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Abstract

The action of any group on itself by conjugation and the corresponding conjugacy relation
play an important role in group theory. There have been several attempts to extend the
notion of conjugacy to semigroups. In this paper, we present a new definition of conjugacy
that can be applied to an arbitrary semigroup and it does not reduce to the universal relation
in semigroups with a zero. We compare the new notion of conjugacy with existing definitions,
characterize the conjugacy in various semigroups of transformations on a set, and count the
number of conjugacy classes in these semigroups when the set is infinite.
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1 Introduction

Let G be a group. For elements a,b € G, we say that a is conjugate to b if there exists g € G
such that b = g~ 'ag. It is clear that this relation is an equivalence on G and that a is conjugate
to b if and only if there exists g € G such that ag = gb. Using the latter formulation, one may
try to extend the notion of conjugacy to semigroups in the following way: define a relation ~;
on a semigroup S by

a~be Jesr ag = gb, (1.1)

where S! is S with an identity adjoined. If a ~; b, we say that a is left conjugate to b [34, 39, 40].
(We will write “~” with various subscripts for possible definitions of conjugacy in semigroups.
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The subscript in ~; comes from the name “left conjugate.”) In a general semigroup S, the relation
~ is reflexive and transitive, but not symmetric. If S has a zero, then ~; is the universal relation
S x S. The relation ~; is an equivalence in any free semigroup. Lallement [28] has defined the
conjugate elements of a free semigroup S as those related by ~; and showed that ~; is equal to
the following equivalence on the free semigroup S:

an~pbe 3, est a=uvand b=vu. (1.2)

In a general semigroup S, the relation ~,, is reflexive and symmetric, but not transitive. If a ~,, b
in a general semigroup, we say that a and b are primarily conjugate [27] (hence the subscript
in ~,). Kudryavtseva and Mazorchuk [26, 27] have defined the transitive closure ~; of ~, as a
conjugacy relation in a general semigroup. (See also [18].)

Otto [34] has studied the relations ~; and ~, in the monoids S presented by finite Thue
systems, and introduced a new definition of conjugate elements in such an S:

a~y b 35 hest ag = gb and bh = ha. (1.3)

(Since S is a monoid, S* = S. However, we wanted to write the definition of ~, so that it would
apply to any semigroup.) For any semigroup S, ~, is an equivalence on S, and so it provides
another possible definition of conjugacy in a general semigroup. However, this definition is not
useful for semigroups S with zero since for every such S, we have ~, = § x §. Note that ~, the
largest equivalence contained in ~; and that ~, C ~, since if ¢ = uv and b = vu, then au = ub
and bv = va.

The aim of this paper is to introduce a new definition of conjugacy in an arbitrary semigroup,
avoiding the problems of the notions listed above. (That is, ~; is not symmetric; both ~; and
~, reduce to the universal relation in semigroups with zero; and ~, is not transitive and so it
requires taking the transitive closure.) Our conjugacy will be an equivalence relation ~. on any
semigroup S, it will not reduce to the universal relation even when S has a zero, and it will be
such that ~. C ~, C ~; in every semigroup S, ~. = ~, if S is a semigroup without zero, and
~e =~ = ~p =, if §is a group or a free semigroup.

In Section 2 we introduce the new notion of conjugacy and prove some basic results. The
following four sections are devoted to the study of ~. in several transformation semigroups
on a finite or infinite set X. The tools we use in this study are the characterization of ~.
in transformation semigroups in terms of certain partial homomorphisms of directed graphs
(Section 3) and the concept of a connected partial transformation (Section 4). Conjugacy classes
in the partial transformation monoid P(X) are characterized (for any X) and counted (for an
infinite X) in Section 5; conjugacy in the full transformation monoid T'(X) is treated in Section 6;
and Section 7 deals with the monoid I'(X) of full injective transformations. The paper ends with
a number of problems for experts in combinatorics, symbolic dynamics, set theory, semigroups,
and matrix theory (Section 8).

2 Definition of Conjugacy

We briefly describe the motivation of our new concept of conjugacy. The starting point was
the relation ~, introduced by Otto [34]. As we have already pointed out, the relation ~, is the
universal relation S x S if a semigroup S has a zero. Our goal has been to retain Otto’s concept
for semigroups without zero but modify his definition in such a way that the resulting conjugacy
would not reduce to triviality for semigroups with zero.

To find a suitable definition, we considered the semigroup P(X) of partial transformations
on X, that is, the set of all mappings whose domain and image are included in X, with function
composition as multiplication. This semigroup has a zero, namely the transformation whose
domain is empty. Let o, 8 € P(X). Then « ~, 8 if and only if a¢ = ¢S and Sy = Y« for some
o, € P(X). (We write functions on the right and compose from left to right.) Of course, the



last two equalities hold for ¢ = ¢ = 0. We could insist that ¢ and v should not be 0 but this
would not solve the problem since then the resulting relation would not be transitive.

The solution is this. In the composition a¢, it only matters how ¢ is defined on the elements
of im(«w) (the image of a). We insist that ¢ be defined for all elements of im(«), that is,
that im(a) C dom(¢). With the requirement that the transformations ¢ and 1 come from the
sets {¢ € P(X) : im(a) C dom(¢)} and {¢p € P(X) : im(8) C dom(¢)}, the relation is an
equivalence. Moreover, we will verify that for o # 0, im(«) C dom(¢) if and only if (ya)d # 0
for every ya € P(X)a\ {0}, where P(X)a\ {0} is the left principal ideal generated by o with 0
removed. Therefore, the requirement that ¢ and 1 have “large” domains can be expressed in an
abstract semigroup. These considerations motivate the definition below.

Let S be a semigroup with zero. For a € S with a # 0, consider S*a \ {0}, the left principal
ideal generated by a with zero removed. We will denote by P(a) the set of all elements g € S
such that (ma)g # 0 for all ma € S'a\ {0}. We define P(0) to be {0}. If S has no zero, we agree
that P(a) = S for every a € S. We will write P!(a) for P(a) U {1}, where 1 is the identity in S?.

Definition 2.1. Define a relation ~. on a semigroup S by
a~cb s Jgepi(a)Inerr () ag = gb and bh = ha. (2.1)
If a ~. b, we say that a is conjugate to b.
The relation ~. will be called the conjugacy on S, which is justified by the following theorem.
Theorem 2.2. Let S be a semigroup. Then:
(1) the relation ~. is an equivalence relation on S;
(2) if ~i, ~p, and ~, are relations on S defined by (1.1), (1.2), and (1.3), respectively, then:
(a) ~e €~ C v,

(b) if S is a semigroup without zero, then ~. = ~,, and

(c) if S is a group or a free semigroup, then ~. = ~j = ~, = ~,.

Proof. Tt is clear that ~, is reflexive and symmetric. Suppose a ~. b and b ~, c. Then there
are g1 € P'(a) and go € P*(b) such that ag; = g1b and bgs = goc. Thus a(g192) = (ag1)ge =
(g1b)g2 = g1(bga) = g1(g92¢) = (g1g2)c. Let ma € S'a\ {0}. Since g1 € Pl(a), we have
(mg1)b = m(ag1) = (ma)g1 # 0. Thus (mg1)b € S'b\ {0}, and so, since g» € P(b), we have
(ma)(g1g2) = m(ag1)gz = m(g1b)g2 = ((mg1)b)g2 # 0. Hence g1g2 € P*(a). Similarly, there is
h € P!(c) such that ch = ha. Hence a ~.. ¢, and so ~ is transitive. We have proved (1).
Statements 2(a) and 2(b) follow immediately from the definitions of ~;, ~,, and ~.. Statement
2(c) is clearly true if S'is a group. Let S be a free semigroup. Then ~; = ~,, by [28, Corollary 5.2].
Thus, by 2(a) and 2(b), ~. = ~, C ~; = ~, C ~,, which implies ~, = ~, = ~ = ~,,. O

For an element a of a semigroup S, the equivalence class of a with respect to ~, will be called
the conjugacy class of a and denoted [al.

Let S be a semigroup with 0. In contrast with the fact that ~, =5 x 5, the conjugacy class
of 0 with respect to ~ is {0}, so we always have ~. # S x S unless S = {0}. Indeed, suppose
a ~. 0. Then ag = g0 = 0 for some g € P!(a). If a # 0, then ag # 0 (since a € S'a\ {0}). But
ag = 0, and so it follows that a = 0. Hence we have the following lemma.

Lemma 2.3. If S is a semigroup with 0 then [0]. = {0}.

For a set A, we denote by A4 (or A if A is understood) the identity relation on A, that is
Aa={(a,a):a€ A}. Recall that in any group G, the relation ~.. is the usual group conjugacy,
that is a ~, b if and only if g~lag = b for some g € G. It follows that in any group G, we have
~. = A if and only if G is commutative. This result extends to semigroups as follows.



Theorem 2.4. Let S be a semigroup without zero. Then ~.= A if and only if S is commutative
and cancellative.

Proof. Since S has no zero, ~.=n~,. It is clear that if S is commutative and cancellative, then
~.= A. Conversely, suppose that ~.= A. Let a,b € S. Since (ab)a = a(ba) and (ba)b = b(ab),
we have (ab) ~. (ba), and hence ab = ba. We have proved that S is commutative. Let a,b,c € S
be such that ac = bc. Since S is commutative, ac = bc implies a ~. b, which in turn implies
a = b. It follows that S is cancellative. O

Theorem 2.4 is not true for semigroups with zero. For example, let S = {a,0} be a 2-element
semigroup with aa = 0. Then S is not cancellative but we already know that [0]. = {0}, so
~e = Al

c

3 Restrictive Partial Homomorphisms of Digraphs

The remainder of the paper is devoted to the study of the conjugacy ~. in several important
semigroups of transformations on a set X (finite or infinite). The main tool in our study will
be the characterization of ~. in terms of certain partial homomorphisms of directed graphs (see
Theorem 3.8 and Corollary 3.9).

A directed graph (or a digraph) is a pair I' = (X, R) where X is a non-empty set (not
necessarily finite) and R is a binary relation on X. Any element 2 € X is called a vertex of T,
and any pair (z,y) € R is called an arc of I'. We will call a vertex x terminal if there is no y € X
such that (z,y) € R.

For any mapping f : A — B, we will denote the domain of f by dom(f) and the image of f
by im(f). For A; C A, we denote by f|4, the restriction of f to A;, and by A;f the image of
A under f.

Let Ty = (X1,R;) and I's = (Xa, Ry) be digraphs. A mapping ¢ : X; — X is called
a homomorphism from T'; to Iy if for all z,y € X, if (z,y) € Ry, then (x¢,yp) € Ry [17].
Generalizing, a partial mapping ¢ from X; to X» (that is, a mapping ¢ from some subset of X
to X3) is called a partial homomorphism from T’y to T'y if for all z,y € X, if (z,y) € Ry and
x,y € dom(¢), then (zd,y¢) € Ra.

Definition 3.1. Let I'y = (X1, R1) and 'y = (X2, Ry) be digraphs. A partial mapping ¢ from
X1 to Xo is called a restrictive partial homomorphism (or an rp-homomorphism) from I'y to I'y
if it satisfies the following conditions for all x,y € X;:

(a) if (2,y) € Ry, then z,y € dom(¢) and (z¢,ye) € Ry;
(b) if z is a terminal vertex in I'y and x € dom(¢), then ¢ is a terminal vertex in I's.
We say that I'y is rp-homomorphic to I's if there is an rp-homomorphism from I'y to I's.

Clearly, every rp-homomorphism from I'; to I'; is a partial homomorphism from I'; to I's. It
is also clear that the composition of rp-homomorphisms is an rp-homomorphism.

Remark 3.2. Call a vertex vertex z of a digraph I' = (X, R) isolated if there is no y € X
such that (z,y) € R or (y,z) € R. Let ¢ be an rp-homomorphism from I'y = (X1, Ry) to
[y = (X2, R2). Denote by X7 the set of all vertices in I'; that are not isolated. Then ¢' = ¢|[x;
is also an rp-homomorphism from I'; to I's.

In picturing directed graphs, we will adopt the convention that the arrows will be deleted with
the understanding that the arrow goes up along the edge, to the right if the edge is horizontal,
and the arrows go counter-clockwise around a cycle. For example, consider the digraphs I'y =
(X1, Ry), where X7 = {1,2,3,4} and Ry = {(2,3),(3,4)}, and I'y = (X3, Ra), where Xy =
{a,b,c,d} and Ry = {(a,b), (b,d),(c,d)}. Then a mapping presented in Figure 3.1 is a partial
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Figure 3.1: A partial homomorphism from I'; to I's.
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Figure 3.2: An rp-homomorphism from I’y to I's.

homomorphism from I'; to 'y (but not a restrictive partial homomorphism), and a mapping from
Figure 3.2 is an rp-homomorphism from I'y to I's.

Let o € P(X). Then « can be represented by the digraph I'(a) = (X, R, ), where for all
x,y € X, (z,y) € Ry if and only if z € dom(«) and za = y [15, Section 1.2]. If x € dom(«)
and za = y, we will write z = y (or z — y if no ambiguity arises). For o € P(X), the set
dom(a) Uim(car) will be called the span of o and denoted span(«).

For example, the digraph in Figure 3.3 represents the transformation

(1 2 3
*=\l2 3 1

where X = {1,2,3,...} and T(X) is the semigroup of all & € P(X) such that dom(a) = X.
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Figure 3.3: The digraph of a transformation.



Definition 3.3. Any a € P(X) with im(a) = {z} will be called a constant. A subsemigroup S
of P(X) will be called constant rich if for every x € X, there is a € S such that im(«) = {z}.

Among the constant rich subsemigroups of P(X), we have P(X) itself (an all its nonzero
ideals), the full transformation semigroup 7(X) (and all its ideals), and the symmetric inverse
semigroup Z(X) of all injective v € P(X) (and all its nonzero ideals).

Notation 3.4. From now on, we will fix a nonempty set X and an element ¢ ¢ X. For o € P(X)
and z € X, we will write xao = ¢ if and only if x ¢ dom(a). We will also assume that oa = ©.
With this notation, it will make sense to write za = yf8 or za # y8 (o, 8 € P(X), z,y € X)
even when z ¢ dom(«) or y ¢ dom(s5).

We will also denote by Z, Z,, and N the set of integers, positive integers, and nonnegative
integers, respectively, and for semigroups S and 7', write S < T to mean that S is a subsemigroup
of T.

Lemma 3.5. Let S < P(X) such that S is constant rich, let « € S with a # 0, and ¢ € S*.
(1) ¢ € PX(a) if and only if im(a) C dom(g).

(2) If ¢ € P () and ap = ¢ for some 8 € S, then span(a) C dom(¢) and for all x,y € X,
o . . B
x — y implies T — yo.

Proof. Let S be constant rich. Suppose ¢ € P!(a). Let y € im(«), that is, y = za for some
x € dom(e). Since S is constant rich, there is vy € S with im(y) = {«}. Then im(ya) = {y}, and
so ya € Sta\ {0}. Thus (ya)¢ # 0 (since ¢ € P*()), which is only possible when y € dom(¢).
Hence im(a) C dom(¢).

Conversely, suppose im(a) C dom(¢). Let ua € Sta\ {0}. Since ua # 0, there is z € X such
that z(pa) # 0. But then z(pa) = (zp)a € im(a) C dom(¢), and so € dom((pua)¢). Thus
(pa)g # 0, and so ¢ € P(a). We have proved (1).

To prove (2), suppose ¢ € P!(a) and a¢p = ¢ for some 3 € S. Let x,y € X and suppose
that = y. Then, since ap = ¢, we have

(29)B = x(9B) = x(ag) = (va)p = yo-. (3.1)

By (1), im(a) € dom(¢), and so y = za € dom(¢). Then, by (3.1), ¢ # o, which implies
z € dom(¢). It follows that span(a) C dom(¢). Moreover, by (3.1) again, (z¢)S = y¢ # ¢, and

SO TP g yo. O

Lemma 3.6. Let a,8 € P(X) and let ¢ be an rp-homomorphism from T'(a) to T'(8). Then
span(«a) C dom(¢).

Proof. Let € span(a). If z € dom(a), then z % za, and so =, za € dom(¢) by Definition 3.1. If
x € im(a), then z % z for some z € dom(a), and so z, 2 € dom(¢). Hence span(a) C dom(¢). O

Lemma 3.7. Let S < P(X) such that S is constant rich, let a, 3 € S with o # 0, and ¢ € S*.
Then ag = ¢ with ¢ € PL(a) if and only if ¢ is an rp-homomorphism from T'(c) to T'(B).

Proof. Suppose ap = ¢ with ¢ € P*(a). Let 2,y € X and suppose that z = y. Then z¢ 2 o)
by Lemma 3.5, and so ¢ satisfies (a) of Definition 3.1. Suppose that z is a terminal vertex of I'(«)
and = € dom(¢). Then z¢ € X and za = ¢. Since ag = ¢8, we have (2¢)f = (za)d = o = o,
and so z¢ is a terminal vertex in I'(8). Hence ¢ satisfies (b) of Definition 3.1. Thus ¢ is an
rp-homomorphism from I'(«) to T'(8).

Conversely, suppose that ¢ is an rp-homomorphism from I'(«) to I'(3). Let € X. Suppose
z ¢ dom(a). Then z(ad) = (za)p = o¢p = o. If x ¢ dom(¢), then z(¢8) = (x@)8 = of = .



If € dom(¢), then, by (b) of Definition 3.1, z¢ is a terminal vertex in I'(8), and so z(¢f8) =
(x¢)B = o. Hence, in both cases, z(a¢) = z(4f).

Suppose = € dom(a) and let y = za € X. Then z 2 4, and so, by Definition 3.1, z,y €
dom(¢) and z¢ LN yo. Hence z(ag) = (za)¢ = y¢ and z(¢8) = (z¢)B = y¢, and so z(ad) =
z(¢B). We have proved that a¢p = ¢5. Finally, since ¢ is an rp-homomorphism from I'(a) to
I'(8), we have that span(a) C dom(¢) by Lemma 3.6, and so ¢ € P!(a) by Lemma 3.5. O

Theorem 3.8. Let S < P(X) such that S is constant rich, let o, € S. Then o ~. B in S if
and only if there are ¢, € S' such that ¢ is an rp-homomorphism from T'(a) to T'(B) and v is
an rp-homomorphism from T'(8) to I'(«).

Proof. Suppose a ~, 3. If a = 0, then 8 = 0 (since [0]. = {0}), and so ¢ = idx € S! is an
rp-homomorphism from I'(a) to T'(8). Suppose a # 0. Since a ~, 3, there is ¢ € P!(a) such
that a¢ = ¢f, and so ¢ is an rp-homomorphism from I'(«) to I'(8) by Lemma 3.7. A desired
1 € S exists by symmetry.

Conversely, suppose that desired ¢ and 1 exist. If z = y then z¢ LA yo, and if x 2 y then
) = yib. Tt follows that either & = 8 = 0 or a, 3 # 0. In the former case, we clearly have
a ~. 3. Suppose a, 3 # 0. Then, by Lemma 3.7, a¢ = ¢ with ¢ € P}(a) and B1p = 1pa with
Y € P1(B), which implies o ~, 3. O

Let a,3 € T(X). Then the graph I'(a) has no terminal vertices (if z € X, then x % za),
and so every homomorphism from T'(«) to T'(3) is restrictive. This observation and Theorem 3.8
give us the following corollary.

Corollary 3.9. Let S < T(X) such that S contains all constants, and let o, 8 € S. Then a ~. 8
in S if and only if there are ¢, € S' such that ¢ is a homomorphism from T'(«) to T'(3) and ¢
is a homomorphism from T'(B) to T'(«).

4 Connected Partial Transformations

In this section, we introduce the concept of connected partial transformation. The definitions
and results of this section will be crucial in characterizing conjugacy in various semigroups of
transformations.

Definition 4.1. Let ..., x_o,x_1,zg,T1, T2, ... be pairwise distinct elements of X. The following
elements of P(X) will be called basic partial transformations on X.

(1) A cycle of length k (k > 1), written (zg 7 ... xx—1), is an element of P(X) defined by the
digraph xg —» 1 — -+ = Tp_1 — xo.

(2) A right ray, written [xgx1 x2...), is an element of P(X) defined by the digraph
To = Tl — Ty —> -+ .
(3) A double ray, written (... x_y xox1 ...), is an element of P(X) defined by the digraph
R I W Y S
(4) A left ray, written (... xo x1 20|, is an element of P(X) defined by the digraph

e —> Lo — T1 — Xo.

(5) A chain of length k (k > 1), written [z ... xx], is an element of P(X) defined by the
digraph g — 1 — -+ — x.



By a ray we will mean a double, right, or left ray.
We note the following.
(i) All basic partial transformations are injective.

(ii) The span of a basic partial transformation is exhibited by the notation. For example, the
span of the right ray [123...) is {1,2,3,...}.

(iii) The left bracket in “oc = [z...” indicates that = ¢ im(c); while the right bracket in
“o = ... x]” indicates that ¢ dom(c). For example, for the chain o = [1234], dom(c) =
{1,2,3} and im(c) = {2,3,4}.

(iv) A cycle (zgxy ... zk—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,z1,..., 251}
while the latter is defined on and fixes every such x.

Definition 4.2. An element v € P(X) is called connected if v # 0 and for all 2,y € span(y),
¥ = yy™ # o for some integers k,m > 0 (where 1% = idx).

We note that a nonzero v € P(X) is connected if and only if the underlying undirected graph
of the digraph I'°(y) is connected, where I'°(7) is the digraph I'(y) with the isolated vertices
removed, and that all basic partial transformations are connected.

Definition 4.3. Let o, 8 € P(X). We say that 8 is contained in « (or « contains or has f3),
and write § C «, if dom(8) C dom(a) and 28 = za for every x € dom(f3). In other words,
B C «iff f = e where € is the identity on the domain of 3. We say that a and § are disjoint if
dom(a) Ndom(B) = 0; they are completely disjoint if span(a) N span(3) = 0.

For example, the right ray [3456...) and chain [0125] in P(Z) are disjoint but not completely
disjoint. Their join [3456...) L [0125] (see Definition 4.4 below) is connected.

Definition 4.4. Let C be a set of pairwise disjoint elements of P(X). The join of the elements
of C, denoted | | -7, is an element of P(X) defined by

| xvy if x € dom(y) for some v € C,
r |—| v _{ o otherwise.

yel

If C={v,v,...,7} is finite, we may write |_|7€ny as y1 Uy L -+ Uy,

Proposition 4.5. Let o € P(X) with o # 0. Then there exists a unique set C' of pairwise
completely disjoint, connected transformations contained in o such that o = |_|7€C 5.

Proof. Define a relation R on dom(a) by: (z,y) € R if za® = ya™ # o for some integers
k,m > 0. It is clear that R is an equivalence relation on dom(«). Let J be a complete set of
representatives of the equivalence classes of R. For every x € J, let v, = «|,r, where zR is
the R-equivalence class of x. By the definition of R, each such +, is connected, and vy, and -,
are completely disjoint for all z,y € J with « # y. Then the set C = {7, : € J} consists of
pairwise completely disjoint, connected transformations contained in «, and o = | | vec V-

Suppose D is any set of pairwise completely disjoint, connected transformations contained in
a such that o = | |5, 0. Let 6 € D and let y € dom(0). Then y € zR for some z € J. We
want to prove that § = 7,. Let z € dom(§). Since & is connected, yd* = 26™ # o for some
k,m > 0. But then, since § is contained in a, we have ya* = za™ # o. Hence (y,2) € R, and so
z € yR = xR = dom(~,). We have proved that dom(d) C dom(~,).

Suppose to the contrary that dom(y,) is not included in dom(d), that is, that there is w €
dom(+y,) such that w ¢ dom(d). Since 7, is connected, wyE = yy2 # o for some p,q > 0. Let



yi = yy. = ya' and w; = wy) = wad for i =0,1,...,pand j =0,1,...,¢. Then y, = w, and
let u = y, = w,. With this notation, in the digraph I'(«), we have

y:yo—)yl%...—)yp:uandw:wo_)wl_)..._>wq:u.

We claim that {yo,91,...,yp—1} C dom(d). If not, then, since yo = y € dom(d), there would
be i € {0,...,p — 2} such that y; € dom(d) and y;+1 ¢ dom(d). But y;11 € dom(e), and so
Yit1 € dom(dy) for some §; € D. We would then have § # §; and y;+1 € span(d) N span(dy),
which is impossible since § and §; are completely disjoint. The claim has been proved. Since
w € dom(y,) C dom(a), there is d2 € D such that w € dom(dz). By the foregoing argument
applied to d2 and {wg, w1, ..., wy—1}, we obtain {wg, w1, ..., wq—1} C dom(ds). Thus

Yp—10 = Yp_ 10 = Yp = U = Wq = Wg—10 = Wy_102.

Thus we have 0 # Jy with v € im(J) N im(d2), which is a contradiction since § and Jy are
completely disjoint. We have proved that dom(vy,) C dom(d), and so dom(d) = dom(vy,;). Now
for all v € dom(d) = dom(y,), we have vé = va = vy, and so § =, € C. We have proved that
DcCc.

For the reverse inclusion, let 7, be an arbitrary element of C. Select y € dom(~,). Then,
there is ¢ € D such that y € dom(d). By the foregoing argument, we have 6 = ,, and so v, € D.
Hence C C D, and so D = C. We have proved that the set C' is unique, which completes the
proof. O

Any element of the set C' from Proposition 4.5 will be called a connected component of a.
We note that the connected components of a correspond to the connected components of the
underlying undirected graph of I'(«) that are not isolated vertices.

Definition 4.6. Let o € P(X) and let u be a basic partial transformation contained in a. We
say that p is mazimal in « if for every z € span(u), ¢ dom(u) implies z ¢ dom(«), and
x ¢ im(p) implies « ¢ im(«). Note that if 4 is a cycle or a double ray, then p is always maximal
in a.

For example, consider o = [3456...) LU [0125] € P(Z). Then « contains infinitely many
right rays, for example [2567...), but only two of them, namely [3456...) and [012567...)
are maximal. Also, a contains infinitely many chains, for example [345 6], but none of them is
maximal.

We will now establish which combinations of basic partial transformations can occur in a
connected element of P(X).

Lemma 4.7. Let v € P(X) be connected.
(1) If v has a cycle (xoxy ... xk—1), then for every x € dom(vy), zy™ = xy for some m > 0.

(2) If v has a right ray [xox122...) or a double ray (... x_1x0x1...), then for every x €
dom(v), 9™ = x; for some m,i > 0.

(3) If v has a mazimal chain [xy ... ©1xo] or a mazimal left ray (... o x1 xo|, then for every
x € span(y), zy™ = xg for some m > 0.

Proof. Suppose « has a cycle (zg 1 ... 2x—1) and let € dom(vy). Since « is connected, z7? =
x0y? for some p,q > 0. Since ¢ lies on the cycle (g7 ... xx—1), we may assume that 0 < ¢ <
k — 1. Thus for m = p+ k — ¢, we have

™ = x,yp-i-k—q — (ﬁ,yp),yk—q — (xo’Yq)Wk_q - xq'yk_q = 1.

Suppose v has a right ray [xgx1z2...) and let © € dom(v). Since 7 is connected, zy™ =
297" = x; for some m,i > 0. A proof in the case of a double ray is the same.



Suppose 7 has a chain [z ... 21 2] and let & € span(y). Since 7 is connected, zvP = x¢y? # ©
for some p, ¢ > 0. Note that ¢ must be 0 (since z9y? = ¢ for every ¢ > 1). Thus 27? = 297" = .
The proof in the case of a maximal left ray is the same. O

Proposition 4.8. Let v € P(X) be connected.

(1) If v has a cycle, then the cycle is unique and v does not have any double rays or rights rays
or maximal chains or mazimal left rays.

(2) If v has a double ray, then it does not have any mazimal chains or mazimal left rays.

(3) If v has a right ray, but no double rays, then it has a maximal right ray and it does not
have any left rays or mazximal chains.

(4) If v has a chain, but no cycles or rays, then it has a mazimal chain.
(5) If v has a left ray, but no cycles or double rays, then it has a mazimal left Tay.

Proof. Suppose that 7 has a cycle, and let 6 and ¢ be cycles in v, say 8 = (zgx1 ... 25—1). Let
y € dom(¥}). By Lemma 4.7, y7? = x¢ for some p > 0. Thus z( lies on ¥, so we may write
Y= (Yoy1 ... Ym_1) With yo = 9. We may assume that k¥ < m. But then z; = 207" = yoy' = v
for every i € {0,...,k — 1} and yp_17 = x_17 = To = Yo, that is, § = 9.

Suppose that v with a cycle (xgx1 ... zx—1) also has a double ray, say (... y_1y0y1...). By
Lemma 4.7, yoy™ = x¢ for some m > 0. But then yoy™* = (yo7y™)7* = 2ov* = 20 = 1o, which
is a contradiction since y(ﬂ’”"‘k = Ym+k 7 Yo (since m > 0 and k > 1). Thus v does not have
a double ray. This completes the proof of (1) since a connected v with a cycle cannot have any
terminal vertices, and hence cannot have any maximal chains or maximal left rays. Statement
(2) also follows since a connected v with a double ray cannot have terminal vertices either.

Let n = [xgx1 @2 ...) be a right ray in «. If 7 is not maximal, then x_1y = z( for some
x_1 € X\ {xo,21,...}. (Mf 2_1 = =z; for some ¢ > 0, then v would have a cycle, which is
impossible by (1).) Thus 1 = [x_1 xgx1T2...) is a right ray in «. If n; is not maximal, then
x_9y =x_1 for some x_o € X\ {x_1,20,21,...},and so 3 = [t_2@x_1 ToT1 T2 ...) is a right ray
in . Continuing this way, we must arrive at a maximal right ray in « (after finitely many steps)
since otherwise @ would have a double ray. This completes the proof of (3) since a connected ~y
with a right ray cannot have any terminal vertices.

To prove (4), let A = [xgx;1... ] be a chain in a. If 29 € im(a), then, since « has no
left rays, we can use the argument as in the proof of (3) for a right ray to extend A to a chain
N =[t_m...x_1201 ... x1] such that x_,, ¢ im(e). Similarly, since « has no right rays or
cycles, we can extend ' to a chain A = [2_,, T _ypq1... T_1 To L1 ... Tk Tht1 - .. Thtp| Such that
Trtp ¢ dom(ar). Then A" is a maximal chain in «. We have proved (4). The proof of (5) is
similar. O

Remark 4.9. It follows from Proposition 4.8 that as far as the types of basic transformations
go, a connected v € P(X) can contain one of the following.

(1) A single cycle and no double rays or right rays or maximal chains or maximal left rays (see
Figure 4.1);

(2) A double ray but no cycles or maximal chains or maximal left rays (see Figure 4.2);

(3) A maximal right ray but no cycles or double rays or left rays or maximal chains (see
Figure 4.3);

(4) A maximal left ray but no cycles or double rays or right rays (see Figure 4.4 and Defini-
tion 4.10);

(5) A maximal chain but no cycles or rays (see Figure 4.5 and Definition 4.10).
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We note that the uniqueness applies only to a cycle. A connected v can have any number (finite
or infinite) of (maximal) chains or (maximal) rays of any type.

P S—

Figure 4.1: A connected partial transformation with a cycle.

| /¢j\

Figure 4.2: A connected partial transformation with a double ray.

For our purposes, it will not be necessary to distinguish connected partial transformations
that have double rays only or left rays only. (In other words, if a connected v € P(X) has a
double ray, then it will not matter whether it has a maximal right ray as well; similarly, if it has
a maximal left ray, then it will not matter whether it has a maximal chain as well.) However,
we will need to distinguish connected transformations that have right rays only, and connected
transformations that have chains only.

Definition 4.10. Let v € P(X) be connected. If v satisfies (3) of Remark 4.9, we will say that
v is of (or has) type rro (“right rays only”). If v satisfies (5) of Remark 4.9, we will say that
is of type cho (“chains only”).

Lemma 4.11. Let v € P(X) be connected such that v contains a mazimal left ray or it is of
type cho. Then v contains a unique terminal vertez.

Proof. Since 7 contains a maximal left ray or a maximal chain, it contains a terminal vertex.
Suppose z and y are terminal vertices in 7. Since v is connected, zy* = yy™ # o for some
k,m > 0. But since x and y are terminal, this is only possible when k = m = 0. Thusz =y. O
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A/ij\

Figure 4.3: A connected partial transformation of type rro.

.A/$j\

Figure 4.4: A connected partial transformation with a maximal left ray.

Definition 4.12. Let v € P(X) be connected such that v has a maximal left ray or is of type
cho. The unique terminal vertex of -y established by by Lemma 4.11 will be called the root of ~.

For integers a and b, we write a|b if a divides b, that is, if b = ak for some integer k. For
integers a and n with n > 1, we denote by mod(a,n) the unique integer r in {0,1,...,n — 1}
such that a = r (mod n). We note that

mod(a,n) +1 if mod(a,n) #n—1,

mod(a +1,n) = { 0 if mod(a,n) =n—1.

(4.1)
Proposition 4.13. Let v, € P(X) be connected such that v has a cycle (xox1 ... xp—1). Then
T'(v) is rp-homomorphic to T'(0) if and only if 6 has a cycle (Yoyi1 - -- Ym—1) such that m| k.

Proof. Suppose there is an rp-homomorphism ¢ from I'(y) to I'(6). Let y; = x;¢ for i =

0,1,...,k — 1. Then yq RN Y1 RIRPt Yk—1 2 Yo, and so yod* = yo. Let m be the small-
est integer in {1,2,...,k} such that yoé™ = yo. Then (yoy1 ... Yym—1) is a cycle in §. By the
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/| \

Figure 4.5: A connected partial transformation of type cho.

Division Algorithm, k = mgq + r for some ¢, € N with 0 < r < m. Since ygd™ = yg, we have
Y00™ = yo, and s0 Yo = Yoo~ = (yod™9)d" = yo6". Thus r = 0 by the definition of m, and so
k = mgq, that is, m| k.

Conversely suppose that § has a desired cycle. We will define an rp-homomorphism ¢ from
() to T'(6) such that dom(¢) = dom(vy) and im(¢) = {yo, y1,.-.,Ym—1}. (Note that dom(y) =
span(y) since v has a cycle.) For x € dom(y), let p, be the smallest nonnegative integer such
that xyP= = xg (such p, exists by Lemma 4.7), and let ¢, = mod(—p,, m). Define ¢ on dom(y)

by x¢ = yg,. Suppose 2 2. We consider two possible cases.
Case 1. z = xg.

Then p, = 0, 2z = &y = 29y = x1, and p, = k — 1. Thus ¢, = mod(0,m) = 0 and
¢, = mod(—k + 1,m) =1 (since m| k, and so —k =0 (mod m)). Hence x¢ = yo LA Y1 = z¢.
Case 2. x # xy.

Then, since = - z, we have p, = p, — 1, and so
q. = mod(—p,,m) = mod(—p, + 1,m). (4.2)

Suppose ¢, = mod(—p,,m) # m — 1. Then, by (4.1) and (4.2), ¢, = mod(—p, + 1,m) =
mod(—pg, m) +1 =g, + 1, and so z¢ = y,, BN Ygutl = Yq. = 2.

Suppose ¢, = mod(—p,,m) = m — 1. Then —p, = —1 (mod m), and so p, = 1 (mod m).
Thus p, = tm + 1 for some integer ¢, and so p, = p, — 1 = tm. Hence ¢, = mod(—p,,m) =
mod(—tm, m) =0, and s0 ¢ = yq, = Ym—1 2 Yo = Yq. = 20.

Thus, in both cases, ¢ LN x¢, and so ¢ is an rp-homomorphism. (Condition (b) of Defini-
tion 3.1 is satisfied since I'(y) does not have any terminal vertices.) O

Lemma 4.14. Let v, € P(X) be connected such that 6 has a cycle (yoy1 - .. Ym—1). Suppose =y
has a double ray or v is of type rro. Then T'(7) is rp-homomorphic to T'(9).

Proof. Suppose 7 has a doubleray p = (... x_1 zox1 ...). We will define an rp-homomorphism ¢
from I'(7) to I['(§) such that dom(¢) = dom(y) and im(¢) = {yo, Y1, --,Ym—1}. For z € dom(v),
let p, be the smallest nonnegative integer such that zyP* = x; for some i (such p, exists by

Lemma 4.7), and let ¢, = mod(i — p,,m). Define ¢ on dom(v) by z¢ = y,,. Suppose z 5 2.
We consider two possible cases.

Case 1. x = z; for some i € Z.
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Then p, =0, z = &y = 2,7 = x;41, and p, = 0. Thus ¢, = mod (¢, m) and ¢, = mod(i+1,m).
If g #m—1, then ¢, = g, +1, and so ¢ = y,, i)qu+1 =Yg = 2¢. if gz =m—1, then ¢, =0,
5
and 50 ¢ =Yg, = Ym—1 — Yo = Yq. = 2.
Case 2. x # x; for every i € Z.

Then, since z = z, we have p. = py — 1 with 27 = z7?* = i, and so
¢, = mod(i — p,,m) =mod(i — p; + 1,m). (4.3)

If ¢, # m — 1, then, by (4.1) and (4.3), ¢, = mod (i — p, + 1,m) = mod(i — py,m) +1=¢q, + 1,

and so x¢ = y,, LN Ygut1 = Yq. = 2¢. If ¢z = m — 1, then ¢, = 0, and so again x¢ KN 10}
Hence, since T'(y) has no terminal vertices, ¢ is an rp-homomorphism. The proof in the case
when v has type rro is similar. O

Lemma 4.15. Let 7,0 € P(X) be connected. Suppose that 6 has a double ray and ~ either has
a double ray or has type rro. Then I'(v) is rp-homomorphic to T'(9).

Proof. Suppose 7 has a double ray, say (... z_1zox1...), and let (... y_1yoy1 ...) be a double
ray in 6. We will define an rp-homomorphism ¢ from I'(y) to I'(§) such that dom(¢) = dom(~)
and im(¢) = {...,y-1,%0,91,-.-}. (Note that dom(v) = span(y) since v has a double ray or it
is of type r70.) For x € dom(+y), let p, be the smallest nonnegative integer such that z+?= = x;
for some integer i. Define ¢ on dom(y) by z¢ = y;_,, where zyP* = x;. Suppose x 2 2. We
consider two possible cases.

Case 1. x = x; for some integer 1.

Then p, =0, 2 =2y = z;y = 41, and p, = 0. Thus

5
T = Yi—p, = Yi = Yi+1 = Yir1—p, = 20.
Case 2. x # z; for every integer 1.

Then, since z = z, we have p, = pz — 1 and xyP= = 2Pz = x; for some i. Thus
5
TG = Yi—p, = Yi-p,+1 = Yi—p, = 20-

Thus, in both cases, ¢ 2 z¢, and so ¢ is an rp-homomorphism since I'(y) does not have any
terminal vertices. The proof in the case when ~ has type rro is similar. O

Lemma 4.16. Lety,0 € P(X) be connected. Suppose that § has a mazimal left ray and v either
has a mazimal left ray or is of type cho. Then T'(v) is rp-homomorphic to T'(9).

Proof. Let (... y2y1yo] be a maximal left ray in 6. Note that yo is the root of §. Let xy be the
root of v. We will define an rp-homomorphism ¢ from I'(y) to I'(d) such that dom(¢) = span(v)
and im(¢) C {...,y2,91,%0}. For z € span(y), let p, be the smallest nonnegative integer such
that zyP* = o (such p, exists by Lemma 4.7). Define ¢ on span(y) by z¢ = y,,. If z 5 2,
then p, = p, — 1, and so z¢ = y,, RN Ypn—1 = Yp. = 2¢. Further, the only terminal vertex
in I'() is zo and x9¢ = yo (since py, = 0), which is a terminal vertex in I'(). Hence ¢ is an
rp-homomorphism. O

Lemma 4.17. Let v,§ € P(X) be connected such that 7 is of type rro. Suppose T'(7) is rp-
homomorphic to T'(6). Then & cannot have a mazximal left ray or be of type cho.

Proof. Let ¢ be an rp-homomorphism from I'(v) to I'(d). Select a right ray [zoz1x2...) in 7.
Suppose to the contrary that 4 has a maximal left ray or is of type cho. Let yo be the root
of 6. By Lemma 4.7, (z0¢)6* = yo for some integer k& > 0. By Lemma 3.7, v¢ = ¢¢, and so
(199)6* ! = (2ov*TH)p = wpr10. But (209)65 Tt = (20¢)0%5 = yod = o, and 50 Tp4110 = ©,
which is a contradiction. The result follows. O
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Proposition 4.18. Let S < P(X) such that S is constant rich, and let a, 8 € S with o # 0.
Then there is an rp-homomorphism ¢ € S* from T'(a) to T'(B) with dom(¢) = span(a) if and
only if

(a) for every connected component v of «, there exist a connected component § of 8 and an
rp-homomorphism ¢, € P(X) from I'(v) to I'(§) with dom(¢.) = span(7y); and

(b) |_|7€C ¢~ € S*, where C is the collection of connected components of c.

Proof. Suppose there is an rp-homomorphism ¢ € S from I'(a) to I'(3) such that dom(¢) =
span(a). Let v be a connected component of o and let 2 € span(y). Then, by Proposition 4.5,
x¢ € 0 for some connected component § of 8. We claim that (span(y))¢ C span(d). Let
z € span(7y). Since v is connected, za* = zy* = 2™ = za™ # o for some integers k,m > 0. By
Lemma 3.7, we have a¢ = ¢4, and so (2¢)f™ = (2a™)¢ = (za¥)¢ = (x¢)B* # o, which implies
that z¢ and x¢ are in the span of the same connected component of 3, that is, z¢ € span(d). The
claim has been proved. Let ¢, = @|span(y)- Then ¢, is an rp-homomorphism from I'(y) to I'(d) (by
the claim and the fact that ¢ is an rp-homomorphism from I'(«) to I'(5)), dom(¢,) = span(7y)
(by the definition of ¢,), and || o ¢y = ¢ € S' (by the definition of ¢, and the fact that
dom(¢) = span(«)).

Conversely, suppose that (a) and (b) are satisfied. Let ¢ = | | Lec ®y- Note that ¢ is well
defined since ¢~ and ¢, are disjoint if v # ~'. Suppose y % 2. Then y, z € span(y) for some
connected component v of . Thus y,z € dom(¢,) and y¢ = yod, LN 20, = z¢, implying

yo LA z¢. Suppose y is a terminal vertex in I'(«) and y € dom(¢). Then, there is a unique
connected component v of a such that y is a terminal vertex in I'(y). Then y¢ = y¢, is a
terminal vertex in I'(0), and so a terminal vertex in I'(5). Hence ¢ is an rp-homomorphism from
I'(a) to I'(B). Moreover, dom(¢) = span(a) (by the definition of ¢) and ¢ € S* (by (b)). O

Lemma 4.19. Let o, 3 € P(X) be such that T'(c) is rp-homomorphic to T'(8). If @ has a cycle
of length k, then 8 has a cycle of length m such that m | k.

Proof. 1t follows immediately from Propositions 4.13 and 4.18. O

A binary relation R on a set A is called well founded if every nonempty subset B C A contains
an R-minimal element; that is, a € B exists such that there is no y € B with (y,a) € R [21,
page 25]. Let R be a well-founded relation on A. Then there is a unique function p defined on
A with ordinals as values such that for every x € A,

p(z) = sup{p(y) +1: (y,z) € R}. (4.4)

The ordinal p(x) is called the rank of x in (A, R) [21, Theorem 2.27].
For a mapping f : A — B and b € B, we denote by bf ! the preimage of b under f.

Definition 4.20. Let v € P(X) be connected of type rro or cho. Recall that R,is a binary
relation on span(y) defined by (y,x) € R, if yy = z. (Note that (y,z2) € R, & y L e
y € zy~'). The relation R, is well founded since there is no sequence (z¢,z1,22,...) such that
oo Doas B oap B oy, (See [21, Lemma 5.5].) For 2 € span(7y),we will denote the rank of x in
(span(y), Ry) by p,(x) (or p(z) if 7 is clear from the context).

It follows from (4.4) that for every x € span(y) with p(x) > 0, we have p(y) < p(z) for every
1

Yy S 517'-}/7 5 and if v = Sup{p(y) Ty c I,—yfl} then
[ v+1 ifp(y)=v for some y € zy 1,
pz) = { v if p(y) < v for every y € 2y~ 1. (4.5)
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Example 4.21. Let X = {x¢,21,22,...,Y0,Y1,Y2,- .-} and let

v =[ror1w2w3...) Uyo 2] U [y1 Y2 x2] U [y3 Ya ys 2] U [ye y7 Ys Yo x2) U - - - € P(X).

Then ~ is connected of type rro and we have: p(zg) = 0, p(z1) = 1, and p(x24,;) = w41 for every
1 > 0, where w is the smallest infinite ordinal. We also have: p(ys) = 0, p(y7) = 1, p(ys) = 2,
and p(yy) = 3.

Example 4.22. Let X = {yo,y1,92, ...} UUjeo{20, 21, 25, .. .}. For every integer i > 0, let
8 = [#1 2] U [5 25 20] U [24 25 26 20] U [27 25 20 19 20] U - € P(X).
Then each §; is connected of type cho and ps, (2§) = w. Further, let
v = (8o U [20 yo]) U (91 U [z 51 o)) U (2 U [ y2 w3 yo]) U (I3 U [25 ya y5 Y6 yo]) U - - - € P(X).
Then + is connected of type cho and p,(yo) = w +w = 2w.

We will need the following lemma from the theory of well-founded relations [22, Appendix B].

Lemma 4.23. Let Ry and Ry be well-founded relations on Ay and As, respectively. Suppose a
function f : Ay — Ay is such that for all z,y € A1, if (x,y) € Ry then (zf,yf) € Ra. The for
all z € Aq, p(z) < p(xf).

Notation 4.24. Let v € P(X) be connected and let = € span(y). We denote by |z the set of
all y € span(y) such that = yy™ for some m > 0. If z € im(y), we denote by 7, the restriction
of v to lz \ {z}. Note that v, is connected and it either contains a maximal left ray or is of type
cho, and that, in either case, z is the root of ~,.

Lemma 4.25. Let v, € P(X) be connected such that v is of type rro or cho and ¢ is contained
in . Then for every x € span(d):

(1) ps(x) < py(2);
(2) if 6 =, for some z € im(7), then ps(x) = py(x).

Proof. First note that 6 must be of type rro or cho. Statement (1) follows from Lemma 4.23
with f : span(d) — span(y) defined by zf = x. To prove (2), we suppose § = v, and proceed by
well-founded induction [21, Theorem 2.6]. Let « € span(d). The result is true if = is Rs-minimal
since then z is also R,-minimal. Suppose p5(y) = p,(y) for all y € span(d) such that (y,z) € Rs.
Then

ps(x) =sup{ps(y) +1: (y,2) € Rs} =sup{p,(y) + 1 : (y,x) € Ry} = py(2),

where the last but one equality follows from the inductive hypothesis and the fact that for 6 = ~,,
26~ =z~ for all z € span(é). O

Proposition 4.26. Let v, € P(X) be connected of type cho with roots xy and yo, respectively.
Then T'(v) is rp-homomorphic to T'(8) if and only if p(xo) < p(yo).

Then ¢ : span(y) — span(d)
y. Thus p(zo) < p(yo) by

Proof. Suppose there is an rp-homomorphism ¢ from I'(y) to I'(d).
with zo¢ = yo, and for all z,y € span(v), if = Y y then x N
Lemma 4.23.

Conversely, suppose p(zg) < p(yo). We will prove that I'(y) is rp-homomorphic to I'(§) by

transfinite induction on p(zg). Let p(zg) = 1. Then for every z € dom(y), we have z - x

Since p(yo) > p(xo) = 1, there is some w € dom(d) such that w LA yo. Define ¢ on span(y) by:
2o® = yo and z¢ = w for every z € dom(vy). Then clearly ¢ is an rp-homomorphism from T'(y)
to T'(9).
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Let p(zg) = g > 1 and suppose that for all connected 71,1 € P(X) of type cho with roots z
and w, respectively, if p(z) < p and p(z) < p(w), then I'(y1) is rp-homomorphic to I'(d1).

Let 2z € zoy~! and note that p(z) < u. Since p(yo) > p, there is w, € yod~! such that p(z) <
p(wz). If z € im(vy), then . and §,, are connected with p,_ (z) = p(2) < p(w.) = ps,, (w.),
and so, by the inductive hypothesis, there is an rp-homomorphism ¢, from I'(v,) to I'(d,, ). If
z ¢ im(y) (that is, if |z = {z}), we define ¢, on |z = {2} by 2¢, = w,.

Define ¢ on span(vy) by: ¢ = yo and u¢ = u¢, if u € Lz for some z € zgy~t. Then ¢ is
well-defined since the collection {]z},c4,~-1 is a partition of dom(v) (= span(y)\{zo}). Suppose

w5 v, If v €z for some z € 2oy~ ', then u € |z as well, and so u¢p = u¢, 2, vop, = vo. If

_ d, .
v = xg, then u = 2z € 297~ !, and so up = 2¢ = 2¢, = w, — Yo = Top = v¢. Hence, since

Zo® = yo and xg is the unique terminal vertex of I'(y), ¢ is an rp-homomorphism from T'(7) to
'(4). O

Definition 4.27. Let (a,)n>0 and (by)n>0 be sequences of ordinals (indexed by nonnegative
integers n). We say that (b,) dominates {(a,) if there is k > 0 such that

bitn > ay, for every n > 0.

Notation 4.28. Let v € P(X) be connected of type rro and let n = [zox1 z2...) be a maximal
right ray in 7. We denote by (7)),>0 the sequence of ordinals such that

n,) = p(xy,) for every n > 0.

For example, for v from Example 4.21 and the right ray n = [zo 21 22...) in v, the sequence
() is (0, 1, w, w41, w+2,w+3,...).

Proposition 4.29. Let 7,6 € P(X) be connected of type rro. Then T'(v) is rp-homomorphic to
['(0) if and only if there are mazimal right rays n in v and & in § such that (€2) dominates (n)).

Proof. Suppose there is an rp-homomorphism ¢ from I'(y) to T'(d). Select a maximal right ray
n = [zgx122...) in vy (possible by Proposition 4.8.) Then zg¢ N 10 N T N .-+, and so,
since § does not have any double rays, there is w € dom(d) — im(8) such that wé* = z¢¢ for
some k£ > 0. Thus

E=yo=w y1 =wd ... yp—1 = w1 Y = w* =200 Ypi1 = T1P Ypto = T20 ...)

is a maximal right ray in §. For every n > 0, the mapping ¢|;,, is an rp-homomorphism from
I'(7Vz,) to I'(dy,.,,) (see Notation 4.24). Thus for every n > 0, we have p,, (z,) < ps (Yk+n)

Yktn
by Proposition 4.26, and so p(,) < p(yrin) by Lemma 4.25. Hence (£2) dominates (n)).

Conversely, suppose there are maximal right rays n = [zgz122...) inyand £ = [yoy1 y2 .. .)
in & such that (¢}) dominates (1)), that is, there is k > 0 such that &), > ) for every n > 0.
We define a collection { B, },>0 of subsets of span(vy) by

BO = {.’E()}, Bn :\Lrn_ J,In,1 for n > 1.

Since v is connected, {B,, },>0 is a partition of span(vy).

We will now define an rp-homomorphism ¢ from T'(y) to I'(§) by defining ¢ on B,, for every
n > 0. First, we set xg¢p = yr. Let n > 1. If B,, = {x,,}, we set £, = Ygrn. Suppose |B,| > 2.
Let vn = 7B, \{«,} and &, = d;,,,. Then v, and J,, are connected of type cho with roots z,,
and yg4n, respectively. By Lemma 4.25,

Py (Tn) < py(@n) = 1) < &1 = P (Uktn) = P5, Yitn)-

Thus, by Proposition 4.26, there is an rp-homomorphism ¢,, from T'(v,) to I'(é,). Note that
Tn®n = Yptn. We define ¢ on B, by z¢ = xd,.

17



Suppose & — z. Then z € B, for some n > 0. If 2 € B, then z¢ = x¢, KN z¢n = z¢ since
¢n is an rp-homomorphism from I'(v,) to I'(d,). If © ¢ B,,, then we must have © = x,,_1 and

s
2 =1=Tp,and 80 T = Tp_10 = Yktn-1 — Yktn = Tnd = 2¢.
Hence, in all cases, if z = z then z¢ 2, z¢. Thus, since I'(y) does not have any terminal
vertices, ¢ is an rp-homomorphism from I'(y) to I'(). O

The following lemma will be needed in the next section.

Lemma 4.30. Let 7,06 € P(X) be of type rro. Let n be a maximal right ray in v and £ be a
mazximal right ray in § such that (£2) dominates (n)). Then for every mazimal right ray ny in v
and every mazimal right ray & in § {(£€1)%) dominates {(n1)7).

Proof. Since (€2) dominates (1)), there is an integer k& > 0 such that
f,‘z+n > for every n > 0.

Let n = [xgx1xe...) and € = [yoy1y2...). Let 1 = [wowyws...) and & = [z92122...) be
arbitrary maximal right rays in v and J, respectively. Since v and § are connected, there are
integers [, q,m,p > 0 such that z; = 297! = wey? = wq and Ym, = Yo" = 290P = z,. We may
assume that m > k. Then for every n > 0,

) 0prtyin = P5(praan)) = PsUms(4n)) = Ps(Uht(4m)) = Eng (1n) = Mms and

77?+n = pv(xl-i-n) = p"/(wq+n) > pw(wn) = (m)y-

Hence ((£1)2) dominates {(11)7.). O

5 Conjugacy in P(X)

In this section we characterize the conjugacy ~. in the semigroup P(X) of partial transformations
on any nonempty set X (finite or infinite).

In P(X) and, more generally, in any a constant rich subsemigroup S of P(X), the conjugacy
relation ~. can be reformulated, as a consequence of Lemma 3.5(1), in the following way: given
any o, € S, we have a ~. 3 in S if and only if there exist ¢,70 € S! such that a¢p = ¢3
and Y = Ya, with dom(a¢) = dom(a)) and dom(S8v) = dom(). Notice that the semigroup
P(X) can be regarded as a left restriction semigroup with respect to the set of partial identities
E ={idy : Y C X} (see [19] for a survey). Hence P(X) is equipped with a unary operation
* assigning to any o € P(X) the element o = idgom(q). Any subsemigroup S of P(X) closed
under T is called a left restriction semigroup. If S is a left restriction semigroup that is also
constant rich, then for all o, 8 € S,

a~efB & o, € St ap = ¢B and Bip = Yo, with (ap)™ = o and ()T = .

We now proceed to characterize the conjugacy relation ~. in P(X) in terms of the basic
partial transformations.

Definition 5.1. Let M be a nonempty subset of the set Z, of positive integers. Then M is
partially ordered by the relation | (divides). Order the elements of M according to the usual
“less than” relation: m; < ma < mg < .... We define a subset sac(M) of M as follows: for every
integer n, 1 <n < |M|+1,

my, € sac(M) < (Vicpn)my, is not a multiple of m;.

The set sac(M) is a maximal antichain of the poset (M, |). We will call sac(M) the standard
antichain of M.
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For example, if M = {4,6,8,10,18} then sac(M) = {4,6,10}; if M = {1,2,4,8,16,32,...}
then sac(M) = {1}.

Definition 5.2. Let o € P(X) such that « contains a cycle. Let
M ={n € Zy : (zcdom(a)) va" = x and rat # x for every i,1 <i < n}.

Note that M is the set of the lengths of cycles in a. The standard antichain of (M, |) will be
called the cycle set of o and denoted by cs(a). We agree that cs(a) = 0 if « has no cycles.

Theorem 5.3. Let o, € P(X). Then a~.p in P(X) if and only if a = 5 =0 or a, 8 # 0
and the following conditions are satisfied:

(1) es(a) = cs(B);
(2) « has a double ray but not a cycle < B has a double ray but not a cycle;

(3a) if a has a connected component v of type rro, but no cycles or double rays, then B has a
connected component & of type rro, but no cycles or double rays, and (£5) dominates (1))
for some mazimal right rays n in v and & in 0;

(3b) if B has a connected component & of type rro, but no cycles or double rays, then « has a
connected component v of type rro, but no cycles or double rays, and (n)) dominates (£)
for some maximal right rays £ in § and n in y;

(4) « has a mazimal left ray < B has a maximal left ray;

(5a) if « has a connected component v of type cho with root xy, but no mazimal left rays, then
B has a connected component § of type cho with root yo, but no mazimal left rays, and

Py (20) < ps(yo);

(5b) if B has a connected component § of type cho with root yo, but no mazimal left rays, then
a has a connected component v of type cho with root xg, but no mazximal left rays, and

ps(yo) < py(x0).

Proof. Suppose a~ . Then, since [0]., = {0} in every semigroup with 0, either « = =0 or
a, B # 0. Suppose «, 8 # 0. Then, by Theorem 3.8, there is an rp-homomorphism ¢ from T'(«)
to I'(5). We may assume that dom(¢) = span(a) (see Remark 3.2).

Suppose « has a cycle. Then, by Lemma 4.19, 8 also has a cycle. Let n € cs(a). Then « has
a cycle of length n, and so 8 has a cycle of length m such that m |n. By the definition of cs(5),
there is m; € cs(8) such that my |m. Thus 8 has a cycle of length m;, and so « has a cycle of
length ny such that nq|mi, so ny|mq|m|n. Since cs(a) is an antichain, nq |n and n € cs(a)
implies ny = n. Thus n = mq, and so n € cs(f). We have proved that cs(«) C cs(). Similarly,
cs(B) C es(a), and so cs(a) = cs(8). By symmetry, if 8 has a cycle, then « also has a cycle and
cs(B) = cs(a). If neither o nor B has a cycle, then cs(a) = cs(3) = (0. We have proved (1).

Suppose « has a double ray, say (... z_12Zo 1 ...), but no cycles. Then § does not have a

cycle either by Lemma 4.19, and ... 2 T_1¢ 2 To¢ LA T1¢ L ., where ¢ is a homomorphism
from T'(«) to T'(8). The elements ..., z_1¢,20p, 10, ... are pairwise disjoint (since otherwise /3

would have a cycle), and so (... x_1¢ xo¢ x1¢...) is a double ray in 5. The converse is true by
symmetry. This proves (2).

Suppose that a has a connected component « of type rro, but neither a cycle nor a double ray.
By Proposition 4.18, there is a connected component § of 5 such that I'(y) is rp-homomorphic
to T'(8). By (1) and (2), 6 does not have a cycle or a double ray. By Lemma 4.17, § does not
have a maximal left ray and it is not of type cho. Hence ¢ has type rro. By Proposition 4.29,
there are maximal right rays 1 in v and ¢ in ¢ such that (£2) dominates (n}). We have proved
(3a). Condition (3b) holds by symmetry.

19



Suppose « has a maximal left ray, say (... oz 2]. Then ... LA T LA T1¢ A 0@ and g
is a terminal vertex in I'(8), which implies that (... xo¢ x1¢ 2¢¢] is a maximal left ray in 5. The
converse is true by symmetry. This proves (4).

Suppose a has a connected component v of type cho with root xg, but not a maximal left ray.
By Proposition 4.18 and its proof, there is a connected component § of 3 such that ¢, = ¢[span()
is an rp-homomorphism from I'(y) to I'(§). Since z( is a terminal vertex in v, yo = zop, is a
terminal vertex in J. Since § has no maximal left ray (by (3)), 0 is of type cho and yq is the
root of 6. By Proposition 4.26, p~(zo) < ps(yo). We have proved (5a). Condition (5b) holds by
symmetry.

Conversely, if « = 8 = 0 then a ~. 5. Suppose that a, 8 # 0 and that (1)—(5b) hold. Let
~ be a connected component of a. We will prove that I'(y) is rp-homomorphic to I'(d) for some
connected component ¢ of 3.

Suppose v has a cycle of length k. Since, by (1), cs(a) = ¢s(f), 5 has a cycle ¥ of length m such
that m | k. Let ¢ be the connected component of 8 containing . Then T'(y) is rp-homomorphic
to T'(6) by Proposition 4.13.

Suppose v has a double ray. If some connected component § of 8 has a cycle, then I'() is
rp-homomorphic to I'(§) by Lemma 4.14. Suppose 8 does not have a cycle. Then, by (1) and (2),
both « and 8 have a double ray but not a cycle. Let § be a connected component of 5 containing
a double ray. Then I'(y) is rp-homomorphic to I'(§) by Lemma 4.15.

Suppose 7 is of type rro. If 8 has some connected component § with a cycle or a double ray,
then T'(y) is rp-homomorphic to I'(d) by Lemmas 4.14 and 4.15. Suppose  does not have a cycle
or a double ray. Then, by (3a), there is a connected component & in 3 of type rro such that (£2)
dominates (1)) for some maximal right rays n in v and £ in 6. Hence I'(y) is rp-homomorphic
to I'(6) by Proposition 4.29.

Suppose v has a maximal left ray. Then, by (4), some connected component § of 5 has a
maximal left ray. Then I'(y) is rp-homomorphic to I'(6) by Lemma 4.16.

Suppose 7 is of type cho with root . If 5 has some connected component § with a maximal
left ray, then I'(y) is rp-homomorphic to I'(6) by Lemma 4.16. Suppose S does not have a
maximal left ray. Then, by (4), a does not have a maximal left ray, and so, by (5a), there is a
connected component § in 5 of type cho with root yo such that p,(x0) < ps(yo). Hence I'(y) is
rp-homomorphic to I'(§) by Proposition 4.26.

We have proved that for every connected component 7y of «, there exists a connected compo-
nent ¢ of 8 and an rp-homomorphism ¢, € P(X) from I'(y) to I'(§). We may assume that for
every v € C(a), dom(¢.) = span(y). Hence I'(«) is rp-homomorphic to I'() by Proposition 4.18.
By symmetry, I'(8) is rp-homomorphic to I'(«), and so a ~. 8 by Theorem 3.8. O

Example 5.4. Let X be an infinite set containing g, y1, y2,y3, - .. and let a, 8 € P(X) be the
partial transformations whose digraphs are presented in Figure 5.1. Then « is connected of type
cho with root xg, and § = §; U do L d3 LI dg LI -+, where §; is a chain with root y;. We have
p~(z0) = w, where v = «, and for every integer i > 1, ps,(y;) = ¢. Hence a and /8 are not
conjugate by (5a) of Theorem 5.3.

Definition 5.5. For a € P(X), we define
s(a) = sup{py(zo) : v is a connected component of a of type cho with root x},

where we agree that s(a) = 0 if & has no connected component of type cho.

Suppose «, € P(X) have a connected component of type cho, but no cycles or rays. Then,
by Theorem 5.3, if a~.f then s(a) = s(8). However, the converse is not true. Indeed, consider
a,f € P(X) from Example 5.4 (see Figure 5.1). Then « is connected of type cho with the root
of order w, and S is a join of connected components of type cho (chains) whose roots have orders
1,2,3,4,.... Thus s(a) = s(f) = w, but (o, B) ¢ ~. by (5a) of Theorem 5.3. However, if X is
finite and «a, § € P(X) have no cycles, then s(a) = s(5) does imply o~ .
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Figure 5.1: The digraphs of a and  from Example 5.4.

The transformations of a finite P(X) have no rays. Hence, Theorem 5.3 gives us the following
corollary.

Corollary 5.6. Let X be finite, and let o, f € P(X). Then a~. 8 if and only if cs(a) = cs(B)
and s(a) = s(f).

Example 5.7. Let o and § be partial transformations whose digraphs are presented in Fig-
ures 5.2 and 5.3, respectively. Then cs(a) = cs(8) = {2,3} and s(a) = s(8) = 3. Thus a~.f by

QO I\
I/\ I\. A

Figure 5.2: The digraph of « from Example 5.7.

SN
\

/\

Figure 5.3: The digraph of 5 from Example 5.7.

Using Theorem 5.3, we will count the conjugacy classes in P(X) for an infinite set X (The-
orem 5.16). We will use the aleph notation for the infinite cardinals, that is, for an ordinal e,
we will write X. for the cardinal indexed by €. If X, is viewed as an ordinal, we will consistently
write w.. This is important because we will need to distinguish between ordinal and cardinal
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arithmetic. For example, wp < wp + 1 (ordinal arithmetic) but g = Rg + 1 (cardinal arithmetic).
It will be always clear from the context which arithmetic is used.

A cardinal R, is called singular if there is a limit ordinal ¥ < w. and there is an increasing
transfinite sequence (\,), <y of ordinals A, < w. such that w. = sup{\, : v < 9} [20, page 160,
Definition 2.1]. (As in [20], “increasing” means “strictly increasing.”) If X, is not singular, then
it is called regular.

For any cardinal R., the cardinal N, is called the successor cardinal of R.. Every successor
cardinal is regular [20, page 162, Theorem 2.4]. The following lemma follows immediately from
this fact and the definition of a regular cardinal.

Lemma 5.8. Let No11 be a successor cardinal and let A be a set of ordinals such that |A] < Noqq
and A < weyq for every A € A. Then sup{\: A € A} < weqq.

To prove the counting theorem, we need a series of lemmas.
Lemma 5.9. Let | X| =X, and let v € P(X) be of type cho with root xo. Then p(xg) < wey1-

Proof. Let « € span(y). We will prove that p(z) < w.y1 by well-founded induction. If z
is R,-minimal, then p(z) = 0 < w.41. Suppose p(y) < weyq for every y € xzy~'. Then
p(z) =sup{ps(y) +1: (y,x) € Ry} by Lemma 5.8, and the result follows. O

Lemma 5.10. Let |X| = R.. Then for every nonzero ordinal p < wei1, there is v € P(X) of
type cho with root xy such that p(xg) = .

Proof. Let 0 < p < w.41. We proceed by transfinite induction. The result is clearly true if p = 1.
Let ¢ > 1 and suppose that the result is true for every ordinal A such that 0 < A < pu.

Fix 29 € X, let Xg = X \ {20}, and note that | Xo| = X.. Since p < we41, we have |u| < N..
Thus, since X, - X, = N, and g = {A : X is an ordinal such that A < u}, there is a collection
{X)}o<r<p of pairwise disjoint subsets of X such that | X| = X, for every A.

Let 0 < A\ < p. By the inductive hypothesis, there is v, € P(X)) of type cho with root )
such that p(zx) = A. We define v € P(X) as follows. Set dom(7y) = Jy.~,, span(yx). For every
x € dom(v), define

| xyn if z € dom(yn),
IW—{xO if x = xy.

Then 7 is of type cho, g is the root of v, and zoy™! = {x) : 0 < A < p}. Let v = sup{p(y) :
y € zoy~'}. Then
v=sup{p(zy) : 0 < A< pu}=sup{A:0< X< pu},

where the last equality is true since p(x)) = A for every nonzero A < u. Hence, either p = v (if
p is a limit ordinal) or p = v + 1 (if v = A for some nonzero A < p). It follows by (4.5) that
p(zo) = p. O

Lemma 5.11. Let | X| = X, and let {a,,) be an increasing sequence of ordinals a, < wey1 such
that ag = 0. Then there isy € T(X) of type rro with a mazimal right ray n such that (n)) = (a,).

Proof. Since | X| = X, there is a collection {X,,},>0 of pairwise disjoint subsets of X such that
Xo = {zo} and | X,,| = R, for every n > 1. Let n > 1. By Lemma 5.10, there is v, € P(X,,) of
type cho with root z,, such that p,, (x,) = a,. Define v € T(X) by

xy, if ¢ € dom(yy,),
Ty = Tpn41 ifx = Tny

T for any other z.

(See Figure 5.4.) Then 7 is of type 770 (since every =, is of type cho). By the definition of ~, we
have that p,(x¢) = 0 and n = [zg 1 22 ...) is a maximal right ray in . We have already noticed
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that p,(z9) = 0 = ap. We will prove by induction on n that p,(z,) = a, for every n > 1. Let
n = 1. Then, since a1 > 1,

py(x1) = max{1, p,, (21)} = max{l,a1} = a.

Let n > 1 and suppose p,(2,) = a,. Then

P'y(xn+1) = Inax{pw(xn) +1, Pnt1 (Tng1)} = max{a, +1,an41} = anq1,

where the last equality is true since {a,) is increasing, and so a,4+1 > a,. This concludes the
inductive argument. Thus 7)) = p,(z) = a, for every n > 0, which completes the proof. O

A
N

°
To

Figure 5.4: The digraph of v from Lemma 5.11.

Lemma 5.12. Let Ny be a successor cardinal. Then there is a collection {(at)},<w.,, of
increasing sequences (al) of ordinals al* < wey1 such that for all ordinals p,\ < weiy, al =0
and if X < p then a)), < a'* for all m,n > 1.

Proof. We construct such a collection by transfinite recursion. We define (a)) = (0,1,2,3,...).
Let p be an ordinal such that 0 < p < w.;1 and suppose (a)\) satisfying the hypotheses has
been defined for every ordinal A < p. Let A = {a} : A < pand n > 0} and 7 = sup A. Then
|A] = |u|-Rg < R.y1, and so 7 < we41 by Lemma 5.8. Define (a#) = (0,7+1,74+2,7+3,...) and
note that (a”) is an increasing sequence of ordinals a” < w.1 with afj = 0. The construction has
been completed. It is clear from the construction that a}), < a for all A\, u < w.i1 with A < u

and all m,n > 1. O

Remark 5.13. Let {(a#)},<..,, be a collection from Lemma 5.12. Then it is clear that for all
ordinals A\, 1 < wey1, if A < g then (a})) does not dominate (at).

the set of all increasing
by

Definition 5.14. Let R, be a successor cardinal. Denote by IS,,_,,

sequences (a,) of ordinals a, < wey1 such that ag = 0. Define a relation ~ on IS,,_,

(an) =~ (by) if (b,) dominates (a,) and (a,) dominates (b,).

It is straightforward to show that ~ is an equivalence relation on IS,_, . We denote by [(an)]~

the equivalence class of {(a,), and by ISZE+1 the set of all equivalence classes of ~.
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Lemma 5.15. For any successor cardinal R.41, IS, | = Ngj’_l and RVepq < IS | < N?f,”_l

We41
Proof. Denote by S,_., the set of all sequences (s,) of ordinals s, < w.y1. Then S,_,, is
the set of all functions from N to w.i1, and so [Su_,,| = |wes1/MN = R}?,. Since IS,,,, is a

subset of S,_,,, we have [IS,_,| < R9,. Let S%  be the subset of S

e+1- Wet1 Wet1
sequences (s,,) such that s, > 0 for all n > 0. Then |S%_ | =[S.._,,| = X.2,. Define a function
f: SSEH — ISu. ., by (sn)f = (an), where

consisting of all

E+1|

ap =0 and ap41 = a, + s, for all n > 0.

Then f is injective (since for all ordinals g, A1, Ag, if 4+ A1 = p+ A2 then Ay = Ay [20, page 120,

Lemma 5.4]), and so [IS,,,,| > [S)_ || = N?j’rl We have proved that [IS,__,| = N?il.

We have [IS7 || < (IS, ,,| = N?j_l Let {{(ak)},<w.,, be a collection of sequences constructed
as in Lemma 5.12. Then for all ordinals A, u < wey1, (at) € IS,,_,, and if A < p then (a})) does
not dominate (a”) (see Remark 5.13). It follows that any two different sequences from the
collection {(ak)},<w.., are in different equivalence classes of ~. Since there are 8.1 sequences

in the collection, it follows that [IS, | > N.;1. This concludes the proof. O

We+1

Wet1 We41

We can now prove the counting theorem. For a set A, we denote by P(A) the power set of A.
Theorem 5.16. Let X be an infinite set with | X| = N.. Then in P(X) there are:

(1) max{2® R_\ 1} conjugacy classes containing a representative with a cycle, of which Ry have
a connected representative;

(2) 2R conjugacy classes containing a representative with a connected component of type rro,
but no cycles, of which at least R.41 and at most N?j’_l have a connected representative.

(3) Ney1 conjugacy classes containing a representative with a connected component of type
cho, but no cycles or connected components of type rro, of which V.1 have a connected
representative.

In total, there are 2% conjugacy classes in P(X), of which at least R, 1 and at most N?j)rl have
a connected representative.

Proof. For o € P(X), we define i, jo € {0,1} by i, = 1 if py(z9) = s(a) for some connected
component of « of type cho with root 2 (and i, = 0 otherwise); and j, € {0,1} by jo =1 if «
has a double ray (and j, = 0 otherwise).

To prove (1), let A ={[a].: a € P(X) has a cycle}. Let

A" ={[a]. € A : @ has no maximal left rays} and A” = {[a]. € A : a has a maximal left ray}.

By Theorem 5.3(4), {A’, A"} is a partition of A. Define f': A" = P(Z4) x (we41+1) x {0,1} by
([)]e) f' = (es(@), s(a),iq). Then f’is well defined and injective by Theorem 5.3 and Lemma 5.9.
(See Definition 5.5 and the discussion following the definition to see why i, is needed.) Similarly,
the mapping f” : A” — P(Zy) X (wet1 + 1) x {0,1} defined by ([@)]e)f” = (cs(a), s(a),iq) is
well defined and injective. Thus

|A| < [P(Z4)] - |wegr +1] -2 =2% - Ryq - 2 = max{2%, N},
and the same holds for |A”|. Hence
|A] = |A'| + |A"| = 2|A’| < 2max{2% N1} = max{2" R_,}.
Let P be the set of prime positive integers. For any nonempty subset Q@ C P, let {0;}4ec0

be a collection of completely disjoint cycles 6, such that 8, has length g for every ¢ € Q. (Such
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a collection exists since X is infinite.) Define 3, € P(X) by Bq = || ,co0y- For all nonempty
subsets Q1,Q2 C P with Q1 # Q2, we have (8q,,Bq,) ¢ ~c by Theorem 5.3(1). It follows that
|A| > P(P) = 2%. By Lemma 5.10, for every nonzero ordinal y < w41, there is v, € P(X)
of type cho with root xg such that p(xg) = p. For all nonzero ordinals A\, p < w41 with
X # p, we have (yx,7u) ¢ ~c by Theorem 5.3(5). It follows that |A| > |we41| = Noj1. Hence
|A] > max{2% N_,;}, and so |A| = max{2% RN_,,}.

Let Ay = {[7]c : v € P(X) has a cycle and ~ is connected}. Fix a subset Xo = {zg,z1,...}
of X, and for every integer n > 0, define a cycle v, = (zoz1... p—1) € P(X). Then, by
Proposition 4.8 and Theorem 5.3, 41 = {[vole; [11]es [V2le, - - -}, and so |A1] = Rg. We have
proved (1).

To prove (2), let

B = {[a]. : @ € P(X) has a connected component of type rro, but no cycles},

and let B; be the subset of B consisting of all conjugacy classes [y]. € B such that + is connected.
Fix a double ray w = (... z_1zpz1 ...) € P(X) and note that

By ={[y]c: v € P(X) is of type rro} U {[w].}

Let B} = {[y]c : v € P(X) is of type rr0}. For every v € P(X) of type 170, we fix a maximal right
ray 77 in . Define a function g : B] — IS7_ | by ([7]c)g = [(n))]~. Note that (n)) € IS,_,,
by Lemma 5.9. Suppose [y1]e, [¥2]c € Bi with [y1]. = [v2]c- Then, by Theorem 5.3(3) and
Lemma 4.30, the sequences (n)') and (n)?) dominate each other, and so [(n)*)]~ = [(n72)]~. We
have proved that g is well defined. The function ¢ is also injective (by Theorem 5.3(3)) and
surjective (by Lemma 5.11). Thus |Bj| = [IS7_, |, and so, by Lemma 5.15, ¥ 1 < [Bj| < A
Then R. 11 < |By| < N?j’rl since |B;| = |Bj| + 1.
As to the cardinality of B, clearly |B| < |P(X)| = (R, + 1)% = 28. Let

B’ = {[a]. € B : a has no maximal left rays or double rays},

B" ={[a]. € B : a has a maximal left ray but no double rays}.

By Theorem 5.3(3)(4), {B’, B”,{|w].}} is a partition of B.

We will now prove that |B’| > 2%, Since |Bf| > N.41, there is a collection {y,},<w.,, of
transformations v, € P(X) of type rro such that (vy,,7\) ¢ ~¢ if  # A. Since |w.| = X, and
N, - N, = X, there is a partition {X,}, <., of X such that |X,| = |X| = X, for every p < w,.
Let ¢t < we. Since |X,,| = |X]|, there is a bijection h, : X, — X. We can use h, to obtain a
“copy” of v, in P(X,): define v, € P(X,) by

m’)’;@ =y & (zhy)y, = yh, (for all z,y € X,).

Let p, A < we with g # A. Then (y,,7x) ¢ ~c, and so, by Theorem 5.3(3) and Lemma 4.30,
((Mn), (€n)) ¢ ~ for every maximal right ray n in 7, and every maximal right ray & in vx. It

follows that
((1m): (&1)) & =~ (5.1)

for every maximal right ray 7’ in ,, and every maximal right ray ¢’ in 4. Let K be a nonempty
subset of w.. Select v = 1 € K and a maximal right ray [z z1 22 ...) in v,,. Define ax € P(X)
by ax = |,ex 7, and note that o does not have a cycle or a double ray. Let K, L be nonempty
subsets of w. such that K # L. We may assume that there is 4 € K such that u ¢ L. Consider
'y:” which is a connected component of a,. Let 74 be any connected component of ;. Then, by
(5.1), ((nn)s (€1,)) ¢ =~ for every maximal right ray 1’ in 7;, and every maximal right ray £ in .
(Note that, by the definition of «, this is also true when p = 4 or A = 11,..) Thus (ax, ;) ¢ ~¢
by Theorem 6.1(3). Hence any two different transformations from the collection {a }prce.
are in different equivalence classes of ~.. Since there are 28 transformations in the collection,
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it follows that |B’| > 2%. Hence |B| = |B'|+ |B"|+ [{[w]c}| > |B’| > 2%¢, and so |B| = 2%. We
have proved (2).

To prove (3), let C be the set of all [a]. such that & € P(X) has a connected compo-
nent of type cho, but no cycles or connected components of type rro. Let C' = {[a]. €
C : o has no maximal left rays} and C” = {[a]. € C' : o has a maximal left ray}. By Theo-
rem 5.3(4), {C’, C"} is a partition of C. Fix a maximal left ray A = (... xz9 x1 2] € P(X) and note
that C” = {[A].}. Define h: C" — (wet1 + 1) x {0,1} x {0,1} by ([@)]c)h = (s(@),iq, o). Then
h is well defined and injective by Theorem 5.3 and Lemma 5.9, and so |C/| < Nejq-2-2 = Neypg.
Thus |C| = |C'|+ |C"]| = |C"| + 1 < Nepq1 + 1 =Ry,

Let C; be the subset of C' consisting of all [y]. € C such that v is connected. Note that
Cy = {[7]e : 7€ P(X) is of type cho} U {[Alc}. As in the proof of (1), we can construct a
collection {v,}o<p<w.., of connected elements of P(X) of type cho such that (yx,v.) ¢~ if
A # p. Thus |C1] > Neqq, and so Roq < |Ch] < |C) < N.qq. Hence |C] = |C1| = Reqq, which
concludes the proof of (3).

The conjugacy classes considered in (1)—(3) cover all conjugacy classes in P(X). Thus, there
are at most max{2™0 R_ 1} +2% +X_,; = 2% conjugacy classes in P(X) (which also follows from
the fact that |P(X)| = 2%¢). By (2), there are at least 2% conjugacy classes, so the number of
conjugacy classes in P(X) is 2%. By (1)—(3), at least N.,; and at most X +N§3r1 +Ney1 = N?jl
of these conjugacy classes have a connected representative. (We point out that if a conjugacy
class has a connected representative, it does not imply that all representatives of this class are
connected.) O

6 Conjugacy in T'(X)

A characterization of the conjugacy ~. in the monoid T'(X) of full transformations on X is simpler
than that of the conjugacy in P(X) (see Section 5). The reason is that a connected component of
a € T(X) cannot have a maximal left ray or a maximal chain. Suppose «, 5 € T(X) and « ~. 8
in P(X). Then a¢ = ¢f and B¢ = ¢« for some rp-homomorphisms ¢ and ¢. By Lemma 3.5,
X = span(a) C dom(¢) and X = span(f) C dom(w)). Therefore, ¢, € T(X), and so a ~. § in
T(X). In other words, ~. in T(X) is the restriction of ~, in P(X) to T(X) x T(X).

These observations and Theorem 5.3 give a characterization of ~. in T'(X)

Theorem 6.1. Let o, f € T(X). Then a~.p in T(X) if and only if exactly one of the following
conditions is satisfied:

(1) both o and B have a cycle and cs(a) = cs(B);
(2) both o and B have a double ray but no cycles;
(3) all connected components of both « and B have type rro and:

(a) for every connected component v of «, there is a connected component § of B such
that (£2) dominates () for some mazimal right ray n in v and some mazimal right
ray & in §, and

(b) for every connected component & of B, there is a connected component v of o such
that (n)) dominates (€3) for some mazximal right ray & in & and some maximal right
ray n in .

Example 6.2. Let X = {x¢,z1,22,...,¥1,Y2,Ys, ...} and consider

a=[ToyoT1y1T2Y2...),
B=royoxiy12y2...) Uy y2 1] U [ysyays ye 2] U [y7 Ys Yo Y10 Y11 Y1z 3] L -
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in T(X) (see Figure 6.1). We will argue that o and f are not conjugate. Both « and § are
connected of type rro. The only maximal right ray in « is n = [zq yo 1 Y1 X2 Y2 . . .) with (n)) =
(n) (where v = «). If & and 3 were conjugate, then (1,,) would dominate (¢3) (where § = 3) for
some maximal right ray € in 3, and so for all maximal right rays £ in 8 (see Lemma 4.30 below).
The right chain € = [zoyo 1 Y1 222 ...) is a maximal right chain in B with (£2) = (2n). It is
clear that the sequence (n) does not dominate the sequence (2n). Hence, by Theorem 6.1, « and
[ are not conjugate.

\.
I[(c) INE))
Figure 6.1: The digraphs of a and § from Example 6.2.

If X is a finite set, then every a € T(X) has a cycle. Hence, Theorem 6.1 gives us the
following corollary.

Corollary 6.3. Let X be finite, and let o, 8 € T(X). Then a~.f if and only if cs(a) = cs(B).

Modifying the proof of Theorem 5.16, we can count the number of conjugacy classes in an
infinite T'(X).

Theorem 6.4. Let X be an infinite set with |X| = N.. Then in T(X) there are:

(1) 2% conjugacy classes consisting of transformations with a cycle, of which Ry have a con-
nected representative;

(2) one conjugacy class consisting of transformations with a double ray but not a cycle;

(3) 2% conjugacy classes consisting of transformations without a cycle or a double ray, of which
at least N.11 and at most Ngj_l have a connected representative.

In total, there are 2% conjugacy classes in T(X), of which at least N1 and at most N?j’rl have
a connected representative.

The reason for (1) is that o € T(X) does not have any maximal left rays or components of
type cho. Thus, the set A = A’ U A” from the proof of (1) of Theorem 5.16 reduces to A’, and
the function f' : A" — P(Z4) X (wes1 + 1) x {0,1} reduces to f' : A" — P(Z4). The reason for
(2) is that if & € T(X) has a double ray but not a cycle, then each component of « either has a
double ray or is of type rro. Any two such transformations are then conjugate by Lemma 4.15
and Proposition 4.18.
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7 Conjugacy in I'(X)

By I'(X) we mean the subsemigroup of T'(X) consisting of injective transformations. If X is finite,
then I'(X') = Sym(X) but this is not the case for an infinite X. The semigroup I'(X) is universal
for right cancellative semigroups with no idempotents (except possibly the identity): that is, any
such semigroup can be embedded in I'(X) for some X [11, Lemma 1.0]. The semigroup I'(X) has
been studied mainly in the context of: ideals and congruences [31, 37]; G(X)-normal semigroups
[29, 30, 35]; Baer-Levi semigroups [32, 33]; BQ-semigroups [23, 36], and centralizers [24, 25]. In
this section, we characterize the conjugacy ~. in I'(X) for an arbitrary set X.

We note that every connected transformation in P(X) that is also injective is a cycle, a ray,
or a chain. Since transformations in I'(X) are full, @ € I'(X) cannot contain a maximal left ray
or a maximal chain. These observations give the following lemma.

Lemma 7.1. Let o € I'(X). Then every connected component of « is a right ray, a double ray,
or a cycle.

The following proposition follows from Lemma 7.1 and Proposition 4.5.

Proposition 7.2. Let a € T'(X). Then there exist unique sets: A of right rays, B of double
rays, and C of cycles such that the transformations in AU BUC are pairwise completely disjoint

and
a= |_|77 I_I<|_|w>l_l<|_|0>.
neA weB ocC
Let a € I'(X). We will denote the unique sets A, B, and C from Proposition 7.2 by A, Ba,

and Cl, respectively. For n > 1, we will denote by C}! the subset of C consisting of cycles of
length n. Note that:

A, = the set of maximal right rays contained in «,
B, = the set of double rays contained in «,

C,, = the set of cycles contained in a.

For n = [zoz122...), w = (...x_1xp21...), 0 = (xox1...25-1), and any ¢ in I'(X), we
define:

Ne* = [xod 10 2 ...), wd* = (... x_1¢ o x1¢...), 00" = (2o X1 ... TK_10).

Proposition 7.3. Let o, 3,¢ € T'(X). Then ¢ is a homomorphism from T'(c) to T'(8) if and
only if for alln € Ay, w € By, and 0 € Cy:

(1) either there is a unique n1 € Ag such that ng* T m1 or there is a unique wy € Bg such that
ne* Cwi;

(2) wo* € Bg and §¢* € Cp.

Proof. Suppose ¢ is a homomorphism from I'(e) to I'(8). Let n = [xoz122...) € Ay. Then, since
¢ is an injective homomorphism, n¢* = [zg¢ 21 x2¢ ...) is a right ray in T'(S). By the proof of
Proposition 4.18, ¢[span(y) is a homomorphism from I'(n) to I'(~y) for some connected component
of 8. By Lemma 7.1, either vy =11 = (yoy1 y2 .. .) isaright rayin Sory=w; = (...y_1Yo Y1 ---)
is a double ray in 8 (y cannot be a cycle since ¢ is injective). In the former case, n¢* C 71, and
in the latter case, n¢* C w;. The uniqueness of 7; and w; follows from the fact that the elements
of Ag U Bg are pairwise completely disjoint. We have proved (1). The proof of (2) is similar.
Conversely, suppose that ¢ satisfies (1) and (2). Then it follows immediately that for all

z,y € X, x5 y implies ¢ LA yo, and so ¢ is a homomorphism from I'(«) to T'(8). O
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Definition 7.4. Let «, 8 € T'(X). For a homomorphism ¢ € I'(X) from I'(«) to I'(/3), we define
a mapping hg : Aq U By UCy — Ag U Bz U Cg by:

n if 6 € A, and 0¢™ C 7 for some n € Ag,
Ohy =4 w if § € A, and §¢* T w for some w € Bg,
o0p* if 6 € B4 UCC,.

Note that hg is well defined (by Proposition 7.3) and injective (since ¢ is injective).
We will need the following lemma from set theory (whose proof is straightforward).

Lemma 7.5. Let Ay, By, As, and Bs be sets such that Ay By =0, AsN By =0, |A1]+ |By1| <
|As| + |Bz|, and |By| < |Bs|. Then there is an injective mapping f : Ay U By — As U By such
that xf € By for every x € By.

We can now characterize the conjugacy ~. in I'(X).

Theorem 7.6. Let o, 8 € I'(X). Then a~.p in I'(X) if and only if |As| + |Bal = |Ag| + |Bsl,
|Ba| = |Bgl, and |Cy| = |Cy| for everyn > 1.

Proof. Suppose a ~. 8 in T'(X). Then, by Corollary 3.9, there is ¢ € T'(X) such that ¢ is a
homomorphism from I'(a) to I'(8). Define f : A, U By — Ag U Bg by 0f = 0hg. (By the
definitions of hy and ¢*, §f is indeed in Ag U Bg if § € Ay U B,.) The mapping f is injective
(since hy is injective), Ay N By =0, and Ag N Bz = 0. Thus

|AU|+'BQ|:|AaLJBa‘S‘ABLLBB‘:|Aﬂ‘+|BﬁL

Similarly, |B,| < |Bg| since g : B, — Bg defined by wg = why is well defined and injective.
Let n > 1. Define h : Cy — Cp by 6h = 0hg. (If 0 = (z0... 2n—1) € Cf, then Ohy =
0¢* = (209 ... xn—1¢) € Cj.) The mapping h is injective, and so |Cy| < |CZ|. By symmetry,
|Ag| + |Bg| < [Aal + |Bal, |Bs| < [Bal, and [C5| < |CF|. Hence the stated equalities hold.
Conversely, suppose [Aa| +|Ba| = [As| + |Bgl, |Bal = |Bg|, and |Cy| = Cg| for every n > 1.
We will define an injective homomorphism ¢ from I'(a) to T'(8). By Lemma 7.5, there is an
injective mapping f : Ao U B, — AgU Bg such that wf € Bg for every w € B,. For every n > 1,
fix a bijection g, : Cg — Cj. Let n > 1. For all n € A, w € Ba, and 6 € C, we define ¢ on
dom(n) Udom(w) U dom(#) in such a way that no* C nf, wo* = wf, and 0¢* = 0g,,. Note that
this defines ¢ for every x € X. By the definition of ¢ and Proposition 7.3, ¢ € I'(X) and ¢ is a
homomorphism from I'(«) to I'(8). By symmetry, there is an injective homomorphism v from
I'(B8) to I'(e). Hence ac~, 3 by Corollary 3.9. O

Example 7.7. Let a and 8 be partial transformations on an infinite set whose digraphs are
presented in Figures 7.1 and 7.2, respectively. Then |A,| = 1, |Ba| = No, |4a| + |Bal = Ro, and
|Cy| = 0 for every n > 1. Also, [Ag| = 2, |Bg| = N, [Ap| + |Bg| = No, and |C| = 0 for every
n > 1. Thus a~. 8 by Theorem 7.6.

Using Theorem 7.6, we can count the conjugacy classes in I'(X). First, we need the following
lemma.

Lemma 7.8. Let X be an infinite set with | X| =X, let « € T(X). Then |Aa| <X, |Ba| < R,
and |C| < X, for everyn > 1.

Proof. Let Y = {J, ¢4 dom(n) C X. Since the elements of A, are pairwise completely disjoint
and | dom(n)| = Vg for every n € A,, we have

N = X[ > [V =] [ dom(n)| = [Aa|-Ro > [4q].
n€EAy

Thus |A.| < N.. The proofs for B, and CZ (n > 1) are similar. O
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Figure 7.1: The digraph of « from Example 7.7.

Figure 7.2: The digraph of 5 from Example 7.7.

For sets A and B, we denote by AP the set of all functions from B to A.

Theorem 7.9. Let X be an infinite set with |X| = N.. Let k = Vg + |¢|. Then there are k™
conjugacy classes in T'(X), of which two have a connected representative if X, = Ng, and none
has a connected representative if N. > Ng.

Proof. Let K be the set of all cardinals 7 such that 7 < X.. Then K contains R, finite cardinals
and |e] 4 1 infinite cardinals, hence |K| = R + |e] + 1 = R + |¢| = k. Let T'(X)/~. be the set of
conjugacy classes of ['(X). Define a function f : T'(X)/~.— K~ where N = {0,1,2,...}, by

([o)]e)f = (|4al + |Bal.1Bal, |Cal, ICAL ICAl, - - )

By Theorem 7.6, f is well defined and injective. Thus |T'(X)/~| < |KN| = |K|N = %o,
We next define an injective mapping g : K™ — I'(X)/~. Let

5 = (T2,7'3,7'4, .. ) S KN.
(It will be clear from the definition of g why we begin the indexing withn = 2.) Let 7 =~ , n7,
(see [20, Chapter 9]). For every n > 2, n7, < N, (since 7, < X, and X, is infinite). Thus
T=) nm <Ng-R. =R,
n=2

and so R, + 7 = N.. Hence, there is a collection {X,,},>1 of pairwise disjoint subsets of X such
that U;L.Ozl X, =X, |X1| =X, and | X,,| = n7, for every n > 2. Let n > 2. Since | X,,| = n7,,
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there is a collection C), of n-cycles in I'(X) such that |Cy,| = 7, and dom(| ]y 0) = Xn. Let
an = | |pec, 0 Define a transformation ag on X by

Qe = I_lanl_l |_|(;v)

n>2 r€X,
Then o € I'(X), Ay = By =0, and C?' = C,, for all n > 2. Thus
(‘C(U? |C§|, |C§|, |C(A)14|7 o ) = (N67T27T3a7-47 o ')7

and it follows from Theorem 7.6 that the mapping g : K~ — I'(X)/~. defined by £g = ag is
injective. Hence |T(X)/~c| > |KN| = |K|N = gRo,

Suppose |X| = Ng, say X = {x1,22,23,...}. Then, by Theorem 7.6 and Lemma 7.1,
the only conjugacy classes in I'(X) with a connected representative are [(z1z2z3...)] and
[(... zg x4 221 X325 ...)]. (There is no single cycle in 6 in T'(X) since dom(#) is finite.)

If | X| > N, then no element o € I'(X) is connected since dom(a) = X and the domain of
any right ray, double ray, or cycle has cardinality at most Ng. The result follows. O

8 Problems

The results of this paper prompt a number of problems in combinatorics, semigroups, matrix
theory, and set theory. The first problem asks for the number of conjugacy classes in some
important finite semigroups.

Problem 8.1. Let X be a finite set. Is it possible to find a closed formula that gives the
number of conjugacy classes in T'(X), P(X) or Z(X) (where Z(X) denotes the symmetric inverse
semigroup on X)?

The second problem might attract the attention of experts in set theory.

Problem 8.2. Let X be an infinite set with |X| = N.. According to Theorem 6.4, the number
of conjugacy classes in T'(X) that have a connected representative is in the interval [N, 1, N?il]
Is it possible to be more precise and reduce the length of this interval?

In this paper we characterized the conjugate elements in some well-known transformation
semigroups, but there are many other transformation semigroups, or endomorphism monoids of
some relational algebras that may be considered.

Problem 8.3. Characterize ~., and calculate the number of conjugacy classes, in other trans-
formation semigroups such as, for example, those appearing in the problem list of [7, Section 6]
or those appearing in the large list of transformation semigroups included in [12]. Especially in-
teresting would be a characterization of the conjugacy classes in the centralizers of idempotents
[5, 6].

The theorems and problems in this paper have natural linear counter-parts.

Problem 8.4. Characterize ~, in the endomorphism monoid of a (finite or infinite dimensional)
vector space.

Whenever some result holds for both sets and vector spaces the natural step forward is to
prove those results for independence algebras.

Problem 8.5. Characterize ~, in the endomorphism monoid of a (finite or infinite dimensional)
independence algebra. (For historical notes on the importance of these algebras, see [3, 4]; for
definitions and basic results, see [1, 2, 8, 9, 10, 13, 14, 16]).
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Problem 8.6. The notion of conjugation ~, defined in (1.2) is very important in symbolic
dynamics in connection with the Williams Conjecture [38]. Characterize ~, in T'(X), P(X)
and Z(X) for an infinite set X. (Kudryavtseva and Mazorchuk [26] have characterized ~} (the
transitive closure of ~,) in T'(X), P(X) and Z(X) for a finite X, and in Z(X) for a countably
infinite X.)
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