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The action of any group on itself by conjugation and the corresponding conjugacy
relation play an important role in group theory. There have been many attempts to
find notions of conjugacy in semigroups that would be useful in special classes of
semigroups occurring in various areas of mathematics, such as semigroups of
matrices, operator and topological semigroups, free semigroups, transition monoids
for automata, semigroups given by presentations with prescribed properties, monoids
of graph endomorphisms, etc. In this paper we study four notions of conjugacy for
semigroups, their interconnections, similarities and dissimilarities. They appeared
originally in various different settings (automata, representation theory,
presentations, and transformation semigroups). Here we study them in full generality.
The paper ends with a large list of open problems.
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1. Introduction and preliminaries

By a notion of conjugacy for a class of semigroups we mean an equivalence rela-
tion defined in the language of that class of semigroups and coinciding with the
group theory notion of conjugacy whenever the semigroup is a group. We study
three notions of conjugacy in the most general setting (that is, in the class of all
semigroups) and, in view of its importance for representation theory, we also study
one notion that was originally only defined for finite semigroups.

When generalizing a concept, it is sometimes tempting to think that there should
be one correct, or even preferred, generalization. The view we take in this paper
is that since semigroup theory is a vast subject, intersecting many areas of pure
and applied mathematics, it is probably not reasonable to expect a one-size-fits-
all notion of conjugacy suitable for all purposes. Searching for the ‘best’ notion of
conjugacy is, from our point of view, akin to searching for, say, the ‘best’ topology.
Instead, we think that the goal of studying conjugacy in semigroups is to determine
what different notions of conjugacy look like in various classes of semigroups, and
how they interact with each other and with other mathematical concepts. It is
thus incumbent upon individual mathematicians to decide, given their needs, which
particular notion fits best with the class of semigroups under consideration and
within the particular context.

In this paper, we consider primarily four notions of conjugacy (and some vari-
ations) that we see as especially interesting given their properties and generality.
However, as happens throughout mathematics, stronger notions can be obtained by
requiring additional properties. Adding to the general requirements in the first para-
graph above, one might require that the notion of conjugacy must be non-trivial, or
first-order definable, or that a given set of results about conjugacy in groups carries
over to some class of semigroups, etc. Therefore, the years to come will certainly
see the rise of many more systems of equivalence relations for semigroups based on
notions of conjugacy.

Before introducing the notions of conjugacy that will occupy us in this paper,
we recall some standard definitions and notation (we generally follow [40]). Other
needed definitions will be given in context.

For a semigroup S, we denote by E(S) the set of idempotents of S; St is the
semigroup S if S is a monoid, or otherwise denotes the monoid obtained from S
by adjoining an identity element 1. The relation < on E(S) defined by e < f if
ef = fe = e is a partial order on E(S) [40, p. 69]. A commutative semigroup of
idempotents is said to be a semilattice.

An element a of a semigroup S is said to be regular if there exists b € S such that
aba = a. Setting ¢ = bab, we get aca = a and cac = ¢, so c is an inverse of a. Since a
is also an inverse of ¢, we often say that a and ¢ are mutually inverse. A semigroup
S is regular if all elements of S are regular, and it is an inverse semigroup if every
element of S has a unique inverse.

If S is a semigroup and a,b € S, we say that albif S'a = S'b, aRb if aS' = bS?,
and aJb if S'aS' = S'bS'. We define H = LN R, and D = L V R, that is,
D is the smallest equivalence relation on S containing both £ and R. These five
equivalence relations are known as Green’s relations [40, p. 45], and are among the
most important tools in studying semigroups.
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We now introduce the four notions of conjugacy that we will consider in this
paper. As noted, we expect any reasonable notion of semigroup conjugacy to coin-
cide in groups with the usual notion. For elements a, b, g of a group G, if a = g~ 'bg,
then we say that a and b are conjugate and g (or g~1) is a conjugator of a and b.
Conjugacy in groups has several equivalent formulations that avoid inverses, and
hence generalize syntactically to any semigroup. For example, if G is a group, then
a,b € G satisfy a = g~ 'bg (for some g € G) if and only if @ = uv and b = vu for
some u,v € G (namely, u = g~ 'b and v = g). This last formulation has been used
to define the following relation on a free semigroup S (see [48]):

a~pb <= 3, pes10 = uv and b = vu. (1.1)

If S is a free semigroup, then ~y, is an equivalence relation on S [48, corollary 5.2,
and so it can be considered as a notion of conjugacy in S. In a general semigroup
S, the relation ~, is reflexive and symmetric, but not transitive. If a ~, b in a
semigroup, we say that a and b are primarily related [47] (hence the subscript in
~p)- The transitive closure ~3 of ~|, has been defined as a conjugacy relation in
a general semigroup [39,46,47]. Lallement credited the idea of the relation ~ to
Lyndon and Schiitzenberger [51].

Again looking to group conjugacy as a model, for a, b in a group G, a = g~ 'bg
for some g € G if and only if ag = gb for some g € G if and only if bh = ha, for
some h € G (namely, h = g~!). A corresponding semigroup conjugacy is defined as
follows:

a~yb < d,recs1ag = gb and bh = ha. (1.2)

This relation was defined by Otto for monoids presented by finite Thue systems [54],
and, unlike ~, it is an equivalence relation in any semigroup. However, ~ is
the universal relation in any semigroup S with zero. Since it is generally believed
[25, 35, 56] that lim, o 2,/s, = 1, where s, (respectively, z,) is the number of
semigroups (respectively, the number of semigroups with zero) of order n, it would
follow that ‘almost all’ finite semigroups have a zero, and hence this notion of
conjugacy might be of interest only in particular classes of semigroups.

In [19] a new notion of conjugacy was introduced. This notion coincides with
Otto’s concept for semigroups without zero, but does not reduce to the universal
relation when S has a zero. The key idea was to restrict the set from which con-
jugators can be chosen. For a semigroup S with zero and a € S\ {0}, let P(a) be
the set of all elements g € S such that (ma)g # 0 for all ma € S'a\ {0}. We
also define P(0) = {0}. If S has no zero, we set P(a) = S for every a € S. Let
P(a) = P(a) U {1}, where 1 € S'. Define a relation ~. on any semigroup S by

ar~eb <— Elge]pl(a)zlhepl(b)ag = gb and bh = ha. (13)

(See [19, §2] for the motivation of using the sets P!(a).) Restricting the choice of
conjugators, as happens in the definition of ~, is not unprecedented for semigroups.
For example, if S is a monoid and G is the group of units of S, we say that a
and b in S are G-conjugated and write a ~¢ b if there exists g € G such that
b = g~lag [46]. The restrictions proposed in the definition of ~. are much less
stringent. Their choice was motivated by considerations in the context of semigroups
of transformations. The translation of these considerations into abstract semigroups
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resulted in the sets P*(a). Roughly speaking, conjugators selected from P! (a) satisfy
the minimal requirements needed to avoid the pitfalls of ~,.

The relation ~. turns out to be an equivalence relation on an arbitrary semigroup
S. Moreover, if S is a semigroup without zero, then ~. = ~. If S is a free semigroup,
then ~. = ~, = ~. In the case in which S has a zero, the conjugacy class of 0
with respect to ~ is {0}.

The last notion of conjugacy that we will consider has been inspired by consid-
erations in the representation theory of finite semigroups (for details we refer the
reader to Steinberg’s book [59]). Let M be a finite monoid and let a,b € M. We say
that a ~y; b if there exist g, h € M such that ghg = ¢, hgh = h, hg = a*, gh =¥
and ga“tth = b**!, where, for a € M, a* denotes the unique idempotent in the
monogenic semigroup generated by a (see [40, §1.2]) and a“*! = aa®. The relation
~ytp 18 an equivalence relation in any finite monoid.

The same notion can be alternatively introduced (see, for example, [47]) via
characters of finite-dimensional representations. Given a finite-dimensional complex
representation ¢: S — Endc (V) of a semigroup S, the character of ¢ is the function
Xo: S — C defined by x,(s) = trace(o(s)) for all s € S. In a finite monoid S,
a ~ b if and only if x,(a) = x,(b) (see [52, theorem 2.2] or [59, proposition 8.9,
8.3 and theorem 8.10]). This explains the subscript notation ~y,.

The relation ~y,, in its equational definition, can be naturally extended from the
class of finite monoids to the class of epigroups. We need some definitions first. Let
S be a semigroup. An element a € S is an epigroup element (or, more classically,
a group-bound element) if there exists a positive integer n such that a™ belongs
to a subgroup of S, that is, the H-class Hy,» of a™ is a group. If this positive
integer is 1, then a is said to be completely regular. If we denote by e the identity
element of H,n, then ae is in H,» and we define the pseudo-inverse a’ of a by
a’ = (ae)~!, where (ae)~! denotes the inverse of ae in the group Hy» [58, (2.1)]. An
epigroup is a semigroup consisting entirely of epigroup elements, and a completely
reqular semigroup is a semigroup consisting entirely of completely regular elements.
Finite semigroups and completely regular semigroups are examples of epigroups.
Following Petrich and Reilly [55] for completely regular semigroups and Shevrin [58]
for epigroups, it is now customary to view an epigroup (S, -) as a unary semigroup
(S,-)) where x — 2’ is the map sending each element to its pseudo-inverse. In
addition, the superscript w notation introduced above for finite semigroups can be
extended to an epigroup S [58, §2], where, for a € S, a* denotes the idempotent
of the group to which some power of a belongs. (In the finite case, a* itself is a
power of a.) We can therefore extend the definition of ~, from finite monoids to
epigroups: for all a, b in a epigroup S,

a~g b <= 3 hesrghg =g, hgh = h, ga®Tth = bt hg =a* and gh = b*.
(1.4)
In any epigroup, we have a* = aa’ (see [58, §2.2.]), and therefore a = ad'a =
a'. Thus, in epigroups, as is sometimes convenient, we can express the conjugacy
relation ~y, entirely in terms of pseudo-inverses: for all a,b € S,

w—+1

ar~y b <= 3y pesghg =g, hgh =h, ga"h =1b", hg = aa’ and gh = bb'. (1.5)

We will refer to ~,, ~5, ~o, ~c, and ~¢, as p-conjugacy, p*-conjugacy, o-conju-
gacy, c-conjugacy, and trace conjugacy, respectively. Of course, ~, is a valid notion
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Figure 1. Inclusions between the four conjugacies.

of conjugacy only in the class of semigroups in which it is transitive, and trace
conjugacy is only defined for epigroups.

For epigroups (and, in particular, for finite semigroups), we have the inclusions
depicted in figure 1 (which will be justified later). The corresponding picture for
arbitrary semigroups can be extracted from figure 1 by removing ~,. The following
semigroup S, which is SmallSemigroup(7,542155) of [26], shows that all inclusions
in figure 1 are strict:

<10 1 2 3 4 5 6
0/0 0 0 0 4 4 O
110 0 0 0 4 4 O
2/0 0 0 0 4 4 0
3]0 0 0 0 4 4 O
414 4 4 4 4 4 4
514 4 4 4 4 4 4
6/0 0 2 3 4 5 6

Since S has a zero (the element 4) it follows that ~, = S x S; in addition, it
is obvious from the table that ~, (viewed as a directed graph) consists of all
loops together with the edges 0-2, 0-3, and 4-5. Therefore, the partition induced
by ~5 is {{0,2,3},{4,5},{1},{6}}. On the other hand, ~, induces the partition
{{0,1,2,3},{5,6},{4}}. Finally, we have P(0) = P(1) = P(2) = P(3) = P(6) =
{0,1,2,3,6}; P(4) = {4}, and P(5) = (. From that we infer that ~. induces the
partition {{0,1,2,3,6},{4},{5}}. Now, ~c N~ consists of all loops and the edges
0-2 and 0-3; ~. N~} induces the partition {{0,2,3},{4},{5},{1},{6}}; finally,
~¢ N~y induces the partition {{0, 1,2, 3}, {4}, {5}, {6}}.

In § 2 we study c-conjugacy, trace conjugacy, and p-conjugacy in one of the most
important classes of inverse semigroups with proper divisors of zero, namely, sym-
metric inverse semigroups (see [40, theorem 5.1.5]). We give a complete description
of the c-conjugacy classes, answering a question posed by the referee of [19]. In the
symmetric inverse semigroup Z(X) on a set X, we find that ~. C ~, when X is
finite, and ~}, and ~. are not comparable when X is countably infinite. Note that
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~p C ~, in every semigroup S [19, theorem 2.2]. However, as Z(X) shows, the
relation between ~. and ~i, is more complex.

In §3 we study the relationship between conjugacies and Green’s relations. We
find that, in general, Green’s relations and the conjugacies under consideration are
not comparable with respect to inclusion, but there are some comparison results for
some transformation semigroups. Our general perception, however, is that conjuga-
cies and Green’s relations form two ‘orthogonal’ systems of equivalence relations.

The bulk of our results is contained in §4 and §5. Roughly speaking, in the first
we deal with conditions under which the conjugacies tend to be equal; in the second
we deal with the opposite situation. Given the definition of ~,, epigroups form the
largest class of semigroups in which all the notions are defined, and hence is the
largest class in which all the relations could be equal; therefore §4 only deals with
epigroups. In particular, to have ~, equal to one of the other notions of conjugacy,
a necessary condition is the transitivity of ~,. A complete classification of the
semigroups in which ~, is transitive is still an open problem. Besides groups and
free semigroups [48, corollary 5.2], a recent result of Kudryavtseva [44, corollary 4]
shows that p-conjugacy is transitive in completely regular semigroups. We generalize
this result by introducing a wider class of epigroups that contains completely regular
semigroups and their variants.

In §5 we prove a number of properties and separation results of the four notions
of conjugacy. We conclude the section by extending various results about conjugacy
in groups to conjugacy in semigroups. For example, if ~ is any of ~, ~¢, ~, or
~ir, then a ~ b implies a® ~ b, just like in groups.

Finally, § 6 lists open problems regarding the notions of conjugacy under discus-
sion, showing how wide open this topic is.

2. Conjugacy in symmetric inverse semigroups

The symmetric inverse semigroup on a non-empty set X is the semigroup Z(X)
of partial injective transformations on X under composition [40, p. 148]. The aim
of this section is to answer a question of the referee of [19] regarding c-conjugacy
in Z(X) for a countable X, and also compare these results with the existing ones
on the other notions of conjugacy. For Z(X), with countable X, p-conjugacy was
described in [33] (for X finite) and [46] (for X countably infinite). It will follow
from these descriptions and our result that in Z(X), ~, C ~}, if X is finite, and ~,
and ~p, are not comparable (with respect to inclusion) if X is countably infinite.
We note that since the semigroup Z(X) has a zero, o-conjugacy in Z(X) is universal
for every X. Also, if X is infinite, then Z(X) is not an epigroup, so trace conjugacy
is only defined for Z(X) if X is finite. We will get back to this later.

The importance of symmetric inverse semigroups comes from the fact that every
inverse semigroup can be embedded in Z(X) for some X [40, theorem 5.1.7]. The role
of Z(X) in the theory of inverse semigroups is analogous to that of the symmetric
group Sym(X) of permutations on X in group theory.

To describe ~ in Z(X), we will use the cycle-chain-ray decomposition of a partial
injective transformation [43], which is an extension of the cycle decomposition of a
permutation.

We will write functions on the right and compose from left to right; that is,
for f: A - B and g: B — C, we will write zf rather than f(x), and z(fg)
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rather than g(f(z)). Let a € Z(X). We denote the domain of a by dom(«) and
the image of a by im(«). The union dom(a) U im(a) will be called the span of «
and be denoted span(a). We say that a and § in Z(X) are completely disjoint if
span(a) N span(B) = 0.

DEFINITION 2.1. Let M be a set of pairwise completely disjoint elements of Z(X).
The join of the elements of M, denoted | ] .7, is the element of Z(X) whose
domain is |, dom(v) and whose values are defined by

x( || 7) = 70,

yeM

where 7 is the (unique) element of M such that x € dom(yy). If M = (§, we define
LI, ear v to be O (the zero in Z(X)). If M = {y1,72,...,7} is finite, we may write
the join as vy Uy U -+ - Uk

DEFINITION 2.2. Let ...,z_5,2_1,x9,%1,Z2,... be pairwise distinct elements of
X. The following elements of Z(X) will be called basic partial injective transforma-
tions on X.

e A cycle of length & (k > 1), denoted by (xgxy - xk—_1), is an element § €
Z(X) with dom(d) = {zo, z1,. .., Tr—1}, i0 = xj41 for all 0 <7 < k—1, and
xk,lé = Xo.

A chain of length k (k > 1), denoted by [z 21 - - - xk], is an element 6 € Z(X)
with dom(6) = {zo,...,xx-1} and ;6 = x;41 for all 0 <i < k — 1.

A double ray, denoted by (---z_1xox1---), is an element w € Z(X) with
dom(w) ={...,2-1,20,21,... } and 2w = x;41 for all 7.

A right ray, denoted by [zgx1 z2---), is an element v € Z(X) with dom(v) =
{zo,z1,22,...} and ;0 = x;4; for all ¢ > 0.

A left ray, denoted by (- - 2921 ], is an element A € Z(X) with dom(\) =
{z1,29,23,...} and ;A = x;_; for all i > 0.

By a ray we will mean a double, right, or left ray.
We note the following.

e The span of a basic partial injective transformation is exhibited by the nota-
tion. For example, the span of the right ray [123---) is {1,2,3,...}.

e The left bracket in ‘n = [z---’ indicates that x ¢ im(n), while the right

bracket in ‘n = ---z]” indicates that x ¢ dom(n). For example, for the chain
0 =[1234], dom(#) = {1,2,3} and im(0) = {2, 3, 4}.

e A cycle (zgxy - 2g—1) differs from the corresponding cycle in the symmetric
group of permutations on X in that the former is undefined for every x €
X\ {xo,x1,...,25_1}, while the latter fixes every such x.

The following decomposition result was proved in [43, proposition 2.4].
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PROPOSITION 2.3. Let o € Z(X) with o # 0. Then there exist unique sets A, of
cycles, Oy of chains, 2, of double rays, T, of right rays, and Ay, of left rays such
that the transformations in Ay UBy,U 2, UT, U A, are pairwise completely disjoint

and
a= [ |ou|]ou || wul|]ou]]A (2.1)
€A, 6ed, weNRy vET, AEAL

We will call the join (2.1) the cycle-chain-ray decomposition of a. If n € A, U
O, U N, UT,UA,, we will say that 7 is contained in « (or that a contains n). We
note the following.

o If @ € Sym(X), then

a:|_|5u|_|w

[ PAS wE,

(since O, =T, = Ay = 0), which corresponds to the usual cycle decomposi-
tion of a permutation [57, §1.3.4].

o If dom(a) = X, then
a = |_| ou |_| wl |_| v
S€EA,  wER, vEY

(since O, = A, = (), which corresponds to the decomposition given in [49].

a= || sul]e

SEA, 0€O,

e If X is finite, then

(since 2, =1, = A, = 0), which is the decomposition given in [50, theo-
rem 3.2].

For example, if X ={1,2,3,4,5,6,7,8,9}, then

123456789
a_<365982>€I(X)

written in cycle-chain decomposition (no rays since X is finite) is o = (26 8)LU[1 3]U
[459]. The following 3 is an example of an element of Z(Z) written in cycle-chain-
ray decomposition:

B=(24)U[6810]U(---—6 —4—2—1—3—5---)U[15913---)L(---151173].

NOTATION 2.4. We will fix an element ¢ ¢ X. For o € Z(X) and z € X, we will
write za = ¢ if and only if x ¢ dom(«). We will also assume that oo = o. With this
notation, it will make sense to write za = yf8 or za # yf (o, 8 € Z(X), z,y € X)
even when z ¢ dom(a) or y ¢ dom(3).

NOTATION 2.5. For 0 # « € Z(X), let A, be the set of cycles and ©,, be the set of
chains that occur in the cycle-chain-ray decomposition of « (see (2.1)). For k > 1,
we denote by A the set of cycles in A, of length k, and by ©F the set of chains
in 6, of length k.
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DEFINITION 2.6. Let o € Z(X). The sequence of cardinalities
(AL 1AZL 1AL, - 5104, 1821, 1631, - -5 192, 1Tal, | Aal)

(indexed by the elements of the ordinal 2w+3) will be called the cycle-chain-ray type
of a. This notion generalizes the cycle type of a permutation [27, p. 126]. Suppose
that dom(«) is finite. Then « does not have any rays and its cycle-chain-ray type
reduces to the cycle-chain type

(AL 1A% 143, 518511021, 165, - ).

The cycle-chain-ray type of « is completely determined by the form of the cycle-
chain-ray decomposition of a. The form is obtained from the decomposition by
omitting each occurrence of the symbol ‘L)’ and replacing each element of X by
some generic symbol, say ‘«’. For example, a = (268) LI [1 3] LU [459] has the form
(x % *)[x*][* * x|, and

B=(24)U[6810]U(---—6 —4 -2 —1 -3 —=5---)U[15913---)L(---151173].

has the form (s x)[ s ] (-« % % s« Yk sk -0 ) (o0 k]

A directed graph (or a digraph) is a pair I' = (A, R), where A is a set (not
necessarily finite and possibly empty) and R is a binary relation on A. Any element
x € A is called a vertex of I', and any pair (x,y) € R is called an arc of I'. We will
call a vertex y terminal if there is no z € A such that (z,y) € R.

Let It = (A1, Ry) and Is = (As, Rp) be digraphs. A mapping ¢: A1 — Ay is
called a homomorphism from Iy to Iy if for all z,y € A, if (z,y) € Ry, then
(xp,yd) € Ry [36].

DEFINITION 2.7. Let It = (A1, Ry) and Iy = (Az, Ra) be digraphs. A homomor-
phism ¢: A; — As is called a restrictive homomorphism (or an r-homomorphism)
from I to I3 if for every terminal vertex x of I, x¢ is a terminal vertex of I5.

Any partial transformation « on a set X (injective or not) can be represented
by the digraph I'(ot) = (Aa, Ra), where A, = span(a) and for all z,y € A,,
(z,y) € Ry if and only if z € dom(«) and za = y.

The following proposition is a special case of [19, theorem 3.8].

PROPOSITION 2.8. For all a, 8 € Z(X), o ~¢ B if and only if there are ¢, € T(X)
such that ¢ is an r-homomorphism from I'(«) to I'(3) and 1) is an r-homomorphism
from I'(B) to I'(cx).

DEFINITION 2.9. Let ...,x_1,29,%1,... be pairwise distinct elements of X. Let
§ = (xo- Tp_1), 0 = [zozr-ah], w = {2 12021 ), v = |woa1 T2 ),
and A = (---xox1 x]. For any n € {0,0,w,v,\} and any ¢ € Z(X) such that
span(n) C dom(¢), we define n¢* to be n in which each x; has been replaced with
x;¢. For example,

0" = (zodpz10 - T—10) and A" = (- T20 710 T0P].
Consider § = [zox1- 2], w = (- x_12021-++), UV = [Tgx122---), and XA =
(- x2x1 0] iIn Z(X). Then any [z; x;41 - - 2] (0 < i < k) is a terminal segment of
0; any [z; X;y1 Tiyo - -+ ) is a terminal segment of w; any [z; ;11 Tipo---) (i = 0) is
a terminal segment of v; and any [z; x;—1 -+ - xo] (¢ > 1) is a terminal segment of A.

https://doi.org/10.1017/50308210517000099 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210517000099

1178 J. Araijo, M. Kinyon, J. Konieczny and A. Malheiro

The following proposition follows easily from more general results proved in [19]
(see [19, propositions 4.18 and 7.3]).

PROPOSITION 2.10. Let o, B, ¢ € Z(X). Then ¢ is an r-homomorphism from I'(c)
to ['(B) if and only if for allk > 1,6 € Ak, 0 e OF, we Q,,veET, and X € A,:

(1) 5¢* € Ak, wo* € 25 and A\p* € Ag;

(2) either there is a unique 01 € OF with m > k such that 0¢* is a terminal
segment of 61 or there is a unique \y € Ag such that 0¢* is a terminal
segment of A1;

(3) either there is a unique v1 € X such that ve* is a terminal segment of v1 or
there is a unique wy € {2 such that vo* is a terminal segment of wy.

DEFINITION 2.11. Let o, 3, ¢ € Z(X) such that ¢ is an r-homomorphism from I' ()
to I'(8). We define a mapping hy: Ay UO,UNR,UY ,UA, — AgUBgU23UTsUAg
by

ne* iftne A, U,UA,,

01 if n € ©, and n¢* is a terminal segment of §; € O,
nhg = $ A1 if n € O, and n¢* is a terminal segment of \; € Ag,

v1  if n €T, and n¢* is a terminal segment of v; € 1,

wy; if n €7, and n¢* is a terminal segment of wy € £23.

Note that hg is well defined (by proposition 2.10) and injective (since ¢ is injective).

For a countable set X, we define two cardinal numbers that will be crucial in our
characterization of c-conjugacy in the semigroup Z(X). We denote by Z the set
of positive integers and by N the set Z; U {0}.

DEFINITION 2.12. Let X be countable and suppose that o € Z(X). We define
ko € NU {Ro} by

ko =sup{k € Z,: OF £ 0}.
If ©F = () for every k € Z, we define k, to be 0.

Suppose that k, € Z4, that is, k, is the largest positive integer k such that
Ok # (. We define m,, € N by

me = max{m € {1,2,...,k,}: |OF]| = Ro}.
If 7 is finite for every m € {1,2,...,k,}, we define m, to be 0.

For any chain 6 in Z(X), we denote the length of # by I(6). For example, if
6 = [123] then I(f) = 2.

LEMMA 2.13. Let X be countably infinite and let o, 8 € Z(X). Suppose that k, =
kg = Ng. Then there exists an injective mapping p: O, — Og such that for every
0 €Oy, if € OF and Op € O, thenm > k.
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Proof. Since kg = Ng, the set {k € Z : @g # ()} is unbounded, which implies that
there is a sequence 71,72, 73, ... of chains in ©g such that [(n:) < I(n2) < l(n3) <
--+. Since ko = Ng, O, is countably infinite. Let ©, = {01,604,05,...}. For every
i € Zy, select n; € Zy such that 1(0;) < {(ny,). Then p: O, — Op defined by
0;p = 1y, is a desired injective mapping. O

THEOREM 2.14. Suppose that X is countable. Let o, 8 € T(X). Then a ~. B if and
only if the following conditions are satisfied:

(1) |Ak| = \Ag| for every k € Zy, |92,] = 25| and |As| = |Asl;
(2) if 24 is finite, then |Yo| = |T3|; and
(3) if Ay is finite, then

(i) ko =kg; and
(ii) if ko € Zy, then my = mg and for every k € {mq +1,... ks }, |OF| =
|6F].

Proof. Suppose that o ~. 5. By proposition 2.8, there exists ¢ € Z(X) such that
¢ is an r-homomorphism from I'(a) to I'(3). Let k € Z,.. Define fi: Af — A by
0fr = 0hg, g: 2o — 28 by wg = why, and d: A, — Ag by Ad = Ahg. Each of the
mappings fi, g and d is injective since hy is injective. Thus, |A%| < |A§|7 [£2.] <
|£26] and [Aa| < |Agl|- By symmetry, |Af] < |Ag], [2s] < |2 and [A] < [Aq].
Hence, (1) holds.

Suppose that (2, is finite. Then g: 2, — (23 defined above is a bijection (since
g is injective and |£2,] = [{23]). Thus, for every wy € {23 there is w € (2, such that
whg = wg = w1. Since hy is injective, it follows that for every v € 1y, vhy € 13
(since vhy can not belong to 23), which implies that |7,| < |73|. By symmetry,
|Y5] < || Hence, (2) holds.

Suppose that A, is finite. Then, by the foregoing argument for {2, and 7, applied
to A, and O, we conclude that |©,| = |©3| and that for every 6 € O, 6hy € Op.
Suppose to the contrary that k, # kg. We may assume that k, > kg. Then there
exists k € Z, such that kg < k£ < k, and @Z # (). Select some 6 € @ﬁ. Then 0hy is
a terminal segment of some ¢y € ©g. But this is a contradiction since £ > kg and
Op =0 for every m > kg. Thus, k, = kg.

Let ko € Z4. Suppose to the contrary that m, # mg. We may assume that
mq > mg. By definition, |©7'«| = Ny. For every § € O« 6h, is a terminal
segment of some §; € Og, so Ohy € @é for some [ with kg > | > mq, > mg. But
this is a contradiction since hy is injective, the set {6hg: 6 € O~} is infinite, and
the set O3 U---U @gﬁ is finite. Thus, mqs = mg.

Finally, suppose to the contrary that there exists k € {m, +1,...,kq} such that
|0k| # |Of|. Select the largest such k. We may assume that [©}] > [©F]. Then
Ok U Uk > |OFU---UOL| and hy maps OF U---UOk to Ok U---U O,
which is a contradiction since hy is injective. Hence, |OF| = \9§| for every k €
{ma+1,...,kq}. We have proved (3), which concludes the direct part of the proof.

Conversely, suppose that conditions (1), (2) and (3) are satisfied. We will define
an injective homomorphism ¢ from I'(«) to I'(3). By (1), for every k € Z,, there
is an injective mapping fr: AF — A’é.
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Suppose that both 2, and A, are infinite. Then |2, UY,,| = |23]| and [4,UO,| =
|As|, and so there are injective mappings g: 2, UY, — 25 and d: A, UO, — Ag.
Foral k > 1,8 € AF we 2,, N € Ay, v € T, and § € OF, we define ¢ on
span(d) U span(w) U span(\) U span(v) U span(f) in such a way that d¢* = ¢ fx,
wo* = wg, A\¢* = Ad, vg* is a terminal segment of vg, and 0¢* is a terminal
segment of 6d. Note that this defines ¢ for every vertex x in I'(«). By the definition
of ¢ and proposition 2.10, ¢ € Z(X) and ¢ is an r-homomorphism from I'(«) to
r(g).

Suppose that (2, is finite and A, is infinite. Then |Y,| = |Y3| by (2), and so
there exists an injective mapping j: 7, — 7. Let fi: Ak — A’g (k € Zy) and
d: Ay U B, — Ag be the injective mappings defined in the previous paragraph.
Since |2,] = |23], there exists an injective mapping g: 2, — 23. We define ¢ as
in the previous paragraph, except that v¢* = vj for every v € 1,,. Again, ¢ € Z(X)
and ¢ is an r-homomorphism from I'(a) to I'(().

Suppose that (2, is infinite and A, is finite. Then k,, = kg by (3)(i). Let fi: AX —
Ag (k€ Zy) and g: 02, UY, — 23 be the injective mappings defined in the case
in which both §2, and A, are infinite. Since |Ay| = |Ag], there exists an injective
mapping d: A, — Ag.

Suppose that k, = Ng. Then by lemma 2.13, there is an injective mapping
p: O — O such that for every 6 € O,, if § € OF and 6p € 05, then m > k.
We define ¢ as in the case in which both (2, and A, are infinite, except that
0¢* is a terminal segment of dp for every 6 € O,. Again, ¢ € Z(X) and ¢ is an
r-homomorphism from I'(«) to I'(3).

Suppose that ko < Ng. If ko, = 0, then O, = O3 = ). Suppose that k, € Z.
Then by (3)(ii), mo = mg and for every k € {mqs +1,...,ka}, |Ok] = |Of]. Let
m = mgy. We have |0, U--- U0} = |0F| =R and |0}] = |Of] for every k > m.
Thus, there are injective mappings s: OL U--- U O™ — O and ty: ok — @E for
every k > m. We define ¢ (whether &, is 0 or not) as in the case when both (2,
and A, are infinite, except that for every 6 € @, 6¢* is a terminal segment of fs
if 6 e 9§ with 1 < k < m, and 6¢* is a terminal segment of 0t if 6 € 9§ with
k > m. As in the previous cases, ¢ € Z(X) and ¢ is an r-homomorphism from I'(«)
to I'(0).

Finally, if both {2, and A, are finite, we define an injective r-homomorphism ¢
from I'(«) to I'(3) as in the case in which 2, is infinite and A, is finite, except
that v¢* = vj for every v € T,,, where j: 7, — 7 is an injective mapping from
the case in which (2, is finite and A, is infinite.

We have proved that there exists an injective r-homomorphism ¢ from I'(«) to
I'(6). By symmetry, there exists an injective r-homomorphism ¢ from I'(83) to
I'(«). Hence, a ~. 8 by proposition 2.8. O

Suppose that X is finite. Then for every o € Z(X), 24 = Vo = Ao = 0, ko # Vo,
and m,, = 0 if k, € Z,. Thus, theorem 2.14 implies the following corollary, which
generalizes the result for the symmetric group Sym(X) [27, proposition 11, p. 126].

COROLLARY 2.15. Suppose that X is finite. Then for all o, € T(X), a ~c B if
and only if a and B have the same cycle-chain type.
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REMARK 2.16. By corollary 2.15, for a finite set X, the relation ~. on Z(X) can
also be characterized by a ~. 8 if and only if there exists a permutation ¢ on the
set X such that o = 0~ ! 30.

Corollary 2.15 implies that if X is finite, then in Z(X), ~ is strictly included
in ~p.

PROPOSITION 2.17. Suppose that X is finite with | X| > 2. Then ~. C ~p, in Z(X).

Proof. Let a, 8 € Z(X) and suppose that a ~. . By remark 2.16, there exists
o € Sym(X) such that c7'ac = 3. For p = ao and v = ¢~ ! in Z(X), we have
pv = o and vy = 3, and so o ~p, (.

We have proved that ~; C ~,. The inclusion is strict. Select z,y € X with z # y.
Then for a = [zy] and § =0 in Z(X), o ~, B (since a = a(y) and 8 = (y)«) but
(a, B) & ~c by corollary 2.15. O

Since ~, C ~% in any semigroup, we also have ~. C ~p in Z(X) when X

is finite. The relation ~7 in a finite Z(X) was characterized by Ganyushkin and
Kormysheva [33] (see also [46, theorem 1]): for all a, 3 € Z(X), a ~F 3 if and only
if & and B have the same cycle type (while there are no restrictions on the chain
type of a and f3).

Regarding ~i, in Z(X), for a finite X, we have a ~y, (3 if and only if « and 3 have
the same cycle type [59, example 8.4]. Therefore, in these semigroups, ~, = ~p-
Thus, in Z(X) and for finite X, we have the following chain:

o, =Z(X)?
JN; = ~tr
J'\’p

L.

Proposition 2.17 does not extend to the infinite case. Suppose that X is countably
infinite. Consider the following transformations in Z(X):

a=[yoy1ys] U (- zp @y zg) U (-2 aiag) U (- apafag] U

B=(zmazlU(2aglul zazu..

ThenAa:Aﬁ:Qa:.Qg:Ta:Tg:Q)andAa:Ag:No.ThuS,OLNcﬂ
by theorem 2.14. By [46, lemma 4], if o and 8 were p-conjugate, then there would
exist an injective mapping j: % — ©4 U O3 U O}. Since 62 = {[yoy1 y2]} and
Qé U Q% U @?3 = ), such a mapping does not exist, and so («, 8) ¢ ~p.

Now consider a = [yoy1y2] and f = [z921] in Z(X). Then a ~,
lemma 4], but @ and 3 are not c-conjugate by theorem 2.14 (since A, = 0,
and kg = 1). Thus (o, 3) ¢ ~c.

The foregoing examples prove the following proposition.

by [46,
ko = 2,

(03
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PROPOSITION 2.18. Suppose that X is countably infinite. Then, with respect to
inclusion, ~, and ~. are not comparable in Z(X).

Since ~7 is the transitive closure of ~;, and ~c is an equivalence relation, it
follows from proposition 2.18 that if X is infinitely countable, then ~} and ~. are
not comparable in Z(X) either. For a countably infinite set X, the relation ~ in
Z(X) was characterized by Kudryavtseva and Mazorchuk [46, theorem 2].

Therefore, in Z(X), for a countably infinite X, we have the following diamond:

a
AP

cﬂN

If X is infinite, the semigroup Z(X) is not an epigroup, and hence ~y, is not
defined in Z(X). However, in §4, we show that ~i, can be defined, and is an
equivalence relation, on the set of epigroup elements of an arbitrary semigroup. We
then characterize ~i, as the relation on the set of epigroup elements of Z(X) for a
countably infinite X (theorem 4.12).

3. Conjugacy and Green’s relations

Green’s relations play an important role in studying semigroups. In a group, any
two elements are G-related, for any Green relation G. Thus, any two conjugate group
elements are G-related. The general situation for semigroups is quite different. In
this section we will show that Green’s relations and our four conjugacies are not
comparable in general, but there are some inclusion results for the symmetric inverse
semigroup Z(X) and its subsemigroup consisting of full injective transformations
on X.

Fixing some terminology, for a set X and a: X — X, the kernel of « is the
equivalence relation on X defined by ker(a) = {(z,y) € X x X: za = ya}.

THEOREM 3.1. Let G be any Green relation and let ~ € {Np,wlﬁ,wtr,wc,wo}.
Then there exists a semigroup S such that G €~ and ~Z G in S.

Proof. Suppose that ~ € {~,, ~5,~, } and consider S = Z(X), where X = {1,2}.
In any Z(X), we have aJ <:> |dom(a)| = |[dom(8)| and aHfB < (dom(a) =
dom(p) and im(a) = im(S3)). In any semigroup, J is the largest and H is the
smallest Green relation with respect to inclusion. Let a = [12] and 8 =0 in Z(X).
Then « ~, B since a = a(2) and 8 = (2)a, but («, 3) ¢ J since |dom(a)| = 1 and
|dom(3)| = 0. Hence, ~, € J, and so ~, Z G. It follows that ~7, ~, G since
~p €~ C ~, in any finite semigroup (see figure 1). Now let v = (1) U (2) = idx
and 6 = (12) in Z(X). Then vHd, but (vy,9) ¢ ~, since, by [59, example 8.4], for
X finite, v ~¢ ¢ in Z(X) if and only if v and ¢ have the same cycle type. Hence,
H L~y and s0 G €~ It follows that G & ~p, ~F since ~, C ~5 C ~yy.
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Suppose that ~ = ~ and consider S = T'(X), where X = {1,2,3} and T(X) is
the semigroup of all full transformations on X. In any T(X), we have aJf <=
lim(o)| = [im(5)| and aHB <= (ker(a) = ker(f) and im(«) = im(3)). Let

1 2 3 1 2 3
O‘_<3 3 3) and ﬁ_<2 3 3)
in T(X). Then a ~¢ 3 by [19, corollary 6.3], but (o, 8) ¢ J since |im(«)| = 1 and
lim(3)| = 2. Hence, ~. € J, and so ~. € G. Now let v = (1) U (2) U (3) = idx
and § = (123) in T(X). Then vHJ, but (v,d) ¢ ~ by [19, corollary 6.3]. Hence,
H L ~¢, and so G € ~.. Since T(X) does not have a zero, we have ~. = ~, in

T(X). Thus, the foregoing argument can be applied to ~,, which concludes the
proof. O

Although c-conjugacy is not comparable with Green’s relations in general, it is
strictly included in Green’s relation J in the symmetric inverse semigroup on a
countable set.

PROPOSITION 3.2. Suppose that X is countable with |X| > 2. Then ~. C J in
Z(X).

Proof. Let o, § € Z(X) with a ~ 3. Suppose that dom(«) is infinite. Then dom(/3)
is also infinite by theorem 2.14. Thus, |[dom(«)| = |dom(83)| = Rg, which implies
that aJ (. Suppose that dom(«) is finite. Then, by theorem 2.14, o and 3 have the
same cycle-chain decomposition, which implies that |dom(«)| = |dom(3)|. Thus,
aJ B in this case also. We have proved that ~. C J. The inclusion is strict since
for z,y € X with x £y, a = (z) U (y) and 8 = (zy) in Z(X) are J-related but not
c-conjugate. 0

By the proof of theorem 3.1, ~, ¢ J in Z(X) when |X| > 2. However, ~,
is strictly included in J in the semigroup of full injective transformations on a
countably infinite set X.

Denote by Z*(X) the subsemigroup of Z(X) consisting of all transformations
a € I(X) with dom(«) = X. If X is finite, then Z*(X) = Sym(X) but this is not
the case for an infinite X. The semigroup Z*(X) is universal for right cancellative
semigroups with no idempotents (except possibly the identity), that is, any such
semigroup can be embedded in Z*(X) for some X [23, lemma 1.0].

If « € Z*(X), then there are no chains or left rays in the cycle-chain-ray decom-
position of a, that is, O, = A, = (. By [42, theorem 2.3], for all a, 8 € Z*(X),
aJp if and only if | X \im(a)| = | X \im(8)|. For every o € Z*(X), the set X \im(«)
consists of the initial points of the right rays on «, so | X \im(a)| = |Y,|. Thus, for
all o, 8 € T*(X),

aJBin T (X) < |Ta| = 73] (3.1)

LEMMA 3.3. Foralla, € T%(X), a ~p B in T*(X) if and only if o ~, B in T(X).

Proof. Let o, € ZT*(X). If a ~, §in T*(X), then o ~, § in Z(X) since T*(X) C
Z(X). Conversely, suppose that o ~, 3 in Z(X). Then o = pv and 3 = v for
some p, v € Z(X). Since dom(a) = X and a = pv, we have dom(p) = X. Similarly,
dom(r) = X. Thus, p,v € Z*(X), and so o ~, § in T*(X). O
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Let o, 8 € Z*(X), where X is countably infinite. By [46, lemma 4], o ~,, § in
Z(X) if and only if |AF| = |A§| for all k € Z, |2| = 23] and |1, | = |7s|. Thus,
by lemma 3.3, for all a, 8 € T*(X),

an~p finIH(X) <= Viez, |AG(a)] = [AF(B)], [2a] = [25] and T, | = ITL(a\~ :

3.2

For c-conjugacy, we have the following results for an arbitrary set X [19, theo-
rem 7.6]:

an~e BinTHX) <= Yiez, |AL(a)] = |AK(B)], 26| = £25]
and Yo |+ |£24] = |18 + [£25]. (3.3)

Now, when X is countably infinite, p-conjugacy in Z*(X) is strictly included in 7.
In fact, we have an even stronger result.

THEOREM 3.4. Suppose that X is countably infinite. Then ~p, = ~.NJ in Z*(X).
Moreover, ~, C ~¢ and ~, C J.

Proof. The equality ~, = ~, N J follows immediately from (3.1), (3.2) and (3.3).
Thus, ~, € ~c and ~, € J. Let X = {2%:4,j € Zy withi > 1} U {y;: j € Z, }.
Consider

a=[yoy-1yy-2ve ) U alizgay ) U2 afale)

B= oot ) Ulead bt o) U s ad )

in Z*(X). Then A, = Ag = 0, [24| = [23] = No, || = 1 and |T3| = 0. Thus,
a ~¢ 8 by (3.3), but (a, 5) ¢ ~p by (3.2). Hence ~, C ~.. Now, let X = {z,y} U
{#1, 22, 23,...} and consider

y=(xy)U[z12223---) and d=(z)U(y)U[z12225 )
in 7*(X). Then vJ4 by (3.1), but (v,d) ¢ ~, by (3.2). Hence, ~, C J. O

Transformations « and 3 from the proof of theorem 3.4 are c-conjugate but not
J-related. Thus, in Z*(X), where | X| = Rg, ~ is not included in 7. However, the
following result holds for an arbitrary infinite set X.

PROPOSITION 3.5. Suppose that X is infinite. Let o, 3 € T*(X) be transformations
such that o has finitely many double chains. If a ~¢ 3, then aJ (.

Proof. Suppose that a ~. 8. Then |2,] = [23| and |Y,| + 2| = Y] + |£25] by
(3.2). Since |{2,] is finite, it follows that || = |13, and so aJ 8 by (3.1). O

Since the semigroup Z*(X) does not have a zero, ~. = ~, in Z*(X), so the-
orem 3.4 and proposition 3.5 also hold for o-conjugacy. The symmetric inverse
semigroup Z(X) does have a zero, so o-conjugacy is the universal relation in any
Z(X). Since ~. and J are equivalence relations in any semigroup, it follows from
theorem 3.4 that ~,, is transitive in Z*(X) for a countably infinite X. Thus, theo-
rem 3.4 also holds for ~. Trace conjugacy is not defined in Z(X) or Z*(X) when
X is infinite.
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4. Conjugacy in epigroups and epigroup elements

The principal aim of this section is to explore the relations between the four con-
jugacies in epigroups, the largest class for which all four notions can be defined.
We will prove that in any epigroup, ~, C ~% C ~g C ~, (see figure 1). We will
also investigate when and which conjugacies coincide in a variety of epigroups that
contains all variants of completely regular semigroups. For background information
on epigroups, we refer the reader to the survey paper of Shevrin [58].

Let S be a semigroup. As noted in the introduction, an element a € S is an
epigroup element (or a group-bound element) if there exists a positive integer n
such that a™ is contained in a subgroup of S. The smallest n for which this is
satisfied is the indez of a, and, for all k > n, a® is contained in the group H-class
of a™. Let Epi(S) denote the set of all epigroup elements of S and let Epi,(S5)
denote the subset of Epi(S) consisting of elements of index no more than n. Thus,
Epi,,(S) € Epi,(5) for m < n and Epi(S) = U, Epi,(S). The elements of
Epi; (S) are more commonly called completely reqular (or group elements).

For a € Epi,,(S), the maximum subgroup of S containing a™ is its H-class H. Let
e denote the identity element of H. Then ae = ea is in H and we define the pseudo-
inverse a' of a by a’ = (ae)™!, the inverse of ae in the group H [58, (2.1)]. This
leads to a characterization: a € Epi(S) if and only if there exists a positive integer
n and a (necessarily unique) o’ € S such that the following hold (see [58, §2]):

a'aa’ =d, aa’ = d'a, a" ' = a". (4.1)

If a is an epigroup element, then so is @’ with a” = aa’a. The element a” is always
completely regular and o’ = a’. Borrowing finite semigroups standard notation (see
[66,59]), for an epigroup element a, we set a¥ = aa’. We also have a* = a’a’ = da’d”,
(a)¥ = (a")* = a¥, and more generally a* = (aa’)™ = (a')™a™ = a™(a’)™ for all
m > 0.

A semigroup S is said to be an epigroup if Epi(S) = S. If Epi; (S) = S (that is, if
S is a union of groups), then S is called a completely regular semigroup. For n > 0,
the class &, consists of all epigroups S such that S = Epi,, (S); thus, &; is the class
of completely regular semigroups.

The conclusion of the following lemma is an identity in epigroups, but here we
need a version for epigroup elements. The lemma seems to be a folk result, but we
include a brief proof for completeness.

LEMMA 4.1. Let S be a semigroup and suppose that xy,yx € Epi(S) for some
x,y € S. Then (xy)'x = z(yz)'.

Proof. Let n denote the larger of the indices of zy and yx. Then

(zy)?z = ((zy))" (zy)" o = ((xy))" T a(ya)"H!
= ((zy))"a(yz)" (yz) = ((xy))"(zy) "z (yz) = (zy) z(yz)".

By a dual calculation, we also have z(yz)¥ = (xy)'z(yz)’, and thus

(2y)“x = 2(ya)*. (4.2)
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Now we compute

(xy)'z = (zy) (xy)*z ") (@) w(yn)* = (2y) wye(yr)
— (ay)“a(y2) 2 a(ya)* (yo) = w(ya)’,
as claimed. O
Throughout the rest of the section, the conditions gh = a*, hg = b* for some

a,b € Epi(S), some g, h € S1, will recur frequently (as, for example, in the definition
of ~¢,). We record two obvious consequences of this for later use:

a“g=gb” and b“h = ha®. (4.3)

Indeed, both sides of the first equation are equal to ghg and both sides of the second
are equal to hgh.

The relation ~y, is not, in general, well defined for an arbitrary semigroup S, but
it is a well-defined relation on Epi(S): for a,b € Epi(S), we set

ar~e b <= 3y pes1ghg =g, hgh =h, ha'g=1b", gh =a”, hg=1b". (4.4)

In fact many of the results on ~, do not require the whole semigroup to be an
epigroup, rather only the involved elements must be epigroup elements; as an illus-
tration, the next eight results will be proved on ~y, restricted to epigroup elements.

We start by observing that the asymmetry in our definition of ~,, which follows
[59], is only for the sake of brevity.

LEMMA 4.2. Let S be a semigroup, let a,b € Epi(S), and suppose that there exist
g,h € St such that gh = a* and hg = b*. The following are equivalent:

(1) ha//g — b//, (2) gb”h — a/l’ (3) a//g — gb//7 (4) b//h — ha”,
5) ha'g =1V, 6) gb'h=ad, 7) a'g=gb, 8) b'h = hd.
( 9 g 9=9

= (2) gb"h = gha' gh = a*a"a® = a”.
) (3) a’’g = gbt'"hg = gb"b* = gb".
— (1) ha'g = hgb" = b1 = V",
1) = (4) = (2) This follows by an obvious symmetry.

To get (5) = (6) = (7) = (5) and (5) = (8) = (6), we just repeat the
same calculations with a’ in place of @ and o’ in place of b. Here we use a” = a’,

B =V, (@)% =a* and (')~ = b*.
Showing (3) <= (7) will conclude the proof. Assume (3). Then

(4.3

a/g — alawg :) algbo.} _ algb//b/ — a/ //gb/ =a gb/ ( gbwb/ — gb/

This establishes (7). Conversely, if (7) holds, then since o’/ = a/, "' = V', we may
repeat the same calculation, replacing a with @’ and b with ¥’ to get (3). O

https://doi.org/10.1017/50308210517000099 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210517000099

Four notions of conjugacy for abstract semigroups 1187
PROPOSITION 4.3. Let S be a semigroup and let a,b € Epi(S). Then a ~ b if and
only if a’ ~y b
Proof. This follows from lemma 4.2 together with ’”’ = o/, """ =¥, a* = (a/)* and

b = (). 0

One theme of this section is to discuss when various notions of conjugacy coincide.
The following lemma will be useful later when we discuss epigroups in which all
notions on the right-hand side of figure 1 coincide. Although we will not use it
right away, we state it here because it is a lemma about epigroup elements (in fact,
idempotents) in arbitrary semigroups.

LEMMA 4.4. Let S be a semigroup. Suppose that e, f € E(S) satisfy e < f and
e~y f. Thene= f.

Proof. Since e ~y, f, there exist g,h € S! such that ghg = g, hgh = h, gh = e,
hg = f and heg = f (using e’ = e¥ = e and f” = f* = f). We have he = h(gh) =
(hg)h = fh, and so e = fe = f(hg) = (fh)g = heg = f. O

We now provide alternative definitions of ~, and compare trace conjugacy to
p-conjugacy. In particular, we show that the requirement that g and A be mutually
inverse can be omitted from the definition of ~i, (see (4.4)).

THEOREM 4.5. Let S be a semigroup. For a,b € Epi(S), the following are equiva-
lent:

1 CL"\’tr ;
2) Jgnesrha’g="0", gh=a*, hg =10
4) g hesrag = gb, bh = ha, gh =a“, hg =10*;

5) Jg.nesthgh =h, ha"g="b", gb"h =a";

(1)
(2)
(3) Fgnesra”’g=gb", gh=a*, hg=">b;
(4)
(5)
(6) a” ~, b".

The asymmetries in the statements of the theorem are explained by lemma 4.2.

Proof. The implication (1) = (2) is trivial. Assume (2) and set g§ = a*g and
h = b“h. Then

ha"_*b‘”ha” w :b”ha"g:bwb”:b",
75_ wbwh(g’) w hw_ wow,ow W
gn=a"g = a gha” =a a a =a,
hg = bha®g ) Bhgh = 1B = b,
ghg = a“a“g = a*g =g,

hgh = b“b*h = bh = h.

This proves (1). The equivalence (2) <= (3) follows from lemma 4.2.
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Assume (3). Since we have already proved that (3) implies (1), we can conclude
by lemma 4.2 that there are g,h € S' such that ghg = g, hgh = h, a’’g = gb",
gh = a* and hg = b“. Thus,

ag = aghg = aa“g = a” g = gb" = gb“b = ghgb = gb.

This proves half of (4) and the proof of the other part is similar. Assume (4). Then
a’g = a“ag = a®gb = ghgb = gb¥b = gb’’, which proves (3).

So far, we have proved (1) <= (2) <= (3) < (4). In view of lemma 4.2, (1)
clearly implies (5).

Assume (5). Set v = gb”’, v = h. Then uwv = gb”"h = d” and vu = hgb" =
hgha' g = ha"g =b". Thus, a” ~, b”, which proves (6).

Finally, assume (6). Then a” = uv, b = vu for some u,v € S!, which implies
that

a"u=ub" and b"v=vad". (4.5)

Since a’ = " = (uwv)" and ¥ = b" = (vu)’, lemma 4.1 implies that
au=ub and bv=wvd. (4.6)

Now set ¢ = a’u and h = b*v. Then

gh = d'ub“v = a’ub’'b"v D) yubfva” 2 a'uvd'a”
=dwa” =d'd’a* =a“a” =a”,
hg = bva'u 2 beoud = BB = b,
a//g —d"du (‘;6) " ub! (4£5) uWb't = ub't (4;5) dub = gb”.
This proves (3) and completes the proof of the theorem. O

The equivalence of (5) and (6) in theorem 4.5 was proved for regular semigroups
by Kudryavtseva [44, corollary 6 and theorem 2]. The equivalence of (1) and (6) for
finite semigroups can also be extracted from the literature since each is equivalent
to the notion of conjugacy defined by having all characters coincide; see [52, theo-
rem 2.2], [59]. A direct proof of the equivalence in the finite case is also straightfor-
ward (B. Steinberg 2014, personal communication).

If we adapt the implications (1) <= (3) <= (5) < (6) of theorem 4.5 to
completely regular elements, we obtain the following.

COROLLARY 4.6. Let S be a semigroup and let a,b € Epiy(S). The following are
equivalent:

(1) Qa ~ir b,'

)

(2) Jgnesrag = gb, gh=a*, hg=b*;
(3) 3g.nesrghg =g, hgh =h, hag =b, gbh = a;
(4

) a~pb.

The equivalence of (3) and (4) in corollary 4.6 was proved by Kudryavtseva [44,
theorem 1(1)].
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THEOREM 4.7. Let S be a semigroup. Then
(1) ~i, 48 an equivalence relation on Epi(S);
(2) for all x € Epi(S), © ~ z”;
(3) for all x,y € S such that xy,yx € Epi(S), zy ~tr yx;
(4) ~i, is the smallest equivalence relation on Epi(S) such that (2) and (3) hold.

Proof.
(1) The proof of [59, proposition 8.2] can be repeated verbatim in this setting.

)

(2) Setting g = 2", h = o/, we have ghg = g, hgh = h, ha""g = 2’2"z’ = 2" = (2")"
and gh = hg = (2")¥ = a*.

(3) Since (zy)" = zy(zy)'zy = - y(zy)'zy and (yz)” = ya(yz)'yz = y(zy) vy -«
using lemma 4.1, we have (zy)” ~, (yz)”, and so zy ~y, yx by theorem 4.5.

(4) Suppose that 6 is an equivalence relation on Epi(S) such that zfz” for all
x € Epi(S) and zyfyx for all z,y € S such that zy,yz € Epi(S). If a ~y, b for
some a,b € Epi(S), then by theorem 4.5 there exist u,v € S* such that a” = uv,
b = vu. Thus, aba”’ = uvbvu = b"0b. Therefore, ~, C 6, as claimed. O

Now we have reached one of our goals of this section, which is to verify the
inclusions on the right-hand side of figure 1.

THEOREM 4.8. Let S be a semigroup. As relations on Epi(S), the following inclu-
sitons hold:
~p - N; €~ €~

Proof. The second inclusion follows from theorem 4.7. The third inclusion follows
from theorem 4.5. O

The transitivity of ~, on completely regular elements, a result first obtained
by Kudryavtseva [44, corollary 4], now follows easily. We interpret it here as the
equality of certain notions of conjugacy.

COROLLARY 4.9. Let S be a semigroup. As relations on Epi,(S), we have ~, =

~p = ~te. In particular, ~y, is transitive on completely regular semigroups.

Proof. This follows from corollary 4.6 and theorem 4.7(1). O

In corollary 4.9, we cannot include ~, among the notions of conjugacy that
coincide. To see this, consider an abelian group with a zero adjoined. In such a
semigroup, ~p, = ~p = ~y, is the identity relation, but ~; is the universal relation.

We pointed out in §2 that for an infinite set X, the symmetric inverse semi-
group Z(X) is not an epigroup, so trace conjugacy is not defined in Z(X). However,
by theorem 4.7, ~, is an equivalence relation on Epi(Z(X)). Using the results of
this section, we can characterize ~¢, on Epi(Z(X)) for a countably infinite X. The
following lemma shows that the elements of Epi(Z(X)) are precisely the transforma-
tions in Z(X) that do not have any rays and whose lengths of chains are uniformly
bounded. The lemma follows immediately from the fact that 5 € Z(X) is an element
of a subgroup of Z(X) if and only if 5 is a join of cycles.
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LEMMA 4.10. Let o € Z(X). Then « is an epigroup element if and only if 2, =
Yo = Ao =0 and there is a positive integer n such that OF =0 for all k > n.

Recall that an idempotent € € Z(X) is completely determined by its domain: for
every x € dom(e), xze = z. For A C X, we will denote the idempotent in Z(X) with
domain A by €4.

LEMMA 4.11. Let o € Epi(Z(X)). Then o and o’ have the same cycle type.

Proof. By lemma 4.10, o does not contain any rays and there is a positive integer
n such that ©% = @ for all k > n. Thus, o = [ |5c 5 0U| Jyce, 0 and its cycle-chain
type is

(AL [AGL 1A, 518511621, - -, [enl).

Then o™ is in a group H-class of Z(X) whose identity is the idempotent a® = € 4,
where A = [ J{dom(d): § € A,}. Thus,

o =)' =((ca®) ™)t =ae, = |_| 3,
S€A,

and the result follows. O

THEOREM 4.12. Let X be a countably infinite set. Then for all a, 8 € Epi(Z(X)),
a ~y, B if and only if o and B have the same cycle type.

Proof. Let o, 8 € Epi(Z(X)). The following statements are true:

(a) a ~y B if and only if o ~, 57 (by theorem 4.5);
(b) " ~, 0" if and only if &” and 5" have the same cycle type (by [46, lemma 4]);

(¢) a and «” have the same cycle type, and the same is true for § and 8" (by
lemma 4.11).

The result clearly follows from (a)—(c). O

Now we would like to exhibit a larger class of semigroups in which ~;, = ~F C ~,
where the last inclusion is proper. At this point we will no longer work with epigroup
elements in arbitrary semigroups, but rather with epigroups. In particular, this
means we will change our point of view about the role of pseudo-inverses.

Following Petrich and Reilly [55] for completely regular semigroups and Shevrin
[58] for epigroups, it is now customary to view an epigroup (S, -) as a unary semi-
group (S,.,”), where x — 2’ is the map sending each element to its pseudo-inverse.
By a variety of epigroups, we will mean a class of epigroups viewed as a variety of
unary semigroups in the usual sense: closed under unary subsemigroups, homomor-
phic images and direct products. The class of all epigroups is not a variety because
it is not closed under arbitrary direct products, but the following identities, all of
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which we have already seen, hold in epigroups:

x'za’ =a, (4.7
vz’ =12’z (4.8)
zx'x =1, (4.9)
(zy)'z = x(yz)’, (4.10)
2" =2a. (4.11)

We note that the class &, (that is, the epigroups S such that S = Epi,(95)) is a
variety of epigroups axiomatized [58, proposition 2.10] by associativity, (4.7), (4.8)
and

"yl = 2" (4.12)

Let W be the class of semigroups S such that the subsemigroup S? := {ab | a,b €
S} is completely regular. This class contains all completely regular semigroups, all
null semigroups (semigroups satisfying the identity zy = wwv) and, more generally,
all variants of completely regular semigroups. (We will recall the definition of a
variant of a semigroup later in the section.) We first prove that W is a variety of
epigroups.

PROPOSITION 4.13. Any semigroup in W is an epigroup. The following proper
inclusions of epigroup varieties hold: £, C W C &Es.

Proof. For S € W, every a € S satisfies a® € Epi, (), that is, a? lies in a subgroup of
S. Thus, S € &, which both verifies the first assertion and the second inclusion. The
second inclusion is also proper, as can be seen by considering a three-element monoid
S = {e, a, b}, where e is the identity element and {a, b} is a null subsemigroup with
zy = a for all z,y € {a,b}. Then S is clearly in &, but ea = a is not completely
regular, so S is not in W.

Finally, the first inclusion is obvious from the definition of W, and since every
null semigroup is in W, the inclusion is also proper. O

The following result characterizes WV in terms of pseudo-inverses.

PRrROPOSITION 4.14. Let S be a semigroup. Then S is in W if and only if S is an
epigroup in Es satisfying the additional identity
(zy)" = xy. (4.13)

Proof. If S is in W, then S is in & by proposition 4.13. We have already noted that
the completely regular elements a in an epigroup are characterized by the equation
a’ = a, so (4.13) holds by the definition of W.

Conversely, if S is an epigroup in & satisfying (4.13), then combining (4.9) and
(4.13) shows that each zy lies in a subgroup of S. O

THEOREM 4.15. Let S be an epigroup in W. Then ~p, = ~5 C ~y;.

Proof. Suppose that a ~, b and b ~;, ¢, that is, a = uv, b = vu = 2y and
¢ = yx for some u,v,2,y € S*. If a = b or b = ¢, then clearly a ~, ¢. Otherwise,
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a,b,c € S? C Epi,(9), so a ~, ¢ by corollary 4.9. Thus, ~,, is transitive, and so
Np = N*

To see that the inclusion ~f C ~, is proper, consider a two-element null semi-
group S = {a, b} with zy = a for all z,y € S. Then o/ = b’ = a. As already noted,
null semigroups are in W. Since a” = V", we have a ~y, b (by theorem 4.5), but a

and b are evidently not p-conjugate. O

To show that the variety W is of more than just formal interest, we will now
show that it contains all variants of completely regular semigroups. First, we recall
the notion of variant.

Let S be a semigroup and let a € S. Then the pair (S, 0), where o is a binary
operation on S defined by z oy = xay, is called the variant of S at a. Variants
of semigroups are semigroups. Besides giving a construction of new semigroups
from old ones, variants also provide an interesting interpretation of Nambooripad’s
natural partial order on regular semigroups [53]. (See [37,38] and also [41,45].)

Since W can be viewed as a variety of unary semigroups, we will also find it
helpful to introduce wnary wvariants. Let (S,.,) be a unary semigroup, and fix
a € S. Then the unary semigroup (S, o, *), where (S, 0) is the variant of S at a and
x* = (za) z(ax)’, is called the unary variant of S at a. Since it will always be clear
from the context when we mean a unary variant, we will usually drop the word
‘unary’ when referring to variants.

Variants of completely regular semigroups are not, in general, completely regular.

EXAMPLE 4.16. Let S = {0, 1} be the 2-chain. Since S is a semilattice, it is certainly
completely regular. However, its variant at 0 is the null semigroup, which is not
even regular.

THEOREM 4.17. Let (S,.) be a completely reqular semigroup, and fix a € S. Let
(S,0,-*) be the variant of S at a, that is,

roy==zxay and z* = (xa)x(ax)
for all xz,y € S. Then (S,o0,-*) is in W.

Proof. All we need to show is that S o S is a subsemigroup of (5,0, *) that is
completely regular. We will first prove that (5,0,-*) is an epigroup in &, which
implies that So S is also an epigroup, and then show that So S satisfies the identity
(4.12).

We begin by proving that z* o x o 2* = z*. Indeed, we have

r*oxoz® = (va)z(ar)ara(za) z(ax)
——

MiO)(xa)’x(ax)'am (ax) ax(azx)
~——

(0 (za)'x (ax) ax(ax)
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Then we also have x o z* = 2* o x since

!/ !

zoz* = za(za)
~——

z(ax)

(g)(xa)’m ax(azx)

——

(g)(xa)’a:(ax)’ax
=z ou.

Finally, 2% o 2% = 22 since

xoxowoxr' = zarara(xa) x(ax)
—_———
(4.12) ’ N
="zazazx(ax) ((S,.,) is completely regular)
—_———

(422)30@;5 ((S,.,) is completely regular)

= zoux,

and so (S, 0,-*) is an epigroup of &.
Given an element 2oy of So.S we will show that (zoy)?o(zoy)* = xoy. Indeed,

(@")" = (woy)o(woy)o(zoy)”
= zayazaya(xraya) zay(axay)

(4.12) ,
="zay aray(azay)
—_————

= za ylavay) axay

22 ra(za) zay(axay) axay ((S,.,) is completely regular),
——

12 (za)'r axay(azay) axay
(@12), s
=" (za)'zazay ((S,.,) is completely regular),
N——
) za(za) zay
N——
(4.12)

="zay ((S,.,) is completely regular)
= X O y. D

COROLLARY 4.18. The relation ~ is transitive in every variant of a completely
reqular semigroup.

From the preceding result, it is natural to conjecture that if p-conjugacy is transi-
tive in some epigroup, then perhaps the relation is transitive in all of the epigroup’s
variants. The following example shows this is not true even for regular epigroups
from &,.
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EXAMPLE 4.19. Let S be the following semigroup, which is both regular and in &;:

0 1 2 3 4
0|0 O 0O O O
110 0 0 1 2
210 1 2 1 2
3]0 0 0 3 4
410 3 4 3 4

Let T be the variant of S at 1:
o|0 1 2 3 4
0|0 O 0O O O
110 0 0 0 O
2|10 0 0 1 2
3]0 0 0 0 O
410 0 0 3 4

In S, p-conjugacy is an equivalence relation that induces the partition {{0,1},
{2,3,4}}. However, in T, p-conjugacy is not transitive because 2 ~, 0 and 0 ~, 1,
but (2,1) ¢ ~p.

Next we will consider epigroups in which all notions of conjugacy on the right-

hand side of figure 1 coincide. An obvious necessary condition is that ~§5 = ~,
that is, that ~;, must be transitive. Another necessary condition follows from just

the assumed equality of ~, and ~,.

PROPOSITION 4.20. Let S be an epigroup in which ~y = ~,. Then E(S) is an
antichain.

Proof. Suppose that e, f € E(S) satisfy e < f. Setting g = h = e, we have eg =
ee=e=cf =¢gf and fh = fe = e = ee = he. Thus, e ~, f. Since ~, = ~,, we
have e ~¢, f, and so e = f by lemma 4.4. It follows that F(S) is an antichain. [

A natural class of semigroups in which ~y, is transitive and idempotents form
an antichain is the class of completely simple semigroups. A semigroup S is simple
if it has no proper ideals [40, p. 66]. A simple semigroup S is called completely
simple if it has a primitive idempotent (that is, an idempotent that is minimal
with respect to the partial order <) [40, p. 77]. This turns out to be equivalent to
every idempotent in S being primitive, that is, the idempotents in S forming an
antichain.

A completely simple semigroup can be identified with its Rees matrix represen-
tation M(G; I, J; P), with elements from I x G x A, where I and A are non-empty
sets, G is a group, and multiplication is defined by

(i7a7)‘)(j7 b, ) = (i7ap>\jb7 M)7 (4.14)

where P = (py;) is a A x I matrix with entries in G [40, theorem 3.3.1]. From this
characterization, it is clear that every element of a completely simple semigroup
is contained in a subgroup, that is, completely simple semigroups are completely
regular.
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THEOREM 4.21. In completely simple semigroups, we have ~p, = ~5 =~ = ~g.

Proof. By theorem 4.8, it suffices to prove that ~, C ~. To do this, we identify S
with its Rees matrix representation S = M(G; 1, J; P). Let (i,a,\), (j,b, 1) € S and
suppose that (i,a,A) ~o (4,b, ). Then, by (4.14), there exist (i,¢, p), (j,d, \) € S
such that

(ivaa )‘)(2707M) = (iacvﬂ)(jv b,M) and (]v b7M)(.77d7 )\) = (]a dv )\)(ivav)‘)v
which implies that
apyric = cpu;b and  bp,;d = dpya. (4.15)
Consider & = (dpy;)~'b and y = d. Then, by (4.15),

(i, 1) (5,9, A) = (i, 2pp5y, A) = (i, (dpai) ™ bpyid, A)
= (i, (dpas) ~"dpxia, ) = (i, a, N),
(G, ys N(E, 2, 1) = (G, ypaiz, ) = (j7dp)\i(dp)\i)_lb7 1) = (4, ),
which implies that (i,a,\) ~p (4, b, ). O

THEOREM 4.22. Let S be a regular epigroup without zero. The following are equiv-
alent:

(1) ~p=r~gin S,
(2) S is completely simple.

Proof. Suppose that ~, = ~, in S. Since S is an epigroup, we also have ~¢, = ~,
and thus F(S) is an antichain by proposition 4.20, that is, every idempotent in S
is primitive. Since S is also regular, we conclude that S is completely simple [40,
theorem 3.3.3].

The converse follows from theorem 4.21. 0

THEOREM 4.23. Let S be an epigroup in W without zero. The following are equiv-
alent:

(1) ~p=rgin S,
(2) S is completely simple.

Proof. Suppose that ~, = ~ in S. Arguing as in the preceding proof, we have
that every idempotent in S is primitive. Next, since ~, = ~,, we have z ~, 2, by
theorem 4.7 and theorem 4.8. Hence, there exist u,v € S* such that z” = uv and
x = vu. But then 2" = (vu)” = vu = z, using (4.13) (since S is in W). Therefore,
x is completely regular. It follows that S is completely regular. Finally, since S
is completely regular and every idempotent is primitive in S, it follows that S is
completely simple [40, theorem 3.3.3].

The converse follows from theorem 4.21. O

We now give two examples of inverse epigroups (epigroups that are also inverse
semigroups) to illustrate some possible relations between the conjugacies in the
variety &;.
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EXAMPLE 4.24. In a semigroup from the epigroup variety &, we can have ~, C
N; =~y C ~¢ = ~,, where the inclusions are strict. (In particular, ~, need not
be transitive in a semigroup from &;.) Consider, for example, the inverse semigroup
S given by the following multiplication table:

wwwo o olo
TT W WO~ Ol
WA WO ol
O OO W w wlw
N O O W W
O~ O Ul w wlw

T W N = O

This is an E-unitary inverse semigroup. (An inverse semigroup S is E-unitary if for
all e,a € S, if e and ea are idempotents, then a is an idempotent.) This semigroup
is in &, since every entry on the main diagonal of the table is an idempotent, but it
is not Clifford (that is, both completely regular and inverse), not even in W, which
can be checked directly, but also follows because p-conjugacy in S is not transitive.
Indeed, we have 4 ~, 3 (since 4 =1-4and 3=4-1) and 3 ~,, 5 (since 3 =1-5 and
5 =15-1), but there are no z, y such that 4 = 2y and 5 = yx. It is straightforward
to check that ~, is the symmetric and reflexive closure of {(1,2), (3,4), (3,5)}, that
~5 = ~, and that ~. = ~, has equivalence classes {0,1,2} and {3,4,5}. Thus,
we have the claimed strict inclusions.

ExaMPLE 4.25. There are epigroups in & but not W in which p-conjugacy is tran-
sitive. Consider, for example, the following inverse semigroup S, which is an ideal
extension of the group {1, a} by the Brandt semigroup {0,b, ¢, e, f} [40, p. 152]:

-0 0T O ==
O O O OO o oo
T oo oo o T|T
O 0 OT O T o|o
H O 0O O O O

-0 0T O =
T 0O 0 O =Y
SO0 O O 00

The semigroup S is an E*-unitary inverse monoid. (An inverse semigroup S with
zero is E*-unitary if for all e,a € S, if e and ea are non-zero idempotents, then a
is an idempotent.) Again, S is in & since every entry on the main diagonal of the
table is an idempotent, but it is not Clifford because neither b nor ¢ are completely
regular, not even in W because, for instance, a - e = b.

However, this time, ~}, is an equivalence relation, with the equivalence classes
{1}, {a}, {0,b,¢} and {e, f}. Also ~, = ~,. This semigroup, incidentally, is the
smallest example of an inverse semigroup that is not completely regular but in
which p-conjugacy is transitive. Note that ~. has equivalence classes {1}, {a}, {0},
{b,c} and {e, f}, and therefore ~, C ~,.
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Let us now turn our attention to semigroups with zero. A semigroup S with
zero is O-simple if S? # {0} and {0} and S are the only ideals of S [40, p. 66].
A 0O-simple semigroup S is called completely 0-simple if it contains a primitive
idempotent [40, p. 70]. A completely 0-simple semigroup S can be identified with its
Rees matrix representation M°(G; I, A; P), with elements from (I x G x A) U {0},
where I and A are non-empty sets, G is a group, and multiplication is defined
by (ivavA)(jv b, :u) = (iaapkjbv H) if Pxj # 0, (i7a’ )‘)(J’ b, H) =0 if paj = 0, and
(¢,a,A\)0 =0(%,a,\) = 0, where P = (py;) is a A x I matrix with entries in GU {0}
such that no row or column of P consists entirely of zeros [40, theorem 3.2.3].

Theorem 4.23 does not remain true if ~, is replaced with ~. and ‘completely
simple’ with ‘completely 0-simple.” Indeed, suppose that in the matrix P, we have
pr; # 0 and p,; = 0. Let a,b € G. Then (i,a,\)(4,b,pt) = (¢,apa;b,pu) # 0
and (j,b, 1)(¢,a,A) = 0. Thus, (¢,apx;b, ) ~p 0, while (i,apx;b,u) and 0 are
not ~-related since in every semigroup with zero the c-conjugacy class of 0 is
{0} [19, lemma 2.3]. Hence, ~. # ~, in completely 0-simple semigroups.

We have, however, the following results.

PROPOSITION 4.26. For a completely 0-simple semigroup M°(G; I, A; P), we have
~¢ € ~p. Moreover, ~. = ~y, if and only if the sandwich matriz P has only non-
zero elements.

Proof. Let (i,a, ), (j,b, 1) be non-zero elements of S = MY(G; 1, A; P) such that
(i,a,A) ~c (4,b, ). By (1.3), there exist non-zero elements (i, ¢, ), (,d, A) with
Pxi # 0, pu; # 0 such that

(i, a, )‘)(i,caﬂ) = (iaC7M)(j7 b,p) and (]7 baﬂ)(jv d,\) = (j,d, )‘)(iva7)‘)'

Using the same arguments as in the proof of theorem 4.21, we obtain (i,a,A) ~y
(4, b, ).

Now, suppose first that ~. = ~,. By the argument showing that ~. # ~ in
completely O-simple semigroups (see the paragraph above this proposition), we can
conclude that whenever p,; = 0, for some ¢ € I and p € A, then py; = 0, for all
jerland A e A

Conversely, suppose that the sandwich matrix P has only non-zero elements.
Then we have that S is isomorphic to 79, where T is the completely simple semi-
group M(G;1, A; P). But then, by theorem 4.21, Ng = ~I"in T. Since S has no
zero divisors, we have ~5 = {(0,0)} U~ and {0} is one of the p-conjugacy classes

of S. Therefore, ~§ = {(0,0)} U~I = ~5. 0

LEMMA 4.27. Let S be an epigroup with zero and suppose that ~. C ~i,.. Then
E(S)\ {0} is an antichain.

Proof. Suppose that e, f € E(S) with 0 # e < f. Since e is in both P!(e) and
PY(f), ee = e = ef and fe = e = ee, we have e ~. f. Since ~. C ~y,, we have
e~y f, and so e = f by lemma 4.4. It follows that E(S) \ {0} is an antichain. O

A semigroup S with zero is called a 0-direct union of completely 0-simple semi-
groups if S = J;c; Si, where each S; is a completely 0-simple semigroup and
Si N Sj = SzSJ = {0} if 4 75] [40, Pp- 79*80]
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THEOREM 4.28. Let S be a reqular epigroup with zero. The following are equivalent:
(1) ~e C ~ps
(2) ~c €~y
(3) S is a 0-direct union of completely 0-simple semigroups.

Proof. (1) = (2) is true because ~,, C ~y, in any epigroup.

Assume (2). By lemma 4.27, every non-zero idempotent is primitive. Since S is
also regular, then by [40, theorem 3.3.4], we obtain (3).

Now assume (3), that is, S = (J;c; Si, where each S; is a completely O-simple
semigroup and S; N.S; = 5;5; = {0} if ¢ # 5.

We will show that if a ~. b in S, then both a and b belong to the same subsemi-
group S;, for some i € I, and that a ~J b in S;. Since the c-conjugacy class of
0 is {0}, we may assume that a,b # 0. Suppose that a ~. b in S. By (1.3) there
exist non-zero elements g, h € S, with ag # 0 and bh # 0, satisfying ag = ¢gb and
bh = ha. Thus, since S;S; = {0}, for all 4, j € I, we conclude that a,b, g, h € S; for
some i € I. But then a ~5% b in S;.

So any two c-conjugate elements in S are c-conjugate elements in a completely
0-simple semigroup S;. Hence, by proposition 4.26, any two c-conjugate elements
are also p-conjugate in .S;, for some ¢ € I. Since p-conjugate elements in .S; are also
p-conjugate in S, we have ~; C ~, in S. O

In the last part of this section, we will examine o-conjugacy in all epigroups and
c-conjugacy in the variety W.

If two elements a, b with a # b of a semigroup are o-conjugate, say, ag = gb
and bh = ha, then in general there is no apparent connection between g and h
beyond these two equations. In a group, of course, one may assume without loss of
generality that h = g~!. The next result shows that in epigroups we may similarly
restrict the choice of conjugators for ~, without loss of generality.

THEOREM 4.29. Let S be an epigroup and suppose that a ~o b for some a,b € S.
Then there exist mutually inverse g, h € S' such that ag = gb and bh = ha.

Proof. Since a ~, b, there exist ¢,d € S' such that ac = cb and bd = da. These
imply that acd = cda, a fact we will use without comment in what follows. Set

h = da(cda)’ and g = che. (4.16)
Then hch = da(cda) cda(cda)’ (D) da(cda)’ = h. Thus, h is regular and so an

inverse of h is given by chc = g, that is, g and h are mutually inverse as claimed.
Now we check that g and h are conjugators of a and b. First, we have

bh = bd a(cda) = daa(eda)’ "2 da(acd)'a = ha.
~~ ———

Then we use this in the third step of the following calculation:

ag = _ac hc=c_bh c=ch_ac = chcb= gb.

This completes the proof. O

https://doi.org/10.1017/50308210517000099 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210517000099

Four notions of conjugacy for abstract semigroups 1199

EXAMPLE 4.30. In the completely regular case, it is not possible, in general, to
choose the mutually inverse g and h of theorem 4.29 to be g and ¢’ = ¢!, the
commuting inverse of g. To see this, consider a two-element left zero semigroup
{a,b}. Since aba = a, bab = b, a and b are mutually inverse. We also have aa = ab
and bb = ba, so a ~, b. However, a’ = a and b’ = b, so we cannot have both ax = xb
and bz’ = z’a for either z = a or x = b.

Now we consider c-conjugacy. We do not know if there is a full analogue of
theorem 4.29 for all epigroups, but there is one for our variety W. First we need
the following result.

LEMMA 4.31. Let S be an epigroup with zero in W. If st = 0 for some s,t € S,
then sxt =0 for all x € S*.

Proof. First,

ts 2V (ts)” L 4 (ts)'ts A8y s s(ts) = 0.
~—— ~~
Then
st 2V (szt)” L gt (sxt) sxt 4D sr ts xt(sxt) = 0. O
——— ~~

THEOREM 4.32. Let S be an epigroup with zero in W and suppose that a ~¢ b for
some a,b € S. Then there exist mutually inverse g € P(a), h € PL(b) such that
ag = gb and bh = ha.

Proof. We may assume that a,b # 0. Since a ~ b, there exist ¢ € P!(a), d € P(b)
such that ac = ¢b and bd = da. As before, we will use acd = cda without comment.

Define h and g by (4.16). By the proof of theorem 4.29, we have that g, h are
mutually inverse and satisfy ag = gb, bh = ha. What remains is to show that
h € P1(b) and g € P(a).

Suppose that (mb)h = 0 for some m € S'. We wish to prove mb = 0. By
lemma 4.31, mabh = 0 for all x € S', and so, in particular, we have mcbh = 0.
Thus,

0 = mc_bh = mcha = meda(cda) a.
—~—

Multiply both sides on the right by cd to get

4.9)

0 = mcda(eda)’ acd = meda(ceda)’ cda (L9 m(cda)” s
—

mc_da = mcebd.
—

Now, since d € P1(b), the result of this last calculation implies that mcb = 0. Thus,
0 = mcb = mac. Since ¢ € P!(a), we conclude that ma = 0. Using lemma 4.31
once again, mxa = 0 for all x € S!. In particular, we have 0 = mda = mbd. Since
d € P1(b), we obtain mb = 0 as claimed.

Finally, suppose that (ma)g = 0 for some m € S'. We wish to prove ma = 0.
Thus,

0 =mag =m_ac hc = mc_bh c = mchac.
— ~~

Since ¢ € P!(a), we have mcha = 0, that is, mebh = 0. Since h € P1(b), 0 = mcb =
mac. Using ¢ € P1(a) one last time, we get ma = 0 as claimed. O
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ExaMPLE 4.33. The proof of theorem 4.32 depends heavily on the epigroup S being
in the variety W, and indeed the method of proof does not work for all epigroups
in general. For example, consider the commutative monoid S with zero defined by
the following multiplication table:

coc o oo olo
TR W~ Ol
OO O N ON
PN OO W oW
CTUT NN O
GOt N N Ol Of ot

T W N~ O

This is an epigroup with pseudo-inverse given by 0/ =2’ =3 =0, 1 =1, 4 =
5" = 5. It is easy to see that S is in & since every element on the diagonal is an
idempotent. S is not in W because, for instance, (2-4)" =2"=0+#£2-4. If a = 2,
b=3,c=d =4, then ac = cb, bd = da, ¢ € P!(a) and d € P*(b). Thus, a ~. 3.
Note that ¢ is not regular, but if we try to define g, h by (4.16), we get g = h = 0.
Thus, the proof of theorem 4.32 does not apply here. However, note that by setting
g = h =5, we do obtain mutually inverse g, h, which will suffice. Therefore, in this
example, the conclusion of theorem 4.32 is still correct.

5. Comparison results

In this section, we compare the four notions of conjugacy under discussion in various
settings. In every semigroup, ~, C ~5 C ~g; C ~g and ~c C ~.
Regarding ~,, and ~., we have the following result.

THEOREM 5.1. For each of the conditions

(a) ~c C ~p>

(b) ~p C e,

(c) ~p and ~ are not comparable with respect to inclusion,
there exists a semigroup with zero in which the condition holds.

Proof. Proposition 2.17 shows that ~. C ~, in any symmetric inverse semigroup
Z(X), where 2 < | X| < oo.

Example 4.24 provides an example of a semigroup S without zero in which ~, C
~* C ~e = ~g. Let SO denote the semigroup obtained from S by adding an extra

o ; S0 S S0 S
element 0 acting as a zero. Then ~;° = ~J U {(0,0)} and ~7 = ~7 U {(0,0)}.
Thus, SY is a semigroup with zero in which ~, C ~ as claimed.

Finally, by proposition 2.18, relations ~, and ~ are not comparable with respect
to inclusion in the symmetric inverse semigroup Z(X) on a countably infinite set X.

There are also finite semigroups in which ~;, and ~. are not comparable. Indeed,
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let S ={0,1,2,3,4} be the monoid given by the following multiplication table:

<10 1 2 3 4
0j0 0 0 0 O
110 1 2 3 4
210 2 0 2 0
3]0 3 4 3 4
410 4 0 4 0

It is straightforward to check that 1 ~. 3 and all other ~.-classes are trivial, while
2 ~, 4 and all other ~-classes are trivial. O

Regarding ~y, and ~., we have the following result.
THEOREM 5.2. For each of the conditions

(a) ~e C ~y,

(b) ~r C ~e,

(¢) ~4r and ~. are not comparable with respect to inclusion,
there exists a semigroup with zero in which the condition holds.

Proof. The following semigroup [26, SmallSemigroup (4,22)] satisfies condition (a):

W N = Ol .
OOOOZ
_= O O O
— o O oOlN
== Ol W

3

where ~¢, = {{0,1,2},{3}} and ~. = {{0}, {1, 2}, {3}}.
The following semigroup [26, SmallSemigroup(4,113)] satisfies condition (b):

o 1 2 3
0/0 0 0 0
1jo 1 1 1
210 1 2 1
3/0 3 3 3

where ~¢, = {{0}, {2}, {1,3}} and ~, = {{0},{1,2,3}}.
Finally, the following semigroup [26, SmallSemigroup(4,56)] satisfies condi-

tion (c):
|0 1 2 3
0j0 0 0 O
110 0 0 O
210 0 2 2
310 0 2 3
where ~, = {{07 1}7 {2}5 {3}} and ~¢ = {{0}7 {1}7 {273}} O
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1

T1 T2 ---Tp—-1 Tp

0
Figure 2. Bounded anti-chain.

Table 1. c-conjugacy in small monoids with zero divisors.

S| # of monoids with 0-divisors  ~c is the identity =~ is ‘universal’

3 1 1 0
4 7 1
5 58 14 7
6 574 115 74
7 8742 3016 972

Our next result separates c-conjugacy and o-conjugacy. As already mentioned, ~,
is the universal relation in any semigroup with zero and ~. = ~ in any semigroup
without zero. Therefore, a trivial way of separating ~. and ~, is to consider any
semigroup without zero and then adjoin a zero to that semigroup.

Less trivially, we can separate ~. and ~ in semigroups with proper zero divisors.
The next theorem shows that the two notions might be different in such a semigroup
in the most extreme way — see figure 2.

THEOREM 5.3. In a semilattice S that is an anti-chain with 0 and 1, ~, is univer-
sal, while ~ is the identity.

Proof. Observe that P1(1) = {1}, P}(0) = {0} and P'(z) = {z,1} for all z €
S\ {0, 1}. Therefore, in this semigroup ~ is the identity, while ~, is the universal
relation. O

The same result holds for every null semigroup. Table 1 was produced using the
SMALLSEMI package for GAP [26]. It contains data illustrating how common the
extreme behaviour of ~ is in monoids with zero divisors. In table 1, | S| is the order
of the semigroup; the column labelled by ‘# of monoids with 0-divisors’ contains
the number of monoids of order |S| that have a zero and zero divisors; the column
‘~v. is the identity’ contains the number of such monoids in which ~ is the identity
relation; the column ‘~. is ‘universal” contains the number of such monoids in
which all non-zero elements form a single conjugacy class.

For a large proportion of the monoids from table 1, c-conjugacy is the identity.
Observe that in groups, conjugacy is the identity relation if and only if the group
is abelian. This is not the case for c-conjugacy in monoids, as the following monoid
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with proper divisors of zero shows:

01 2 3 4
0j0 0 0 0 O
110 0 0 0 1
2/0 0 0 0 2
3]0 0 1 0 3
410 1 2 3 4

Every element in this monoid is only c-conjugate to itself, and the monoid is not
commutative. This monoid is SmallSemigroup(5,110) in the SMALLSEMI package
for GAP [26]

However, the result analogous to group conjugacy holds for p-conjugacy.

THEOREM 5.4. Let S be a semigroup. Then ~y, is the identity relation in S if and
only if S is commutative.

Proof. If S is commutative and if x = wv and y = vu, then obviously x = uwv =
vu =y, and so ~, is the identity relation. Conversely, suppose that each element
of S is p-conjugate only to itself. For all a,b € S, ab ~ ba, and so ab = ba by the
assumption. O

THEOREM 5.5. Let S be an epigroup. Then ~y, is the identity relation in S if and
only if S is a commutative completely reqular epigroup.

Proof. Suppose first that ~, is the identity relation. Since ~}, C ~y,, it follows that
~p is also the identity relation, and hence, by theorem 5.4, S is commutative. In
every epigroup, we have a ~, a” by theorem 4.7. Since ~, coincides with equality,
we have a = a” for all @ € S. Thus, S is a commutative completely regular epigroup
(or, equivalently, a commutative inverse epigroup).

Conversely, if S is a commutative completely regular epigroup, then ~ = ~y
by corollary 4.6, and so ~y, is the identity relation by theorem 5.4. O

The corresponding result for o-conjugacy is as follows.

THEOREM 5.6. Let S be a semigroup. Then

(1) if S is commutative, then ~, is the minimum cancellative congruence on S;

(2) ~o is the identity relation in S if and only if S is commutative and cancella-
tive.

Proof. (1) Suppose that S is commutative. Then for all a,b € S, a ~, b if and only
if ag = bg for some g € S*. Thus, whenever a ~, b we have ca ~, cb and ac ~, bc,
for all ¢ € S, which implies that ~, is a congruence. Denote the congruence class
of x € S by Z. Let a,b,é € S/ ~, and suppose that ab = ac. Then ab ~, ac, and
so (ab)g = (ac)g for some g € S'. Since S is commutative, we have b(ag) = c(ag),
and so b ~, c. Hence, b = ¢, which implies that S/ ~, is cancellative. Now let
0 be any cancellative congruence on S and suppose that a ~, b, where a,b € S.
Then ag = bg for some g € S', so gafgb. Since 6 is cancellative, it follows that afb.
Therefore, ~, C @, which proves that ~, is the minimum cancellative congruence
on S.
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(2) If S is commutative and cancellative, then (1) implies that ~, must be the
identity relation. For the converse, note that xy ~, yx in any semigroup (since
(zy)z = x(yx) and (yx)y = y(xy)). Thus, if ~, is the identity relation, then zy = yx
for all z,y € S, that is, S is commutative. By (1), S & .5/ ~, is cancellative. O

Observe that in left zero semigroups (those satisfying the identity zy = x), ~, is
the universal relation, and thus a congruence, but the semigroup is not commuta-
tive.

In commutative semigroups, p-conjugacy is the identity, and non-trivial cancella-
tive semigroups cannot have a zero. Thus, the following result holds.

COROLLARY 5.7. Let S be a commutative and cancellative semigroup. Then ~y,
~o and ~c all coincide and are equal to the identity relation.

By the definition of the notion of conjugacy, all semigroup conjugacies coincide
in a group. The following result is a sort of converse.

COROLLARY 5.8. Let S be an epigroup. Then ~yp, ~,, ~t and ~¢ all coincide and
are equal to the identity relation if and only if S is a commutative group.

Proof. Regarding the direct implication, observe that if ~y, is the identity, then the
semigroup is completely regular and commutative; in addition, ~, trivial implies
that S is cancellative. It is well known that a regular cancellative semigroup is a
group.

The converse is obvious. O

Now we discuss conditions under which our various notions of conjugacy on a
semigroup S coincide with the universal relation S x S. Regarding o-conjugacy, no
characterization seems likely, because of what we have noted multiple times already:
~, is universal in any semigroup with a zero.

Thus, we pass immediately to trace conjugacy in epigroups. One would guess that
in epigroups with universal trace conjugacy, each subgroup is trivial, and this does
indeed turn out to be the case; see part (2) of the following result. More interestingly,
the theorem shows that the class of epigroups in which trace conjugacy is universal
forms a variety.

THEOREM 5.9. Let S be an epigroup. The following are equivalent:
1) ~y is the universal relation;

2) E(S) is an antichain and for allx € S, 2" = z¥;

(1)
(2)
(3) forall x,y € S, x'ya’ = 2;
(4) for all x,y € S, a¥ya* W
(5) forallz € S, e € E(Y), exe =e.
Proof. We prove (1) = (2) = (3) = (1) and (3) < (4) < (5).

Assume that (1) holds, that is, ~ = S x S. Since ~, C ~,, it follows that
~ty = ~o. By proposition 4.20, E(S) is an antichain. Now fix an idempotent e.
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Since ~i, is universal, e ~, 2’ for all € S. Thus, by theorem 4.5(6), there exist
u,v € S such that e = ¢’ = wv and 2’ = (2’)"” = vu. Now,

W " o__ ; (4.10) Y S

2 = ()Y = 2’2" = vu(vu) =" v(ww)'u = ve'u = veu. (5.1)
Thus,

(5.1)
2 =2'2¥ "=’ vuveu = veeu = veu = x¥.

This establishes (2).

Assume that (2) holds. Note that for all z € S, 2’ = 2/ = () = z¥, so 2/
is idempotent. We show that for all z,y € S, 2/(ya’)’ is idempotent, freely using
(4.10) to rewrite this as (z'y)'z":

' (yr') o' (ya')' = (2'y)' &2l (ya")" = (2'y)'2 (ya')" = 2’ (ya') (y2') = 2" (y2')".
—— ~~ —— ~————’

Next we show that 2/ < 2/(yz')": 2’2/ (yz') = 2/ (y2') and 2/ (ya') 2’ = (2'y) 2’2’ =

(@'y)a’ = 2’ (yz')’.
Now, since E(S) is an antichain and a/,2'(yz’)’ € E(S), we conclude that
2/ (yz') = «’. Finally, we have
(y2")' = (ya')* = ya'(ya') = ya'.
———
Therefore, 'yz’ = 2/ (ya’)’ = 2/, which establishes (3).

Assume that (3) holds. For z,y € S, set u = 2"y” and v = y”z”. Then 2" =
2"y"y" 2" = wv and y’ = y"2"2"y" = vu. Thus, 2" ~, y”, and so © ~ y by
theorem 4.5(6). Thus, ~, is the universal relation, that is, (1) holds.

Next, once again assume that (3) holds. Taking y = z”, we have z¥yz¥ =
x(2' (yx)z') = xa’ = x| so that (4) holds.

Assume that (4) holds. Taking y = x, we obtain 2% = z¥zz* = 2”2* = 2”. Thus,
za' = 2", and so ' = a'za’ = 2’2" = (2')¥ = z¥. Therefore, 2'ya’ = a%yz¥ =
z¥ = z’. This establishes (3).

Finally, the equivalence of (4) and (5) is obvious. O

Next we discuss semigroups in which p-conjugacy is the universal relation. Our
description is complete for semigroups with idempotents, and partial for semigroups
without idempotents.

First we need a definition. A rectangular band is an idempotent semigroup sat-
isfying the identity xyx = x for all z, y. Every rectangular band is completely
simple, and, in fact, is isomorphic to the Rees matrix semigroup I x G x A with
G = {1} [40, theorem 1.1.3].

THEOREM 5.10. Let S be a semigroup.
(1) If S is a rectangular band, then ~, is the universal relation.

(2) If ~p is the universal relation in S, then S is simple. If, in addition, S contains
an idempotent, then S is a rectangular band.

Proof. (1) Let S be a rectangular band. For z,y € S, set u = zy, v = yz. Then
z = zyr = xyyr = w and y = yzy = yxrry = vu. Therefore, x ~, y forall z,y € S,
that is, ~ is universal.
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(2) Let S be a semigroup in which ~, is the universal relation. We first show that
S is simple. For a € S, S'aS" is the principal ideal of S generated by a. We want
to show that S'aS! = S. Let b € S. If b = a, then clearly b € S'aS!. Suppose that
b # a. Since a ~p, b and a # b, there exist u;,v; € S such that a = uyv1, b = v1u;.
Note that u; # v; (since otherwise a = b), so there exist ug, v, € S such that
U] = UgVs, V1 = Vaug. Now, if us = a, then b = viu; = veau; € Sas, so we may
assume that uy # a. Then there exist us,vs € S such that a = usvs, us = vsus,
and so
b = v1u1 = VaUlULVe = VaV3U3V3U3Vy = VaV3aU3Vs € Sas.

Hence S'aS' = 9, and so S is simple.
Now suppose that S has an idempotent e. We will show that S satisfies the
identity 23 = 2. Since x ~y, e, there exist u,v € S with # = uv, e = vu. Then

TXT = UVUVUV = UEEV = UEV = UVUV = TT.

The identity 2> = 22 implies that S is an epigroup in & with 2’/ = 2, that is,
rxx’ = 2° = 2% = 2/, za’ = 2’z and 232’ = 2% Since ~, C ~,, we have that
~iy is the universal relation. By theorem 5.9(2), E(S) is a chain, that is, every
idempotent is primitive.

We have now shown that S is completely simple. In particular, S is completely
regular and the epigroup pseudo-inverse 2’ = 2 is actually an inverse. Thus, z =
za'z = z*. But this together with 23 = 22 imply 22 = z for all x € S, that
is, S is an idempotent semigroup. Now using theorem 5.9(3), we conclude that
ryr = r'yxr’ = x for all z,y € S, that is, S is a rectangular band. O

EXAMPLE 5.11. By theorem 5.10, if ~, is universal in a semigroup S, then S is
simple. If S does not have an idempotent, then the converse is not necessarily true.
Let X be a countably infinite set. Denote by I'(X) the semigroup of all injective
mappings from X to X. For o € I'(X), let im(«) denote the image of . The set
S consisting of all & € I'(X) such that X \im(«) is infinite is a subsemigroup of
I'(X) called the Baer-Levi semigroup [24, § 8.1]. The Baer—Levi semigroup is simple
without idempotents [24, theorem 8.2]. Partition the set X as follows:

X ={z,yyU{z],29,... JU{z],25,.. . JU{z},25,.. . JU--- .
Define o, 8 € S by
alz) =z, aly) =y, )=zl
Blay=y, B == B) =2
Then (o, 8) € ~p by [46, proposition 4], so ~,, is not the universal relation.

Since, for example, every finite semigroup has an idempotent, theorem 5.10
implies an immediate corollary.

COROLLARY 5.12. In a finite semigroup (or, more generally, an epigroup) S, ~
is the universal relation if and only if S is a rectangular band.

We conclude this section with some results that extend to semigroups familiar
results on conjugacy in groups.
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For elements ay, as, b1, by in a group, if ajas is conjugate to b1bs, then asaq is
conjugate to boby. This result carries over to semigroups as follows. A semigroup S
with zero is categorical at zero if for all a,b,c € S, ab # 0 and be # 0 imply that
abc # 0 [24, p. 73].

THEOREM 5.13. Let S be a semigroup.
(1) For all a1,as,b1,ba € S, ajas ~, bibs implies that asay ~, baby.

(2) If S is categorical at zero and aias,asai,biba,boby # 0, then ajas ~ bibe
implies that asay ~¢ baby.

(3) The following statements are equivalent:

(a) ~p is transitive in S;

(b) For all a1,az2,b1,ba € S, ajag ~p biby implies that azaq ~p babs.

(4) For all a1,az2,b1,ba € S such that ajas, bibs,asar, baby € Epi(S), aras ~t,
b1bs implies that asay ~y; bab.

Proof. Let ajay ~, b1be. This implies that, for some ¢,d € S, ajazc = cbi1by and
blbgd = dalag. Then

agal(agcbl) = ag(alagc)bl = CLQ(Cble)bl and b2b1(b2da1) = (bgdal)agal. (52)

Thus, aga; ~o beby. We have proved (1).

Regarding ~, suppose that S is categorical at zero and let ajas, asay, bibs, boby #
0. Suppose that ajas ~. b1bs. This implies that ajasc = cbiby and b1bod = dajas
for some ¢ € P!(ajaz) and d € P*(bybe). As in the proof of (1), we obtain (5.2).
It remains to prove that asch; € Pl(agar) and bada; € PY(beby). First we observe
that in any semigroup categorical at zero, x € P!(y) if and only if yz # 0. Since
c € P(ajaz), it follows that cb1bs = ajazc # 0, and hence asc # 0 # cby. Thus,
aschy # 0 since S is categorical at zero. Similarly, since asa; # 0 and ajas # 0,
we have asajas # 0. Now agsaijas # 0 and ascby # 0 imply that asajasch; # 0,
which implies that asch; € P!(agay). Similarly, bada; € P(byby), which concludes
the proof of (2).

Regarding ~y,, we start by proving (a) = (b). Suppose that ~, is transitive and
let ajas ~p b1ba. By the definition of ~,, we have xy ~, yz for all z,y € S. Thus

a2a1 ~p G162 ~p biby ~p baby,

which implies that aza; ~p beby since ~ is transitive.

For (b) = (a), assume that ajas ~p bibe implies that asa; ~p baby for all
ay,a2,b1,b2 € S. Let a,b,c € S and suppose that a ~, b and b ~ c. Then a = zy,
b= yx = uv and ¢ = vu for some z,y, u,v € S'. Thus yz ~p, uv (since zy = uv = b),
and hence zy ~;, vu (by the hypothesis), that is, a ~, c. Therefore, ~}, is transitive.

Finally, the result for ~i, follows from theorem 4.7(3). O

In a group, if @ and b are conjugate, then a* and bF are also conjugate for
all positive integers k. This fact generalizes to the conjugacies ~,, ~. and ~, in
semigroups.
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THEOREM 5.14. Let S be a semigroup and let ~ € {~q,~¢,~p}. Then for all
a,b € S and integers k > 1, a ~ b implies a® ~ b*.

Proof. Let a,b € S and ¢ € S' be such that ac = cb. We claim that a*c = cb* for
all integers £ > 1. We proceed by induction on k. The claim is certainly true for
k = 1. Let k > 1 and suppose that a*c = cb*. Then a**1c = a(ac) = a(cb’) =
(ac)b® = cb**+1. The claim has been proved. The result follows immediately for ~

and ~.
For ~p, the desired result is [44, lemma 2]: if, say, a = cd and b = de, then
a® = ((cd)¥=1c)d while v* = d((cd)*c). O

The same result is true for trace conjugacy and epigroup elements.

THEOREM 5.15. Let S be a semigroup. Then for all a,b € Epi(S) and integers

k>1, an~y bimplies a ~g, b*.

Proof. Suppose that a ~, b. Then a” ~, b by theorem 4.5, and so (a”)* ~, (b")k

by theorem 5.14. Since (a”)* = (a*)” and ()% = (b*)", we have (a*)" ~, (b%)",

and so a¥ ~, bF by theorem 4.5. O
In a group, if a and b are conjugate, then a~' and b~! are also conjugate. This

fact generalizes to o-conjugacy and p-conjugacy in epigroups. (See proposition 4.3

for a stronger result for trace conjugacy.)

THEOREM 5.16. Let S be an epigroup and let ~ € {~,~p}. Then for all a,b € S,

a ~ b implies a’ ~ V.

Proof. Suppose that a ~, b, so ac = cb and da = bd for some c¢,d € S'. Set
g =aa'ch’ and h = bb'da’. Then

47
a'g=daa cb’ W g
N~ ~—

)

O wewvn vy Do b by
<~ —

— da 't D ad 'y = gb',

-~
and an almost identical calculation shows that b’h = ha’. Thus, @’ ~, bV'.

Now suppose that a ~, b. Then a = ed and b = dc for some ¢,d € S*. Set u = c,
v =d(ed) (ed)’. Then uv = ed(cd) (ed)’ = (ed) cd(cd) = (ed)’ = @', using (4.8) and
(4.7), and vu = d(cd) (ed)'c = (de)'de(de)’ = (de)’ =V, using (4.10) twice followed
by (4.7). Thus, @’ ~, b'. O

In a group, if @ and b are conjugate and a™ = aF for some integers m,k > 1,
then b™ = bF. This result does not hold in general for semigroups, but we have the
following for ~,.

THEOREM 5.17. Let S be a semigroup and let a,b € S such that b is an epigroup
element with bt (t > 1) lying in a subgroup of S. If a ~, b and a™ = a* for some
integers m,k > t, then b™ = b*.

Proof. Since a ~p, b, a = c¢d and b = dc for some ¢, d € S*. Since b’ is in a subgroup
of S, we have, by (4.1), b"*t1b' = b" for every integer n > t. Thus

b = 0" = d(cd)™ b = da™cb’ = dacb = (de)" Ty = b =P,
which completes the proof. O
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COROLLARY 5.18. Let S be an epigroup in W. If a,b € S satisfy a ~, b and
a™ = a* for some integers m,k > 1, then b™ = bF.

Proof. Since a ~, b, we have a = cd and b = dc for some c¢,d € S*. Since b’ =
(de)” = de = b by (4.13), b is completely regular, so theorem 5.17 applies with
t=1. O

Theorem 5.17 fails for ~,. Indeed, if S has a zero as its unique idempotent, then
~, is the universal relation, but 02 = 0 while a? # a for every non-zero a € S.

6. Open problems

We conclude this paper with some natural questions related to conjugacy.

In §2, we characterized c-conjugacy in the symmetric inverse semigroup Z(X)
for a countable set X. Descriptions of ~, in this semigroup can be found in [33]
and [46].

PROBLEM 6.1. Characterize the relations ~. and ~, in Z(X) for an uncountable
set X.

A characterization of c-conjugacy in the full transformation semigroup T(X)
on any set X was obtained in [19]. For a finite set X, p-conjugacy in T(X) was
described in [46]. The partition semigroup Px on a set X [28,29] has both T(X)
and the symmetric inverse semigroup Z(X) as subsemigroups.

PROBLEM 6.2. Characterize the relations ~. and ~ in Px, and ~y, restricted to
the epigroup elements.

We proved in §4 that p-conjugacy is transitive in completely regular semigroups
and their variants, but noted that the epigroup variety YW does not include all
epigroups in which ~, is transitive.

PROBLEM 6.3. Find other classes of semigroups in which p-conjugacy is transitive.
Describe the (E-unitary) inverse semigroups in which p-conjugacy is transitive.
Ultimately, classify the class of semigroups in which ~, is transitive.

As already noted, ~y, is transitive in free semigroups. Free semigroups are both
cancellative and embeddable in groups.

PROBLEM 6.4. Is ~, transitive in every cancellative semigroup? Is it transitive in
every semigroup that is embeddable in a group?

In this paper we studied conjugacy in the symmetric inverse semigroup Z(X),
but many other transformation semigroups, or endomorphism monoids of some
relational algebras, may be considered.

PROBLEM 6.5. For ~, ~, and ~,, characterize the conjugacy classes and calcu-
late their number for other transformation semigroups such as, for example, those
appearing in the problem list of [9, §6] or those appearing in the large list of
transformation semigroups included in [30]. Especially interesting would be a char-
acterization of the conjugacy classes in the centralizers of idempotents [6,7], or in
semigroups whose group of units has an especially rich structure [4,12,17,20].
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The classes described in the preceding problem have linear analogues and hence
can be extended to the more general setting of independence algebras.

PROBLEM 6.6. Characterize ~., ~, and ~, in the endomorphism monoid of an
independence algebra. In [18] a problem on independence algebras was solved using
their classification theorem; it is reasonable to guess that the same technique can
be used to solve the problem proposed here. (For historical notes on how a problem
on idempotent generated semigroups [10,13] led to these algebras, see [5,16]; for
definitions and basic results, see [1-3,11,14,22,31,32,34].)

Similarly interesting would be the characterization of the conjugacy classes for
the endomorphism monoids of free objects [15] or for the endomorphisms of alge-
bras admitting some general notion of independence [14]. Regarding the latter, we
propose the problem of calculating the conjugacy classes in the endomorphisms of
MC-algebras, M S-algebras, SC-algebras, and SC-ranked algebras [14, ch. 8]. A
first step would be to solve the conjugacy problem for the endomorphism monoid
of an SC-ranked free M-act [14, ch. 9], and for an SC-ranked free module over an
N -Noetherian ring [14, ch. 10].

Since all varieties of bands are known, especially interesting would be the descrip-
tion of the conjugacy classes of the endomorphism monoid of the free objects of
each variety of bands (for details and references, see [8]).

The study of the intersection of ~. with other conjugacies was omitted from this
paper. This suggests the following problem.

PROBLEM 6.7. Let ~ € {~g, ~p, ~¢: }. Study the notion of conjugacy ~. N ~. In
particular, describe it in the various types of transformation semigroups listed in
the previous problems.

We have proved that if a semigroup S has an idempotent, then ~y, is the universal
relation in S if and only if S is a rectangular band. We have also proved that every
semigroup in which ~, is universal is simple, and noted that there are simple
semigroups without idempotents in which ~, is not universal.

PROBLEM 6.8. Describe the simple semigroups without idempotents in which p-
conjugacy is the universal relation.

We know that o-conjugacy is universal in the semigroups with zero.

PROBLEM 6.9. Describe the semigroups without zero in which o-conjugacy (and
thus c-conjugacy) is the universal relation.

We will say that a given conjugacy ~ is partition covering if for every set X and
for every partition 7 of X, there exists a semigroup S with universe X such that
the ~-conjugacy classes on S form the same partition as 7.

PROBLEM 6.10. Is it true that o-conjugacy (p-conjugacy, ~,-conjugacy) is a par-
tition-covering relation?

We have used the GAP package SMALLSEMI [26] to check that this is true for
all X = {1,...,n}, where 1 < n < 6, and ~, or ~,. As SMALLSEMI contains all
semigroups up to order 8, the following special case of the preceding problem might
take a long time to compute, but it is certainly computationally feasible.
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PROBLEM 6.11. Is it true that o-conjugacy (p-conjugacy, trace conjugacy) is a
partition-covering relation for all sets of size at most 87 What about 97

In theorem 4.29 we showed that o-conjugacy in epigroups is equivalent to a
stronger notion of conjugacy. Call elements a, b of a semigroup S strongly o-
conjugate, denoted by a ~g, b, if there exist mutually inverse g, h € S such that
ag = gb and bh = ha. The relation ~yg, is evidently reflexive and symmetric, and
~so C ~¢. Theorem 4.29 can be restated as saying that in epigroups, ~go = ~5.
This result is not true in general. For example, the transformations o and 3 defined
in the proof of theorem 3.4 are o-conjugate but not strongly o-conjugate in the
semigroup Z*(X).

PROBLEM 6.12. Find natural classes of semigroups in which ~g, = ~,.

Since ~, is transitive in arbitrary semigroups, theorem 4.29 implies that ~y,
is transitive in epigroups. It is also easy to see that ~g, is transitive in inverse
semigroups. (If a ~g b ~g, ¢, then ag = gb, bg~! = g~ ta, bk = kc, ck=! = k=1b
for some g, k. Thus, agk = gbk = gkc and c(gk)™' = ck™lg7! = k7lbg™! =
kg la = (gk)""a.)

PROBLEM 6.13. Is ~g, transitive in arbitrary semigroups? Is it transitive in regular
semigroups?

The analogue of strong o-conjugacy for ~. is as follows. Call elements a, b of
a semigroup S strongly c-conjugate, denoted by a ~. b, if there exist g € P(a),
h € PL(b) such that g, h are mutually inverse and ag = gb, bh = ha. Evidently,
~sc © ~¢. Theorem 4.32 can be rephrased as saying that for epigroups in W,

~NL =~

C sc-

PROBLEM 6.14. Does theorem 4.32 generalize to all epigroups? Does there exist a
semigroup with a pair of c-conjugate elements that are not strongly c-conjugate?
A regular such semigroup? An inverse semigroup?

PROBLEM 6.15. Is it possible to prove a result similar to theorem 4.28, replacing
regular epigroups by epigroups in WW? For semigroups without zero we have a similar
result. Possibly, it is necessary to start by proving that x ~. z” for all x such that
z"" # 0. If such a result could be proved, then the result would follow as in the case
without zero.

PROBLEM 6.16. Is there an example of a semigroup S in which ~ is a congruence,
but S/~ is not cancellative?

The coordinatization theorem (see [56, definition A.4.18]) for rectangular bands
is probably the most basic such result involving two of Green’s relations.

PROBLEM 6.17. Find a class of semigroups admitting a coordinatization theorem in
terms of ~. and ~y, (respectively, ~. and N;)' In particular, classify the semigroups
in which ~. N ~, (respectively, ~¢ N N;) is the identity relation.

The class W seems a very interesting generalization of the class of completely
regular semigroups. It is likely that many of the results for the latter carry over to
the former.
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PROBLEM 6.18. Generalize for W the main results on completely regular semi-
groups. In particular, is it true that ~ is transitive in the variants of WW?

Consider the variety V of unary semigroups (S,.,”) defined by associativity,
r'rvx’ =2/, 22’ = 2’z and

m//y = my7 (6.1)
zy” = wy. (6.2)

This class also generalizes completely regular semigroups and appears to be as
interesting as W.

PROBLEM 6.19. Generalize for V the main results on completely regular semi-
groups. In particular, is it true that ~, is transitive in the variants of V7

In [21] there are two generalizations of the notion of variants of semigroups; one
appears in proposition 2.1 and relies on translations, and the other is provided by
the concept of interassociates (for definitions we refer the reader to [21]).

PROBLEM 6.20. Do the results on variants in this paper carry over to the two
generalizations introduced in [21]?

As seen in figure 1, ~ is not related to ~p, or ~;.

PROBLEM 6.21. Is it possible to find an infinite set of first-order definable notions
of conjugacy for semigroups such that these notions form an anti-chain (infinite
chain)?

The final problem deals with the converse of example 4.19.

PROBLEM 6.22. Is it true that if ~ is transitive in all variants of a semigroup,
then it is also transitive in the semigroup itself?
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