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KROHN-RHODES COMPLEXITY PSEUDOVARIETIES
ARE NOT FINITELY BASED*

JOHN RHODES! AND BENJAMIN STEINBERG 2

Abstract. We prove that the pseudovariety of monoids of
Krohn-Rhodes complexity at most n is not finitely based for all n > 0.
More specifically, for each pair of positive integers n, k, we construct a
monoid of complexity n+ 1, all of whose k-generated submonoids have
complexity at most n.
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1. INTRODUCTION

The Krohn-Rhodes theorem [10] shows that any semigroup S — in this paper
all semigroups are finite — divides a wreath product of aperiodic semigroups and
groups (a semigroup is aperiodic if all its subgroups are trivial [5]; a semigroup S
divides T if S is a quotient of a subsemigroup of 7' — in this case S is said to be
a divisor of T[5,12]). The Krohn-Rhodes complezity of S, denoted ¢(S), is the
least number of group factors appearing in any such wreath product decomposition
of S [11,12,26,29]. The problem of finding an algorithm to compute the complexity
of a semigroup has been the driving open problem in the field for nearly 40 years.
The first author has recently announced a solution to the problem: the proof is in
preparation.

Eilenberg [5] introduced the notion of a pseudovariety as an organizing tool
in the theory. Recall that a pseudovariety of semigroups (monoids) is a class of
semigroups (monoids) closed under taking divisors and forming direct products.
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Let A denote the pseudovariety of aperiodic semigroups (monoids) and G the
pseudovariety of groups. Define Cy = A and, inductively,

C,=AxG=xC,_1,
where * denotes the semidirect product of pseudovarieties [5]. Then
C,={5|c(S) <n}.

In this paper, we shall deal with the monoidal version of the problem since the
analogous results for semigroups follow from our monoidal results.

The goal of this paper is to prove that C,, is not finitely based for any positive
integer n: that is, there is no finite set of pseudoidentities [1] defining C,,. This
result is significant because it shows there that is no “cheap” algorithm for deciding
complexity by simply checking a finite list of computable pseudoidentities. To
accomplish our goal, we prove the following stronger result, which is our main
theorem.

Theorem 1.1. For each n,k > 0 there is a monoid Sy, i of complezity n+1, each
of whose k-generated submonoids has complexity at most n.

Obtaining the finite basis result from the above theorem is standard, so we
proceed to do it now.

Theorem 1.2. For each n > 0, C,, is not finitely based.

Proof. Let us assume by way of contradiction that C,, is finitely based. Then it
can be defined by a finite set E of pseudoidentities in, say, k variables. Since any
substitution of these variable into .S, 1. lives inside of a k-generated submonoid and
such submonoids belong to C,,, it follows that Sy, j satisfies E. But ¢(Sy, ) = n+1,
a contradiction. O

We remark that Theorem 1.1 implies that, for n > 0, any pseudovariety of semi-
groups in the interval [C,,, LC,] is not finitely based, where LC,, is the pseudova-
riety of semigroups whose monoid subsemigroups belong to C,,. It was shown by
the first author [4,15] (see also [25]) that C; # LCjy; in fact, in general C,, # LC,,
(announced by Rhodes in the seventies and written up in [18] using techniques
from this paper).

To prove Theorem 1.1 for n = 1, we make use of the second author’s variant [25]
of the presentation lemma [4]. The construction of S; j, is inspired by an example
of the first author [4,15], but with a twist due to the second author. The case
n > 1 is dealt with by applying the iterated Rees matrix techniques, first intro-
duced by Zalcstein [31], that have been exploited to great advantage by the first
author [15-17,20].

The paper is essentially divided into two parts: the case n = 1 and the case
n > 1. The case n = 1 begins with some background on the presentation lemma
and then gets into the construction of S;j; the case n > 1 begins with some
strengthening of the results of [19,20] and then uses iterated matrix techniques to
construct Sy,  for n > 1.
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HISTORICAL NOTE

An earlier version of this paper, authored just by the second author and con-
taining only the result for n = 1, was previously circulated; shortly afterwards,
in joint work, the authors extended the result to the general case, leading to the
paper in its current form.

2. THE PRESENTATION LEMMA

The presentation lemma was proved by the first author in the seventies, but
was first published in [4]. It arose out of the work in [20,27] and especially [15].
Tilson [30], in an unpublished paper, formulated a coordinate-free version. This
was expanded on and generalized by the second author in [25] and it is this version
of things that we shall use here.

We begin by recalling the fundamental lemma of complexity [14,29], which
states that

C.=AmGx*C,_1),

where (m denotes the Malcev product of pseudovarieties; recall that S € Vm W
if S has a relational morphism to a member of W such that the inverse images of
idempotents belong to V; a relational morphism ¢ : S — T of semigroups (mon-
oids) is a map ¢ : S — 27\ () such that s1psap C (s182)p (1 € 1p) [5].

Let S be a monoid and J a regular [J-class. Then the second author de-
fined [25] a cross-section for J over a pseudovariety V to be a relational morphism
¢ : S — T €V such that, for z,y € J,

zoNyp#Pandx Hy = x=y.

The second author then proved [25] (which follows from [13], Prop. 5.7, of which
he was unaware):

Theorem 2.1. S € A®V if and only if there is a cross-section over V for every
reqular J-class of S.

In particular, S € C,, n > 1, if and only if each regular [J-class of S has a
cross-section over G * C,,_1. The second author’s version [25] of the presentation
lemma [4] characterizes when a regular [J-class has a cross-section over G * V.
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Theorem 2.2 (presentation lemma). S has a cross-section over G * 'V for a
reqular J-class J if and only if (R,S) has a presentation over V where R is an
R-class of J (the existence of a presentation is independent of the choice of R).

Of course, we now owe the reader an explanation as to what is a presentation.
We first need to recall the notion of a parameterized relational morphism of par-
tial transformation semigroups [5,25]. In this paper, we do not assume that partial
transformation semigroups are faithful.
A parameterized relational morphism @ : (X,S) — (Q,T) of partial transforma-
tion semigroups consists of a fully defined relation ¢ : X — @ and a relational
morphism s : S — T such that, for each x € X, s € S for which xs is defined,

1502 C (28)¢p1. (2.1)

Let us set up some notation: if f is a relation, then # f shall denote the graph of f.
The derived partial transformation semigroup of ® is Dg = (#¢1, Da), where Dg
consists of elements (g, (s,t),¢") with gt C ¢’ and (s,t) € #¢2 and where the action
is given by

(2.9)(q, (5.1). ) = {(“"") @s 70 (2.2)

0 otherwise;

see [5]. Here, following [5], we write gt C ¢’ to mean either ¢t is undefined, or
gt = ¢’. We shall always view Dg as an automaton with state set #¢;, alpha-
bet Dg and with transitions given by (2.2).

A congruence on an automaton A is an equivalence relation P on the state set
such that

qPq and qa,d'a #0) = qa P ¢a. (2.3)

The quotient automaton .4/P is defined in the natural way; namely there is an
arrow labelled by a from the class of ¢ to the class of ¢’ if and only if there
exist § P q and an edge § — ¢ of A with § P ¢/. A congruence is called injective
if the dual condition holds:

ga,¢a#0and ga P ¢da = qP(. (2.4)

This happens precisely when the transition monoid of A/P acts by injective partial
functions.

Finally, we can define a presentation. If R is a regular R-class of .S, then recall
that S acts on the right of R by partial transformations via the Schiitzenberger
representation (called the right mapping representation in [12]) and so there results
a partial transformation semigroup (R,S) (which is not in general faithful). A
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presentation for (R,S) over V is a pair (®,P) where ®: (R,S) — (Q,T) is a
parameterized relational morphism with 7' € V and P is an injective congruence
on Dg such that:

(x,q) P (y,4') = q=¢ and either z =y or x ¥ y. (2.5)

3. THE CONSTRUCTION AND COMPLEXITY OF S5 j

Let p1,p2,ps, ... be the primes in increasing order and let k > 2 be a positive
integer (clearly it suffices to consider k£ > 2 in Th. 1.1). We begin the construction
of Sy by describing its 0-minimal ideal as a Rees matrix semigroup.

Set m = py---pr and p; = m/p;. In the following definitions, if X is a set, X’
will denote a disjoint copy of X. Let

k k
A= UZEUUZ;TU{O’“'am_l}?
i=1 i=1

B=7,UZ..

If r € Z, we write [r] for the class of r in Z,,, [r]’ for the class of r in Z/,, [r]; for
the class of r in Zg; and [r]; for the class of r in Zj-. Let G = {£1} = Zy. We
define a matrix C : B x A — G U0 by prescribing the non-zero entries, namely

Crt i = Cpytrly, = Oy = 1, (3.1)

where 0 < r < m — 1. Observe that C is a zero-one matrix without zero rows or
columns and without identical rows or columns. In fact,

P 0 Oy
¢= (om P Im)

where P is the m x Zlep_i matrix whose rows are the characteristic vectors of
the incidence structure with vertices the elements of Z,, and with blocks given by
the cosets of the p;Z,,, i =1,...,k, and where 0,,, respectively, I,,, is the m x m
zero, respectively, identity matrix. In plain language, an entry in C'is 1 if it is in a
row and column corresponding to elements that are equal modulo an appropriate
integer (subject to restrictions involving being primed vs. unprimed; cf. (3.1)).

For example, when k =2 (som =2-3=6,p, = 6/2 =3, Dy = 6/3 = 2) the
matrix is:
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C o N (2 [0 [} 01 [ [0 [plo 1 2 3 4 5
[0] 1 0 0 1 0 0 0 0 0 0 0O 0 0O 0 O O
(1] 0 1 0 0 1 0 0 0 0 0 0O 0 0O 0 O O
2] 0 0 1 1 0 0 0 0 0 0 0o 0 0 0 0 O
(3] 1 0 0 0 1 0 0 0 0 0 0o 0 0 0 0 O
[4] 0 1 0 1 0 0 0 0 0 0 0O 0 0 0 O O
(5] 0 0 1 0 1 0 0 0 0 0 0O 0 0 0 O O
[0y 0 0 0 0 0 1 0 0 1 0 1 0 0 0 0 O
1y 0 0 0 0 0 0 1 0 0 1 0O 1 0 0 0 O
2 0 0 0 0 0 0 0 1 1 0 0O 0 1 0 0 O
[3}’ 0 0 0 0 0 1 0 0 0 1 0O 0 0 1 0 O
[4) 0 0 0 0 0 0 1 0 1 0 0O 0 0 0 1 0
5] 0 0 0 0 0 0 0 1 0 1 0O 0 0 0 0 1

Let I = M°(G, A, B, C) be the associated Rees matrix semigroup [12]. The mon-
oid 51, will be an ideal extension of I and will act faithfully on both the left
and right of I; that is, S will be a group mapping monoid with distinguished
O-minimal ideal I [12]. Set J = I \ 0. Note that since I is a zero-one matrix with
no identical rows or columns, it follows quite easily [12] that I acts faithfully on
the right and left of itself.

Let H = (h) be a cyclic group of order m generated by h, written multi-
plicatively. Let ¢ be a new element whose action will be defined below and let
N = HtH = {h'th/ | 0 <i,j <m —1}. As a set, we define

Sl,k:HUNUI.

The group of units of Sy 5, will be H. It’s clear how H multiplies against elements
of S1 \ J; we now define how H acts on J; it suffices to consider h. Define

(aaga [T])h - (avga [7“ - 1] (32)

(aaga [T]/)h - (avga [T’ - 1]/) (33)

h([r]iagab) = ([T+1]iagab) (3'4)

h([rli, 9,0) = ([r +1];, 9. b) (3.5)
) (r+1,90) r#Fm-—1

h(r,g,b) = {(O,g, ) R (3.6)

Note that there are 2k + 1 orbits of H on the R-classes of J; this will play an
important role in the proof.
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It’s clear how N multiplies against H U 0. Define N? = 0. It remains to show
how N multiplies against J. For this, it suffices to show how ¢ acts on J. Define

(a,9,[0)t = (a,—g,[0]) (3.7)
(a,9,[1]')t = (a,g,[1]) (3.8)
t([0]i, g,b) = (0,—g,b) (3.9)
t([1)i, 9,b) = (1,g,0) (3.10)

and all other products involving ¢ and J to be 0.

It is straightforward to check the associativity of Sy . It is clear from the
definitions that U = H U N U0 is a monoid acting faithfully on the left of I by
left translations and faithfully on the right of I by right translations. So the only
checks to be made involve products of the form (a, g, b)u(a, g, 5) with u € U\ 0
(this is just checking the linked equations [12]); we provide a sample computation

— the other verifications are similar.

((a,g,[0)t)([0)i, 9,b) = (a, —g, [0])([0];, 9, b) = (a, —gg,b)
(a’a 9, [O]I)(t([o]la 7 b)) - (av 9, [O]I)(Oa -9, b) - (a’a —99; b)

We try here to motivate the construction for those familiar with presentation
lemma arguments. If M°(G, A, B,C) is a Rees matrix semigroup, then two el-
ements of B are said to be attached if there is an element a € A such that
Cpa # 0 # Cprq. TCA then denotes the transitive closure of being attached: this is
an equivalence relation on B. Dual definitions apply to A. See [4,6,15,20,24-26]
for more information (the latter two papers use TA where we use TCA). The
idea of the construction of Sy is that the two H-orbits on the L-classes form
TCA-blocks of B. However, removing H-orbits on the R-classes collapses this.
Having opposite signs in (3.7) and (3.8) forces the complexity to be two as long
as the H-orbits on the L-classes remain TCA blocks, but as soon as the TCA
structure is ruined, the complexity drops to one. Note that in order to define the
action of ¢ as we have, we need that [0] and [1] are not attached in B and 0 and 1
are not attached in A; this accounts for why we have a copy of I, in C.

Recall that the depth of a semigroup S is the size of the longest chain of J-
classes containing non-trivial groups [28]. The depth decomposition theorem [28]
states that the depth is an upper bound for complexity. Since the [J-class structure
of Six is

H>y;N>7J>70,

it follows that the depth of S ; is two and hence ¢(S1 ) < 2; clearly ¢(S1 %) > 1.
Before proving that ¢(S1 ) = 2, we state the following elementary group-theoretic
lemma whose proof we omit.

Lemma 3.1. Let G be a group, Hy,...,H, < G and K = (Hy,...,H,). Define
g =; g if Hig = H;g'. Then the equivalence relation = generated by the =; is
gwen by g=g < Kg=Kg'. O
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Theorem 3.2. ¢(S1) = 2.

Proof. Suppose, by way of contradiction, that ¢(S1 %) = 1. Then
Sir € A@(GxA)

and so there must be a cross-section for J over G x A. Hence, by the presentation
lemma (Th. 2.2), there is a presentation (®,P) over A for (R, S1 ) where R =
[0]1 x G x B < J. Suppose ® = (¢1,p2) : (R,S1.x) — (Q,T) with T aperiodic.

Since T is aperiodic and H is a group, a standard argument (cf. [4,25]) shows
that there is an idempotent e € T such that H C ep, *. Choose p € ([0]1, 1, [0]")¢1
and set ¢’ = pe. Then

[0]1 % 1 x Z;, = ((0)1, 1, [0]')H C (pe)pr " = g1 "

by (2.1). So ([0]1 x 1 X Z!,) x ¢’ C #1.
The following claim is an example of what the first author calls the “Tie-your-
shoes” Trivium [4,25].

Claim 3.3. Let r,l € Z. Then

(([O]D 17 [T]/)a q/) P (([0]17 ]-a [l]/)a q/)' (311)

Proof. Define [r]’ =[]’ if (3.11) holds. Clearly = is an equivalence relation on Z/,,.
Suppose first that [r]; = [I];, where ¢ € {1,...,k} and let s = ([r];, 1, [r]"). Choose
S € spy. Then in Dg we have:

(([0]1, 1, "), 4')(d", (5,%), 4'5) = ([0},

L[r]).q's)
= ([0}, 1

0]17 ) [l]/)v q/)(q/7 (575), q’é}.

!

Since P is an injective congruence, we conclude (3.11) holds when [r]; = [I]..

It now follows that = contains the equivalence relations of congruence mod-
ulo p;Z,, foreach i = 1,. .. k and hence, by Lemma 3.1, it contains the equivalence

relation on Z/, of congruence modulo Zle piZ.,. But since
ged(pr, ..., k) =1,
S PiZl, = 7., establishing the claim. O

Let tg € tws; notice that tge € tpalys C tps, so without loss of generality we
may assume toe = to. Then, by (3.9), (3.10) and (2.1),

[0]1 X G X Zypy = ([0]1 x 1 x ZLtH C (q'toe)p; b = qor?,

where ¢ = ¢'to = ¢'tpe. Hence ([0]1 X G X Zp,) X ¢ C #¢1.
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The proof of the following claim is identical to that of the proof of Claim 3.3.
Claim 3.4. Let r,l € Z and g = +1. Then

(((0]1, 9, [7); @) P (([O]1, 9, [1]) @)

Now let us observe that

(([0]17 L [0]1)7 ql)(qI7 (ta tO)? q) = (([0]15 -1, [0])7 q) (3'12)
(([0]15 1, [1]I)7 ql)(qlv (ta tO)a q) = (([0]15 1, [1])a q)' (3'13)

Since P is a congruence, Claim 3.3, (3.12) and (3.13) show that
(([0]1,7]_,[0])’(1)73 (([O]lala[l])7Q)' (314)

So using Claim 3.4 and (3.14), we obtain

(([0]1, =1, 10]), ¢) P (([0]1, 1, [0]), 9),

contradicting the definition of a presentation (2.5) since
([0]1, =1, [0]) 7 ([0]1. 1, [0])-

Thus ¢(S1,5) = 2, as desired. O

4. PROOF OF THEOREM 1.1: THE CASE n =1

We have already shown that ¢(Sy;) = 2. It remains to show that every k-
generated submonoid of S} j has complexity at most one. Let

X = {tl,...,tk} - Sl,k
and let S be the submonoid generated by X. If X C Sy ; \ H, then
S<(S1xr\H)Ul=U.

But U is a submonoid of depth one and so ¢(S) < ¢(U) = 1.

Thus we are left with the case that t; € H for some i. We now take advantage
of there being 2k + 1 orbits of H on the R-classes of J. Let Y = X \ ¢;. Then Y
has k—1 elements and so there exists j € {1,..., k} such that no element of either
the form ([r];,g,b) or the form ([r];, g,b) belongs to Y. Tt is straightforward to
verify that

S' =S\ ((Z@U Z.) x G B) (4.1)

is a submonoid of Sy and X C S’. Thus ¢(S) < ¢(5’) and so to complete the
proof of Theorem 1.1, it suffices to show ¢(S’) = 1. To do this we need to show, by
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the fundamental lemma of complexity and Theorem 2.1, that each regular J-class
of S’ has a cross-section over G * A.
Clearly ¢ : 8" — H € G x A given by

r x€H
T =
v H otherwise

is a cross-section for H. Let J' = J N S’; note that J’ is a regular [J-class of S’
and that the J-class structure for S’ is

H>7N>7J >70.

Let R =[0], x G x B, where a # j. Then R is an R-class belonging to J’ and so
by the presentation lemma (Th. 2.2) to show that there is a cross-section for J’
over G x A, it suffices to find a presentation for (R, S") over A. We will exploit the
TCA structure of J’ — in particular that the TCA blocks of J split into multiple
blocks in J'.

To motivate the construction of our presentation, we provide the following in-
tuition. The two H-orbits on B are “A-pointlike” and so shall be represented in
an aperiodic partial transformation semigroup (Q,T') by states ¢, ¢’ with ¢ corre-
sponding to the unprimed orbit and ¢’ to the primed orbit. We shall cover H by 1
and cover t by an element ¢y. The elements of J’ shall be covered by appropriate
constant maps.

Formally, let @ = {q,¢'} and let T be the transition monoid of the automaton
below.

to
/h _
9 q

Then (Q,T) is a faithful partial transformation semigroup of rank 1 maps and
hence T is aperiodic. In fact,

T = M°{1},2,2, G ?)) Ul

where g = (1,1,1), ¢ = (1,1,2) and t, = (2,1, 1).
We define a parameterized relational morphism

o= (@15@2) : (R7 S/) - (Q7T)
as follows:
beZnm

q
0la, g, b)o1 =
([0)asg,b)p1 {q, ez
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#o is the submonoid of S’ x T' generated by

(Hx1)U(((AXx GxXZp)NS") xq) U
(Ax GxZ,)NS") xq)U(t,to). (4.2)

It is straightforward to verify that ® is a parameterized relational morphism.
Indeed, to verify (2.1), it suffices to verify that if (z,y) is in (4.2) and r € R is
such that ra is defined, then rp1y C (rz)p;. But this is clear from (4.2) and the
construction of (@, T).

Define an equivalence relation P on Dg by

(([0la, 9. "), @) P (([0]a> s [s]),q) <= g=4g', r = smodp;
(([0la, g5 [r]):d") P (([0]a, g, [s]'),d') <= g=4g', r=smod p;. (4.3)

Clearly (2.5) holds. Thus to prove (®,P) is a presentation, it suffices to show P
is an injective congruence.

Proposition 4.1. P is a congruence.

Proof. Suppose

= (([0la,9,[r]"),d") P (([0la,9,[5]'),d") =y

and z € Dg is such that xz,yz # (). There are three cases. Suppose first z =
(¢, (h*,1),¢), then

zz = (([0la, g, [r =), q"),  yz=(([0]a,9,[s —1]'),q)

and since » = s mod p;, we have r — i = s — i mod p;. Thus zz P yz.

Now suppose z = (¢, (h'th!,ty),q). Since xz, yz # 0, either [r] = [s] or
{[r —1d),[s—1'} = {[0),[1]'}. But since r = s mod p;, the second case would
imply 0 = 1 mod pj, a contradiction. Thus z = y and so zz = yz.

The remaining case is z = (¢/, (([I]},¢',b),u),q) some i # j, v € T. But zz,yz

/

defined implies [r]; = [I]; = [s]; and

K2

zz = (([0]a, 99, 0),q) = y=.

So in all cases 2z P yz. If z,y € ([0]a X G X Zy,) X q, x P y and zz,yz # 0, then
an analogous argument, but without the second case, shows that xz P yz. We
conclude that P is a congruence. (|

Proposition 4.2. P is injective.

Proof. Suppose z = (([0]a, 9. [r]").¢'), y = (([0]a, 9. [s]').¢') and z € Dg is such
that zz,yz # () and 2z P yz. We show P y. Again, there are three cases.
Suppose first z = (¢, (h%,1),¢’), then

LTz = (([O]aaga [T - i]l)a ql)a Yz = (([O]Gagla [5 - i]l)a ql)'
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So xz P yz implies g = ¢’ and r — ¢ = s — ¢ mod p;. But then r = s mod p; and
soxzPy.

Suppose now z = (¢, (h’th!,to), q). Since 2z and yz are defined, either [r]’ = [s]’
or {[r—1]’,[s—1]'} = {[0], [1)'}. In the former case, multiplying through by z and
using that xz P yz shows that g = ¢’ and hence x = y. So assume the latter case.
Without loss of generality, we may assume [r —i]" = [0)’, [s —¢]" = [1]’. Then

(([0la, =g, [r =i =1]),q) = 22 P yz = ([0, g", [s — i = 1]), q).

Hence r —i — 1 = s — i — I mod p;, whence 0 = 1 mod p;, a contradiction. Thus
only the former case arises.

The remaining case is z = (¢/, (([I]}, g0, b), u), q) some i # j, u € T. But zz,yz
defined implies [r]; = [I]; = [s];. Hence r = s mod p;. Since p; | P;, we conclude
r = s mod p;. Also

Tz = (([O]aaggoab)azi)a Yz = (([O]aaglgmb)aa)'

Since xz P yz, we have ggo = ¢'go and so g = g’. Thus z P y.
The case z,y € ([0]a X G X Zy,) X q, x2,yz # 0 and 22 P yz is similar, but again
the second case doesn’t arise. This completes the proof that P is injective. O

These propositions finish the proof that (®,P) is a presentation and the verifi-
cation that ¢(S’) = 1. This establishes Theorem 1.1 and its corollary, Theorem 1.2,
for the case n = 1.

5. TYPES I AND II SEMIGROUPS, STABILIZER PAIRS
AND POINTLIKE SETS

The goal of this section is to generalize the results of [19,20] about membership
to pointlike sets; we believe the results to be of interest in their own right; they
shall be applied in the next section to calculate the complexity of the .S, .

Types I and II subsemigroups were introduced in [19, 20]; see also [9, 22, 26].
Let ER be the pseudovariety of semigroups whose idempotents generate an
R-trivial semigroup. Let S be a semigroup and W < S be a subsemigroup.
Then W is a Type I subsemigroup of S if, for all relational morphisms ¢ : S —
T € A, there is a semigroup T/ < T with 7/ € ER and W < T"p~!. It is proven
in [19] that if W is generated by a chain Ly >, ... >, L, of its L-classes, then it
is a Type I subsemigroup.

If S is a semigroup, the Type II subsemigroup (also called the group kernel)

of S is
KG(S) = n 1()0_17
©:S—GeG
where ¢ ranges over all relational morphisms to groups. It was proved by Ash [3],
and independently by Ribes and Zalesskii [23], that Kg(S) is the smallest sub-
semigroup of S containing the set F(S) of idempotents of S, which is closed under
weak conjugation; see [9] for details.
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We shall need the more general notion of a V-stabilizer pair (cf. [25]). Fix a
semigroup S and a pseudovariety V. Then (s, A) C S x 2% is a V-stabilizer pair
if, for all relational morphisms ¢ : S — T with T' € V, there exists t € T such that
s €tp~t and A C Stabr(t)¢~!, where

Stabp(t) = {u e T | tu =t}

is the right stabilizer of ¢ in T'. Notice that if (x, A) is a V-stabilizer pair, then
(x,(A)) is as well, so we normally assume that A is a subsemigroup. Observe
that (s, A) is a V-stabilizer pair if and only if the graph with 1 vertex labelled
by s and |A| loops labelled by A is V-inevitable in the sense of Almeida [2] (cf.
Ash [3]); see [22] for the related notion of a Type V subsemigroup.

Clearly if s € S, then (s,Kg(9)) is a G-stabilizer pair. We now relate Type I
semigroups to A-stabilizer pairs; the A-stabilizer pairs were characterized in gen-
eral by Henckell [8]. The following lemma extracts ideas from [22].

Lemma 5.1. Suppose W < S is a Type I subsemigroup and e is an idempotent
in the minimal ideal of W. Then (e, W) is an A-stabilizer pair.

Proof. Let ¢ : S — T € A be a relational morphism. Then since W is a Type I
subsemigroup, there is a subsemigroup U < T with U € ER such that W < Up~!.
By shrinking down U, we can assume Wy 2O U. Let ¢ : W — U be the restriction.
Then 1 can be factored a~!3 where & : M — W and 8 : M — U are onto
homomorphisms. Let R. be the R-class of e in W. It is in fact a minimal right
ideal of W, so [12] there is a minimal right ideal R of M with Ra = R.. Let
R = Eﬂ; then R’ is a minimal right ideal of U [12]. Since U € A N ER, R’
consists of a single idempotent € and eU = €. Hence U < Stabyp(€). Choosing
fe R such that fa =e, weobtain e = f € ey. Recalling that v is the restriction
of ¢, we obtain W < Stabr(€)p~! and e € ep~!, thereby establishing that (e, W)
is an A-stabilizer pair. O

Recall that X < S'is called V -pointlike if, for all relational morphisms ¢ : S — T
with T € V, there exists ¢t € T such that X < tp~!; X is called V-idempotent
pointlike if one can always choose t to be an idempotent. Notice that if X = X2
and X is V-pointlike, then X is V-idempotent pointlike; we remark that Henck-
ell has proved the converse for certain pseudovarieties, including the complexity
pseudovarieties [7]. We use PLv (S) to denote the semigroup of V-pointlike subsets
of S.

Our reason for considering stabilizer pairs is the following result from [25].

Lemma 5.2. Suppose (s, A) is a V-stabilizer pair for S with A < S a subsemi-
group. Let B € PLw(A). Then sB € PLw.v(S).

We shall use the above lemma in conjunction with the following lemma.

Lemma 5.3. Suppose X € PLy(Ka(S)). Then

X € Ply @ e(S) < Plvia(9).
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Proof. Let ¢: S — T € V@G be a relational morphism. Then there is a rela-
tional morphism ¢ : T — G € G with U = 1¢~! € V. By definition Kg(S) <
1=t~ =Up~t. Let p: Kg(S) — U be the restriction of . Since U € V, there
exists u € U with X C up~!. Hence X < up~!, as desired. O

The following corollary generalizes the results of [20] to pointlikes.

Corollary 5.4. Let S be a semigroup, W < S a Type I subsemigroup, X €
PLc,(Ke(W)) and e be an idempotent in the minimal ideal of W. Then eX €
PLc,.,(S).

Proof. By Lemma 5.3, X € Plc,«q(W). Since, by Lemma 5.1 (e, W) is an
A-stabilizer pair in S, Lemma 5.2 shows that eX is a C; * G * A = C;-pointlike
subset of S. a

6. THE CONSTRUCTION AND COMPLEXITY OF S, FOR n > 1

The idea in this section is to use iterative matrix constructions to create a
semigroup Sy, , containing S;; in such a way that the group of units of Sy j is
C,,—1-pointlike in S, ;. We first construct some auxiliary semigroups. Fix, for
each i > 0, a cyclic group G; = (g;) of order at least three, with identity e;.
Define recursively sequences of semigroups Uy, Us,... and Vi, Vs, ... as follows.
Set Uy = G, Vi = 0. Define recursively, V; to be the Rees matrix semigroup
M(U;_1,G;, G;,C;) where C; is the |G;| X |G;| matrix with entries g;_1 on the
diagonal and e; 7 in all other positions, i.e.

gi—1 €i—1 €;—1

€i—1 gi—1 €i—1 - .-
C; = , : (6.1)

€i—1€i-1 ... Gi—1
Define U; = V;UG; where left and right multiplication of G; against V; are given by

(aa u, b)gz = (av u, bgrL_l)
gi(a,u,b) = (gia,u,b). (6.2)

It is straightforward to verify that U; is a monoid with group of units G; and V; is
an ideal in U;. We “canonically” identify U;_; with the subsemigroup e; x U;_1 X g;
of U;. Notice that U; is the maximal subgroup of the minimal ideal of U;, for all
i > 0. See [16,17] for more on this type of construction.

Proposition 6.1. (E(U;)) =V; Ue;.

Proof. We prove the result by induction on ¢. Clearly the result holds when ¢ = 1.
Let ¢ > 1. Since |G;| > 2, a straightforward calculation (cf. [6,15]), considering
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the first two rows and three columns of (6.1), shows that M(G;—1,G;,G;,C;) is
idempotent-generated, from whence it easily follows

<E(‘/;)> :M(<E(Ul—1)UGZ—1>5G’UG’UC'L) (63)

Applying induction to (6.3), we obtain the desired result. a
Proposition 6.2. U; is a Type I subsemigroup of itself.

Proof. We prove by induction that U; is generated by a chain of its £-classes. This
is clear for U; since it is a group. In general, U; = (G; UU;_1). By induction U;_4
is generated by a chain Ly >, --- >, L, of its L-classes and so, since GG; is an
L-class of U; and G; >, Ly, U; is generated by a chain of its £-classes. O

Proposition 6.3. U; is a C;_1-pointlike subset of U;.

Proof. The proof is by induction. Since U is a group, it is A-pointlike and so the
result holds for ¢ = 1. Suppose the result holds for ¢ > 1; so Uy € PL¢,_, (U;).
Then we have:

o U; <(E(Uit1)) < Kg(Uit1) by Proposition 6.1;

e ¢; is in the minimal ideal of U;1;

e U1 is a Type I subsemigroup of itself by Proposition 6.2.
Thus U; = e U; is a C;-pointlike subset of U;11 by Corollary 5.4. O

Corollary 6.4. c¢(U;) =i.

Proof. Proposition 6.3 shows that U; has a non-trivial C,;_;-pointlike set and so
¢(U;) > 4. Since U; has depth 4, ¢(U;) < i by the depth decomposition theorem [28].
O

We now construct the semigroups Sy 5. Fix k > 2. We define recursively two
sequences of semigroups: (Sy k), (Th,k), for n > 1. Of course, S i has already been
defined; set Ty, = S1,x \ H. Let G; = H and g1 = h. Let e; denote the identity
of G1. For i > 1, let G; = (g;) be a cyclic group of order 3, with identity e;. Define
recursively,

Tk = M(Sn—1,k;Gn,Gn,Cp)/(Gr, x 0 x G,)
where C; is as in (6.1). Define S, = T, x U G,, where G, acts against T}, 1, as
per (6.2). It is easy to check that S, is a monoid with group of units G,, and
that T}, ; is an ideal in S, . Finally set S, 1 = Sp 2 and T}, 1 = T}, 2.

Analogously to the case of the U;, we “canonically” identify S,_; ; with the
subsemigroup e, X Sp—1,% X gn of Sy . In particular, we identify 57 with a
subsemigroup of S, x. By construction one sees that

Spx = U UN, UJ, U0

where N,, is a null J-class, J, is a regular J-class with maximal subgroup of
order 2 (essentially N and J of Sy j blown up) and U, is as above. The J-classes
of Sy, r, in fact, form a chain of length n + 3, the top n J-classes coming from U,
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followed by N,, > J,, >7 0. We may conclude that the depth of S;, ; is n+1 and
50 ¢(Sp,k) <n+ 1 by the depth decomposition theorem [28].

Proposition 6.5. ¢(S, ) =n+ 1.

Proof. By Proposition 6.3, Gy = U; is a C,_;i-pointlike subset of U, and
hence S, ;.. Since G is a monoid, it is, in fact, C,,—1-idempotent pointlike. Also G
is the group of units of our canonically embedded copy of S} i in S, ;. Now the
exact same presentation lemma computations performed in Section 3 to show that
¢(S1,k) = 2 apply here to show that ¢(Sy, k) = n+ 1; the sole difference is that one
now uses the fact that G is C,,_i-idempotent pointlike to justify that it relates
to an idempotent under any relational morphism to a semigroup in C,,_1. O

7. PROOF OF THEOREM 1.1: THE GENERAL CASE

Suppose that X C S, . has k elements and let S be the submonoid generated
by X. Suppose first that X C T, ;. Then since T, 1 U e, has depth n, we see
c(S) < ¢(Tnr Uey) < n. So we may assume that some element of X belongs
to G,. Arguing as in Section 4, there is a j € {1,...,k} such that such that if S’
is the monoid defined as per (4.1), then X is contained in the subsemigroup S;L’ k
of Sy, obtained from S’ by performing the same construction used to create S,
from 51 ;. We show c(S;, ;) = n. It will then follow that c(S) < ¢(S;, ;) < n,
completing the proof.

One has that S, , = U, UN, U J;, U0 where J;, is a J-class of 5] ; obtained
from J, by removing certain R-classes. Again, the J-classes of S;h i form a chain
of length n + 3 with the top n J-classes in U,, and where N,, > J} > 7 0. Since,
by Corollary 6.4, ¢(Uy,) = n, we obtain c(S], ;) > n.

Let J be the minimal ideal of U,. Then I = Ju N, UJ/ U0 is an ideal of S;z,k'
By the ideal theorem [29],

c(Sh k) < (S /1) + (). (7.1)
Since S;, /1 has depth n — 1, the depth decomposition theorem [28] implies
c(Spp/I) <n—1. (7.2)

Recall that we view Uy = (G1 as canonically embedded in J as a maximal subgroup
with identity e;. Since J is the unique maximal J-class of I and contains a non-
trivial group, by the reduction theorem [21,28], we have ¢(I) = c(e1le1). But e1ley
is just the canonically embedded copy of S’ in S;L’ . and we have shown in Section 4
that ¢(S’) = 1, whence ¢(I) = 1. Putting this together with (7.1) and (7.2)
shows that ¢(S), ;) < n, completing the proof of Theorem 1.1 and establishing its
corollary, Theorem 1.2.
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