]. It is well know that each u"(z) is a cube-free
word, in the sense that no nonempty factor is a cube |2I]. Hence, the same
is true of the pseudoword u. On the other hand, u is a regular element of the
semigroup €4S, which entails that it satisfies condition of Theorem m
Thus, CR(Gg) is neither {u,w} nor {2¢,w}-reducible.

ACKNOWLEDGMENTS

The first author acknowledges partial funding by CMUP (UID/MAT/
00144,/2013) which is funded by FCT (Portugal) with national (MCTES)
and European structural funds (FEDER) under the partnership agreement
PT2020. The second author was supported by Grant 15-02862S of the Grant
Agency of the Czech Republic.

REFERENCES

1. D. Albert, R. Baldinger, and J. Rhodes, The identity problem for finite semigroups
(the undecidability of ), J. Symbolic Logic 57 (1992), 179-192.

2. J. Almeida, Finite semigroups and universal algebra, World Scientific, Singapore, 1995,
English translation.

, Hyperdecidable pseudovarieties and the calculation of semidirect products, Int.

J. Algebra Comput. 9 (1999), 241-261.

, Dynamics of finite semigroups, Semigroups, Algorithms, Automata and Lan-

guages (Singapore) (G. M. S. Gomes, J.-E. Pin, and P. V. Silva, eds.), World Scientific,

2002, pp. 269-292.

, Profinite semigroups and applications, Structural theory of automata, semi-
groups and universal algebra (New York) (V. B. Kudryavtsev and I. G. Rosenberg,
eds.), Springer, 2005, pp. 1-45.

6. J. Almeida, J. C. Costa, and M. Zeitoun, Complete reducibility of systems of equations
with respect to R, Portugal. Math. 64 (2007), 445-508.

,  Reducibility of pointlike problems, Semigroup Forum (2015), DOL

10.1007/s00233-015-9769-2.

8. J. Almeida and M. Delgado, Tameness of the pseudovariety of abelian groups, Int. J.
Algebra Comput. 15 (2005), 327-338.

9. J. Almeida, S. Margolis, B. Steinberg, and M. Volkov, Characterization of group rad-
icals with an application to Mal’cev products, Illinois J. Math. 54 (2010), 199-221.

10. J. Almeida and B. Steinberg, On the decidability of iterated semidirect products and
applications to complexity, Proc. London Math. Soc. 80 (2000), 50-74.

11. J. Almeida and P. G. Trotter, The pseudoidentity problem and reducibility for com-
pletely regular semigroups, Bull. Austral. Math. Soc. 63 (2001), 407-433.

12. J. Almeida and P. Weil, Profinite categories and semidirect products, J. Pure Appl.
Algebra 123 (1998), 1-50.

13. C. J. Ash, Inevitable graphs: a proof of the type II conjecture and some related decision
procedures, Int. J. Algebra Comput. 1 (1991), 127-146.

14. K. Auinger and B. Steinberg, On the extension problem for partial permutations, Proc.
Amer. Math. Soc. 131 (2003), 2693-2703.

15. T. Bandman, G.-M. Greuel, F. Grunewald, B. Kunyavskii, G. Pfister, and E. Plotkin,
Two-variable identities for finite solvable groups, C. R. Acad. Sci. Paris Sér. I Math.
337 (2003), 581-586.

16. J. N. Bray, J. S. Wilson, and R. A. Wilson, A characterization of finite soluble groups
by laws in two variables, Bull. London Math. Soc. 37 (2005), 179-186.

17. J. C. Costa and C. Nogueira, Complete reducibility of the pseudovariety LSL., Int. J.
Algebra Comput. 19 (2009), no. 2, 247-282.




12

18

19.
20.

21.
22.

23.
24.

25.

26.

27.

28.

J. ALMEIDA AND O. KLIMA

. S. Eilenberg, Automata, languages and machines, vol. A, Academic Press, New York,
1974.

, Automata, languages and machines, vol. B, Academic Press, New York, 1976.
J. Kadourek and L. Polak, On the word problem for free completely regular semigroups,
Semigroup Forum 34 (1986), 127-138.

M. Lothaire, Combinatorics on words, Addison-Wesley, Reading, Mass., 1983.

V. A. Molchanov, Nonstandard characterization of pseudovarieties, Algebra Univer-
salis 33 (1995), 533-547.

J.-E. Pin, Varieties of formal languages, Plenum, London, 1986, English translation.
, Syntactic semigroups, Handbook of Formal Languages (G. Rozenberg and
A. Salomaa, eds.), Springer, 1997.

J.-E. Pin and P. Weil, A Reiterman theorem for pseudovarieties of finite first-order
structures, Algebra Universalis 35 (1996), 577-595.

, Polynomial closure and unambiguous product, Theory Comput. Syst. 30
(1997), 383-422.

J. Reiterman, The Birkhoff theorem for finite algebras, Algebra Universalis 14 (1982),
1-10.

J. Rhodes and B. Steinberg, The g-theory of finite semigroups, Springer Monographs
in Mathematics, Springer, 2009.

CMUP, DEpP. MATEMATICA, FACULDADE DE CIENCIAS, UNIVERSIDADE DO PORTO,

Rua po CamMpPO ALEGRE 687, 4169-007 PORTO, PORTUGAL

61

E-mail address: jalmeida@fc.up.pt

DEPT. OF MATHEMATICS AND STATISTICS, MASARYK UNIVERSITY, KOTLARSKA 2,
1 37 BrNO, CzECH REPUBLIC
E-mail address: k1ima@math.muni.cz



	1. Introduction
	2. Preliminaries
	3. Positive examples
	4. Commutative semigroups
	5. Groups
	6. Completely regular semigroups
	Acknowledgments
	References

