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Abstract

We broaden the theory of dynamical interpretation, investigate the prop-
erty of commutativity and explore the subject of subgroups forming free
products in Thompson’s group V.

We expand Brin’s terminology [II] for a revealing pair to an any
tree pair. We use it to analyse the dynamical behaviour of an arbitrary
tree pair which cannot occur in a revealing pair. Hence, we design a series
of algorithms generating Brin’s revealing pair [11] from any tree pair, by
successively eliminating the undesirable structures. To detect patterns
and transitioning between tree pairs, we introduce a new combinatorial
object called the chains graph. A newly defined, unique and symmetrical
type of a tree pair, called a balanced tree pair, stems from the use of the
chains graphs.

The main theorem of Bleak et al. [5] states the necessary structure
of the centraliser of an element of V. We provide a converse to this
theorem, by proving that each of the predicted structures is realisable.
Hence we obtain a complete classification of centralisers in V. We give
an explicit construction of an element of V' with prescribed centraliser.
The underlying concept is to embed a Cayley graph of a finite group into
the flow graph (introduced in Bleak et al. [5]) of the desired element.
To reflect the symmetry, we present the resulting element in terms of a
balanced tree pair.

The group V is conjectured to be a universal coCF group, which
generates interest in studying its subgroups. We develop a better under-
standing of embeddings into V' by providing a necessary and sufficient
dynamical condition for two subgroups (not both torsion) to form a free
product in V. For this, we use the properties, explored in Bleak and
Salazar—Diaz [8], of sets of so—called important points, and the Ping—Pong

action induced on them.
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Chapter 1

Introduction

In this thesis we expand the theory of dynamical interpretation, investi-
gate the property of commutativity and explore the subject of subgroups
forming free products in Thompson’s group V. The family of Thomp-
son’s groups, consisting of three groups currently known as /', T and V,
have been introduced in the mid-1960s by Richard J. Thompson in [31].
The group F' was proposed as a possible candidate for an answer to a
very well-known problem in logic, while 7" and V were the first known

examples of finitely presented infinite simple groups.

1.1 History

In 1924 two Polish mathematicians published a paper which shocked
the public by questioning the paradigms of intuitive understanding of a
concept as fundamental as volume. Understandably, the Banach—Tarski
paradox [I], presenting a paradoxical decomposition of a sphere using a
particular group action on it, drew the attention of a lot of their contem-
porary researchers. In 1929 von Neumann [20] first defined the concept of
amenability for groups, and Tarski [29], [30] proved that a paradoxical de-
composition of the sphere can occur if and only if the group acting on it is
non—amenable. However, actual constructions seemed to rely on the usage
of a non—abelian free subgroup. Von Neumann [26] showed that existence
of a non—abelian free subgroup implies non—amenability. Henceforth, a
natural conjecture arose, which speculated whether non—amenable groups
are precisely those which admit non—abelian free subgroups. In the mid-
1950s the name of von Neumann was explicitly linked to this conjecture.

In 1965, when the problem remained both unsolved and increasingly pop-

1



2 CHAPTER 1. INTRODUCTION

ular, Richard Thompson [31] introduced the first potential counterexam-
ple to it, which we currently know as Thompson’s group F. The von
Neumann conjecture was disproved in 1980 by Ol'shanski [27], but F re-
mained a candidate for the first finitely—presented counterexample to the
conjecture. Only in 2013, Monod [25] provides a very natural counterex-
ample, which in fact is related to F', and in 2016 Lodha and Moore [23]
find a subgroup of this counterexample which is a non—amenable finitely—
presented group with no non-abelian free subgroups. Interestingly, the
problem whether F' is amenable or not remains open to this day.

The Thompson’s group F remains the most famous of the groups
introduced by Thompson in [3I]. However, he simultaneously defined two
other groups, currently known as T and V', which naturally generalise F
and satisfy the containments F' < T < V. The Thompson’s groups F,
T and V possess a set of unusual properties which make them natural
candidates for counterexamples in various conjectures in group theory.
The groups T and V are for that matter instances of infinite, finitely—
presented simple groups. In particular, the motivation for this work has
connections to the co-word problem, which will be explained later in more
detail.

Over the years, we also observe many new families of groups in-
spired by Thompson’s groups. Amongst most famous we have Higman—
Thompson family of groups G, , investigated in 1974 by Higman in [17],
groups of piecewise—linear homomorphisms of the real line analysed in
1985 by Brin and Squier in [I2] and a family of groups of the form nV’
introduced in 2004 by Brin in [11].

1.2 How V Has Been Studied

There are many approaches which have been taken in order to study
Thompson’s groups. They can be described using presentations, as for
instance in Cannon, Floyd and Parry [14], which often serves as a first
point of contact with these groups. In some recent studies, Bleak and
Quick [9] point out the resemblance of a presentation of V' with finite
symmetric and alternating groups. In Higman [I7] the interpretation
of V' occurs via its action on an algebra, which approach was contin-
ued recently by Salazar-Diaz in [28]. Cannon, Floyd and Parry [14] also
describe how an element of V' can be understood as a (non—unique) com-

binatorial object known as a tree pair. This is possibly the most widely
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used strategy, although it is often accompanied by other techniques. As
an example, it has been used in recent studies of Matucci [24] to construct
so called strand diagrams. In Bleak and Salazar—Diaz in [§], Thompson’s
group V is understood as a group of homeomorphisms of Cantor space.
This approach is continued and expanded by a new dynamical tool called
a flow graph in Bleak et al. in [5].

In this thesis, the group V is viewed as a group of bijections on Cantor
space and understood via this action. However, elements of V' are also
depicted by tree pairs, and represented by new objects introduced in this
thesis, called chains graphs. We will describe our methods in more detail
in Section [T.4l

1.3 Motivation for Studying Embeddings into V'

A context—free (CF) group is a group in which all expressions equal to the
identity form a CF language. The syntax of most widely used languages
in computer programming is CF (or almost—CF), because CF parsing is
well-studied, with efficient algorithms. A co—context—free (coCF) group
is a group in which the complement of all expressions equal to identity is a
CF language. Lehnert and Schweitzer show in [22] that V is a coCF group,
which implies that all of its finitely generated subgroups are also coCF.
There is a possibility that there exists a universal coCF group, namely
a group which contains all coCF groups as its subgroups. Lehnert [21]
proposes a candidate for a universal coCF group. Bleak, Matucci and
Neunhéffer in [7] obtain an equivalent version of Lehnert’s conjecture,
which suggest V' as a universal coCF group. Because of this conjecture,
and because all finitely generated groups of V' are coCF, the study of
embeddings into V is of particular interest. This provides motivation
for the research presented in Chapter [5] where we analyse dynamical

conditions required for free product embeddings.

1.4 Description of Our Methods

As mentioned before, V' is understood as a group of homeomorphisms on
Cantor space. Studying this action of V' enabled Bleak and Salazar—Diaz
in [8] to decide that the group Z?2 * Z does not embed into V. Simultane-
ous studies and the development of a new combinatorial tool for analysing

this action enabled a thorough analysis of allowable isomorphism type of
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centralisers of elements of group V by Bleak et al. in [5]. In Chapter |4 of
this thesis, I produce a converse to their main result, which results in The-
orem [£.1.2 My method focuses on constructing elements of Thompson’s
group V with prescribed isomorphism type of their centraliser, realising
all types predicted by the model from [5].

The dynamical tool developed by Bleak et al. in [5], known as a flow
graph, is derived from the concept of a special kind of a tree pair, de-
scribed by Brin in [I1] and called a revealing pair. This type of tree pair
is useful for understanding the dynamics occurring on Cantor space un-
der the action of V. In [28] Salazar-Diaz presented a method to find all
revealing pairs corresponding to a given element o € V', given any of its
revealing pairs. Interestingly, no formally written algorithm for obtaining
a revealing tree pair from a non-revealing tree pair was published, even
though the idea was known to be discussed by Collin Bleak and Daniel
Farley. Chapter [3] of this thesis presents my work obtaining the desired
algorithm. Moreover, in the process of analysing the problem, I use an
object inspired by a flow graph which I call a chains graph. The chains
graph allows for dynamical analysis of any tree pair, not only a revealing
tree pair. It helps to understand all possible behaviours which might oc-
cur in a tree pair (see Definition and Corollary and hence
allows for constructing an algorithm which eliminates behaviours unac-
ceptable for a revealing tree pair. In addition, we find types of tree pairs
which are related to revealing pairs, but unlike them are unique. We call
them balanced tree pairs. They are implicitly used in Construction [£.3.13]
in Chapter [4] as more symmetric alternatives to revealing pairs.

Finally, relating back to embedding and non—embedding results, as
an example of an open question, it is not known whether surface groups
embed into V. Because of the presentation of surface groups, it seems
that understanding of how free products embed into V', and in particu-
lar what effect they have on Cantor space, would be useful for targeting
this problem. There is also a related open question posed by Bleak and
Salazar—Diaz in [8], whether for any free product in V' we need to have a
Ping—Pong dynamics on Cantor space. We know that Ping—Pong dynam-
ics implies decomposition of the acting group as a free product, but the
converse doesn’t hold in general. In Chapter [5] I present my contribution
to a joint project with Bleak and Matucci on the subject of this open
question. In particular, my Theorem [5.1.1] states that if two subgroups

of V canonically form a free product, and if there is at least one element
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of infinite order contained in one of them, then the groups admit a Ping—
Pong dynamics on a set of subsets of Cantor space. In order to prove
this theorem, I use techniques involving so called important points and
apply results from Bleak and Salazar-Diaz [8]. The joint project is in
progress of expanding this result to generalise to free products consist-
ing entirely of torsion, and also for finding Ping—Pong dynamics directly
on a set of points from Cantor space. One of the ideas is to apply the
construction used in Bennett and Bleak in [2] of Ping-Pong dynamics for

demonstrative groups.
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Chapter 2

Fundamentals of Thompson'’s
Group V

In this chapter, we will introduce standard concepts related to Thomp-
son’s group V, including its representation as a collection of tree pairs.
Sections 2.1] and [2.2] are based on exposition given in Bleak and Salazar—
Diaz [§], and in Bennett and Bleak [2], but expanded to fit our needs.

2.1 Cantor Space

Let X = {0,1}. The set X will be called our alphabet, and the members
of X will be called letters. Let X* denote the set of all finite strings over
X, including the empty string €, and let X denote the set of all finite
non—empty strings over X. The elements of X* will be called words.
Note that elements of X* may be viewed as elements of a monoid on the
set of generators X, where the product of two words is given by their
concatenation.

Define the infinite rooted binary tree 7 as a non—directed graph with

the following properties:
1. The vertex set of T is given by X*.
2. The root of T is given by the empty word e.

3. For any words u,v € X*, there is an edge between u and v, if and

only if, us = v or vs = u for some letter s € X.

A vertex of T will also be referred to as a node or an address. Suppose

that u,v € X*. If there is a letter s € X such that us = v, then we say

7



8 CHAPTER 2. FUNDAMENTALS OF THOMPSON’S GROUP V

that u is a parent of v and that v is a child of u. More generally, if there
is a word w € X* such that uw = v, then we say that u is an ancestor
of v and that v is a descendant of u. In this case we also say that u s a
prefiz of v.

We can imagine the tree T in the following way. Its root € is at the
top. It has two children, 0 and 1, both pictured to be situated a level
lower than e. The child 0 is on the left side, and the child 1 is on the
right side. In general, given a node u of T, we draw its child u0 a level

below and to the left, and we draw its child ul a level below and to the

O / ‘ \ |
00/ \01 10/ \11
OOO/ \001 010/ \011 100/ \101 110/ \111

AT AT A T A T A T A AN A

The boundary of T is the set of all infinite strings over the alphabet
X, denoted as {0,1}*. We will also refer to them as infinite words. We
now identify the standard Cantor set € with the boundary of 7.

We will extend the notion of a prefix to the following situation: sup-
pose that p € {0,1}* is an infinite word, and w € X* is a (finite) word.
If there exists an infinite word r € {0, 1}* such that wr = p, then we say

that w is a prefiz of p. We also say that p underlies the node w.

2.2 Prefix Substitution

As mentioned before, the group V may be viewed as a specific collection
of automorphisms of Cantor space, under the operation of composition.
Before we define V', we will introduce the notation relating to the action
of V on €.

First of all, we will assume that V acts on the Cantor set on the right.
Hence, for any p € € and any a € V', we will denote pa as the image of

p under the application of «. This also implies that by convention, for
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o, € V, conjugation is given by o’ = 8~ 'af and commutation is given
by [a, 8] = a~ 1B~ aB. Furthermore, we will define the support of o € V
by Supp(a) = {p € € | pa # p}. We will also define the orbit of p under
the action of (a) by O, o) = {pa® | k € Z}. If this set is finite, we say
that the orbit is periodic. If this set has only one element, then we say
that the orbit is trivial.

We will now focus on the group V. Consider a finite non—empty
subset S of m words from X*, such that the following holds: for each
point p in € = {0,1}* there is a unique word w in S, such that w is a
prefix of p. Note that S = {€} is an acceptable choice of a set with one
element, as € is a prefix for any point in €. As Holt and Réver in [I8], we
call such a set a barrier. Another example of a barrier is set {00,01,1}.
The set {0, 00, 11}, however, is not a barrier, as points in € starting with
prefix 00 admit two prefixes from this set, while points starting with
prefix 10 admit no prefixes from this set. Notice that a barrier has a
natural lexicographic order inherited from Cantor space. For instance,
the elements of the set {00,01,1} are ordered as follows: 00 < 01 < 1.

Definition 2.2.1. The elements of Thompson’s group V are all maps on

¢ under the operation of composition, which can be defined as follows:
1. Fix a positive integer m.

2. Pick two barriers of size m with their elements in the lexicographic

order D = {uy,ug,...up}t and R = {v1,ve,...,vn}.

3. Pick an m-tuple t = (t1,t9,...,t,) representing a permutation of
the set {1,2,...,m}.

4. An element o € V represented by the triple (D, R,t) is given by
the following map on €: for all w € {0,1}* and for all 7 such that

1 <i <m we define (uy,w)o = v;w.

Let us consider an example of an element of the group V defined as

above:

Example 2.2.2. Let m = 3, the barrier D = {00,01,1} and the barrier
R = {0,10,11}. We observe that 00 < 01 < 1 and hence u; = 00,
uo = 01 and uz = 1. Similarly, we observe that 0 < 10 < 11 and hence
vy =0, v = 10 and v3 = 11. Let t = (2,3,1). We conclude that the map
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« is given by:

(ug, w)a = (ugw)a = Viw S0 (0lw)a = 0w
(ug,w)a = (usw)a = vow S0 (lw)a = 10w
(utaw)a = (uyw)a = vaw so (00w)a = 11w

for all w € {0,1}“.

Note that the representation of « by a triple is not unique. For in-
stance the identity map might be represented by both ({€}, {€}, (1)) and
({0,1},{0,1},(1,2)) .

We refer to this type of map as prefix substitution. Note that the prefix
substitution map « can be extended to all elements of X™* which have a
(not necessarily proper) prefix in the barrier D. Therefore, o induces a
partial action on almost all of the nodes of 7. More precisely, for all
words w € X* and for all 4 such that 1 <i < m, we have (u,w)a = vw.

We argue that the map « represented by a triple (D, R, t) is a bijection
on €. As D is a barrier, the map «a is well-defined on each point of €.
As each element of € has a prefix in R, a maps onto €. As this prefix is
unique and because D is a barrier, the map « is also one-to—one. Hence
V C Sym(C).

As the map « is a bijection on €, it is invertible in Sym(¢€). We will

show that its inverse o' belongs to V.

Lemma 2.2.3. Ifa €V thena™ ' € V.

Proof. Let (D, R,t) be a triple representing an element o of Thompson’s
group V. Let m be the order of the barriers D and R. Let the elements
of the barriers be given in the lexicographic order by D = {uy, ug, ... un}
and R = {v1,v,...,0,}. We know that the bijection « on € is given by
the map:

(ur)or = v
for all i such that 1 < i < m. Hence, the map a~! needs to be given by:

(vi)ail = Ut

for all i such that 1 <4 < m. Consider the ordering of the set {t1,t2,...,tm}
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to be
tj1:1<tj2:2<...<tjm:m

for ji,jo, ..., jm € {1,2,...,m}.
Define t' = (t},t5,...,t).) = (j1,J2,- -, Jm). Hence we may rephrase

the rule for a1 as:

(vj,)at = ut;, which implies that (vté)ofl =
for all 7 such that 1 <7 <m.
Thus, the triple (R, D,t') represents the element a~! which confirms
that o=t € V. O

We will prove in Lemma [2.3.10} when we develop our understanding
of equivalent tree pairs, that the composition of two elements of V' is an

element of V. This is the last property we need, to show that V is a
group.

2.3 Tree Pairs

Elements of V as Tree Pairs

We will describe a very popular way in which elements of Thompson’s

group V are presented.

Definition 2.3.1 (Tree Pair). Let m be a positive integer, and let D and
R be two barriers of order m. Let D and R both be finite subtrees of T,
such that D has the barrier D as its set of leaves and R has the barrier
R as its set of leaves. Let ¢ be an m-tuple representing an arrangement
of numbers from the set {1,2,...,m}. Note that (D, R,t) is an element
of Thompson’s group V. We define a tree pair to be a triple (D, R, t).

A tree pair (D, R,t) representing an element o € V is typically de-
picted by the trees D and R with their leaves decorated. We label the
leaves of the tree D with numbers from 1 to m, from left to right. For
the m-tuple t = (t1,t2,...,tn), we label the leaves of R with numbers
from t1 to t,,, from left to right.
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Example 2.3.2. Let us see how the element of V' from Example
would look as a tree pair. Recall that m = 3, the barrier D = {00, 01,1},
the barrier R = {0,10,11} and ¢t = (2,3,1). The tree pair looks as

follows:

This visual representation makes it intuitive what the prefix substi-
tution for « is: for each ¢ € {1,...,m} the leaf u of D labelled with
the number 7 is mapped to the leaf v of R labelled with ¢; = 7 for some
jedl,...,m}.

We will show that this is indeed the same rule as given in Def-
inition of elements of the group V. Let us consider all leaves
of D in their lexicographic order, namely u; < wg < ... < wu,, for
D = {ui,ug,...,un}. Note that for all i € {1,...,m}, the leaf u; is
decorated with the number i. Now let us consider all leaves of R in their
lexicographic order, namely v] < vy < ... < vy, for R = {v1,v9,...,0n}.
Note that for all i € {1,...,m}, the leaf v; is decorated with the number
t;. Hence, for all i € {1,...,m}, both wu, of the tree D and v; of the tree
R are decorated with number ¢;. Hence, the map « is given by: for all
w € {0,1}* we have (us;w)a = v;w. This is precisely the rule with which
we defined elements of V.

A tree pair defined and understood in this way will then always rep-

resent an element of V. Also, by definition, each element of V' can be

represented by (many in fact!) tree pairs. See Algorithms|2.3.9/and [3.2.28|

for a description of methods of creating other tree pairs representing «
from a given tree pair corresponding to «.
Let us have a look at an example of a tree pair and the corresponding

bijection on the Cantor space:
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Example 2.3.3 (Example of a Tree Pair). Consider a tree pair (D, R, 1)

represented by the tree pair below.

The set of all leaves of D is given by
D ={00,010,011, 1000, 1001, 101, 11}.
Also, the set of all leaves of R is given by
R = {0, 100000, 100001, 10001, 1001, 101, 11}

The 7-tuple ¢ is given by (3,7,1,4,5,2,6). Hence, the tree pair (D, R,t)
corresponds to an element (D, R,t) of Thompson’s group V.

We will describe how this tree pair translates into a bijection on the

Cantor space via prefix substitution.

For all w € {0,1}* we have:
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Notation for Tree Pairs

Notice that « as in Example [2:3.3| might be interpreted as mapping leaves
of the tree D to the leaves of the tree R. Therefore, we give the following

names for these trees:

Definition 2.3.4 (Domain Tree and Range Tree). Consider a tree pair
(D, R,t). We call the tree D the domain tree of this tree pair, and we

call the tree R the range tree of this tree pair.

As we will be interpreting elements of V' as tree pairs, it will be

convenient to have a notation for barriers as sets of leaves of tree pairs.

Definition 2.3.5 (Leaf Set). Consider a finite binary tree T'. Define Ly
to be a set of all leaves of T. In case T consists of a single vertex ¢, let
L1 = {e}.

In particular, given a tree pair (D, R, t), we define:

1. the set Lp to be the set of all leaves of the tree D, and

2. the set Ly to be the set of all leaves of R.

As we view the tree D and the tree R of a tree pair (D, R, t) as finite
subtrees of the infinite binary tree 7, we will view sets Lp and Lg as
sets of nodes of 7. Note that this, in particular, implies that the sets Lp
and Lgr do not need to be disjoint.

With this terminology, and recalling the partial action whichana € V
induces on nodes of 7, we can conclude that « induces a bijection from
Lp to Lg.

We will now introduce operations on trees. Suppose that (D, R,t) is
a tree pair. Recall that both D and R are viewed as subtrees of 7. We
consider the intersection DN R to be the subgraph of both D and R such
that D N R consists of nodes and edges common to both trees D and R.
Notice that DN R is also a tree. This coincides with the usual definition

of the intersection of graphs.

Lemma 2.3.6. Suppose that (D, R,t) is a tree pair. A leaf of the tree
DN R is one of the following:

1. a leaf of the tree D and a proper ancestor of some leaves of the tree
R,

2. a leaf of both the tree D and the tree R,
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3. a leaf of the tree R and a proper ancestor of some leaves of the tree

D.

Proof. Suppose that X is a leaf of the tree D N R. It means that A is a
node of both trees D and R. However, the nodes A0 and Al are either
not nodes the tree D or not nodes of the tree R, as if they were the nodes
of both, they would belong to the tree D N R and hence A would not be
one of its leafs.

Hence we have three possible cases:

1. The nodes A0 and Al are not nodes of the tree D but they are nodes
of the tree R. Hence, A is a leaf of the tree D, and also a proper

ancestor of some leaves of the tree R (as R is a finite tree).

2. The nodes A0 and A1 are neither nodes of the tree D nor the nodes
of the tree R. In this case, X is a leaf of both trees D and R.

3. By the same argument as 1.
O]

Let the difference of trees D — R be defined as a (possibly empty)
forest such that e is the edge of D — R if and only if e is an edge of D
and not an edge of R, and let v be a vertex of D — R if and only if it is
contained in one of the edges of D — R. Each tree of this forest is called
a component of D — R. Observe that with this definition of D — R some
of the leaves of R might be vertices of D — R. We consider components
of D — R to be rooted at these vertices. For more detailed information,
see Lemma [3.1.3] We define the difference of trees R — D similarly.

Finally, let the union DU R be a graph such that the vertex v belongs
to DUR ifv € D or v € R. Similarly, the edge e belongs to D U R if
e € D or e € R. This is the usual definition for the union of graphs, so

we expand it to any graphs.
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Example 2.3.7. Consider the tree pair (D, R,t) from Example m

The set of vertices of the tree D is given by {e,0,00,01,1}. The set of
edges of D is given by {{¢, 0}, {e, 1},{0,00},{0,01}}. The set of vertices
of the tree R is given by {¢,0,1,10,11}. The set of edges of R is given
by {{€,0},{e, 1},{1,10},{1,11}}.

Hence, the set of edges of the intersection DNR is given by {{€, 0}, {¢,1}},
and the set of vertices of D N R is given by {¢,0,1}.

Consider the difference D — R. Its set of edges is the set of edges
which belong to D but not to R, which is given by {{0,00},{0,01}}.
Its set of vertices is given by the set of all vertices present in its edges,
namely {0,00,01}. Similarly, consider the difference R — D. Its set of
edges is the set of edges which belong to R but not to D, which is given
by {{1,10},{1,11}}. Its set of vertices is given by the set of all vertices
present in its edges, namely {1,10,11}.

Finally, consider the union D U R. Its set of vertices is given by
{€,0,00,01,1,10,11}
and its set of edges is given by

{{e,0}, {e, 1}, {0,00}, {0,01}, {1,10}, {1, 11}}

All of the graphs DN R, D — R and R — D and D U R are given in
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the following picture:

DNR

€

/\

0 1

D-R R-D

AN

0/6\1
£ 4N

Finally, let us define:

Definition 2.3.8. Let T be a domain or range tree of a tree pair, and
let v be a node of T'.

Let us define vT, as follows. The vertices of the tree vT, are all
vertices of T' having prefix v, and the edges are all edges of T" between
the vertices with prefix v.

Let us now define a related tree T, as follows. For each vertex vw
(w € X*) of vT,, the word w is a vertex of T,. Also, for each edge
between vw; and vwy (w1, ws € X*) in vy, there is an edge between w;
and ws in Tj,.

Let u € X*. Let us also define the tree uT" as follows. For each vertex
w (w € X*) of T, the word ww is a vertex of uT. Also, for each edge
between w; and wy (wy,we € X*) in T, there is an edge between uw;

and wwsg in uT.

Note that vT, is a subtree of T', but it is rooted at v. The tree T,
bears the same ‘shape’ as the tree vT,, but it is ‘translated’ to the root
€. The tree T, is a subtree of T, but not necessarily a subtree of T. The

tree uT is a ‘translation’ of the tree T' by the address u.
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Equivalent Tree Pairs

We present an algorithm which illustrates how we can change a tree pair
representing « € V' into another tree pair representing the same element

Q.

Algorithm 2.3.9 (Augmentation). Let (D, R,t) be a tree pair repre-

senting element « of V. Let us define a new (D', R',t’) as follows:

1. Pick a finite binary tree T', such that Ly is a barrier.
2. Pick a leaf A of the tree D.

3. We define the new tree D’ as the union D U AT, and consider its

root to be at e.

4. We define the new tree R as the union RU (Aa)T', and consider its

root to be at e.

5. Let m’ be number of leaves of the new tree D’. We label the leaves

of D' with numbers from 1 to m’ from left to right.

6. For each word w € Ly, the expression \w is a new leaf of D’. Say
Aw has a new number [ in D’. Then we let the leaf (Aa)w have the

number [ in R’'.

7. For each X € Lp\{\}, the leaf X is also a leaf of D’. Say it has a
new number [ in D’. Then we let the leaf Mo have the number [ in
R

8. We obtain the m’-tuple ¢’ by reading the numbers on the tree R’
from left to right.

The initial tree pair (D, R,t) and the resultant tree pair(D’, R, ')
correspond to the same element «. This can be deduced by construction
of (D', R, t).

One can view the resultant tree pair as an expansion of the initial
tree pair, and we call the process an augmentation. If the set of leaves of
the tree T is given by Ly = {0, 1}, then we call the algorithm a simple
augmentation. A process which would reverse a simple augmentation is
called a simple reduction, and we describe it in detail in Algorithm [3:2.28]

A simple augmentation from Algorithm and a simple reduction
from Algorithm [3:2.28| present basic tools for transitioning between tree
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pairs representing same elements a of Thompson’s group V. In Corollary
3.2.31] we prove that any tree pair for a can be transformed into any
other tree pair for « using a finite sequence of simple reductions and

augmentations.

Lemma 2.3.10. Ifa,B €V thenaB € V.

Proof. Let o € V' be represented by the triple (D, Ra,t) and let 5 € V
be represented by the triple (Dg,Rg, 7). If Ro # Dg, then we can use
(possibly repeatedly) Algorithm on the tree pair (Dg, Rq,t) corre-
sponding to the element « and the tree pair (Dg, Rg, T) corresponding to
the element 5. We aim to obtain new tree pairs (D/, R.,,t') for a and
(Dj, R, ') for (3 in the following way. We perform the augmentation of
(Dq, Ra,t) and the inverse image under the map « of each component of
Dg — R,. Then the tree R], becomes the union R, U (Dg — R,). Thus,
it contains all edges and vertices from the tree Dg, as well as all edges
and vertices from the tree R,. Similarly, we perform the augmentation of
(Dg, Rg,7) and each component of R, — Dg. Then the tree D% becomes
the union Dg U (R — Dg). Hence we get that R, = Dj.
Thus, suppose that the triple (Dy, Rq, t) for o and the triple (Dg, Rg, T)

for B are already such that R, = Dg. Let m be the order of all four bar-

riers involved. Let Dy = {u1,u2,...,un}, Ra = {v1,02,...,0m} = Dpg
and Rg = {wi,ws,...,wn}, each in the lexicographic order. Hence, we
have:

(ug; ) = vj and (vr,)B = w;
for all 4,5 € {1,2,...,m}. Therefore, we can combine these equations by

substitution 7 = 7; to obtain the identities:

(e, )8 = (v:,)8 = w;

foralli € {1,2,...,m}. Hence, we define the m-tuple T' = (t7,,try, ..., tr,,),
so that the composition o3 is given by the triple (Dy, Rz, T'), and (ug;)(af) =

w;. This means that o is a member of V. O
Corollary 2.3.11. The set V is a group.

Proof. We know that V' C Sym(€). The identity map ({€}, {€}, (1)) be-
longs to V, so V is non-empty. We know that if &« € V then a™! € V
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by Lemma [2.2.3] We also know that if o, 8 € V then af € V by Lemma
2.3.10, Hence we conclude that V is a group. O

2.4 Family of Chameleon Groups

The family of Thompson’s groups F', T' and V was renamed as ‘chameleon
groups’ by Brin in [10], with V' known as the ‘last chameleon’. We will
now briefly introduce the other two chameleons.

We recall Definition for a description of V. We define Thomp-

son’s group F' as follows:

Definition 2.4.1. The group F' is defined to be a subgroup of the
group V' consisting of all elements of the form (D, R,t) such that ¢t =

(1,2,...,m) in the natural order.
We also define Thompson’s group 1" as follows:

Definition 2.4.2. The group T is defined to be a subgroup of the group
V' consisting of all elements of the form (D, R,t) such that

t=Mmn+1l,n+2,....m—1m,1,2,....,n—1)

for some n € {1,2,...,m}.

As F and T are not central to this thesis, we omit proofs that they

are groups.



Chapter 3
Dynamics via Combinatorics

In this chapter, we intend to familiarise the reader with the theory of
dynamics occurring in the action of an element a of Thompson’s group
V on the Cantor space. This understanding will be essential for pursuing
Chapter [4 on centralising o and Chapter [5] on exploring formation of free
products in V.

We start by presenting Brin’s [11] work on special kinds of tree pairs
for elements of V', called revealing pairs. New terminology complementing
and expanding Brin’s is introduced alongside in Section to describe
behaviour occurring in non—revealing tree pairs. In particular, the new
classification of leaf chains, called iterated augmentation chains in [I1],
allows us to detect and eliminate undesirable structures in a tree pair
to transform it into a revealing pair. We achieve this in Section by
introducing and performing a series of algorithms on a new type of graph,
called the chains graph, which encodes tree pair behaviour. These algo-
rithms can also be used in different configurations for other purposes. In
Section [3.3| we present work of Salazar-Diaz [28] on how distinct revealing
pairs representing the same element o from V relate to each other. We
describe it in terms of the newly developed terminology. Finally, in Sec-
tion [3.4] we describe so—called important points, introduced by Bleak and
Salazar-Diaz in [§], which are best detectable by using revealing pairs.

Important points are of tremendous importance in Chapters [d] and

3.1 Revealing Pairs

A revealing pair is a particular kind of tree pair representing an element

a of Thompson’s group V, introduced by Brin in [I1], which reveals its

21
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otherwise hidden dynamics. We expand Brin’s terminology to describe
all types of tree pairs.

In this section, we will develop basic terminology for leaves of trees
which form a tree pair representing an element of V. Using this termi-
nology, we will define a revealing pair of an element. We will finish by
providing a full classification of leaves for a revealing pair and the types
of sequences which these leaves form. We will provide an instance of a
typical revealing tree pair in Example[3.1.13and we will gradually explain
its properties. All of this will help us better understand the dynamical

patterns of points from € under the action of an element of Thompson’s

group.

Leaves

Consider an element « in Thompson’s group V. Recall from Definitions
and how « can be represented by a tree pair (D, R, t), where D
and R are finite binary trees with m leaves each, for some positive integer
m, and t is an m-tuple representing an arrangement of the numbers from
the set {1,...,m}.

We can now proceed to start considering how we could discriminate
between different types of leaves of a tree pair. Our naming conventions
developed in this subsection will be essential for when we define a reveal-
ing tree pair in Definition [3.1.17

Recall definitions of D — R and R — D from Section 2.3] Let us take
the first step to begin the classification of leaves of a tree pair by analysing

the following example:

Example 3.1.1 (Relative Position of Leaves in Lp and Lg). Consider
the tree pair (D, R, t) given by the picture below:

m 1
1 2 3 4 2
3 4
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Consider the graphs DN R, D — R and R — D:

DNR
N\
0] 1

/\
10

D-R R-D

OO/O\ /1 1\

01 110 111

Among the leaves of the domain tree D (on the left), the leaves 00
and 01, labelled with the numbers 1 and 2 respectively, are not leaves of
the range tree R, but are leaves of a connected component of D — R. The
leaf 10 of D, labelled with the number 4 in D, happens to be also a leaf
of the tree R, labelled with the number 2 in R. Finally, the leaf 11 of D,
labelled with the number 4, is not a leaf of R but it is a proper ancestor
of some of the leaves of R.

Similarly, for leaves of the range tree R (on the right), the leaves 10
and 111, labelled with numbers 3 and 4 respectively, are not leaves of
the domain tree D, but are leaves of a connected component of R — D.
Finally, the leaf 0 of R, labelled with the number 1, is not a leaf of D but

it is a proper ancestor of some of the leaves of D.

With the help of the example above, for a given tree pair (D, R, t) we
will now show how to group leaves of D and leaves of R into categories.

Let us start with the following definition:

Definition 3.1.2 (Neutral Leaf). Consider a tree pair (D, R,t) repre-
senting an element « from V. If there is an address of a node of T which
belongs to both set Lp and set Ly, then we call the leaf with this address
a neutral leaf of the tree pair (D, R, t).

The leaves of D fall into three main categories, and the leaves of R

also fall into three main categories, depending on their relative positions:
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Lemma 3.1.3 (Relative Position of Leaves in Lp and Lg). Consider
a tree pair (D, R,t) representing an element o of Thompson’s group V.

Each leaf of the tree D is one of the three categories:
1. a leaf of a component of D — R;
2. a neutral leaf;

3. a proper ancestor of a leaf of R and a root of a component of R— D.
Similarly, each leaf of the tree R is one of the three categories:

1. a leaf of a component of R — D;

2. a neutral leaf;

3. a proper ancestor of a leaf of D and a root of a component of D — R.

Proof. Let us suppose that A is a leaf of the tree D, then it is either a leaf
of a component of D — R, which is Case 1), or a leaf of the intersection
DN R. By Lemma [2.3.6] a leaf of the tree D N R which is also a leaf of
D can be either a leaf of both trees D and R, which is Case 2), or proper
ancestor of some leaves of the tree R. In the latter case, it is also a root
of a component of R — D, which is Case 3).

By symmetry, the same proof holds for a leaf of R. 0

We will now define a special kind of a neutral leaf, namely a periodic

neutral leaf:

Definition 3.1.4 (Periodic Neutral Leaf). Consider a tree pair (D, R, t)
representing an element a from V', and a neutral leaf X of that tree pair.
Then we call A a periodic neutral leaf if there is a positive integer s such
that:

1. for all integers ¢ such that 0 < i < s, the image Ao/ is a neutral leaf

of that tree pair;
2. the leaf A is mapped to itself by o, namely A = \a®.
Note that by this definition, all leaves Ao are periodic neutral leaves.

Note that if the number s from the definition above exists and is
minimal, then X\, A, Aa?, ..., A\a®~! are all distinct leaves of both the
tree D and the tree R, and o permutes them cyclically.

Not all neutral leaves, however, satisfy the conditions for being peri-

odic neutral leaves.
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Definition 3.1.5 (Non Periodic Neutral Leaf). Consider a tree pair
(D, R,t) representing an element « from V', and a neutral leaf \ of that
tree pair. Then, we call A a non—periodic neutral leaf if it is not a periodic

neutral leaf.

Lemma 3.1.6. Consider a tree pair (D, R,t) representing an element o
from V. The non—periodic neutral leaves of this tree pair are precisely
those neutral leaves that eventually get mapped outside the set of neutral

leaves under some positive (and under some negative) power of c.

Proof. We will prove the following equivalent statement. The periodic
neutral leaves of the tree pair (D, R, t) are precisely those neutral leaves
which do not get mapped outside the set of neutral leaves by any positive
power of a or any negative power of «.

Suppose that A is a periodic neutral leaf of (D, R,t). Then by Defi-
nition there is a positive integer s such that Ao’ is a neutral leaf
for all 4 such that 0 < ¢ < s, and A = Aa®. Therefore, for any integer
s’, there exists an integer j such that s’ = j mod s and 0 < j < s. This
means that \a® = A\aJ, and so every image Aa* is a neutral leaf. Note
that this statement is stronger than required.

Conversely, suppose that ) is a neutral leaf which does not get mapped
outside the set of neutral leaves by any positive power of c. As the trees
D and R have finitely many leaves, there are non—negative integers j and
k with j < k such that Ao/ = Aa*. Take s = k — j. Then A\a® = A
and Ao’ is a neutral leaf for all 0 < i < s. Hence, \ is a neutral periodic
leaf. The proof is the same if instead, we suppose that A is a neutral
leaf which does not get mapped outside the set of neutral leaves by any

negative power of «. O

We will now start looking at the leaves from the leaf sets Lp and Lp
which are not neutral leaves. The two definitions of non-neutral leaves,
repellers and attractors, will be necessary for defining the central object

of this section, namely a revealing pair:

Definition 3.1.7 (Repeller). Consider an element a of V, represented
by a tree pair (D, R,t), and a leaf \ of a component of D — R. Then we

call X a repeller if there is a positive integer s such that:

1. for all integers i such that 0 < i < s, the image Ao is a neutral

leaf;
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2. the image Ao® lies in Lr\Lp and is a proper ancestor of A.

Definition 3.1.8 (Range of Repulsion). Consider an element o of V,
represented by a tree pair (D, R,t), and consider a repeller A from the
set Lp, and its forward orbit of leaves Ao’ for 0 < i < s, such that: Ao’
is a neutral leaf for all ¢ such that 0 < ¢ < s, and the image Aa® lies
in Lr\Lp and is a proper ancestor of \. Then we call Aa® a range of

repulsion.

Notice that a range of repulsion is a root of a component of D — R.
Also, a repeller is a leaf of a component of D — R. We have a collective

name for all leaves of a component of D — R which are not repellers:

Definition 3.1.9 (Source). Consider an element a of V', and a tree pair
(D, R,t) representing it. A source is a leaf of a component of D — R

which is not a repeller.
Similarly to Definition [3.1.7] we define:

Definition 3.1.10 (Attractor). Consider an element « of V', represented
by a tree pair (D, R,t), and a leaf \ of a component of R — D. Then we

call A an attractor if there is a negative integer r such that:

1. for all integers ¢ such that r < i < 0, the image A&’ is a neutral

leaf;
2. the image Aa" lies in Lp\Lp and is a proper ancestor of \.

Definition 3.1.11 (Domain of Attraction). Consider an element o of V/,
represented by a tree pair (D, R,t), and consider an attractor A from the
set Lp, and its backward orbit of leaves Aa’ for r < i < 0, such that:
Ao’ is a neutral leaf for all 4 such that » < i < 0, and the image A" lies
in Lp\Lg and is a proper ancestor of . Then we call A\a" a domain of

attraction.

Notice that a domain of attraction is a root of a component of R— D.
Also, an attractor is a leaf of a component of R— D. We have a collective
name for all leaves of a connected component of R — D which are not

attractors:

Definition 3.1.12 (Sink). Consider an element « of V', and a tree pair
(D, R,t) representing it. A sink is a leaf of a component of R — D which

is not an attractor.
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Below we present a worked example of a tree pair with the types of

all its leaves identified:

Example 3.1.13 (Leaf Types). Consider the tree pair (D, R,t) repre-
sented by the following picture:

Let us recall the definition of the difference of trees from Section [2.3]

and hence identify components of D — R and R — D.
DNR

€

/N

0 1
A
01 10
/\

010 011

D-R R-D
00 11
000 001 110 111
It turns out that there is only one component of D — R, it is rooted at
the node with address 00, and it is a single caret. Hence its leaves have
addresses 000 and 001. Note that 00 is a leaf of the tree R.
Similarly, let us identify components of R— D. It turns out that there

is also only one, it is rooted at the node with address 11, and it is a single

caret. Hence its leaves have addresses 110 and 111. Note that 11 is a leaf
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of the tree D. All the remaining leaves, namely the ones with addresses
in the set {010,011, 10}, are neutral leaves.
We will now identify prefix substitutions defined by this tree pair, in

order to recognise the types of leaves involved:

(000)a = 010 (001)a = 111 (010)a = 00
(011)ar = 10 (10)or = 011 (11)ar = 110

Let us systematically analyse the type of each of the leaves:

1. Leaves of D — R:

(a) Leaf 000:

(000)a? = (010)a = 00

As 00 is a prefix of 000, leaf 000 is a repeller.

(b) Leaf 001:

(001)a = 111

As 111 is not a leaf of D and is not a prefix of 001, leaf 001 is

a source.

2. Leaves of D which are proper ancestors of leaves of R:

(a) Leaf 11:

(11)a = 110

As 11 is an ancestor of 110, leaf 11 is a domain of attraction.
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3. Neutral leaves:

(a) Leaf 010:

(010)a = 00

As 00 is not a leaf of D, leaf 010 is a non—periodic neutral leaf.

(b) Leaf 011:

(011)a? = (10)a = 011

As 011 is mapped to itself by a positive power of «, leaf 011

s a periodic neutral leaf.

(c) Leaf 10:

(10)a? = (011)a = 10

As 10 is mapped to itself by a positive power of «, leaf 10 is a

periodic neutral leaf.

4. Leaves of R — D:

(a) Leaf 110:

(110)at =11

As 11 is an ancestor of 110, leaf 110 is an attractor.
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(b) Leaf 111:

(111)a~! = 001

As 001 is not a leaf of R and is not a prefix of 111, leaf 111 is

a sink.

5. Leaves of R which are proper ancestors of leaves of D:

(a) Leaf 00:

(00)a2 = (010)at = 000

As 00 is a prefix of 000, leaf 00 is a range of repulsion.

In the example above we observe each of the previously defined types
of leaves.
It will be shown later in Lemma [3.1.20] that the previously defined

leaves fully classify possible leaf types of a revealing pair.

Remark 3.1.14. For a general tree pair, consider Lemma a leaf
of a domain tree is either neutral (periodic or non—periodic), a leaf of a
component of D — R (repeller or source), or a root of a component of
R — D. An example of the latter is a domain of attraction.

Similarly, a leaf of a range tree is either neutral (periodic or non—
periodic), a leaf of a component of R — D (attractor or sink), or a root of

a component of D — R. An example of the latter is a range of repulsion.

Thus, there are two remaining types of leaves which might occur in a

non-revealing tree pair (D, R,t) but have not been named:

1. A leaf of the tree R which is a root of a component of D — R and

which is not a range of repulsion.
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2. A leaf of the tree D which is a root of a component of R — D and

which is not a domain of attraction.

We wanted to propose a name for each them, for the sake of comple-
tion and because we will be working with these types of leaves in this

chapter:

Definition 3.1.15 (Range of Sourcing). Consider an element a of V
represented by a tree pair (D, R,t), and a leaf X of the tree R which is a
root of a component of D — R. If A is not a range of repulsion, then we

call it a range of sourcing.

Definition 3.1.16 (Domain of Sinking). Consider an element « of V'
represented by a tree pair (D, R,t), and a leaf A of the tree D which is a
root of a component of R — D. If X is not a domain of attraction, then

we call it a domain of sinking.

The reason for this choice of names is, above all, consistency with the
already existing terminology. In general, if a leaf A is a range of sourcing,
consider its backward orbit of leaves Aa’ for a negative integer r and
r < i < 0 such that the image Aa" lies in Lp\Lg and it is not a proper
ancestor of \. Then A" can be either a source (hence the name range of
sourcing for \) or a domain of sinking. Similarly, if a leaf A is a domain
of sinking, consider its forward orbit of leaves Aa’ for a positive integer
s and 0 < ¢ < s such that the image \a® lies in Lg\Lp and it is not
a proper ancestor of A\. Then Aa® can be either a sink (thus the name

domain of sinking for \), or a range of sourcing.

Definition of a Revealing Pair

Now, we are prepared to define the key object of this section, known as

a revealing pair, in terms of repellers and attractors:

Definition 3.1.17 (Revealing Pair for aw € V). Consider an element «
of the Thompson group V', and consider a tree pair (D, R, t) representing
a. Then we say that (D, R,t) is a revealing pair for a if:

1. every component of D — R contains a repeller;

2. every component of R — D contains an attractor.
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Example 3.1.18 (Revealing Pair). Consider the tree pair (D, R,t) of
Example |3.1.13| represented by the following picture:

m m
1 2 3 4 1 5 & 2

Recall that there is only one connected component of D — R and it has
two leaves, 000 and 001. According to the analysis performed in Ex-
ample leaf 000 is a repeller. Similarly, recall that there is only
one connected component of R — D and it has two leaves, 110 and 111.
According to the analysis performed in Example [3.1.13] leaf 110 is an
attractor. Hence, the conditions for being a revealing pair are met by the
tree pair (D, R,t).

For contrast, we will also give an example of a tree pair which fails to

be revealing:

Example 3.1.19 (Non—Revealing Pair). Consider the following tree pair
(D, R,t) representing o € V:

There is precisely one connected component of D — R, and it is rooted
at the address 1. It has precisely two leaves, with addresses 10 and 11.
Now, (10)a = 00, which is not a leaf of the tree D. It is also not an
ancestor of the leaf 10, and so the leaf 10 is not a repeller. Similarly,
(11)a = 01, which is not a leaf of the tree D. It is also not an ancestor

of the leaf 11, and so the leaf 11 is not a repeller. Hence, the connected
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component of D — R rooted at the address 1 has no repellers. Therefore,
the tree pair (D, R,t) is not a revealing tree pair.

Notice that the tree pair gives the following prefix substitution for all
w € {0, 1}:

(Ow)a = 1w (10w)a = 00w
(1lw)a = 01w

Consider these two rules that for all w € {0,1}* we have (10w)a =
00w and (11w)a = 0lw. They could be replaced by a single rule that
that for all w € {0, 1}* we have (1w)a = Ow.

Hence the element « is in fact torsion of order two, and an example

of its revealing tree pair is:
1 2 2 1

Note that both D — R and R — D are empty, so this tree pair indeed
satisfies Definition B.1.17

Classification and Chains of Leaves

After defining a revealing pair, which is the object which motivates this
section, we will take an opportunity to complete the classification of leaves
of a revealing tree pair and describe types of chains which they form. It
will prove to be helpful for understanding chains graphs in Section [3.2

We will now complete the classification of revealing pair’s leaves:

Lemma 3.1.20 (Types of Leaves of a Revealing Pair). If an element a of
V is represented by a revealing tree pair (D, R,t), and if \ is an element
of the union of the leaf sets Lp U Ly, then X\ is of one of the following
types:
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1. a leaf of a component of D — R, which could be:

(a) a repeller, or

(b) a source;

2. a leaf of the tree D and at the same time a root of a component of

R — D, which is a domain of attraction;

3. a leaf of the intersection of the tree D and the tree R, namely a

neutral leaf, which could be:

(a) periodic, or

(b) non—periodic;

4. a leaf of the tree R and at the same time a root of a component of

D — R, which is a range of repulsion;
5. a leaf of a component of R — D, which could be:

(a) an attractor, or

(b) a sink.

Proof. First, recall Remark[3.1.14] Thus, we only need to show that every
root of a component of R — D is a domain of attraction and that every
root of a component of D — R is a range of repulsion. Given Definition
[3-1.17 of a revealing pair, each component of D — R contains a repeller,
which is mapped to the root of this component by some positive power
of a. Hence, this root is a range of repulsion. Observe that no other
leaves of this component can be mapped to its root, and so they are
sources. Similarly, each component of R— D contains an attractor, which
is mapped to the root of this component by some negative power of «.
Hence, this root is a domain of attraction. Observe that no other leaves

of this component can be mapped to its root, and so they are sinks. [

Note that the lemma above also proves the uniqueness of a repeller
for a given a component of D — R, and the uniqueness of an attractor for
a given component of R — D.

Now we know all the different types of leaves which can occur in a
revealing tree pair. We also know the remaining types of leaves which
may occur in a non-revealing tree pair: see Definitions [3.1.15|and [3.1.16]

The next step which we are interested in is to determine what type of
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patterns the leaves form. Consider the following algorithm for forming

sequences of leaves, which we will call chains:

Algorithm 3.1.21. Consider a tree pair (D, R,t) representing an ele-

ment a of Thompson’s group V.

1. Pick a leaf A € Lp\Lgr which has not been used in any of the
previous chains. Let k be a positive integer such that the leaf Aa*
is a member of the set Lr\Lp and for all ¢ such that 0 < i < k the

leaf Ao is a neutral leaf. Then, create a chain (Aaf)F_.

2. Repeat the previous point until there are no more leaves left in

Lp\Lg which have not been yet used for forming a chain.

3. Pick a leaf A € Lp N Lr which has not been used in any of the
previous chains. Let k be a non—negative integer such that for all
i such that 0 < i < k the leaf A&’ is a neutral leaf of the tree pair
(D,R,t), and i = k + 1 is the smallest positive integer such that

A = Aa'. Then, create a chain (Aa)F_.

4. Repeat the previous point until there are no more leaves left in

Lp N L which have not been yet used for forming a chain.

Note that we know from Lemma that each non—periodic neutral
leaf of (D, R,t) is a part of a chain formed in Step 1) of the algorithm
above. Therefore, for the Step 3) we are only left with eligible periodic

neutral leaves.

Definition 3.1.22 (Leaf Chain). Consider a tree pair (D, R,t) repre-
senting and element « from V. Consider a chain ()\o/)fzo for some leaf
A € Lp and some non—negative integer k, formed by application of Algo-
rithm to the tree pair (D, R,t). Any such chain (Aa?)¥_; is called

a leaf chain.

Note that Brin [I1] called such an object iterated augmentation chain,
for the reason that its primary use was to perform an augmentation along
the entire chain. We are still interested in this process, implicitly in
Section [3:2] on transforming any tree pair into a revealing tree pair and
explicitly in Section [3.3| on transforming one revealing pair into another
revealing pair. However, we will use it also for deriving more information

about a given tree pair, for instance about important points of o defined

in Section 3.4
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More specifically, we can distinguish between the following two types

of leaf chains:

Definition 3.1.23 (Non-Periodic Leaf Chain). Consider a tree pair (D, R, t)
representing and element « from V. Consider its leaf chain (Aa?)F_, cre-
ated in Algorithm If the chain was formed in Step 1), and hence
A € Lp\Lg and Ao € Lg\ Lp, then such a chain is called a non-periodic

leaf chain.

Definition 3.1.24 (Periodic Leaf Chain or P-Chain). Consider a tree
pair (D, R,t) representing an element « from V. Consider its leaf chain
(Aa)k_ created in Algorithm [3.1.21} If the chain was formed in Step 3),

k+1

and hence A = Ao, then such a chain is called a periodic leaf chain, or

simply a P-chain.

Note that a P—chain could consist of only one leaf.

In general, leaf chains create a partition for leaves of a given tree pair:

Lemma 3.1.25. Consider a tree pair (D, R,t) representing an element
a of Thompson’s group V. An application of Algorithm[3.1.21] to the tree

pair (D, R, t) partitions the leaves of the tree pair into disjoint leaf chains.

Proof. We will first show that no two non—periodic leaf chains share any
leaves. Then we will show that all leaves from the set Lp\Lg, all leaves
from the set Lr\Lp, and all non—periodic neutral leaves of the tree pair
(D, R,t) have been used to build non-periodic chain leaves. We will show
that P—chains are formed from periodic neutral leaves exclusively and
non—periodic leaf chains admit no periodic neutral leaves. Finally, we
will show that no two P—chains share any leaves.

Let A1 and A2 be two distinct leaves from the set Lp\Lg. Suppose
that there are non-negative integers ji, j» such that A\jaft and Agpa?? are
both leaves from the leaf chains which start at A1 and Ay respectively and
that A\t = \pa?2. Without loss of generality, let j; < j2. However,
as « is a bijection, this implies that A\; = Aoa/2771. This implies that
j1 = ja, as the leaf A\ya/2771 needs to be a leaf from the set Lp\Lg, just
like A1 is. But then A\; = A9, which contradicts the initial assumption.
Hence, any two non—periodic leaf chains have no leaves in common.

Note that |Lp| = |Lg| which implies that |Lp\Lgr| = |Lgr\Lp|. As
each non—periodic leaf chain finishes with a leaf from the set Lgr\Lp,

we conclude that all leaves from this set have been used for forming
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non—periodic leaf chains. Moreover, by Lemma we must have used
all non—periodic neutral leaves for building non—periodic neutral chains.
Now consider a leaf from a P—chain. By Definition [3.1.4] each such leaf
is a periodic neutral leaf. Hence a P—chain and a non—periodic leaf chain
cannot have any leaves in common.

Finally, consider two P—chains ()\10/)?;0 and ()\gozi)fio, for some neu-
tral leaves A1, Ao and some non—negative integers k1, ks. Suppose that the
chain ()\20/);20 was created after the chain (Alai)igo. By the guidelines
of Algorithm we have Ay # Ao for all i such that 0 < i < ky. Now
suppose that there exists j such that Agad = Aja’ such that 0 < j < ko
for some ¢ such that 0 < j < kq. But as « is a bijection and A\ = )\10/“1*1,
we have Ay = A\ja’™J. If i —j > 0, this immediately gives a contradiction.
If i—j > 0, then there is an integer n such that 0 <i—j+n(k1+1) < kq,
and so Ao’ = (Ao F1tD)ai=7 = )\ o7tk which is also a con-
tradiction.

Hence, all leaves of the tree pair (D, R, t) have been used to build leaf

chains, and every two distinct chains are disjoint.

O
We will now define three distinct types of non—periodic leaf chains:

Definition 3.1.26 (Non-Periodic Chains). Consider a tree pair (D, R, t)
representing and element a from V. Consider a non—periodic leaf chain

(Aa?)k_, for some leaf A € Lp\Lg and some positive integer k.

e If ) is a repeller of the tree pair (D, R, t), then such a chain is called

an R-chain.

e If Ao* is an attractor of the tree pair (D, R,t), then such a chain is

called an A-chain.

e If )\ is a source and \a¥ is a sink of the tree pair (D, R,t), then

such a chain is called an SS-chain.

It will be shown later in Lemma that the four types of chains
from Definitions [3.1.24] and [3.1.26] fully classify possible leaf chains of a
revealing tree pair. However, in a non-revealing pair, due to possible
occurrence of a range of sourcing leaf (see Definition or domain
of sinking leaf (see Definition , we can encounter three more types

of leaf chains:
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Definition 3.1.27 (Chains of Non-Revealing Pair). Consider a tree pair
(D, R,t) representing an element « from V. Consider its non—periodic

leaf chain (Aa?)¥_, for some leaf A € Lp\Lg and some positive integer k.

o If )\ is a source and \a* is a range of sourcing of the tree pair
(D, R,t), then such a chain is called an SRS-chain.

e If \is a domain of sinking and Ao is a sink of the tree pair (D, R, t),

then such a chain is called a DSS—chain.

e If )\ is a domain of sinking and Aa* is a range of sourcing of the
tree pair (D, R,t), then such a chain is called a DSRS—chain.

It is of special importance to acknowledge these type of chains, as in
Section [3.2] on transforming a tree pair into a revealing tree pair they will
be targeted for elimination via described algorithms.

We will now prepare for classifying all possible chains of a revealing

tree pair with the following lemma:

Lemma 3.1.28. Suppose that (D, R,t) is a revealing tree pair for an
element a in V. Let ()\ai)i-“zo be a non—periodic leaf chain for some leaf

A € Lp\Lgr and some positive integer k. Then:
o The leaf X is a repeller if and only if A\a* is a range of repulsion.

o The leaf \ is a domain of attraction if and only if N\a* is an attrac-

tor.
o The leaf X is a source if and only if \a* is a sink.

Proof. Let | be the number of components of D — R. As (D, R,t) is
revealing, each of these components admits a repeller. Each repeller is
the beginning of an R—chain, which ends in a range of repulsion leaf. As
by Lemma any two leaf chains are disjoint, the tree R admits at
least [ range of repulsion leaves. As [ is the number of components of
D — R, there cannot be more than [ range of repulsion leaves. Hence, the
tree R admits precisely [ range of repulsion leaves and the tree D admits
precisely [ repellers. Thus, we can deduce that a non—periodic leaf chain
starts with a repeller if and only if it finishes with a range of repulsion
leaf.

Similarly, let I’ be the number of components of R—D. As (D, R,t) is

revealing, each of these components admits an attractor. Each attractor
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is the end of an A—chain, which begins in a domain of attraction leaf. As
by Lemma [3.1.25| any two leaf chains are disjoint, the tree D admits at
least I’ domain of attraction leaves. As !’ is the number of components of
R — D, there cannot be more than I’ domain of attraction leaves. Hence,
the tree D admits precisely I’ domain of attraction leaves and the tree R
admits precisely [’ attractors. Thus, we can deduce that a non—periodic
leaf chain starts with a domain of attraction leaf if and only if it finishes
with an attractor.

Recall the classification of leaves of a revealing tree pair given in
Lemma By the pigeonhole principle, the leaf chain (Aai)fzo starts

with a source X if and only if it ends with a sink Ao*. O

Note that as we considered all possibilities for the behaviour of a chain
of leaves of a revealing tree pair, we now have a complete classification of

chain types:

Corollary 3.1.29 (Types of Leaf Chains). Consider a revealing tree pair
(D, R,t) representing an element o of V.. Any leaf chain of (D, R,t) is
one of the following:

1. P—chain;
2. R—chain;
3. A—chain;
4. SS-chain.
Proof. By Lemma [3.1.20] and Lemma [3.1.28 O

In order to allow a better intuitive understanding of different types
of leaves and chains of a revealing tree pair, we provide the following

example:
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Example 3.1.30 (Leaf Chains). Consider the tree pair (D, R,t) corre-

sponding to an element a of V', represented by the following picture:

By Example|3.1.18] the tree pair (D, R, t) is revealing. Let us perform
Algorithm [3.1.21] for finding its leaf chains.
First of all let us identify DN R, D — R and R — D:

0/6\1
/NN
01 10
/\

010 011

D-R R-D

/O 0\ /1 1\

000 001 110 111

Now we can identify sets Lp N Lgr, Lp\Lgr and Lr\Lp:

Lp N Lg = {010,011, 10}
Lp\Lg = {000,001,11}
Lr\Lp = {00,110,111}
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Recall that the prefix substitution rules for o are given by:

(000)a = 010 (001)a = 111 (010)a = 00
(011)av = 10 (10)or = 011 (11)ar = 110

Hence, we can identify the following leaf chains:

1. Non—periodic:

(a) Start with the leaf 000: 000 = 010 = 00.
Here the leaf 010 is neutral and the leaf 00 € Ly \ Lp.

(b) Start with the leaf 001: 001 — 111.
(¢) Start with the leaf 11: 11 = 110.

2. Periodic:
(a) Start with the leaf 001: 001 < 10.

Let us now analyse each of the non—periodic leaf chains in order to

decide on its further type:

1. (a) The chain (000,010, 00):

The leaf 00 is a prefix of 000. Thus, 000 is a repeller, 00 is a
range of repulsion and (000,010, 00) is an R—chain.

(b) The chain (001,111):
The leaf 001 is a leaf of a component of D — R which is not a
repeller (as 111 is not a prefix for it) so it is a source. The leaf
111 is a leaf of a component of R — D which is not an attractor
(as 001 is not a prefix for it) so it is a sink. Thus, (001, 111)
is an S'S—chain.

(c) The chain (11,110):
The leaf 11 is a prefix of 110. Thus, 110 is an attractor, 11 is

a domain of attraction, and (11,110) is an A-—chain.

3.2 Algorithm for Obtaining a Revealing Pair

In this section, we will show a series of algorithms which transform any

tree pair into a revealing tree pair representing the same element of
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Thompson’s group V. This will at the same time prove that revealing
pairs for a given element of V always exist.

We will learn how to transform a tree pair into a pre—chains graph,
and subsequently into a chains graph. The algorithms will rely on the
use of chains graphs. After performing algorithms on the chains graph,

we will be able to transform it back into a tree pair, which is revealing.

Pre—Chains Graph

Consider a tree pair (D, R, t) representing an element « of V. First of all,
we are interested in translating it into a graph which contains all the data
carried by the tree pair. The choice of working with a graph instead of a
tree pair is motivated by a higher perceived clarity of patterns occurring

in the type of graph which we construct.

Algorithm 3.2.1 (Pre-Chains Graph). Consider a tree pair (D, R,t)
representing an element « of Thompson’s group V. We will construct
a directed graph G = (Viz, Eg) with a set of vertices Viz and a set of
labelled edges Eg. We will allow multiple edges and loops.

1. Consider the intersection of the domain and range trees D N R. We

define the set of vertices of the graph Vg to be the set Lpng.

Note that the set Vo = Lpnpg consists precisely of all neutral leaves
of (D, R,t) and all roots of components of D — R and R — D.

2. Each edge of the graph will be given by a triple, with the first
and second entry being vertices of the graph, and the third entry
being a label with metadata inherited from the tree pair. We will
discriminate between four distinct categories of labels for edges of
G, and we will represent that distinction by assigning a different
label type to each category, namely DR, DD, RR and RD.

Suppose that v is a vertex of the graph G.

(a) Suppose further that v is a leaf of the domain tree D. Consider

the image (v)a which is a leaf of the range tree R:

i. Label type DR. If (v)a is a vertex of the graph G, then
let there be an edge with label type DR from v to (v)a,
ie. (v,(v)o, DR) € Eg.
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ii.

Label type DD. If (v)a is not a vertex of the graph G,
then it must be a leaf of a component of R — D. Thus,
there is a proper ancestor w of (v)a which is a vertex of
the graph G. This implies that there is a word s € {0,1}*
such that (v)a = ws. Then let there be an edge with a
label type DD from v to w, namely (v,w, DD(s)) € Eg.

(b) Suppose instead that v is not a leaf of the domain tree D. Then

it must be a leaf of a range tree R, and a proper ancestor

of some leaves of the domain tree D. Consider each word
s" € {0,1}" such that vs’ is a leaf of the domain tree D, and

consider its image (vs)a.

i.

ii.

Label type RR. If (vs')a is a vertex of the graph G, then
there is an edge with a label type RR from v to (vs')«,
namely (v, (vs')a, (s')RR) € Eg.

Label type RD. If (vs')a is not a vertex of the graph G,
then it must be a leaf of a component of R — D. Thus,
there is a proper ancestor w of (vs’)a which is a vertex of
the graph G. This implies that there is a word s € {0,1}"
such that (vs’)a = ws. Then let there be an edge with
a label type RD from v to w, namely (v,w, (s')RD(s)) €
Feo.

3. Repeat Step 2) for each vertex v of the graph.

Definition 3.2.2 (Pre-Chains Graph). Each graph which can be ob-

tained from a tree pair representing an element of Thompson’s group V

following Algorithm is called a pre—chains graph.

Lemma 3.2.3. Algorithm produces a unique graph G for a given
tree pair (D, R,t).

Proof. Suppose that A is a leaf of the domain tree D.

1. Suppose further that A € Lpng, which means that A is a vertex of
the graph G. Then by the inspection of the Algorithm [3:21] there

is precisely one edge starting at A, and there are two mutually

exclusive possibilities for its label. If the unique edge starting at A
is (A, [, DR) for some vertex | € Vi, it means that (A)a = [ for this
leaf [ of the range tree R. If instead the unique edge starting at A
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is (\,l, DD(s)), it means that (A\)a = ls for this vertex [ € Vg and
this word s € {0,1}". The expression s is also the address of the
leaf of the range tree R, to which the leaf A is mapped by «a.

2. Suppose otherwise that A € Lpng, which means that A is a leaf of
a connected component of D — R rooted at a leaf \ of the range
tree R such that A € Lpng, and there is a word s’ € {0,1}1 such
that A = Xs’. Then there are precisely two choices for the label
of an edge of the graph G indicating where A is mapped by «a. If
the edge is of the form (X,,(s')RR), then (A\)a = (Ns')a =1 for
some leaf [ of the range tree R. If instead the edge is of the form
(N, 1, ($)RD(s)), then (\)ao = (N's')a = Is for some | € Vi and a
word s € {0,1}". The expression s is also the address of the leaf
of the range tree R, to which the leaf A is mapped by «.

O

Lemma 3.2.4. For every pre—chains graph G, there is a unique tree pair
(D, R,t) representing an element « of V, such that the application of
Algorithm to (D, R,t) results in the graph G. Moreover, we can
identify (D, R,t) from the graph G.

Proof. By definition of pre—chains graph, we may assume that there is a
tree pair (D, R, t) for o € V such that when we apply Algorithm to
it, it results in the graph G. We want to show that we can read all prefix
substitutions for « precisely as given by the tree pair (D, R,t) from the
pre—chains graph G.

We will show that for each edge of the pre—chains graph there is a leaf
A € Lp and a leaf | € Ly such that Aa = [. We will also show that the
collection of all these maps uniquely determines the tree pair (D, R, t).

Suppose that there is an edge between vertices v and w of the graph

G. Then we have the following cases:

1. The edge is given by (v, w, DR). Then the vertex v is a leaf of D,

the vertex w is a leaf of R and (v)a = w.

2. The edge is given by (v,w,DD(s)) for some word s € {0,1}*.
Then the vertex v is a leaf of D, the expression ws is a leaf of R

and (v)a = ws.
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3. The edge is given by (v,w, (s')RR) for some word s’ € {0,1}.
Then the expression vs’ is a leaf of D, the vertex w is a leaf of R

and (vs')a = w.

4. The edge is given by (v, w, (s")RD(s)) for some words s, s € {0,1}.
Then the expression vs’ is a leaf of D, the expression ws is a leaf

of R and (vs')a = ws.

Now notice that the set of vertices of a graph G is a complete set of
leaves of an intersection of the domain tree and the range tree of the tree
pair (D, R,t). This means that Vi is a barrier, as defined in Section
Recall Algorithm [3.2.1] By dichotomies presented between 2)a) and 2)b),
2)a)i) and 2)a)ii), and between 2)b)i) and 2)b)ii), each vertex v € Vg
must be a beginning of an edge in G. We will show that for each such v,
the edges of G uniquely determine the prefix substitution(s) for all points
of € underlying v.

Suppose that e is an edge with beginning v.

1. If the label type of e is DR or DD, then by Cases 1) and 2) above,
this edge corresponds to a single prefix substitution for the prefix

v, and we must have v € Lp.

2. If the label type of e is RR or RD, then consider all edges which
start at v. By 2)b) of Algorithm these are given by:

e=-¢e; =(v,wi, (s1)R...)

es =(v,we, (s2)R...)

er =(v,wy, (sz)R...),
and the set {s1,s2,...,5,} is a barrier. Therefore, we have
v81,VS89,...,US; € Lp,

and we obtain a set of prefix substitutions for all of these leaves.

This determines prefix substitution(s) for all leaves of D with a given
prefix v. As Vg is a barrier, we can recover prefix substitutions for all

leaves of D, which proves our lemma. O
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Example 3.2.5 (Pre-Chains Graph). Consider the following tree pair
(D, R, t) representing an element « of V:

First, we identify the intersection of trees D and R:
€
0 1
00 01

Hence, the set of vertices of the pre—chains graph G of the tree pair
(D, R,t) is given by:

Ve = {00,01,1}

Now we proceed with the Algorithm to identify edges of G:

1. Consider vertex 00. It is not a vertex of the domain tree. Its
descendants which are vertices of the domain tree are 000 and 001.

Let us consider each of them:
(a) (000)cx = 00 and 00 € Vi so (00,00, (0)RR) € Eg.
(b) (001)ax = 010 and 010 ¢ Vi, but 01 € Vg so
(00,01, (1)RD(0)) € Eg.
2. Consider vertex 01, which is a vertex of domain tree. (01)a = 011
and 011 ¢ Vz but 01 € Vg so (01,01, DD(1)) € Eg.

3. Consider vertex 1, which is a vertex of domain tree. (1)a =1 and
1eVgso (1,1,DR) € Eg.
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Therefore, the set of edges of G is given by the set:

Thus we can summarise our results with the following picture:

(0)RR ‘ (WRDO) DD(1)

DR

The Pre-Chains Graph of the Tree Pair (D, R, t)

Properties of Pre—Chains Graphs

Let us expand the notation associated with pre—chains graphs. The ob-
jective is to be able to concisely and simultaneously refer to all types of

edges.

Notation 3.2.6. Let us perform the following unification of the notation

for edges of a chains graph:

1. An edge of a pre—chains graph of the form (u,w, DR) can be also
denoted as (u,w, ()DR()).

2. An edge of a pre—chains graph of the form (u,w, DD(s)) can be
also denoted as (u,w, ()DD(s)).

3. An edge of a pre—chains graph of the form (u,w, (s) RR) can be also
denoted as (u,w, (s)RR()).

Now we are in position to prove the following lemma:

Lemma 3.2.7. Consider a tree pair (D, R,t) representing an element

a of V, and its corresponding pre—chains graph G. Consider an edge
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(u,w, (s") XY (s)) of the graph G for some vertices u,w € V¢, some letters
X,Y € {D, R} and some words s', s € {0,1}*. Then both of the following
hold:

1. The word s' is empty if and only if X = D.
2. The word s is empty if and only if Y = R.

Proof. By considering Algorithm and Notation we conclude
that there are precisely four types of the edge labels. They are as follow-

ing:
L (u,w, ()DR())
2. (u,w, ()DD(r))
3. (u,w, (")RR())
4. (u,w, (r")RD(r))

for some vertices u, w € Vi and some words 7/, € {0,1}*. This proves

the statement of the lemma. O

Before we present any transformations of a pre—chains graph, let us
analyse some of its properties. They will follow naturally from properties

of the associated tree pair.

Definition 3.2.8 (Neutral, Domain and Range Vertices). Let (D, R,t)
be a tree pair representing an element « of Thompson’s group V. Let

G = (Vg, Eg) be the pre—chains graph of this tree pair.

1. If v € V5 is a neutral leaf of the tree pair (D, R,t), then we call it

a neutral vertex.

2. If v € V5 is a leaf of the domain tree D, and a proper ancestor of

a leaf of the range tree R, then we call it a domain verter.

3. If v € Vg is a leaf of the range tree R, and a proper ancestor of a

leaf of the domain tree D, then we call it a range vertex.

Lemma 3.2.9 (Neutral Vertex). Let (D, R,t) be a tree pair representing
an element o of Thompson’s group V. Let G = (Vg, Eq) be the pre—
chains graph of this tree pair. If v € Vi is a neutral vertex, then v has
exactly one incoming edge with label type DR or RR (i.e., with the second
letter R) and exactly one outgoing edge with label type DR or DD (i.e.,
with the first letter D).
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Proof. Suppose that v is a neutral leaf. This implies that v is a leaf of
both the domain tree D and the range tree R. As v is a leaf of the range
tree, by definition of the labelled edges, it cannot have an incoming edge
with label DD or RD. Furthermore, by properties of a tree pair, there
is a unique leaf u of the domain tree D such that (u)a =v. If u € Vg,
then there is an edge from u to v with a label DR. If u is not a vertex
of the graph G, there is a proper ancestor v’ of u, such that v’ € V. In
this case, there is an edge from v’ to v with a label (s')RR, for the word
s' € {0,1} such that u's’ = .

Similarly, as v is a leaf of a domain tree, by the definition of the label
types of edges, it cannot have an outgoing edge with label RR or RD.
As v is a leaf of the domain tree, then by properties of a tree pair there
is a unique leaf u of the range tree R such that (v)a = u. If u € Vg,
then there is an edge from v to u with a label DR. If u is not a vertex
of the graph G, there is a proper ancestor v’ of u, such that v’ € V. In
this case, there is an edge from v to u’ with a label DD(s), for the word
s € {0,1}" such that u's = u.

O

Lemma 3.2.10 (Domain Vertex). Let (D, R, t) be a tree pair representing
an element o of Thompson’s group V. Let G = (Vg, Eg) be the pre—
chains graph of this tree pair. Suppose that v € Vg is a domain vertex.
Then v has more than one incoming edge, each with label type DD or
RD (i.e., with the second letter D) and exactly one outgoing edge with
label type DR or DD (i.e., with the first letter D). Moreover, the exact
number of incoming edges is equal to the number of leaves of the connected

component of R — D rooted at v.

Proof. As v is not a leaf of the range tree R, it cannot have an incoming
edge with label DR or RR. The vertex v is, in fact, a proper ancestor
of more than one of the leaves of the tree R. Each of these leaves can
be represented as vs, for some word s € {0,1}". Then for each such wvs,
there is a unique vertex u of the domain tree D, such that (u)a = vs.
If u is a vertex of the graph G, then there is an edge (u,v, DD(s)) €
Eq. Suppose u is not a vertex of the graph G. Then there is a proper
ancestor ' € Vg of the leaf u, such that u's’ = u for the word s’ €
{0,1}*. Then, (v/,v, (s")RD(s)) € Eg. As there is more than one proper
descendant of v which is a leaf of the range tree R, there are more than

one incoming edges, each with label DD or RD. As we quantify over s,
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that exact number of incoming edges is equal to the number of leaves of
the corresponding connected component of R — D rooted at v.

For a proof of the case with a unique outgoing edge having the first
letter of its label being D, the argument is the same as the second part
of the proof of Lemma [3.2.9 O

Lemma 3.2.11 (Range Vertex). Let (D, R,t) be a tree pair representing
an element o of Thompson’s group V. Let G = (Vg, Eq) be the pre—
chains graph of this tree pair. Suppose v € Vg is a range vertexr. Then
v has exactly one incoming edge with label type DR or RR (i.e. with the
second letter R) and more than one oulgoing edge, each with label type
RR or RD (i.e. with the first letter R). Moreover, the exact number of
outgoing edges is equal to the number of leaves of the connected component
of D — R rooted at v.

Proof. For a proof of the case with a unique incoming edge having the
second letter of its label being R, the argument is the same as the first
part of the proof of Lemma [3:2.9]

As v is not a leaf of the domain tree D, it cannot have an outgoing
edge with label DD or DR. The vertex v is, in fact, a proper ancestor
of more than one of the leaves of the tree D. Each of these leaves can
be represented as vs’, for some word s’ € {0,1}*. Then for each such
vs', there is a unique vertex u of the range tree R, such that (vs')a = wu.
If u is a vertex of the graph G, then there is an edge (v,u, (s')RR) €
FEq. Suppose u is not a vertex of the graph G. Then there is a proper
ancestor v € Vg of the leaf w, such that w's = u for the word s €
{0,1}*. Then, (v, (s')RD(s)) € Eg. As there is more than one proper
descendant of v which is a leaf of the domain tree D, there are more than
one outgoing edges, each with label RR or RD. As we quantify over &,
that exact number of outgoing edges is equal to the number of leaves of

the corresponding connected component of D — R rooted at v. O

Remark 3.2.12 (Interpretation of Edge Labels). Let (D, R,t) be a tree
pair representing an element « of the Thompson’s group V. Let G =
(Va, Eq) be the pre—chains graph of this tree pair.

Consider an edge e € Eg. There are four possible label types for
e. The label type reflects whether vertices which the edge is joining are

leaves of the domain tree D or the range tree R.
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First of all, if the first letter of the label type of e is a D, we know
that the initial vertex is a leaf of the domain tree D. It might or might
not be a vertex of the range tree as well. Otherwise, if the first letter of
the label type of the edge e is an R, we know that the initial vertex is not
a leaf of the domain tree, and hence by the construction of pre—chains
graph it is a leaf of the range tree only.

Secondly, if the second letter of the label type of e is an R, we know
that the end vertex is a leaf of the range tree R. It might or might not
be a vertex of the domain tree as well. Otherwise, if the second letter of
the label type of the edge e is a D, we know that the end vertex is not a
leaf of the range tree, and hence by the construction of pre—chains graph

it is a leaf of the domain tree only.

Chains Graph

We will now present how to further transform this pre—chains graph into
an object called the chains graph which will be the main tool in the
subsequent algorithms. This will involve replacing some neutral vertices
and their incident edges with single edges, which labels record the original
vertices. The chains graph is chosen over the pre—chains graph due to
being easier to work with in our set up. On the other hand, the underlying
reason for defining the pre—chains graph as an intermediate stage on the
way to the chains graph is our perception of the greater clarity of the
relationship between pre—chains graphs and tree pairs, especially through

Lemmas[3.2.7,[3.2.9], [3.2.70|and [3.2.11] We will show later that all of these

lemmas, and a few new ones, hold also for chains graphs.

Algorithm 3.2.13 (Chains Graph). Let (D, R,t) be a tree pair repre-

senting an element o of V', and G be its pre—chains graph.

1. Recall that by Lemma [3:2.9] that every neutral vertex of G has a
unique incoming edge. Consider a neutral vertex wu; satisfying the

additional condition that either:

e its unique ingoing edge has label type RR, and then it is the
form (v, u1, (s')RR) for a range vertex v and s’ € {0,1}T;
or:

e its unique ingoing edge is of the form (v, u;, DR) where v € Vg

is a domain vertex. Note that we view this edge as (v, u1, ()DR).
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Note that this composite condition happens precisely when the be-

ginning of the unique ingoing edge of u; is not a neutral vertex.

Also, recall that by Lemma that a neutral vertex of G has
a unique outgoing edge. Thus, in particular, the vertex u; has a
unique outgoing edge. For the neutral vertex w; and its unique
outgoing edge e;, recursively define the following, starting with ¢ =
1:

e If the end of the edge e; is also a neutral vertex, call this end

vertex u;11. Then the edge e; is given by e; = (u;, uj+1, DR).

e [f the end vertex of the edge e; is not a neutral vertex, then
call this vertex w, let k be the greatest integer such that wuy is

defined, and terminate this recursive definition.
Then one of the following occurs:

e Either w is a range vertex and hence there is an edge
(ug,w, DR) € Eg,
e or w is a domain vertex and hence there is an edge
(ug,w, DD(s)) € Eg

with s € {0,1}.
Now, perform the following procedures:

(a) Replace the edges

(v,u1,(s ) XR)
(ul, UQ,DR)

(ug—1,ux,DR)
(ug, w,DY (s))

for X, Y € {D, R} with a single edge

(v,w, (8 X (ut,...,up)Y(s)).
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(b) Delete the vertices uy, ..., uy, each corresponding to a neutral

vertex, from the set V.

2. Repeat Step 1) until there is no neutral vertex u; in G which satisfies

the specified condition.
3. Pick a neutral vertex u; of the graph G. Note that we require that
u1 has not been previously deleted.
For the neutral vertex u; and its unique outgoing edge e;, recursively
define the following, starting with ¢ = 1:
e [f the end of the edge e; is not uy, call this end vertex u;y1.
Then the edge e; is given by e; = (u;, uij+1, DR).

o If the end vertex of the edge e; is u1, let k be the greatest
integer such that uj; has been defined so far, and terminate
this recursive definition. Note that the edge e; is given by
e; = (ug,u1, DR).

Then, perform the following procedures:

(a) Replace the edges

(u1,u2,DR)
(UQ, U3,DR)

(Uk, u17DR)
with a single edge
(ula Ui, D(“Q, Uy ey uk‘)R)

(b) Delete the vertices ug, us, ..., uk, each corresponding to a neu-

tral vertex, from the set V.

4. Repeat the previous step until there is no unused neutral vertex in

G.

Definition 3.2.14 (Chains Graph). Each graph which can be obtained
from a pre—chains graph of a tree pair representing an element of Thomp-

son’s group V by following Algorithm [3.:2.13]is called a chains graph.
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Remark 3.2.15. Notice that in Steps 1) and 2) of the Algorithm
by Lemma [3.1.6| we got rid of all vertices of G representing non—periodic
neutral leaves of the tree pair. Hence in Step 3) we have only these
vertices to consider, which correspond to periodic neutral leaves of the
tree pair. Hence for each remaining neutral vertex u; we can always find

described sequence of leaves.

Lemma 3.2.16. Consider an input of a tree pair (D, R,t) representing
element o of V' into Algorithm[3.2-1], and subsequently applying Algorithm
to the produced pre—chains graph. Let the resulting chains graph be
called G. Then, for each tree pair (D, R,t) there exists a unique chains
graph G, up to labels of vertices representing periodic orbits. Moreover,
the tree pair (D, R,t) can be identified from the graph G.

Proof. We already know by Lemmas [3.2.3] and [3.2.4] that a given pre—

chains graph corresponds uniquely to a tree pair which it was constructed

from. Hence, it is sufficient to show that a given chains graph corresponds
uniquely to the pre—chains graph which it was constructed from. Consider
both types of edges which are produced by Algorithm

Each of the produced edges is of the form

(v,w, (8 X (u1,...,ur)Y(s))

for some (not necessarily distinct) vertices v, w € Vg, some ¢, s € {0,1}*,
some X,Y € {D,R}, a non—negative integer k and neutral vertices
U1, ..., ug of the pre—chains graph obtained from the tree pair (D, R, t).
Such an edge represents the following prefix substitutions: (vs')a =
ug, (u1)a = ug, ..., (up)a = ws. It is the same as for the original, now
replaced, edges of the pre—chains graph.

Hence, for each tree pair (D, R,t) there is a unique chains graphs G
derived from it, and the tree pair (D, R,t) can be identified from the
graph G. O
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Example 3.2.17 (Chains Graph). Consider the following tree pair (D, R, t)

representing an element a of V:

First, we will construct the pre—chains graph for this tree pair, and
subsequently we will transform it into the chains graph.

The intersection of the trees D and R is given by:
€
RN
0 1
/NN
00 01 10 11
/N /N

100| 101 110 111

Hence, the set of vertices of the pre—chains graph G of the tree pair
(D, R,t) is given by:

Ve = {00,01, 100,101,110, 111}.

Let us also identify the forests D — R and R — D:

D-R R-D
100 111

/\ /\

1000 1001 1110 1111

Now we proceed with Algorithm to identify the edges of the
pre—chains graph G:
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1. Consider the vertex 00, which is a leaf of the domain tree. We have
(00)ae = 01 and 01 € Vg, so

(00,01, DR) € Eg.

2. Consider the vertex 01, which is a leaf of the domain tree. We have
(01)ae = 00 and 00 € Vg, so

(01,00, DR) € Eg.

3. Consider the vertex 100. It is not a leaf of the domain tree. Its
descendants which are vertices of the domain tree are 1000 and

1001.
(a) We have (1000)a = 101 and 101 € Vg, so
(100,101, (0)RR) € Eq.
(b) We have (1001)cr = 110 and 110 € Vg, so
(100,110, (1)RR) € Eg.

4. Consider the vertex 101, which is a leaf of the domain tree. We
have (101)cx = 100 and 100 € Vg, so

(101,100, DR) € Eg.

5. Consider the vertex 110, which is a vertex of the domain tree. We
have (110)cv = 1110 and 1110 ¢ Vi, but 111 € V. Thus,

(110,111, DD(0)) € Eg.

6. Consider the vertex 111, which is a vertex of the domain tree. We
have (111)av = 1111 and 1111 ¢ Vg, but 111 € Viz. Thus,

(111,111, DD(1)) € Eg

This process results in the following set of edges:
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E¢ = {(00,01, DR), (01,00, DR), (100, 101, (0)RR), (100, 110, (1)RR),
(101,100, DR), (110,111, DD(0)), (111,111, DD(1))}

Therefore, the pre—chains graph G is given by the following picture:

» DR N\

(0)RR

(1)RR

. DD(0)

DD(1)

The Pre-Chains Graph of the Tree Pair (D, R, t)

By inspection we identify the set of all neutral leaves of the tree
pair (D, R,t) to be: {00,01,101,110}. Notice that these are precisely
the vertices of the pre—chains graph which have exactly one ingoing and
exactly one outgoing edge.

Finally, we proceed with Algorithm to transform G into the
chains graph of the tree pair (D, R, t):

1. Let us start with considering criteria for Step 1) of the algorithm:

(a) We pick vertex 00 for consideration. Its unique incoming edge
is (01,00, DR) and 01 is a neutral leaf of the tree pair (D, R, t).
Thus vertex 00 does not meet the required criterion for Step
1).

(b) We pick vertex 01 for consideration. Its unique incoming edge
is (00,01, DR) and 00 is a neutral leaf of the tree pair (D, R, t).

Thus vertex 01 does not meet the required criterion for Step

1).
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(c) We pick vertex 101 for consideration. Its unique incoming edge
is (100,101, (0)RR). Hence 101 meets the criterion for Step
1).
i. The unique outgoing edge of 101 is (101,100, DR). The
vertex 100 does not correspond to a neutral leaf of (D, R, t).
ii. We replace the edges (100,101, (0)RR) and (101, 100, DR)
with a single edge (100, 100, (0)R(101)R).
iii. We delete the vertex 101 from the set V.
(d) We pick vertex 110 for consideration. Its unique incoming edge
is (100,110, (1)RR). Hence 110 meets the criterion for Step
1).
i. The unique outgoing edge of 110 is (101,111, DD(0)).
ii. We replace the edges (100,110, (1)RR) and (101,111, DD(0))
with a single edge (100, 111, (1)R(110)D(0)).
iii. We delete the vertex 110 from the set V.

2. We considered all possible neutral vertices to meet criterion for Step

1) and we made all required changes. Hence we proceed to Step 3)

3. We pick a neutral vertex which has not met the criterion for Step
1), say 00.

(a) The unique incoming edge of 00 is (01,00, DR). The unique
incoming edge of vertex 01 is (00,01, DR).

(b) We replace the edges (01,00, DR) and (00,01, DR) with a sin-
gle edge (00,00, D(01)R).

(c) We delete the vertex 01 from the set V.

4. There are no remaining neutral vertices which have not been deleted

or used. Hence we terminate the algorithm.

Note that in the second step the vertex 00 has been considered and
stayed in Vg, while the vertex 01 has been deleted before there was a
need to consider it. Hence, the current graph G is the chains graph of

the tree pair (D, R,t). Its set of vertices is given by:

Vg = {00,100,111}
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Also, its set of edges is given by:

Eq = {(00,00, D(01)R), (100, 100, (0) R(101)R),
(100,111, (1)R(110)D(0)), (111,111, DD(1))}

Hence we have the following picture of the chains graph corresponding

to the given tree pair (D, R,t):

(O)R(101)R WRELODO) DD(1)

D(01)R
The Chains Graph of the Tree Pair (D, R, )

Properties of the Chains Graph

We want to emphasise that Algorithm could be instead written in

terms of a single local operation:

Remark 3.2.18 (Concatenation of Edges). We notice that Algorithm [3.2.13]
has the effect of multiple application of concatenation of two edges joined
by a neutral vertex of a graph G which initially represents the pre—chains
graph. More precisely, we would obtain the same effect as the algo-
rithm, if every time we see a vertex v corresponding to a neutral leaf of
the initial tree pair and distinct edges (u, v, (s7)XR) and (v, w, DY (s))
for some vertices u,w of the pre-chains graph, some words s—,sT €
{0,1}* and X,Y € {D,R}, we concatenate them into a single edge
(u,w, (s7)X(v)Y(sT)) and cancel vertex v from the graph. The con-
catenation applies in the same way to already concatenated edges, which

means that every time we see a vertex v corresponding to a neutral
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leaf of the initial tree pair and distinct edges (u,v, (s7)X (u1,...,ux)R)
and (v, w, D(u], ..., ul, )Y (sT)) for some vertices u,w of the intermedi-
ate graph between pre-chains graph and chains graph, some neutral leaves
Ui, ..., Ug, U, . .., u), of the initial tree pair, some words s—, sT € {0, 1},
X,Y € {D, R} and some non-negative integers k, k', we concatenate them

into a single edge
(uyw, (s7) X (U1, ..oy up, v, Uy, . uk )Y (sT))

and cancel the vertex v. Notice in particular how two successive edges
with label types X R and DY respectively turn into a single edge with
label type XY, which acknowledges the cancelled intermediate vertex in
the bracket between the letters. This phenomenon occurs implicitly also

in Algorithms[3.2.34] [3:2.44] [3.2.51] [3.2.57] and [3.2.64] which are presented

later on in this section.

The definition below is a restatement of notation given initially for

pre—chains graphs:

Definition 3.2.19 (Domain, Range and Neutral Vertices). Consider a
tree pair (D, R,t) representing an element « of V', and its chains graph
G. Let v be a vertex of the graph G.

1. We call v neutral vertez if it is a neutral leaf of the tree pair (D, R, t).

2. We call v a domain vertex if it is a leaf of the domain tree D but is

not a leaf of the range tree R.

3. We call v a range vertex if it is a leaf of the range tree R but is not

a leaf of the domain tree D.

The lemma below is a restatement of Lemmas [3.2.7], [3.2.9] [3.2.10] and
3.2.11] for chains graphs:

Lemma 3.2.20. Consider a tree pair (D, R,t) representing an element

a of V, and its corresponding chains graph G.

1. Consider an edge (u,w, (s") X (u1,...,ur)Y(s)) of the graph G for
some vertices u,w € Vg, some letters X,Y € {D, R}, some neutral

leaves u, ..., up and some words s',s € {0,1}*. Then both of the
following hold:

(a) The word s' is empty if and only if X = D.
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(b) The word s is empty if and only if Y = R.

2. If v € Vg is a neutral vertex, then v has exactly one incoming edge
with label type DR or RR and exactly one outgoing edge with label
type DR or DD.

3. If v € Vg is a domain vertex, then v has more than one incoming
edge, each with label type DD or RD and exactly one outgoing edge
with label type DR or DD.

4. If v € Vg is a range vertex, then v has exactly one incoming edge
with label type DR or RR and more than one outgoing edge, each
with label type RR or RD.

Proof. Given Remark [3.2.18] we notice that all the properties of label

types edges of chains graph used in proofs of Lemmas [3.2.7], [3.2.9] [3.2.10]
and [3.2.11] are still valid. O

Lemma 3.2.21. Consider a tree pair (D, R,t) representing an element
a of V, its chains graph G, and a neutral vertex v of the graph G. Then,
there is a unique edge of G which both starts and finish at v. This edge
represents full periodic orbit of neutral leaves (or a leaf) of the tree pair

(D,R,t).

Proof. In the pre—chains graph, every neutral leaf of the tree pair (D, R, t)
was represented by a vertex. In Remark about Algorithm
we observe that each vertex corresponding to a non—periodic neutral leaf
has been deleted. Also, each vertex representing a periodic neutral leaf
which has not been deleted is the one chosen to be the start and end of
a new edge. This edge is unique and of the form (v,v, D(u1,...,ux)R)
for some non—negative integer k and some neutral leaves ui,...,u; of
the tree pair (D, R,t). This indicates that (v)a = uy, (u1)a = ug, ...,
(ug)a = v. This is by definition a finite periodic orbit of neutral leaves.
Note that if £ = 0, then v is fixed by «, and so on a finite orbit of size
one.

O
We present the following corollary as a useful summary:

Corollary 3.2.22 (Types of Vertices). At the end of Algorithm
applied to the pre—chains graph of a tree pair (D, R,t) to produce the
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chains graph G, we distinguish between precisely three types of vertices of

our chains graph G:
1. A neutral vertex with a single edge starting and ending at it.

2. A domain vertex corresponding to a leaf of the tree D N R which is

a leaf of the domain tree D but not a leaf of the range tree R.

3. A range vertex corresponding to a leaf of the tree D N R which is a
leaf of the range tree R but not a leaf of the domain tree D.

Proof. Consider the fact that each vertex v of the chains graph G is a
leaf of the tree D N R. Furthermore, there three options: v can be a leaf
of domain tree D which is not a leaf of range tree R (a domain vertex), a
leaf of range tree R which is not a leaf of domain tree D (a range vertex),
or neutral leaf of (D, R,t) (a neutral vertex). Now by Lemma we
further conclude that if v is a neutral vertex of the graph G, then there

is a single edge starting and ending at v. This proves the corollary. [

Definition 3.2.23 (Chain Edge). Consider a tree pair (D, R,t) repre-
senting an element a of V| and its chains graph G. An edge e of the

graph G is called a chain edge.

The reason for giving a collective name of a ‘chain edge’ for each of

the edges of chains graphs is the following correspondence:

Lemma 3.2.24. Consider a tree pair (D, R,t) representing an element
a of V', and its chains graph G. Fach edge of the graph G corresponds to
a leaf chain of the tree pair (D, R,t).

Proof. Recall Definition [3.1.22] Consider Algorithm [3.1.2]] for finding
leaf chains applied to a tree pair (D, R,t) and rules for formation of
chain edges.

We observe that there is a non—periodic leaf chain (Aa?)¥_, for some
leaf A € Lp\Lg and a positive integer k if and only if there is an edge
AT, AT, (s7)X (A1, ..., )Y (sT)) € Vo for a non-—neutral vertex A\~ of
the graph G and a word s~ € {0,1}* such that A=s™ =\, for l = k — 1,
for neutral leaves \A; of the tree pair (D, R,t) for each positive integer i
such that 0 < i < k such that \; = Aa’ and for vertex AT of the graph G
and a word st € {0,1}* such that A\*st = \a¥.
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We also deduce that there is a P—chain (Aa?)¥_, for some leaf \ €
Lp N Lk and a positive integer k if and only if there is an edge

()‘Oa )‘07 D(Ala R AZ)R) € VG

for | = k, for vertex \g € Vg such that \g = Aa? for some non-negative
integer j such that 0 < j < k and neutral leaves \; of the tree pair
(D, R,t) such that \; = Aa?*? for each positive integer i such that 0 <
1 <.

O

We draw particular attention to the following case:

Corollary 3.2.25. Consider a chains graph G corresponding to the tree
pair (D, R, t) representing an element o of Thompson’s group V. Suppose
that there is an edge e of the label type DR starting and finishing at the

same vertex. Then, the edge e corresponds to a P—chain of leaves.

Proof. By Lemma [3.2.21] Lemma [3.2.24] and Definition [3.1.24] O

Note that the chains graph GG may have other edges of DR type which

do not start and finish at the same vertex.

Remark 3.2.26. Let (Aai)fzo be a non—periodic leaf chain of a tree pair
(D, R,t) for some positive integer k. Let e be the edge of chains graph G
of this tree pair, corresponding to the given leaf chain.

Notice that the initial leaf A of the leaf chain is always a leaf of domain
tree D and never a leaf of range tree R. However, A might or might not
be a vertex of the chains graph G, depending on whether A is a leaf of
the tree D N R or not. In case when it is a leaf of the tree D N R, it is a
vertex of GG, and the first letter of label type of e is D. In case when A is
not a leaf of the tree DN R, it is not a vertex of G, and the first letter of
label type of e is R.

Similarly, notice that the last leaf A\a* of the leaf chain is always a leaf
of range tree R and never a leaf of domain tree D. However, Aa* might
or might not be a vertex of the chains graph G, depending on whether
Ao is a leaf of the tree DN R or not. In case when it is a leaf of the tree
DN R, it is a vertex of G, and the last letter of label type of e is R. In
case when A is not a leaf of the tree D N R, it is not a vertex of GG, and
the last letter of label type of e is D.
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Under the correspondence of Lemma [3.2.24] we can prove the follow-

ing:

Lemma 3.2.27. Consider a tree pair (D, R,t) representing o € V' and
its chains graph G. An edge of G with label type RD corresponds to an
SS-chain.

Proof. Recall Definition [3.1.26] of an SS—chain. Suppose that
€= (Ua w, (8_)R(’U,1, s 7U1)D(8+))

is an edge of G for some v, w € Vg, some non—negative integer [, some
words s7,sT € {0,1}" and some neutral leaves uj,...,u; of the tree
pair (D, R,t). By Lemma as v has an outgoing edge with the
label type starting with R, the vertex v is a range vertex. Similarly, by
Lemma|(3.2.20 as w has an incoming edge with the label type ending with
D, the vertex w is a domain vertex. As vs™ is not a leaf of the range
tree and ws™ is not a leaf of the domain tree, the edge e corresponds to
a non—periodic leaf chain (vs™, u1,...,u;, ws™). We want to show that
vs~ must be a source and that ws* must be a sink. By Lemma
as v is a range vertex, vs~ is a leaf of a component of D — R, and hence
it can be either a repeller or a source. But ws™, the last leaf in the leaf
chain starting at vs™, is not a proper ancestor of vs™, hence vs~ must
be a source. Similarly, by Lemma as w is a domain vertex, ws™ is
a leaf of a component of R — D, and hence it can be either an attractor
or a sink. But vs™, the first leaf in the leaf chain ending at ws™, is not
a proper ancestor of ws™, hence ws™ must be a sink.

As vs™ is a source and ws™ is a sink, by Definition the leaf

chain (vs™,uq,...,u;, ws") corresponding to the edge
(U, w, (5_)R(u17 s 7ul)D(s+))

is an SS—chain. O

We will describe further correspondences between leaf chain types and

chain edges at points when they will be specifically used.

The Algorithm Part I — Maximal Tree Reduction

Consider a tree pair (D, R, t) representing an element « of Thompson’s

group V. We will now present the first of three parts of the algorithm,
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which will transform (D, R,t) into a revealing tree pair which still rep-
resents the same a € V. The aim of this part is to find a tree pair
representing « which domain and range trees have the smallest possible
number of leaves. It is not an essential part of the process, but it often
results in less data to analyse, as well as fewer leaves in the domain and
range trees of the final revealing tree pair. This part of the algorithm will
be introducing changes directly to the tree pair (D, R, t), as opposed to

the chains graph, in the form of iterated simple reduction.

Algorithm 3.2.28. Consider a tree pair (D, R,t) representing an ele-
ment « of Thompson’s group V. Suppose that there are words wi, wo in
{0,1}* such that all of the following hold:

e The addresses w10 and wq1 are leaves of the tree D.
e The addresses w0 and wsl are leaves of the tree R.

e We have (w10)ar = w20 and (w;l)a = wel.

Then we will perform a simple reduction, given by:

1. Consider the tree D. Delete the vertices w10 and wyl of D and
delete the edges (wi,w10) and (w1, w11l) of D. Let the resulting
tree be called D’. Note that the node w; is a leaf of D’.

2. Consider the tree R. Delete the vertices w90 and wsl of R and
delete the edges (wq,w20) and (w2, wsl) of R. Let the resulting
tree be called R’. Note that the node ws is a leaf of R’.

3. We need to change t accordingly, so the new tree pair represents
the same element «. Let us suppose that the leaves w10 and w1
were labelled with numbers k and k + 1 respectively, for some k
such that 1 < k < m — 1. (They need to have consecutive labels,
as they are consecutive leaves in the tree D.) Now, perform the

following changes to the m-tuple ¢:

(a) Suppose that ¢ € {1,2,...,m} and 1 < ¢; < k. In this case,
we leave t; as it is.

(b) Suppose that for some ¢ € {1,2,...,m}, we have t; = k + 1.
In this case, we delete this coordinate t; from the m-tuple ¢,

creating an (m — 1)-tuple.
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(c) Now, consider all i € {1,2,...,m} such that k +2 < t; < m.
Simultaneously for all 7, replace each occurrence of t; with
t; — 1.

(d) We call the resulting (m — 1)-tuple ¢'.

4. We now replace (D, R,t) by our new tree pair (D', R',t'). The
number m is now redefined to be such that the new ¢ is an m-tuple.

This means that m has decreased by 1.

After each simple reduction, we test the new tree pair for existence of
such words wi; and we. We terminate the algorithm when no such words

exist.

Definition 3.2.29 (Reduced Tree Pair). Consider a tree pair (D, R,t)
representing an element a of Thompson’s group V. If (D, R,t) remains
unchanged by Algorithm [3:2.28] then we call it a reduced tree pair.

Lemma 3.2.30. Given input of any tree pair (D, R,t) representing an
element a of V', Algorithm [3.2.28 terminates with output of the unique

reduced tree pair representing a.

Proof. With each iteration of a simple reduction we decrease the positive
integer m associated with the tree pair by 1. The number m cannot
become non—positive by performing the described reductions of the tree
pair. This is because the minimal number of leaves of D (and R) needed
to apply the procedure is m = 2. Hence the algorithm must terminate.
We know that the reduction can be applied when we can find words

wy,we € {0,1}* satisfying the criteria that:
1. w10 and wq1 are leaves of the domain tree D,
2. w90 and wol are leaves of the range tree R,

3. for all w’' € {0,1}*, we have (w;0w')a = wolw' and (wilw')a =

wglw’.

After application of a reduction, the tree pair (D, R, t) changes to (D', R', '),
but we are interested in showing that it still represents the same element
a. We know that now for all v’ € {0,1}*, we have (wijw")a = wan/,
which is equivalent to the third condition above. We also observe that
for each other leaf A of the domain tree D which is also a leaf of the tree

D', the effect of « is the same by construction of . This is because if A
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was a leaf with a number [ which is less than the number of the leaf w10
in the tree D, then X still has number [ in the tree D’ and the leaf (\)«
has number [ in both trees R and R’. If in contrast A\ was a leaf with
a number [ which is bigger than the number of the leaf wq1 in the tree
D, then A has number [ — 1 in the tree D’ and the leaf (A\)a which had
number [ in the tree R, has number [ — 1 in tree R’. This means that \ is
still mapped to (A)a by the new tree pair. As all of these define where all
the points of € are mapped to under the new tree pair, and all of them
are being mapped in exactly same way as by the initial tree pair (D, R, 1)
and final tree pair (D', R',t’), both tree pairs must represent the same
element « of V.

We will now show uniqueness of the reduced tree pair corresponding
to any tree pair representing fixed element « of V. For that purpose, we
will paraphrase and expand the proof from Cannon, Floyd and Parry [14]
of existence of a unique reduced tree pair for any element of Thompson’s
group F. Let us now assume that (D, R,t) is a reduced tree pair rep-
resenting o € V. The proof is based on the fact that if the action of «
on all elements of € underlying a given address could be extended to a
partial map on that given address, then this address cannot be a non-leaf
node of the tree D. More formally, the conditions for Algorithm [3:2.28 to
stop with the tree pair (D, R, t) are equivalent to the following statement:
if an address u € {0,1}* is such that we have some address v € {0,1}*
such that for all w € {0,1}* we have (vw)a = vw, then no descendant
of u is a leaf of the tree D. This means that u is either a leaf of D, or
it is a proper descendant of a leaf of D. Now, as « can be interpreted as
a set of prefix substitutions, this statement provides a unique choice of
the set of prefixes pairs {(ui,v1),..., (ug,vx)} for some positive integer
k, such that for all integers i such that 1 < i < k we have (u;)a = v; and
{u1,...,ux} = Lp for some tree D as well as {v1,...,vp} = Lg for some
tree R. This gives a unique reduced tree pair (D, R,t) corresponding to

a given element « of V. O

Corollary 3.2.31. Let « be an element of V and let (D, R,t) and (D', R',t")
be tree pairs both representing the element a. Then there is a sequence
of simple augmentations and simple reductions which transforms the tree
pair (D, R, t) into the tree pair (D', R',t').

Proof. Recall that a simple augmentation defined in Algorithm and

a simple reduction defined in Algorithm [3:2.:2§] are inverse operations.
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By Lemma [3.2.30 both (D, R,t) and (D', R',t') admit a finite sequence
of simple reductions to the same reduced tree pair for a. This proves our

claim. O

Example 3.2.32 (Reducing Tree Pair). Consider the following tree pair

(D, R,t):
4 5 4 5

At the moment the procedure of Algorithm [3.2.28] can be applied to two
pairs of addresses (wy,w2): (0,1) and (11,01). After the application to
(11,01), we are left with the tree:

1 z 3 4 3 4 1 z

After the subsequent application of the algorithm to (0,1), we are left
with the tree pair:
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%ﬁ
2 3 2 3

Now we recognise that a new pair of vertices (w1, ws) satisfying the
criteria for algorithm’s application has been uncovered, namely (1,0).
After applying the algorithm to this last one, we have the following tree

pair:

At this point, the only candidate for a pair of nodes which could satisfy
the criteria for application of the algorithm’s procedureis ( , ), namely
a pair of empty nodes. However, this would require all points in € to be
fixed by «, which is not the case. Hence, we computed the reduced tree

pair for the initial tree pair.

The Algorithm Part IT — Detecting Torsion

Consider a tree pair (D, R, t) representing an element « of Thompson’s
group V, and its corresponding chains graph G. As noted earlier, we will
not assume that (D, R, t) is reduced, but typically one applies Algorithm
first for efficiency. We will now present an algorithm which will
modify G and result in another chains graph corresponding to another
tree pair, which still represents the same element « of V', and which can
be identified from the resulting chains graph. The new chains graph will
admit no edges with label type DR which do not represent full periodic
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orbits of its neutral leaves. We will also show that applying this algorithm
we will also detect all P—chains which will occur in the final revealing tree
pair. Therefore, after application of this algorithm we can easily decide
whether the element « is torsion.

Recall that by Corollary any edge with label type DR and the
same start and end vertex represents a full periodic orbit of neutral leaves

corresponding to a P—chain. However:

Lemma 3.2.33. For a tree pair (D, R,t) representing o« € V and its
chains graph G, an edge with label type DR with distinct start and end

vertex corresponds to a DSRS —chain.

Proof. Recall Definition for a DS RS—chain. Suppose that
(v,w, D(uq,...,u;)R)

is an edge of G for some v, w € Vg such that v # w, some non—negative
integer [ and some neutral leaves uq, ..., u; of the tree pair (D, R,t). We
know by Corollary [3.2.22] that v and w cannot be neutral vertices of G.
Hence, v is a domain vertex and w is a range vertex. Recall that by
Lemma [3.2.24] that this edge corresponds to a non—periodic leaf chain
(v,uq,...,u;, w). We want to show that v is a domain of sinking leaf and
that w is a range of sourcing leaf. As v is a domain vertex, it is a root of
a component of R— D, and hence it can be either domain of attraction or
domain of sinking leaf. But w, the last leaf in the leaf chain starting at
v, is not a proper descendant of v, hence v must be a domain of sinking.
Similarly, as w is a range vertex, it is a root of a component of D — R, and
hence it can be either range of repulsion or range of sourcing leaf. But v,
the first leaf in the leaf chain ending at w, is not a proper descendant of
w, hence w must be a range of sourcing.

As v is a domain of sinking and w is a range of sourcing, by Definition
the leaf chain (v, w1, ...,u;, w) corresponding to the edge

(v,w, D(ula v 7ul)R)
is a DSRS—chain. O

As we know that DSRS-chains cannot occur in revealing tree pairs.
The Algorithm [3:2.34) is aimed at eliminating these edges.
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Algorithm 3.2.34. Consider a tree pair (D, R,t) representing an ele-
ment « of Thompson’s group V, and its corresponding chains graph G.

Consider an edge of the graph G with a label type DR.

1. If the start and end vertex of the edge are the same, we leave it as

it is.

2. Suppose that the start vertex v of the edge and the end vertex w of
the edge are distinct. Suppose further that the edge joining them
is given by (v,w, D(u1,...,ux)R) for some non—negative integer k
and for some neutral leaves ui,...,u;. Then by Corollary [3.2.22]
the vertex v is a leaf of the domain tree D but not of the range
tree R, and the vertex w is a leaf of the range tree R but not of the

domain tree D.

Recall from Definition that we can denote the connected com-
ponent of R — D rooted at v to be vR,,, and recall that R, is then
the tree vR, ‘translated’ to the root e. Similarly, recall from Defi-
nition that we can denote the connected component of D — R
rooted at w to be wD,,, and recall that D,, is then the tree wD,,
‘translated’ to the root €. Define the intersection of the trees R,
and Dy, by T'= R, N Dy,.

We will now list all leaves of T'. Notice that as T = R, N D,,,
each leaf of T is either a leaf of the tree R, or of the tree D,,, and
possibly both. Let pi,p2,...,p;, for a non—negative integer [; be
addresses of all leaves of 1" which are in the same time leaves of R,
but not leaves of D,,. Let ¢i1,qo,...,q, for a non—negative integer
l5 be addresses of all leaves of T' which are in the same time leaves
of D, but not leaves of R,. Finally, let r{,r2,...,r, for a non-
negative integer I3 be all leaves of T" which are in the same time
leaves of R, and leaves of D,,. Note that the collection of all these

leaves forms a set of all leaves of the tree T'.

Perform the following action:

(a) Introduce new vertices to the graph G, namely wp; for all
i€{l,2,...,11}, and vg; for all j € {1,2,...,l2}.

Recall that p; is a leaf of the tree R, for alli € {1,2,...,11}. Hence
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for each such p; there is a unique edge

(u’, v, (s’)X(u’l, . ,uﬁﬂ)D(pz-))

for some v’ € Vg, some non-negative integer ki, some word s’ &
{0,1}*, some neutral leaves uj,...,u; of the tree pair (D, R, 1),
and some X € {D, R}.

Perform the following action:
(b) For each p;, replace the edge
(', 0, (") X (uy, ..., ug, ) D(pi))
with the edge
(', wpy, (8) X (uf, . ., uﬁﬁ,vpi, up;, - -+, uRpi) R).

Recall by definition of p; that wp; is a proper ancestor of some
leaves of the tree D. Now, recall Definition and consider the

tree Dy,,,. For each leaf s of the tree D,,p,, we have an edge
(w, w', (pis) R(wy, - . wi,, )Y (sw))

in the modified graph G, for some w’ € Vi, some non—negative
integer [,,, some addresses wy,...,w,, Y € {D, R} and some word
sw € {0,1}*.

Perform the following action:
(c) For each p; and each leaf s of D,p,, replace the edge
(w,w', (pis) R(wi, . . . ,w,,)Y (sw))
with the edge
(wpi, w', (s)R(w1, ... swi, )Y (Sw))-

Recall that g; is a leaf of the tree D, for all j € {1,2,...,l2}.

Hence for each such g; there is a unique edge

(w,u', (q;)R(uy,. .., u’k’Q)Y(s"))
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for some u' € Vi, some non-negative integer ko, some word s’ €
{0,1}*, some neutral leaves uf,...,uj, of the tree pair (D, R,t),
and some Y € {D, R}.

Perform the following action:

(d) For each g, replace the edge
(w,u', () R(uf, - .., ug,)Y(s"))
with the edge
(vgj, o, D(uiqj, . .., urq;, wqj, ull/, e u/k’2)Y(3”)).

Recall by definition of g; that vg; is a proper ancestor of some
leaves of the tree R. Now, recall Definition and consider the

tree Ryq,;. For each leaf s of the tree Ryq;, we have an edge
(v, v, (s9) X (v1,...,v1,)D(g;s))

in the modified graph G, for some v’ € Vg, some non—negative

integer l,,, some addresses vy, ...,v;,, X € {D, R} and some word
sy € {0,1}%.

Perform the following action:

(e) For each g, replace the edge
(', v, (s0) X (v1, ..., 0,) D(g;5))
with the edge
(v', vgj, (8v) X (v1,...,v;,)D(s))

Finally, recall that rp is a leaf of both trees R, and D,,, for all

h e {1,2,...,13}. Hence for each such rj, there is a unique edge
(u/7 v, (SI)X(UII’ cee 7u;cl)D(Th))

for some v’ € Vg, some non-negative integer ki, some word s’ €

{0,1}%, some neutral leaves uj,...,u of the tree pair (D, R,t),
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and some X € {D, R}. For each such rj, there is also a unique edge
(w, u”, (rh)R(u'{, e u’k’2)Y(s"))

for some u” € Vg, some non-negative integer ko, some word s’ &
{0,1}*, some neutral leaves uf,...,u; of the tree pair (D, R, 1),
and some Y € {D, R}. Note that these two edges do not need to
be distinct.

Perform the following actions:

(f) If the edges
(v, ()X (- ., up, ) D(rn))

and
(w,u”, (rp)R(u, ..., up, )Y (s"))

are distinct, then replace these two edges with a single edge

(', u”, ()X (uf, . .. ,u%l,vrh,ulrh, ol

o uRTR, wrp U, g )Y (87).

(g) If the edges
(ul’ v, (S,)X(ulh s 7“?@1)D(7ﬂh))

and

(w,u”, (rp)R(uY, ..., u’k’Q)Y(s"))

are the same edge, then introduce the vertex vry to the graph

and consider both of them be given by
(’UJ, v, (Th)R(u,b ey U;CI)D(T‘h))
In this case, replace this edge with a single edge

(vrp, v, D(UiTh, -« Uy W, UY, -« - ,ufﬁ)R).

(h) Delete the vertices v and w, and the edge between them from
the graph G.
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3. Repeat Steps 1) and 2) on each remaining edge with the DR label
type.

Lemma 3.2.35. Given an input of the chains graph G corresponding to
a tree pair (D, R,t) representing an element o« of V', Algorithm
terminates with a chains graph for which the only edges of label type DR
are the ones for which the start vertex is the same as the end wverter.

Moreover, the resulting graph still represents the same element o of V.

Proof. We will first show that the process terminates. This is because
each time we apply Step 2) we either eliminate a DR edge from further
consideration, or we are diminishing number of edges of the graph G by
at least 1. Recall that the number of edges is a finite number (initial size
of Eg is m, where t is an m-tuple from the tree pair (D, R,t)). In the
process we might or might not create new edges with labels DR, but this
ultimately does not matter as the total number of edges to consider is
always decreasing. Moreover, the algorithm continues if and only if there
are edges with label type DR with distinct start and end vertex. Hence,
when the algorithm stops, it produces a graph lacking such edges.

For the second part, we will look more closely what effect the edges
replacements have on prefix substitution rules. Recall that we will be
deleting the edge e = (v,w, D(u1,...,u;)R) for distinct vertices v and

w. The prefix substitution rules given by this edge are:

(v)a = uy
(1) (ul)a = Uj4+1 Vi<I<k
(up)a = w

Recall the process of augmentation from Algorithm 2:3.9] Recall the
tree T defined in Algorithm In Algorithm we perform the
augmentation of (D, R,t) by T at the leaves v, u1,...,u;. We know that
Ly ={pil <i<hL}U{g|l <j <lp}U{rp[l <h <l3}. Then the prefix
substitutions could be described by (1a),(1b) and (1c):

Vi<i<lh

(vpi)a = uip;
(la)
(wpi)oo =wpp; V1<I<k

(Ukpi)a = wp;
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Vi<j<l
(vgj)a = u1g;
(wgj)a =u1q;  V1<I<k

| (wgj)a = wg;
Vi< h<ls
(vrp)a = uiry

(1¢)

(uyrp)o = upyarp Vi<i<k

(ugprp)o = wry,

We could then cancel the edge e and represent these new prefix sub-

stitutions by a collection of following edges:

{(vpi, wpi, D(uipi, . .., uppi)R)|1 <i <11 }U
{(vrp, wry, D(uirp, ..., uxgry)R)|V1 < h <3}

We know that the labels on each of the new edges have to be of the
type DR, because T is chosen so that it is a subtree of the tree R, and
hence the first letter of the label must be D, and T is also chosen to be a
subtree of the tree D,, and hence the second letter of the label must be R.
However, even after adjusting vertices, these edges would not form the
chains graph corresponding to the new tree pair. This is because there
would be vertices with an incoming edge with second letter of the label
being R and with an outgoing edge with the first letter of the label being
D. Algorithm [3:2:34) is inspired by the principle of concatenation of such
neighbouring edges described in Remark Let us analyse the effect
of the suggested replacements of edges:

1. For each integer ¢ such that 1 <17 <, the edge

(u/7 v, (S/)X(u/h s ,u%l)D(pZ-))

is replaced by the edge

(ul7 wpy, (SI)X(U{IJ ey u;:lavpiv UrPis, - - - 7ukpz>R)
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Let us analyse what it means in terms of prefix substitution rules.

The initial edge encodes the following rules (2):

(W's)a =)
(2)4 (wa=u,, VI<I<k

(%l)a = vp;

The resulting edge encodes the following rules (3):

(W's")a =uj
(ua=u, VI<I<k p(2)
(3) (u;ﬂ)a = Up;
(vpi)o = wap;
(wpi)a =wpp;  V1<I<k »(la)

{ (uppi)a = wp;

Notice that for given p; the rules (3) are a union of rules (2) and
(1a). Hence, there has been no changes for a in this procedure. Note
also that the vertex wp; has been introduced as a new vertex of the
graph and replaced appropriately in the edges which were starting
from vertex w, with a proper descendant of wp; being mapped as
the beginning of the edge. Finally, the second letter of the label of
the introduced edge is R, as p; was not a leaf of the tree D,,, and

hence the vertex wp; becomes a range vertex of G.
2. For each integer j such that 1 < 5 <, the edge
(w, o, () RO, ... )Y (s"))
is replaced by the edge
(vgj,u", D(uig;, - . ., ukq;, wg;,uf,. .. ,u’,éQ)Y(s”)).

Let us analyse what it means in terms of prefix substitution rules.

The initial edge encodes the following rules (4):

(wgj)o = uf
(4) (u)a=u;  VI<I<ky

(uy, ) = u"s"
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The resulting edge encodes the following rules (5):

(vgj)o = u1g;
(wgj)a =wr1q;  V1<I<k p(1b)
(urgj)o = wg;
(wgj)a = uff
(W)a=ul,;, VI<I<ky (4

(uj, ) = u"s"”

Notice that for given ¢; the rules (5) are a union of rules (1b) and
(4). Hence, there has been no change for « in this procedure. Note
also that the vertex vg; has been introduced as a new vertex of the
graph and replaced appropriately in the edges which were ending
at vertex v, with a proper descendant of vg; being mapped to as
the end of the edge. Finally, the first letter of the label of the edge
introduced is D, as ¢; was not a leaf of the tree R,,, and hence the

vertex vg; becomes a domain vertex of G.

. For each integer h such that 1 < h <3, the edges
€1 = (ul7 v, (SI)X(ullv ) u%l)D(rh))
and the edge
eo = (w,u”, (rp)R(uY,. .. ,u',éQ)Y(s"))

are replaced by:

(a) If e; # eg, by a single edge

(', u”, (X (U, . .. ,uﬁﬂ,vrh, UIThy - - -

S URTR, WTR, UYL u’k’2)Y(s"))

Let us analyse what it means in terms of prefix substitution

rules. The two initial edges encodes the following rules (6) and

(7):
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6)¢ (wla=u, VI<I<k

(7) (u)a=w',  VI<I<h

The resulting edge encodes the following rules (8):

(v's")a =

(up)a = up, Vi<I<k p(6)
(u;ﬁ)a =ory

(vrp)a = urry

(8) (wrp)a = wppr, - V1<I<k p(le)
(ukrn)a = wry,

(wrp)a = uff

(u o=,  VI<I<ky ¢(7)

( (up,)a=1u"s"

Notice that for given rp, the rules (8) are a union of rules (6),
(I1c) and (7). Hence, there has been no change for « in this

procedure.
If e = eg, by a single edge
/ !/
(vrh, TR, D(UiTh, -« o URT R, WTR, U, - Uy, ) R)

Let us analyse what it means in terms of prefix substitution

rules. The initial edge is then given by

(’LU, v, (Th)R(u,b R u;cl)D(Th))

and it encodes the following rules (9):

(wrp)a = uf
O (wa=u, VI<I<k

(u;~Cl Ja = vry,

The resulting edge encodes the following rules (10):
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(vrp)a = uyry,

(wyrp)o = upp1mp Vi<li<k p(lc)

Vi<Ii<k (9)

Notice that for given 7, the rules (10) are a union of rules
(1c) and (9). Hence, there has been no changes for « in this
procedure. Note also that the vertex vry, has been introduced
as a new vertex of the graph, and the label type of the new

edge is DR, as it represents a new periodic orbit of leaves.

Note that this case illustrates how new periodic orbits of leaves
are discovered in Algorithm [3.2.34]

By these observations we can conclude that the resulting graph
is indeed a chains graph of a new tree pair, which represents
the same element « of V' as the prefix substitution rules remain

the same.

Example 3.2.36. Let us consider the following tree pair (D, R, t):
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Let us construct the intersection D N R:
€
0 1
10 11

Hence, the set of vertices of the pre—chains graph is given by
{0,10,11}.
The set of edges of the pre—chains graph is given by
{(0,11, DR), (10,0, DD(0)), (11,0, (0)RD(1)), (11,10, (1)RR)}.

We will now transform the pre—chains graph into the chains graph G.
There is only one neutral vertex of the pre—chains graph, and it is 10.
It has precisely one incoming edge (11,10, (1) RR) and precisely one out-
going edge (10,0, DD(0)), which we merge together to obtain the edge
(11,0, (1)R(10)D(0)).

Therefore, the vertex set of G is given by Vg = {0,11}. Its set of
edges is given by:

Eq¢ ={(0,11,DR), (11,0, (1)R(10)D(0)), (11,0, (0)RD(1))}

Hence the chains graph for (D, R, t) looks as follows:

(DR(10)D(0)

/DR\‘

(0)RD(1)

The Chains Graph of the Tree Pair (D, R, t)

We determine that there is precisely one edge of label type DR in

E¢, and that its start vertex is distinct from its end vertex. Hence, we
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will apply Algorithm [3.2.34] to G.
1. We identify an appropriate edge with label type DR: (0,11, DR).
2. First of all, consider the component (0)Ry of R — D. It is given by

0

/\

00 01

Therefore, the tree Ry is given by
€
0 1
Also, the component (11)Dq; of D — R is given by

11
/\
110 111

Therefore, the tree Dy is given by
€
0 1
The intersection T' = Ry N Dy is also given by
€
0 1

Therefore, we can identify the integers I; = 0 (number of leaves
of T which are also leaves of Ry but not leaves of Dy1), lo = 0
(number of leaves of T" which are also leaves of Dy; but not leaves
of Rp) and I3 = 2 (number of leaves of T" which are leaves of both
Dy; and Rp). Moreover, we identify the following addresses r =
0 and 7o = 1. Let us first consider vy = 0. The unique edge
corresponding to r; entering the vertex 0 which we are looking
for is (11,0, (1)R(10)D(0)). The unique edge corresponding to 71
leaving the vertex 11 which we are looking for is (11,0, (0)RD(1)).
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(f) As these are distinct edges, we replace them with a single edge

(11,0, (1)R(10,00,110)D(1)).

Let us now consider 7o = 1. The unique edge corresponding to ro

entering the vertex 0 which we are looking for is
(11,0, (1)R(10,00,110)D(1))

The unique edge corresponding to ro leaving the vertex 11 which

we are looking for is also
(11,0, (1)R(10, 00, 110)D(1)).
(g) As these are the same edge, we replace it with a single edge
(01,01, D(111, 10,00, 110)R)

and also introduce vertex 01 to the graph.

(g) We delete vertices 0 and 11 from the graph.

Hence we end up with a new graph G’ such that Vi = {01} and
E¢ = {(01,01,D(111,10,00,110)R)}, which looks as follows:

D(111,10,00,110)R

The Chains Graph G’

We want to find the tree pair corresponding to this chains graph. Leaf
sets of both trees D and R are given by Lp = Lr = {00,01, 10,110, 111}.
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We also have the following prefix substitutions:

(00)a = 110
(01)a =111

(10)ae = 00
(110)ae = 01
(111)a =10

Therefore, the tree pair is:
1 2 3 3 4 5]
4 5 1 2

Let us analyse what happened in Example The chains graph
of the resulting tree pair indicates that it can be interpreted as five leaves
travelling on a single periodic orbit under the action of «. This fact is not
immediately clear from the graph of the initial tree pair, and the reason
for that is that the addresses 00 and 01 are simultaneously mapped to
addresses 110 and 111 respectively, and this was initially expressed as a
single map of address 0 to address 11, reflected by an edge with label type
DR. However, the immediate preimage in terms of prefix substitution of
the address 0 under the map « is not expressible as a single address.
Similarly, the immediate image in terms of prefix substitution of the
address 11 under the map « is not expressible as a single address. Hence,
if we wanted to uncover the whole periodic orbit involved in this example,
we had to perform simplification of the relevant DR edge, which was
joining a range of sourcing and a domain of sinking. This is the general
idea behind the Algorithm which should give us intuition of what
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happens in the algorithm and why.

Additionally, notice that in Example [3.2.36| with the application of
the Algorithm we reduced the number of carets in D — R (and
equivalently in R — D) by the number of carets present in the tree T'.

Lemma 3.2.37. Consider the chains graph G of a tree pair (D, R,t)
representing an element o of V', such that G is the output of Algorithm
[3.2.3)) Let v be a domain vertex of the graph G. Then v has a unique
outgoing edge, and the label type of this edge is DD.

Proof. By Lemma [3.2.10| and Lemma [3.2.20] the vertex v has a unique
outgoing edge e, and the first letter of the label type of this edge must be

D, and so its label type is either DR or DD. However, if the label type
of e was DR, then by Lemma [3.2.35] the end vertex of e would also need
to be v. This is not possible, as by Lemma and Lemma the
edge e cannot have an incoming edge with second letter of the label type
being R. Hence, e must have label type DD.

O

Lemma 3.2.38. Consider the chains graph G of a tree pair (D, R,t)
representing an element o of V', such that G is the output of Algorithm
[5.2.3]} Let v be a range vertex of the graph G. Then v has a unique
incoming edge, and the label type of this edge is RR.

Proof. By Lemma [3.2.11] and Lemma [3.2.20] the vertex v has a unique
incoming edge e, and the second letter of the label type of this edge must

be R, and so its label type is either DR or RR. However, if the label type
of e was DR, then by Lemma [3.2:35] the start vertex of e would also need
to be v. This is not possible, as by Lemma and Lemma, the
edge e cannot have an outgoing edge with first letter of the label type
being D. Hence, e must have label type RR.

O

The lemma below gives technical background which is later used in the
Corollary [3.2.40] to prove that with Algorithm [3.2.34] we have uncovered

all periodic orbits of leaves.

Lemma 3.2.39. Consider the chains graph G of a tree pair (D, R,t)
representing an element o of V', which is the output of Algorithm [3.2.5).

Suppose that a word s € {0,1}* is such that some vertex of the chains
graph G or some neutral leaf of the tree pair (D, R,t) present in the label
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of a chain edge of G is a prefix v for s. This means that s underlies this
vertex v of the graph or this neutral leaf v. Suppose also that there is a

l

positive integer | such that for all w € {0,1}* we have (sw)a' = sw. This

means that some positive power of « fixes all words with some given finite
prefix.
Then there must be an edge

(uo, uo, D(u, ..., ux)R) € Eg

for some vertex ug € Vg, some non—negative integer k and some neutral
leaves uy, ..., ug of the tree pair (D, R,t), such that u; if the prefix v of

s for some integer 0 < i < k.

Proof. Suppose that there are s, v and [ as in the statement of this
lemma. Suppose that there is an edge (ug, ug, D(u1,...,ux)R) € Eg for
some vertex ug € Vi, some non—negative integer £ and some neutral
leaves uq,...,ux of (D, R,t), such that one of the leaves ug,u1,...,ug

is a prefix v of s. Then for all w € {0,1}* we have (sw)a**!

= sw,
and k 4 1 is the smallest positive integer satisfying this property, by the
nature of edges in a chains graph. Hence (k+1)[l. As k is a non—negative
integer, [ is a positive integer as required. Hence, all the conditions of
the lemma are met and this case can occur. We will show that this is the
only possible scenario.

Suppose otherwise that s has a prefix which is a neutral leaf of a
chains edge with the label type RR, RD or DD. By Lemma [3.2.35] the
edges with label type DR represent the case above which we already
considered.

First suppose that there is an edge
(u, o, (sT)R(uy, . .., up )Y (sT)) € Eg

for some vertices u,u’ € Vi, some positive integer k', some some neu-
tral leaves uf,...,u},, some words s~ € {0,1}* and s* € {0,1}*, and
Y € {D,R}. Suppose that u}, is a prefix of s for some I’ € {1,...,k'}.
Hence there is a word s’ € {0,1}* such that s = u}s’. Recall that for

all w € {0,1}* we have (sw)a! = sw. Then for all w € {0,1}* we

have (sw)a™ = (u),s'w)a™ = us~s'w. Also, us”s'w = (sw)a™V =

(sw)dta™ = (sw)a "ol = (us~s'w)al. Hence, the word us™s' is such

that its prefix u is a vertex of the graph G and for all w € {0,1}* we
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have us~s'w = (us™s'w)al.

Otherwise, suppose that there is an edge
(u, ', (s7)X (u),...,up)D(sT)) € Eg

for some vertices u,u’ € Vg, some positive integer k', some some neu-
tral leaves ), ..., u},, some words s~ € {0,1}* and s* € {0,1}*, and
X € {D,R}. Suppose that uj, is a prefix of s for some I" € {1,...,k'}.
Hence there is a word s’ € {0,1}* such that s = u}s’. Recall that
for all w € {0,1}* we have (sw)a! = sw. Then for all w € {0,1}*
we have (sw)a® 171 = (u},s'w)a 1 = Wstsw. Also w'sts'w =
(sw)a? 17 = (sw)ala? 1 = (sw)aF 1Vl = (u/'sTs'w)al. Hence
the word u/s's’ is such that its prefix u/ is a vertex of the graph G and
for all w € {0,1}* we have u's*s'w = (u'sTs'w)al.

Therefore, without loss of generality, we can presume that s has a
prefix which is a vertex of the graph G.

Hence, suppose that s has a prefix which is a vertex ug of the graph
G representing non-neutral leaf of the tree pair (D, R,t). By Corollary
3.2.22| vertex wug is either a leaf of the range tree but not the domain tree,
or ug is a leaf of the domain tree but not the range tree.

Suppose that vertex ug is a leaf of the range tree but not the domain
tree. Then by Lemma [3.2.38] the vertex ug has a unique incoming edge,
and the label type of this edge is RR. Hence, the beginning of this edge
is also a leaf of the range tree but not the domain tree. Hence for each
such vertex ug we can build a unique sequence of vertices (u;)ien,, such
that for all i € Ny we have (ujt1,us, (...)R(...)R) € Eg. Now, note that
[Va| < oo, so at some point we must have u; = u;y; for a positive j'.
Choose minimal non-negative integer j such that u; = u;; for some j’,
and then choose minimal positive j’ such that u; = u;; ;. At first, we
will cover the case when j # 0 and then when j = 0.

Consider the case when j # 0. That is, ug # wu; for all positive
integers i. Recall that vertices of the chains graph lie above pairwise dis-
joint subsets of €. Hence, for all h € Z~ we have {uow|w € {0,1}*} N
{(wow)a|w € {0,1}*} = 0. As « is a bijection on € then for all
h € Z~ we have § = (D)a™" = ({uow|w € {0,1}*} N {(ugw)a|w €
{0, 1} Ha" = {(uow)a™"|w € {0,1}*} N {(uow)aa"w € {0,1}*} =
{(wow)a™"w € {0,1}*} N {uow|w € {0,1}*}. This collectively means
that for all ¢ € Z\{0} we have {upw|w € {0,1}¥} N {(uow)a?d|w €
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{0,1}*} = 0. Note that {sw|w € {0,1}*} C {wow|w € {0,1}*}. This
contradicts the assumption that there is a positive integer [ such that for

all w € {0,1}* we have (sw)a! = sw.

Consider the case when j = 0. This means that there is a positive
integer j" such that uy = uj, and we consider the smallest such j'. This
means that each of the vertices u1,...,uj_; overlies a subset of € which
is disjoint from the subset underlying ug. Now for each i € {0,...,5 —1}
we have an edge (441, u;, (8i+1)R(...)R) for some words s;1 € {0,1}.
For each i € {0,...,5 — 1} define a negative integer x; which is given
by (—1 — k), where k is the number of neutral leaves chained in the edge
(wit1, Ui, (8i+1)R(...)R). Then for all i € Ny and all words w € {0,1}*
we have u;418;41w = (u;w)a”. Notice that this implies that for all i € Ny
and for all w € {0,1}* we have

Uig18i418i - - - S1W = (U;8; ... s1w)a™ = (Ui_18;_1 ... s1w)a 1 T% =

.. = (upw)®itFEto

Hence, the only way we can possibly map a point ugw to itself by a
negative power of « is if we map it back to a point with prefix ug. Define
X = Zi:ol x; and S = sy s;_1...51. If m is a negative integer and not
™ are disjoint. Hence,
X

a multiple of X, then intervals upw and (upw)a
we only need to consider powers of aX. Notice that (uow)a™ = ugSw.
Hence, the only point of the form ugw fixed by o is upS. Similarly for

all positive integers h,

hX — wpS...Sw

——

h-times

(upw)a

the only point fixed by X is upS. Therefore, for each negative power
of «, we either move all the points off the interval underlying ug, or we
fix at most one point. Now we come back the initial assumptions about
s which has ug as its prefix. We know that there is a positive integer [
such that for all w € {0, 1}* we have sw = (sw)a!. This implies that also

l.—1

(sw)a~! = (sw)ala™! = sw. This creates a contradiction to the result.

Hence, such an s cannot exist.

Otherwise suppose that vertex ug is a leaf of the domain tree but

not the range tree. Then by Lemma [3.2.37] the vertex ug has a unique
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outgoing edge, and the label type of this edge is DD. Hence, the end of
this edge is also a leaf of the domain tree but not the range tree. Hence for
each such vertex ug we can build a unique sequence of vertices (u;)ien,,
such that for all i € Ny we have (u;, u;r1,D(...)D(...)) € Eg. Now, note
that |Vg| < 00, so at some point we must have u; = u;;; for a positive
J'. Choose minimal non-negative integer j such that u; = ;4 for some
j', and then choose minimal positive j' such that w; = u;4 ;. At first, we

will cover the case when j # 0 and then when j = 0.

Consider the case when j # 0. Recall that vertices of the chains
graph lie above pairwise disjoint subsets of €. Hence, for all h € NT
we have {uow|w € {0,1}*} N {(uow)a|w € {0,1}*} = @. Note that
{swjw € {0,1}*} C {uow|w € {0,1}*}. This contradicts the assumption
that there is a positive integer [ such that for all w € {0,1}* we have

(sw)a! = sw.

Consider the case when j = 0. This means that there is a positive
integer j" such that up = u;, and we consider the smallest such j'. This
means that each of the vertices u1,...,uj_; overlies a subset of € which
is disjoint from the subset underlying ug. Now for each i € {0,...,5 —1}
we have an edge (u;,u;v1, D(...)D(s;+1)) for some s;11 € {0,1}. For
each i € {0,...,7' — 1} define a positive integer x; which is given by
(1 + k) where k is the number of neutral leaves chained in the edge
(i, wiy1, D(...)D(8i+1)). Then for all i € Ny and all words w € {0,1}*
we have u; 1841w = (u;w)a”. Notice that this implies that for all i € Ny
and for all w € {0,1}* we have

— Ti _ Ti 4@
Uit18i418i -« - S1W = (UiS; ... S1w)a™ = (Uj—18j—1 ... Sjw)a" 1T =

. = (ugw)a®ot

Hence, the only way we can possibly map a point ugw to itself by a
positive power of « is if we map it back to a point with prefix ug. Define

1 '
X =37z and S = sjsj_1...s1. Hence, we only need to consider

X

powers of aX. Notice that (uow)a™ = ugSw. Hence, the only point of

the form upw fixed by o is upS. Similarly for all positive integers h,
(uow)a"® =ug S ... Sw

——

h-times
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the only point fixed by a*X is upS. Therefore, for each positive power of
«, we either move all the points off an interval underlying ug, or we fix at
most one point. Now we come back the initial assumptions about s which
has ug as its prefix. We know that there is a positive integer [ such that
for all w € {0,1}* we have sw = (sw)a!. This creates a contradiction to
the result. Hence, such an s cannot exist.

Bringing all the conclusions together, our lemma gives the only pos-

sible result for given assumptions.

O]

Corollary 3.2.40. Consider a tree pair (D, R,t) and its chains graph
G. After applying Algorithm[3.2.3] to G, we have identified all periodic
orbits of leaves which will occur in a final outcome of the whole process
presented in this section, namely resulting revealing pair. Each of these
orbits occurs if and only if a single vertex with an edge starting and ending
at itself with label type DR occurs in G.

Proof. By Lemma [3.2.21] and Lemma |3.2.39 O

Note that with the lemma above, Algorithm can be used on
its own for the purpose of finding all periodic orbits of leaves, to test for
their existence, or decide whether the element of Thompson’s group V is

torsion:

Corollary 3.2.41. Consider a chains graph G which is the output of
Algorithm and which corresponds to a tree pair representing an
element o of V.. Then « is torsion if and only if the only label type of
edges of G is DR.

Proof. If the only label type of edges of G is DR, then « is trivially
torsion. Conversely, if « is torsion then by Lemma(3.2.40]all of its periodic
orbits of leaves have been identified and they are represented by edges of
label type DR. O

The Algorithm Part III — Finding Attractors and Repellers

Consider a chains graph G which is the output of Algorithm [3.2:34] and
which corresponds to the tree pair (D, R, t) representing element « of V.
We will now present a series of four algorithms which will modify the
given chains graph and result in another chains graph corresponding to

another tree pair, which represents the same element « of V. The new
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chains graph will continue to admit no edges with label type D R which do
not represent full periodic orbits of its neutral leaves, as after Algorithm
[3:2:34] Moreover, each edge with label type RR of the new chains graph
will be guaranteed to admit a range of repulsion as its beginning and end
vertex (which means that it locates a repeller), and each edge with label
type DD of the new chains graph will be guaranteed to admit a domain
of attraction as its beginning and end vertex (which means that it locates
an attractor). It will be shown that these conditions are sufficient for the

new chains graph to represent a revealing tree pair.

Finding Attractors

The first two algorithms aim to transform the graph G into a new chains
graph where each edge with label type DD is guaranteed to admit a
domain of attraction as its beginning and end vertex. Hence, it will
indicate the location of an attractor.

It will be shown in Corollary that any edge with label type DD

and same start and end vertex represents an A—chain. However:

Lemma 3.2.42. For a tree pair (D, R,t) representing o € V and its
chains graph G, an edge with label type DD with distinct start and end

vertices corresponds to a DSS—-chain.

Proof. Suppose that (v, w, D(u1,...,u;)D(s)) is an edge for some v, w €
Vi such that v # w, some non-negative integer [, some word s € {0,1}
and some neutral leaves uq,...,u; of the tree pair (D, R,t). We know
by Lemma [3.2.22] that v and w cannot be neutral vertices of G. Hence
both v and w are domain vertices. Recall that by Lemma that
this edge corresponds to a non-periodic leaf chain (v,uq,...,u;, ws). We
are interested in what type of leaves v and ws are. As v is a domain
vertex, it is a root of a component of R — D, and hence it can be either
domain of attraction or domain of sinking leaf. But ws, the last leaf in
the leaf chain starting at v, is not a proper descendant of v, hence v must
be a domain of sinking. Now, as w is a domain vertex, ws is a leaf of a
component of R — D, and hence it can be either an attractor or a sink.
But v, the first leaf in the leaf chain ending at w, is not a proper ancestor
of ws, hence w must be a sink.

As v is a domain of sinking and ws is a sink, by Definition [3.1.27] the
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leaf chain (v,u,...,u;, ws) corresponding to the edge
(v, D(us, .. w)D(s))

is a DS S—chain. O

As we know that DSS—chains cannot occur in revealing tree pairs,

Algorithms [3.2.44] and [3.2.51] are aimed at eliminating these edges.

The first algorithm presents an intermediate step, which eliminates

top vertices (defined below) from the graph.

Definition 3.2.43 (Top vertex). Consider a chains graph G which is
an output of Algorithm [3:2.34] and which corresponds to the tree pair
(D, R,t) representing element v of V. Let v be a domain vertex of G. If
each of its incoming edges has label type RD, then we call v a top vertex
of the graph G.

Algorithm 3.2.44. Consider a chains graph G which is an output of
Algorithm [3.2.34] and which corresponds to the tree pair (D, R, t) repre-

senting element « of V.

1. Pick a top vertex v of the chains graph G. As it is a leaf of the
domain tree D, by Lemma [3.2.37] it has exactly one outgoing edge,
and this edge has label type DD. Say that this edge ends at a
vertex w. Then (v,w,D(...)D(...)) € Eg. Note that as w is an
end vertex of an edge of the label type DD, w is also a domain

vertex.

Let the edge between v and w be given by
(’U, w, D(ulv ceey uk)D(s))

for some non—negative integer k, some neutral leaves uq,...,us of
the tree pair (D, R,t) and some word s € {0,1}*.

Consider each edge finishing at v. By definition of top vertex, it
needs to be of the form (u, v, (s")R(u},ub, ..., u},)D(s")) for some
vertex u € Vi, some non-negative integer k', some neutral leaves
uf, ..., u}, of the tree pair (D, R, t) and some words s, s” € {0,1}.
As v is a domain vertex, at least two such edges exist by Lemma
and Lemma [3.2.20

Let us now perform the following process:
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(a) Replace each such edge
(u, v, (8" R(u), ub, ... ,up ) D(s))
with the edge
(u,w, (s"YR(u, uby, ... up,vs'  urs’'s .. Jugs’)D(ss')).

(b) Delete the vertex v and the edge (v, w, D(uq,...,ux)D(s)).
2. Repeat Step 1) until there are no more top vertices left.

Lemma 3.2.45. Consider a chains graph which is an output of Algorithm
[5.2.3]] which we input into Algorithm[3.2.44 Then, the algorithm termi-
nates with the chains graph G which admits no top vertices. Moreover,

the resulting graph still represents the same element o of V.

Proof. Note that with each cancellation of a top vertex, the vertex w
might or might nor turn into a top vertex. However, the total number
of vertices of the chains graph goes down by one in each iteration of the
process, and hence the algorithm has to terminate. As termination is
marked by the point when the chains graph admits no more top vertices,
we have proven the first part of the claim.

For the second part, we will look more closely at what effect the
edges replacements have on prefix substitution rules. Recall that we will
be deleting the edge e = (v, w, D(uy,...,u;)D(s)) for distinct vertices v
and w, where v is a top vertex. The prefix substitution rules given by

this edge are:

(v)a = uy
M (wa=wuy VI<I<Ek

(ug)a = ws

Let us consider what it would mean for the prefix substitution rules
if without changing « instead of having one whole leaf v travel to the
leaf ws under the action of powers of a, we split the leaf v further into
smaller pieces, namely introduce a tree rooted at the leaf v of the tree D
of the tree pair (D, R,t), at all neutral leaves w1, ..., ux of both trees D
and R, and at the leaf ws of the tree R.

An example of a tree which we could introduce could be the tree R,

rooted at the node v of the tree R. Then the prefix substitutions could
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be equally described by (17):

Vs € LRU
(1) (vs e = uy 8
(wsHha =ups  VI<I<k
ugs' o = wss’
(ugs')

We could then cancel the edge e and represent these new prefix sub-

stitutions by a collection of following edges:

{(vs',w, D(u1s,...,ups’)D(ss'))|s' € Lgr,}

We know that the label on each of the new edges has to be of type DD,
because R, is chosen depending on the targets of incoming edges of v.
Also, the operation does not impact the fact that w is still a domain vertex
of the graph. However, even after adjusting vertices, these edges would
not form the chains graph corresponding to the new tree pair. This is
because there would be vertices with an incoming edge with second letter
of the label being R (v is replaced by vertices vs’, and edges coming into v
change the second letter D(s) of their labels to R) and with an outgoing
edge with the first letter of the label being D. Moreover, vs’ is a neutral
vertex of the new tree pair, for all s’ € Lp, . Algorithm is inspired
by the principle of concatenation of such neighbouring edges described in
Remark [3:2.18] Let us analyse the effect of the suggested replacements
of edges:

For each word s’ € Lp,, the edge

(u, v, (8" R(uY, uy, . .., up ) D(s))
is replaced by the edge
(u,w, (8" R(ul, ub, ..., up,vs'  urs's ... ugs’)D(ss')).

Let us analyse what it means in terms of prefix substitution rules. The

initial edge encodes the following rules (2):

(us")a = uf
(2)4 (wa=u,, VI<I<K

(up)a = vs'

The resulting edge encodes the following rules (3):
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(us")aw = uf
(ua=wu,  VISI<E »(2)
(uf))a = vs’
(vs o = uy 8
(wsha=wuys  VIi<Ii<k p(1)

(ugs)a = wss’

Notice that for given s’ the rules (3) are a union of rules (2) and (1’).
Hence, there has been no change to « in this procedure.

From this observation we can conclude that the resulting graph is
indeed the chains graph of a new tree pair, which represents the same

element « of V', as the prefix substitution rules remain the same.
O

It is also important to realise that application of Algorithm [3.2.44]
does not cancel the benefits of Algorithm [3.2.34

Lemma 3.2.46. Consider a chains graph G which is output by Algorithm
and Algorithm [3.2./4] applied one after another. Then G remains
unchanged by a subsequent application of Algorithm[3.2.3]), and so all the
properties of a graph which is output by Algorithm are preserved.

Proof. The start vertex of each edge with label type DR of graph output
by Algorithm is also the end vertex of that edge. Algorithm
neither cancels nor introduces any edges with label type DR. Hence,
if the graph G is an output of Algorithm [3.2.34] and Algorithm [3:2.44]
applied one after another, it is still the case that beginning vertex of each
edge with label type DR is also the end vertex of that edge. Therefore,

the graph G remains unchanged under potential application of Algorithm

3234 O
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Example 3.2.47. Consider the chains graph G given in the picture be-

low:

The Chains Graph G

The graph G corresponds to the following tree pair (D, R, t):

We can read off the set of vertices of G and the set of edges of G from
the chains graph picture:

Ve = {000,001,01, 100,101,110, 111}
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E¢ = {(000,000, (00)RR), (000,01, (01)RD(0)), (000,001, (10)RR, ),
(000, 100, (11)RD(0)), (001,01, (0)RD(1)), (001, 100, (10)RD(1)),
(001,111, (11)RD(1)), (01,101, DD(0)), (100, 101, DD(1)),

(101,110, DD(0)), (110,111, DD(0)), (111,110, DD(1))}

We notice that the graph G has no edges with label type DR (and in
particular no edges with label type DR with distinct beginning and end
vertices). Hence by Lemma it remains unchanged by Algorithm
[3:2.34 We can therefore input it into Algorithm [3.2.44] Therefore, we
analyse the graph in order to identify top vertices. To start with, the only
candidates for top vertices are domain vertices, namely vertices from the
set {01,100,101,110,111}. Now, we can see that each vertex from the
set
{101,110,111} has an incoming edge with label type DD. Hence we
analyse the remaining vertices from the set {01,100} and conclude that
all of their incoming edges are of the label type RD. Thus, we conclude
that they are both top vertices.

The Chains Graph G with Top Vertices Indicated
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We now proceed with the application of Algorithm [3:2.44] to each of

these vertices:

1. Consider the vertex 01.

(a) It has one outgoing edge (01,101, DD(0)).

(b) It has two incoming edges, namely (000,01, (01)RD(0))
and (001,01, (0)RD(1)).

(c) We replace the edge (000,01, (01)RD(0)) with the edge
(000, 101, (01)R(010)D(00)).

(d) We replace the edge (001,01, (0)RD(1)) with the edge
(001,101, (0)R(011)D(01)).

(e) We delete the vertex 01 and the edge (01,101, DD(0)).

2. Consider the vertex 100.

(a) It has one outgoing edge (100,101, DD(1)).

(b) It has two incoming edges, namely (000, 100, (11)RD(0))
and (001,100, (10)RD(1)).

(c) We replace the edge (000,100, (11)RD(0)) with the edge
(000, 101, (11)R(1000)D(10)).

(d) We replace the edge (001,100, (10)RD(1)) with the edge
(001,101, (10)R(1001)D(11)).

(e) We delete the vertex 100 and the edge (110,101, DD(1)).

At this point, the intermediate chains graph looks as follows, with its

only top vertex indicated:
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(11)RD(1)

(10)R(1001)D(11)

(10)RR DD(0)

(00)RR

(11)R(1000)D(10)

(01)R(010)D(00)

The New Chains Graph with the Top Vertex Indicated

The vertex 101 is now a top vertex, and the algorithm needs to be
applied to it:

1. The vertex 101 has precisely one outgoing edge (101,110, DD(0)).
2. There are four incoming edges, namely

(000,101, (01)R(010) D(00))

(000, 101, (11)R(1000)D(10))

(001,101, (0)R(011)D(01))

(001,101, (10)R(1001)D(11))

3. We replace the edge (000,101, (01)R(010)D(00)) with the edge

(000, 110, (01)R(010, 10100) D(000)).

4. We replace the edge (000,101, (11)R(1000)D(10)) with the edge

(000, 110, (11)R(1000, 10110)D(010)).



100 CHAPTER 3. DYNAMICS VIA COMBINATORICS
5. We replace the edge (001,101, (0)R(011)D(01)) with the edge

(001,110, (0)R(011,10101) D(001)).

6. We replace the edge (001,101, (10)R(1001)D(11)) with the edge

(001,110, (10)R(1001,10111) D(011)).

7. We delete the vertex 101 and the edge (101,110, DD(0)).

At this point the chains graph admits only two domain vertices 110
and 111, but each of them has an ingoing edge with the label type DD,
and hence none of them is a top vertex. Hence, Algorithm termi-
nates. It terminates with the chains graph G with the vertices set given
by Vi = {000,001,110,111} and edges set given by:

Eq = {(000,000, (00)RR), (000, 110, (01) R(010, 10100) D(000)),
(000,001, (10)RR, ), (000, 110, (11) R(1000, 10110) D(010)
(001,110, (0)R(011,10101)D(001)

(001,110, (10)R(1001,10111)D(011)), (001, 111, (11)RD(1)),
(110,111, DD(0)), (111,110, DD(1))}

)

)
);
)
)

We could interpret Algorithm [3:2.44] as prolonging appropriate edges
with label type RD towards potential attractor(s). However, in the ex-

ample above we do not detect any attractors by the following lemma:

Lemma 3.2.48. Consider a chains graph G corresponding to the tree pair
(D, R,t) representing an element o of Thompson’s group V. Consider a

domain vertex v of G and its unique outgoing edge
(Uv w, D(ub s ,Uk)D(S))

for some vertex w of G, some non-negative integer k, some neutral leaves
ui,...,u of the tree pair (D,R,t) and some word s € {0,1}*. Then
v =w if and only if v is a domain of attraction leaf of the tree D and vs

is an attractor leaf of the tree R.

Proof. Suppose that v = w. Consider the edge (v, v, D(uy,...,u;)D(s))
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of the graph G. It indicates that a admits the following prefix replace-

ments for all positive integers ¢ such that 1 <i < k:

(v)a = ug
(ui)a = uitr

(ug)a = vs

By Definition [3.1.10] and Definition[3.1.11] v is a domain of attraction
leaf of the tree D and vs is an attractor leaf of the tree R.

Now, suppose that v is a domain of attraction leaf of D. Then there

is a unique sequence of leaves v, (v)a, (v)a?, ..., (v)a! of the tree pair

(D, R, t) for some positive integer [, such that (v)a, (v)a?, ..., (v)a!~! are

neutral leaves of the tree pair (D, R, t), (v)a/!

l

is a leaf of range tree R but
not domain tree D, and (v)a' is a proper descendant of v. This is reflected
in the graph G by existence of an edge (v, v, D((v)a, (v)a?, ..., (v)a!~1)D(s'))

for some non-empty word s’ such that vs' = (v)a!

. But v has a unique
outgoing edge, and so w = v, k = [ — 1, for all positive integers i such
that 1 < i < k we have u; = (v)a’ and s = s’. Note that this implies
that vs is an attractor.

O

Corollary 3.2.49. Consider a chains graph G corresponding to the tree
pair (D, R, t) representing an element o of Thompson’s group V. Suppose
that there is an edge e of the label type DD starting and finishing at the

same vertex. Then, the edge e corresponds to an A—chain of leaves.
Proof. By Lemma [3.2.48] Lemma [3.2.24] and Definition [3.1.26] O

The second algorithm transforms a chains graph which is an output
of Algorithm and Algorithm applied one after another into
a new chains graph where each edge with label type DD is guaranteed to
admit a domain of attraction as its beginning and end vertex, and hence
locates an attractor. Before we present this algorithm, we will prove the

following lemma:

Lemma 3.2.50. Consider a chains graph G which is an output of Algo-
rithm[3.2.34] and Algorithm [3.2.74) applied one after another. Then, each

domain vertex has a unique incoming edge with label type DD. Moreover,

each domain vertexr vy is a member of a unique set of domain vertices
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{v1,...,v;} for some positive integer j, such that for all integers i such
that 1 < i < j there is an edge (vi,vi11, D(...)D(...)) € Eg and also
(vj,vl,D(...)D(...)) € Eg.

Proof. We will first show that there is a bijection between the set of
domain vertices and the set of edges with label type DD. Then we will
show that given that no top vertices are allowed, the conclusions of the
lemma must hold.

As by Lemma the graph G remains unchanged by Algorithm
[3:2.34] by Lemma [3.2.37] we know that each domain vertex admits pre-
cisely one outgoing edge, and the label type of this edge is DD. The
beginning of an edge with label type DD cannot be a range vertex, and
by Lemma it also cannot be a neutral vertex (as neutral vertices
of chains graph are only at the beginnings and ends of edges of label
type DR). Hence, the beginning vertex of an edge with label type DD is
always a domain vertex. Note also that beginning vertex of any edge is
unique. Hence, there is exactly same number of domain vertices as edges
with label type DD in the graph G.

Now notice that by Lemma [3.2.45] none of the domain vertices can
be a top vertex and therefore by Lemma and Lemma [3.2.20] each
of domain vertices must have at least one incoming edge with label type
DD. But each edge with label type DD has unique end vertex which is a
domain vertex. Hence as there is exactly same number of domain vertices
as edges with label type DD, by the pigeonhole principle, each domain
vertex must admit precisely one incoming edge with label type DD.

Finally, let us consider a domain vertex v;. It has precisely one
outgoing edge, and the label type of this edge is DD. Hence we can
build unique sequence (v;)y+ such that the graph G admits an edge
(vi,viz1, D(...)D(...)). However, as |Vz| < oo, there will be repeti-
tions of vertices in the sequence. For any given v; which occurs in the
sequence for the first time, namely v; # v for any positive integer k such
that k < i, the vertex v;41 can either be a previously unlisted vertex,
or it can be vy, as all the other listed vertices vo, v3, ..., v; already have
their unique incoming edge with label type DD identified. As |[Vg| < oo,
we must at some point finish at the vertex vy, say vj;1 = v for some
positive integer j. When we close the loop, all of the vertices involved in
the loop already have their unique incoming and outgoing edges of type

DD identified, so they cannot be used to build any other sequences with
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starting vertices outside the set {vy,v2,...,v;}.

Therefore, we have proven the lemma. O

We can partition the domain vertices into sets belonging to loops
joined by edges with label type DD.
Now we are prepared to proceed with the algorithm after which we

will have all the attractors which we need for a given a of V:

Algorithm 3.2.51. Consider a chains graph G which is an output of Al-
gorithm [3.2.34] and Algorithm [3.2.44] applied one after another. Suppose
that G corresponds to the tree pair (D, R,t) representing element a of
V.

1. Pick a domain vertex v such that its unique outgoing edge with
label type DD does not end at v. This vertex will remain in the
graph.

Identify the unique edge of label type DD leaving the vertex v, say
(v,u, D(u1,u,...,u;)D(s)) for some vertex u € Vg, some non-
negative integer k, some neutral leaves ui,uo,...,u; of the tree
pair (D, R,t) and some word s € {0,1}7.

Identify the unique edge of label type DD leaving the vertex u, say
(u, w, D(uy,uh, ..., uy,)D(s")) for some vertex w € Viz, some non—
negative integer k', some neutral leaves u},u5, ..., uy, of the tree
pair (D, R,t) and some word s’ € {0,1}*.

Then perform the following action:

(a) Replace the edge (v, u, D(ui,u,...,ur)D(s)) with the edge
(v,w, D(uy, ua, . . ., ug, us, uy s, uss, ..., ups)D(s's)).

Consider each other edge finishing at u. By Lemma [3:2.50] it must
be of the form (v, u, (s")R(uf,us, ..., ul,)D(s")) for some vertex
v/, some non-negative integer k", some neutral leaves uf, ..., uf, of
the tree pair (D, R,t) and some words s”,s"” € {0,1}™.

(b) Replace each such edge with the edge

!/ " " "
(w',w, (s")R(uy,ug, ...,

" " A/ N
ceey U, US ,ULS ,UgS . vy

ooy upy 8" YD(s'S"))
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(c) Delete the vertex u and the edge
(u,w, D(u},u, ..., u))D(s")).

(d) Repeat the process until the unique edge with the label type

DD leaving the vertex v also ends at v.

2. Repeat Step 1) until all domain vertices are at the same time be-

ginning and end vertices of their unique outgoing edges.

Lemma 3.2.52. Consider a chains graph G which is an output of Al-
gorithm [3.2.3]], Algorithm and Algorithm [3.2.51] applied one after
another. Suppose that G corresponds to the tree pair (D, R,t) represent-
ing element o of V.

Then the algorithm terminates with a new chains graph, with each
of its domain vertices corresponding to a domain of attraction leaf, and
hence locating an attractor.

Moreover, each connected component of R — D contains an attractor.

Also, the resulting graph still represents the same element o of V.

Proof. The algorithm terminates as each of its iterations reduces total
number of vertices by 1. The algorithm is defined to terminate when
each domain vertex is at the same time beginning and end of its unique
outgoing edge. By Lemma [3:2:48) this means that each of the domain
vertices v of G corresponds to a domain of attraction leaf, and hence
locates an attractor vs for some non-empty word s.

Moreover, connected components of R — D are in bijection with do-
main vertices of G, as each of the connected components of R — D is
rooted at a domain vertex. By Lemma vs is an attractor and it’s
located at a leaf of the connected component rooted at v. As this holds
for each domain vertex v, we conclude that each connected component of
R — D contains an attractor.

For the second part, we will look more closely at what effect the edge
replacements have on prefix substitution rules. Recall that we will be
deleting the edge e = (u,w, D(u], us, ..., u},)D(s")) for distinct vertices

v and w. The prefix substitution rules given by this edge are:

(wa = uf
(D (wa=u, VISI<F

(U)o = ws'
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Let us consider what it would mean for the prefix substitution rules
if, without changing «, instead of having one whole leaf u travel to the
leaf ws’ under the action of powers of o, we split the leaf u further into
smaller pieces, introducing a tree rooted at the leaf u of the tree D of the
tree pair (D, R,t), at all neutral leaves uy, ..., ug of both trees D and R,
and at the leaf ws’ of the tree R.

An example of a tree which we could introduce could be the tree R,
rooted at the node u of the tree R. Then the prefix substitutions could
be equally described by (1'):

Vs e LRu
(us") oo = uys”
(") = up 8" VIZI<K

(ups" Yoo = ws's”

(1)

We could then cancel the edge e and represent these new prefix sub-

stitutions by the collection of following edges:

{(us", w,D(us", ... urs")D(s's"))|s" € Lg,}

We know that the labels on each of the new edges have to be of the
type DD, because R, is chosen depending on the targets of incoming
edges of u. Also, w is still a domain vertex of the new chains graph.
However, even after adjusting vertices, these edges would not form the
chains graph corresponding to the new tree pair. This is because there
would be vertices with an incoming edge with second letter of the label
being R and with an outgoing edge with the first letter of the label being
D. Algorithm [3:2.51] is inspired by the principle of concatenation of such
neighbouring edges described in Remark Let us analyse the effect

of the suggested replacements of edges:

1. For each word s” € Lg,\{s}, the edge
(', u, (8" YR(uY, uly, ..., uln)D(s"))
is replaced by the edge
(' w, ("R, ul, .o ufn,us” urs”, s D(8'S)).

Let us analyse what it means in terms of prefix substitution rules.
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The initial edge encodes the following rules (2):
(W's")a = uff
(2)y W)a=u/, VI<I<KE
(up)a = us”
The resulting edge encodes the following rules (3):
(w's"a =uf
(uf)a=uf,,  VI<I<KE'" »(2)
(ufy)a = us”
(us")ao = uys”
(ups"a=uj, 8" VI<I<K (1)

(ufys")ow = ws's"”

Notice that for given s” the rules (3) are a union of rules (2) and

(1"). Hence, there has been no change for « in this procedure.

2. The edge
(’U,U, D(ul)u2) LR Uk)D(S))

is replaced with the edge
(v,w, D(uy, ug, . .., ug, us, uy s, uhs, ..., ups)D(s's))

Let us analyse what it means in terms of prefix substitution rules.

The initial edge encodes the following rules (4):

(v)a = u;
4) < (w)a =wuq Vi<Ii<k
(ug)or = us

The resulting edge encodes the following rules (5):

(V) =wu
(w)a=w41  VI<I<k p(4)
(ug)a = us

(us)ar = uis
(ups)r =y s VI<I<Kk (1)

(upss)ov = ws's

\
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Notice that for s” = s the rules (5) are a union of rules (4) and (1').

Hence, there has been no change for « in this procedure.

By this observation we can conclude that the resulting graph is indeed
a chains graph of a new tree pair, which represents the same element «

of V', as the prefix substitution rules remain the same.

O

It is also important to realise that application of Algorithm [3.2.51
does not cancel the benefits of Algorithm [3.2.34] and Algorithm [3.:2:44}

Lemma 3.2.53. Consider a chains graph G which is an output of Al-
gorithm [5.2.3]), Algorithm and Algorithm [3.2.51] applied one after

another. Then G remains unchanged by a subsequent applications of Al-
gorithm[3.2.3] and Algorithm[3.2.74), and so it keeps all the properties of
a graph which is an output of Algorithm and of a graph which is
an output of Algorithm[3.2.4/.

Proof. The start vertex of each edge with label type DR of an output
graph of Algorithm [3:2.34] is also the end vertex of that edge. Each of
Algorithm [3.2.44] and Algorithm neither cancels nor introduces
any edges with label type DR. Hence, if the graph G is an output of
Algorithm Algorithm and Algorithm applied one
after another, it is still the case that beginning vertex of each edge with
label type DR is also the end vertex of that edge. Therefore, the graph
G remains unchanged under potential application of Algorithm [3:2.34]
Moreover, by Lemma Lemma each domain vertex of the
graph G is an end vertex of an edge of the label type DD, and hence
it is not a top vertex. Hence, if the graph G is an output of Algorithm
[3:2:34] Algorithm [3.2.44] and Algorithm [3.2.51] applied one after another,
it is still the case that it admits no top vertices. Therefore, the graph G
remains unchanged under potential application of Algorithm [3:2.44 [

Example 3.2.54. Consider the chains graph G given in the picture be-

low:
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(11)RD(1)

(10)R(1001,10111)D(011

)
DD(1
0)R(011,10101)D(001)

) |PD(0)

(01)R(010,10100))D(000)

(10)RR

(00)RR (11)R(1000,10110)D(010)

The Chains Graph G

Notice that G is a final chains graph from Example [3.2.47] and hence
an output of Algorithm [3:2.34] and Algorithm [3.2.44] applied one after
another. We can therefore input it into Algorithm in order to
create all possible attractors. To start with, we notice that neither of
the domain vertices 110 and 111 have an edge starting and ending at it.
Hence, we can pick any of them for application of the algorithm. Let us
pick the vertex 110.

1. The edge (110,111, DD(0)) is the unique outgoing edge of the ver-
tex 110.

2. The edge (111,110, DD(1)) is the unique outgoing edge of the ver-
tex 111.

3. We replace the edge (110,111, DD(0)) with the edge

(110,110, D(1110)D(10)).

4. There is one more incoming edge of the vertex 111, namely

(001,111, (11)RD(1)).
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We replace it with the edge

(001,110, (11)R(1111)D(11)).

5. We delete the vertex 111 and the edge (111,110, DD(1)).

At this point the new chains graph looks as follows:

(11)R(1111)D(11)

(10)R(1001,10111)D(011)

uD)RR( R(011,10101)D(001

(01)R(010,10100))D(000)

(00)RR (11)R(1000,10110)D(010)

The New Chains Graph

We notice that there is only one domain vertex 110 left, and it has
the edge (110,110, D(1110)D(10)) beginning and ending at it. Hence, the
algorithm terminates here. We can deduce that 110 is the unique domain
of attraction leaf of the new tree D, and 11010 is the unique attractor

leaf of the new range tree R.

Notice that we could have picked the vertex 111 to stay in the graph,
as opposed to vertex 110, and we would still obtain the desired results.
In this case an informal motivation for picking 110 to stay was that there
were only two edges finishing at vertex 111 as opposed to five edges fin-
ishing at the vertex 110, and the lengths of the edges from 110 to 111 and
from 111 to 110 had the same number of neutral vertices involved, namely
zero. This means that picking the vertex 110 produced one more caret
on each of the trees D and R, while picking vertex 111 would produce
four more carets on each of the trees D and R.

In general, depending on our needs, we might have different definitions

of best choice of the vertex which we pick. It might be for instance the
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minimal number of new neutral leaves induced, the minimal depth of the

resulting tree pair, or some other condition.

Finding Repellers

The last two algorithms aim to transform the graph G into a new chains
graph where each edge with label type RR is guaranteed to admit a range
of repulsion as its beginning and end vertex. Hence, it will indicate the
location of a repeller.

It will be shown in Corollary [3.2.62) that any edge with label type RR

and same start and end vertex represents an R—chain. However:

Lemma 3.2.55. For a tree pair (D, R,t) representing o € V and its
chains graph G, an edge with label type RR with distinct start and end

vertices corresponds to an SRS—chain.

Proof. Suppose that (v, w, (s)R(u1,...,u;)R) is an edge for some v,w €
Vi such that v # w, some non-negative integer [, some word s € {0,1}
and some neutral leaves uq,...,u; of the tree pair (D, R,t). We know
by Lemma [3.2.22] that v and w cannot be neutral vertices of G. Hence
both v and w are range vertices. Recall that by Lemma that this
edge corresponds to a non-periodic leaf chain (vs,u1,...,u;, w). We are
interested in what type of leaves vs and w are. As v is a range vertex, vs
is a leaf of a component of D — R, and hence it can be either a repeller
or a source. But w, the last leaf in the leaf chain starting at vs, is not a
proper ancestor of vs, hence vs must be a source. Now, as w is a range
vertex, it is a root of a component of D — R, and hence it can be either
a range of repulsion or a range of sourcing. But vs, the first leaf in the
leaf chain ending at w, is not a proper descendant of w, hence w must be
a range of sourcing.

As vs is a source and w is a range of sourcing, by Definition

the leaf chain (vs,us,...,u;, w) corresponding to the edge
(Ua w, (S)R(u17 SR UZ)R)
is an S RS-chain. O

As we know that SRS—chains cannot occur in revealing tree pairs,
Algorithms [3.2.57 and [3.2.64] are aimed at eliminating these edges.




3.2. ALGORITHM FOR OBTAINING A REVEALING PAIR 111

The penultimate algorithm presents an intermediate step, which elim-

inates bottom vertices (defined below) from the graph.

Definition 3.2.56 (Bottom vertex). Consider a chains graph G which
is an output of Algorithm and which corresponds to the tree pair
(D, R,t) representing element « of V. Let v be a range vertex of G. If
each of its outgoing edges has label type RD, then we call v a bottom
vertex of the graph G.

Note that the prerequisite for the two last algorithms is only Algo-
rithm B.2.34

Algorithm 3.2.57. Consider a chains graph G which is an output of
Algorithm [3.2.34] and which corresponds to the tree pair (D, R,t) repre-

senting element « of V.

1. Pick a bottom vertex v of the chains graph G. As it is a leaf of the
range tree R, by Lemma [3.2.38| it has exactly one incoming edge,
and this edge has label type RR. Say that this edge starts at a
vertex w. In any case (w,v,(...)R(...)R) € Eg. Note that as w
is a start vertex of an edge of the label type RR, w is also a range

vertex.

Let the edge between w and v be given by
(U), v, (S)R(ulv s ,U,k)R)
for some non—negative integer k, some neutral leaves uq, ..., ur of

the tree pair (D, R, t) and some word s € {0,1}*.

Consider each edge starting at v. By definition of bottom vertex, it
needs to be of the form (v,u, (s")R(u},us, ..., u},)D(s")) for some
vertex u € Vi, some non-negative integer &', some neutral leaves
uf, ..., u}, of the tree pair (D, R,t) and some words s, s” € {0,1}.
As v is a range vertex, at least two such edges exist by Lemma/|3.2.11
and Lemma

Let us now perform the following process:

(a) Replace each such edge

(v, u, (8" R(ul, ub, ..., up ) D(s"))
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with the edge

(w,u, (ss")R(urs', ... ups’, vs' ul, .. ug ) D(s™)).
(b) Delete the vertex v and the edge (w, v, (s)R(u,...,ur)R).

2. Repeat until there are no more bottom vertices left.

Lemma 3.2.58. Consider a chains graph which is an output of Algorithm
which we input into Algorithm[3.2.57. Then, the algorithm termi-
nates with the chains graph G which admits no bottom vertices. Moreover,

the resulting graph still represents the same element o of V.

Proof. Note that with each cancellation of a bottom vertex, the vertex
w might or might nor turn into a bottom vertex. However, the total
number of vertices of the chains graph goes down by one in each iteration
of the process, and hence the algorithm has to terminate. As termination
is marked by the point when the chains graph admits no more bottom
vertices, we have proven the first part of the claim.

For the second part, we will look more closely at what effect the edge
replacements have on prefix substitution rules. Recall that we will be
deleting the edge e = (w, v, (s)R(uy, ..., ux)R) for distinct vertices v and
w, where v is a bottom vertex. The prefix substitution rules given by this

edge are:

(ws)a = uy
M (w)a=wu VI<I<Ek

(up)ax = v

Let us consider what it would mean for the prefix substitution rules
if without changing « instead of having one whole leaf v travel to the leaf
ws under the action of negative powers of «, we split the leaf v further
into smaller pieces, namely introduce a tree rooted at the leaf v of the
tree R of the tree pair (D, R,t), at all neutral leaves uy,...,u; of both
trees D and R, and at the leaf ws of the tree D.

An example of a tree which we could introduce could be the tree D,
rooted at the node v of the tree D. Then the prefix substitutions could
be equally described by (1°):
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Vs e LDU
(wss')a = uy 8
(wsha =us’  VI<I<k

(ups)a = vs’

(1)

We could then cancel the edge e and represent these new prefix sub-

stitutions by a collection of following edges:

{(w,vs', (ss")R(w1s', ..., uxs')R)|s' € Lp,}

We know that the label on each of the new edges has to be of type
RR, because D, is chosen depending on the origins of outgoing edges of
v. Also, the operation does not impact the fact that w is still a range
vertex of the graph. However, even after adjusting vertices, these edges
would not form the chains graph corresponding to the new tree pair.
This is because there would be vertices with an outgoing edge with first
letter of the label being D and with an incoming edge with the second
letter of the label being R. Algorithm [3:2.57] is inspired by the principle
of concatenation of such neighbouring edges described in Remark

Let us analyse the effect of the suggested replacements of edges:

For each word s’ € Lp,, the edge
(v,u, (") R(u), ub, ..., up)D(s"))
is replaced by the edge
(w,u, (s8)R(urs', ... ups’, s’ ul, .. g ) D(s™)).

Let us analyse what it means in terms of prefix substitution rules. The

initial edge encodes the following rules (2):

(v =
(2)4 (Wa=u,, VI<I<K

(up)a = us”

The resulting edge encodes the following rules (3):
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(wss')a = uy 8

(wsha=u1s88 VI<Ii<k p(1)
(ups)a = vs’
(vs")a = uj
(ua=u, VI<I<E 2(2)

(up ) = us”

3

Notice that for given s’ the rules (3) are a union of rules (1’) and (2).
Hence, there has been no change to « in this procedure.

From this observation we can conclude that the resulting graph is
indeed the chains graph of a new tree pair, which represents the same
element « of V', as the prefix substitution rules remain the same.

O

It is also important to realise that application of Algorithm
does not cancel the benefits of Algorithm [3.2.34

Lemma 3.2.59. Consider a chains graph G which is output by Algorithm
and Algorithm [3.2.57 applied one after another. Then G remains
unchanged by a subsequent application of Algorithm[3.2.3]), and so all the
properties of a graph which is output by Algorithm are preserved.

Proof. The start vertex of each edge with label type DR of graph output
by Algorithm is also the end vertex of that edge. Algorithm
neither cancels nor introduces any edges with label type DR. Hence,
if the graph G is an output of Algorithm [3:2.34] and Algorithm
applied one after another, it is still the case that beginning vertex of each
edge with label type DR is also the end vertex of that edge. Therefore,

the graph G remains unchanged under potential application of Algorithm

3234 O
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Example 3.2.60. Consider the chains graph G given in the picture be-
low, which is an output of Algorithm [3.2.51] from Example

(11)R(1111)D(11)
D(1110)D(10)

(10)R(1001,10111)D(011)

(10)RR R(011,10101)D(001

0100))D(000)

(11)R(1000,10110)D(010)
(00)RR

The Chains Graph G

We notice that the graph G has no edges with label type DR (and in
particular no edges with label type DR with distinct beginning and end
vertices). Hence by Lemma [3.2.35| it remains unchanged by Algorithm

[3:2:34 We can therefore input it into Algorithm [3.2.57]
In the picture we indicated the only bottom vertex of the graph G.

We now proceed with the application of Algorithm [3.2.57] Consider
the vertex 001.

1. It has one incoming edge (000,001, (10)RR).

2. It has three outgoing edges, namely

(001,110, (11)R(1111)D(11))
(001,110, (0)R(011, 10101)D(001))
(001,110, (10)R(1001,10111) D(011)).

3. We replace the edge (001,110, (11)R(1111)D(11)) with the edge

(000,110, (1011)R(00111,1111)D(11)).

4. We replace the edge (001,110, (0)R(011,10101)D(001)) with the
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edge
(000,110, (100)R(0010,011,10101)D(001)).

5. We replace the edge (001,110, (10)R(1001,10111)D(011)) with the
edge
(000, 110, (1010) R(00110, 1001, 10111) D(011)).

6. We delete the vertex 001 and the edge (000,001, (10)RR).

The new chains graph is given by the following picture:

(01)R(010,10100)D(000)

D(1110)D(10
11)R(1000,10110)D(010 (1110)D(10)

010)R(00110,1001,10111)D(01

The New Chains Graph

At this point the chains graph admits only one range vertex 000, but
it has an outgoing edge with the label type RR, and hence it is not a
bottom vertex. Hence, Algorithm [3:2.57] terminates.

We could interpret Algorithm as prolonging appropriate edges
with label type RD towards potential repeller(s). In the example above

we detect precisely one repeller by the following lemma:

Lemma 3.2.61. Consider a chains graph G corresponding to the tree pair
(D, R,t) representing an element o of Thompson’s group V. Consider a

range vertex v of G and its unique incoming edge
(wa v, (S)R(ula R ,’LLk)R)

for some vertex w of G, some non-negative integer k, some neutral leaves
ui,...,u of the tree pair (D,R,t) and some word s € {0,1}*. Then
v =w if and only if v is a range of repulsion leaf of the tree R and vs is

a repeller leaf of the tree D.
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Proof. Suppose that v = w. Consider the edge (v, v, (s)R(u1,...,ux)R)
of the graph G. It indicates that o admits the following prefix replace-

ments for all positive integers ¢ such that 1 <7 < k:

(vs)a = uy
(ui)o = iy

(ug)a = v

By Definition [3.1.7] and Definition [3.1.8] v is a range of repulsion leaf
of the tree R and vs is a repeller leaf of the tree D.

Now, suppose that v is a range of repulsion leaf of R. Then there is a
unique sequence of leaves (v)a™, (v)a=*1, ..., (v)a™!, v of the tree pair

(D, R,t) for some positive integer I/, such that (v)a™'! ... (v)a~! are

—lis a leaf of domain tree

neutral leaves of the tree pair (D, R,t), (v)a
D but not range tree R, and (v)a~! is a proper descendant of v. This is
reflected in the graph G by existence of an edge

(v,v, (s )R((v)a~1, ... (v)a")R) for some non-empty word s’ such
that vs’ = (v)al. But v has a unique incoming edge, and so w = v,
k = 1 — 1, for all positive integers ¢ such that 1 < ¢ < k we have
u; = (v)a’ %=1 and s = s’. Note that this implies that vs is a repeller.

O]

Corollary 3.2.62. Consider a chains graph G corresponding to the tree
pair (D, R, t) representing an element o of Thompson’s group V. Suppose
that there is an edge e of the label type RR starting and finishing at the

same vertex. Then, the edge e corresponds to an A—chain of leaves.

Proof. By Lemma [3.2.61, Lemma and Definition [3.1.26] ]

The last algorithm transforms a chains graph which is an output of
Algorithm [3.2.34] and Algorithm [3.2.57] applied one after another into a
new chains graph where each edge with label type RR is guaranteed to
admit a range of repulsion as its beginning and end vertex, and hence
locates a repeller. Before we present this algorithm, we will prove the

following lemma:

Lemma 3.2.63. Consider a chains graph G which is an output of Al-
gorithm and Algorithm [3.2.57 applied one after another. Then,
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each range vertex has a unique outgoing edge with label type RR. More-
over, each range vertex vy is a member of a unique set of range vertices
{v1,...,vj} for some positive integer j, such that for all integers i such
that 1 < ¢ < j there is an edge (vit1,vi,(...)R(...)R) € Eg and also
(v1,v4, (.. )R(...)R) € Eq.

Proof. We will first show that there is a bijection between the set of range
vertices and the set of edges with label type RR. Then we will show that
given that no bottom vertices are allowed, the conclusions of the lemma
must hold.

As by Lemma the graph G remains unchanged by Algorithm
[3:2:34] by Lemma [3.2.38| we know that each range vertex admits precisely
one incoming edge, and the label type of this edge is RR. The end of
an edge with label type RR cannot be a domain vertex, and by Lemma
it also cannot be a neutral vertex (as neutral vertices of chains
graph are only at the beginnings and ends of edges of label type DR).
Hence, the end vertex of an edge with label type RR is always a range
vertex. Note also that end vertex of any edge is unique. Hence, there is
exactly same number of range vertices as edges with label type RR in the
graph G.

Now notice that by Lemma[3.2.58 none of the range vertices can be a
bottom vertex and therefore by Lemma [3.2.11] and Lemma [3.2.20| each of
range vertices must have at least one outgoing edge with label type RR.
But each edge with label type RR has unique end vertex which is a range
vertex. Hence as there is exactly same number of range vertices as edges
with label type RR, by the pigeonhole principle, each range vertex must
admit precisely one outgoing edge with label type RR.

Finally, let us consider a range vertex v;. It has precisely one in-
coming edge, and the label type of this edge is RR. Hence we can
build a unique sequence (v;)y+ such that the graph G admits an edge
(Vit1,vi, (.. )R(...)R). However, as |Vg| < oo, there will be repetitions
of vertices in the sequence. For any given v; which occurs in the sequence
for the first time, namely v; # v, for any positive integer k£ such that
k < i, the vertex v;y1 can either be a previously unlisted vertex, or it
can be vy, as all the other listed vertices vo, v3, ..., v; already have their
unique outgoing edge with label type RR identified. As |Vg| < oo, we
must at some point finish at the vertex vy, say vj41 = v1 for some pos-

itive integer j. When we close the loop, all of the vertices involved in
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the loop already have their unique incoming and outgoing edges of type
RR identified, so they cannot be used to build any other sequences with

starting vertices outside the set {vi,v2,...,v;}.

Therefore, we have proven the lemma. ]

We can partition the range vertices into sets belonging to loops joined
by edges with label type RR.
Now we are prepared to proceed with the algorithm after which we

will have all the repellers which we need for a given « of V:

Algorithm 3.2.64. Consider a chains graph GG which is an output of Al-

gorithm and Algorithm applied one after another. Suppose
that G corresponds to the tree pair (D, R,t) representing element a of

V.

1. Pick a range vertex v such that its unique incoming edge with label

type RR does not end at v. This vertex will remain in the graph.

Identify the unique edge of label type RR coming into the vertex v,
say (u, v, (s)R(uy,us,...,ur)R) for some vertex u € Vi, some non—
negative integer k, some neutral leaves u1, uo, . .., ug of the tree pair
(D, R,t) and some word s € {0,1}T.

Identify the unique edge of label type RR coming into the vertex
u, say (w,u, (s')R(u},ul, ..., up)R) for some vertex w € Vi, some
non-negative integer k', some neutral leaves uf,u, ..., uj, of the
tree pair (D, R,t) and some word s’ € {0,1}7.

Then perform the following action:

(a) Replace the edge (u,v, (s)R(u1,us,...,ur)R) with the edge

(w,v, (s's)R(u) s, ubhs, ..., ups,us,ur, us, . .., ux)R).

Consider each other edge starting at u. By Lemma [3.2.63] it must
be of the form (u, v, (s")R(uf,uf3, ..., ul,)D(s")) for some vertex
v/, some non-negative integer k”, some neutral leaves uf, ..., u},

of the tree pair (D, R,t) and some words s”,s” € {0,1}7.
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(b) Replace each such edge with the edge

(w,u, (s's")R(uys" ubs”, . ..,

N 1 " 1
Co U ST, US Uy, Uy,

. ,U'Z//>D(S///)>.
(c) Delete the vertex u and the edge
(w,u, (8" YR(uy, ub, ..., up)R).

(d) Repeat the process until the unique edge with the label type

RR finishing at the vertex v also starts at v.

2. Repeat Step 1) until all range vertices are at the same time begin-

ning and end vertices of their unique incoming edges.

Lemma 3.2.65. Consider a chains graph G which is an output of Al-
gorithm[3.2.34], Algorithm and Algorithm [3.2.64) applied one after
another. Suppose that G corresponds to the tree pair (D, R,t) represent-
ing element o of V.

Then the algorithm terminates with a new chains graph, with each of
its range vertices corresponding to a range of repulsion leaf, and hence
locating a repeller.

Moreover, each connected component of D — R contains a repeller.

Also, the resulting graph still represents the same element o of V.

Proof. The algorithm terminates as each of its iterations reduces total
number of vertices by 1. The algorithm is defined to terminate when
each range vertex is at the same time beginning and end of its unique
incoming edge. By Lemma this means that each of the range
vertices v of G corresponds to a range of repulsion leaf, and hence locates
a repeller vs for some non—empty word s.

Moreover, connected components of D — R are in bijection with range
vertices of GG, as each of the connected components of D — R is rooted
at a range vertex. By Lemma vs is a repeller and it’s located at a
leaf of the connected component rooted at v. As this holds for each range
vertex v, we conclude that each connected component of D — R contains

a repeller.
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For the second part, we will look more closely at what effect the edge
replacements have on prefix substitution rules. Recall that we will be
deleting the edge e = (w,u, (s")R(u},uj, ..., u),)R) for distinct vertices

v and w. The prefix substitution rules given by this edge are:

(ws)a = uf
(D (wa=u,, VI<I<K

(up)ox = u

Let us consider what it would mean for the prefix substitution rules if
without changing « instead of having one whole leaf u travel to the leaf
ws’ under the action of negative powers of a, we split the leaf u further
into smaller pieces, introducing a tree rooted at the leaf u of the tree R
of the tree pair (D, R,t), at all neutral leaves u1,...,ux of both trees D
and R, and at the leaf ws’ of the tree D.

An example of a tree which we could introduce could be the tree D,,
rooted at the node u of the tree D. Then the prefix substitutions could
be equally described by (1):

Vs e LDu
(ws's")aw = uls”
(") = up 8" VISI<K

(ups")ow = us”

(1)

We could then cancel the edge e and represent these new prefix sub-

stitutions by the collection of following edges:

{(w,us", (s's"R(u1s", ... ,ups")R)|s" € Lp,}

We know that the labels on each of the new edges have to be of the
type RR, because D, is chosen depending on the origins of outgoing
edges of u. Also, w is still a range vertex of the new chains graph.
However, even after adjusting vertices, these edges would not form the
chains graph corresponding to the new tree pair. This is because there
would be vertices with an outgoing edge with first letter of the label being
D and with an incoming edge with the second letter of the label being
R. Algorithm [3:2:64] is inspired by the principle of concatenation of such
neighbouring edges described in Remark Let us analyse the effect

of the suggested replacements of edges:
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1. For each word s” € Lp,\{s}, the edge

w, v, (YR, uly, ... ull)D(s"
1, U2 k

is replaced by the edge

/ N/ !N !N / 1 ! 1 " " "
(w,u', (s's" ) R(uys”,ugs”, ... upss”  us”  uy, uy, . .., upn ) D(s")).
Let us analyse what it means in terms of prefix substitution rules.

The initial edge encodes the following rules (2):

(us")a = uff
(2) (u )=, VI<I<K'

(up)a =u's"

The resulting edge encodes the following rules (3):

(ws's")a = uls”

(ups" e =y 8" VI<I<K (1)
(ups" oo = us”
(us")aw = uff
(uf)a=uf,,  VI<I<KE' 5 (2)

(up)a =u's"

Notice that for given s” the rules (3) are a union of rules (1’) and

(2). Hence, there has been no change to « in this procedure.

. The edge (u,v, (s)R(ui,us,...,ux)R) is replaced with the edge

(w, v, (s's)R(u)s,uys, ..., uj,s, us, ui, us, ..., u;)R). Let us analyse
what it means in terms of prefix substitution rules. The initial edge

encodes the following rules (4):

(us)a = ug
(4) (ul)a = Uj4+1 Vi<Ii<k
(up)a = v

The resulting edge encodes the following rules (5):
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( (ws's)a = ufs

(ys)a=up, s  VI<I<k p(1)

(upss)ov = us

(us)a = uy
(w)a=wy  VI<I<k p(4)
(ug)ae = v

Notice that for s” = s the rules (5) are a union of rules (1) and

(4). Hence, there has been no change to « in this procedure.

By this observation we can conclude that the resulting graph is indeed
a chains graph of a new tree pair, which represents the same element «

of V' as the prefix substitution rules remain the same.
O

It is also important to realise that application of Algorithm
does not cancel the benefits of Algorithm [3.2.34] and Algorithm [3.2.57}

Lemma 3.2.66. Consider a chains graph G which is an output of Al-
gorithm Algorithm and Algorithm applied one after

another. Then G remains unchanged by a subsequent applications of Al-
gorithm[3.2.34 and Algorithm[3.2.57, and so it keeps all the properties of
a graph which is an output of Algorithm and of a graph which is
an output of Algorithm[3.2.57

Proof. The start vertex of each edge with label type DR of an output
graph of Algorithm [3:2.34] is also the end vertex of that edge. Each of
Algorithm [3:2.57 and Algorithm [3.2.64) neither cancels nor introduces any
edges with label type D R. Hence, if the graph G is an output of Algorithm
Algorithm and Algorithm applied one after another,
it is still the case that beginning vertex of each edge with label type
DR is also the end vertex of that edge. Therefore, the graph G remains
unchanged under potential application of Algorithm Moreover,
by Lemma [3.2.61] Lemma [3.2.65] each range vertex of the graph G is a
beginning vertex of an edge of the label type RR, and hence it is not a
bottom vertex. Hence, if the graph G is an output of Algorithm [3.2.34]
Algorithm [3.2.57] and Algorithm applied one after another, it is
still the case that it admits no bottom vertices. Therefore, the graph G
remains unchanged under potential application of Algorithm O
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Example 3.2.67. Consider the chains graph G given in the picture be-

low:

(01)R(010,10100)D(000)

D(1110)D(10
11)R(1000,10110)D(010 (1110)D(10)

010)R(00110,1001,10111)D(01

The Chains Graph G

Notice that G is a final chains graph from Example [3:2.60] and hence
an output of Algorithm [3.2.34] and Algorithm [3.2.57] applied one after
another. We can therefore input it into Algorithm [3:2.64] in order to
create all possible repellers.

We notice that there is only one range vertex 000, and it has the
edge (000,000, (00) RR) beginning and ending at it. Hence, the algorithm
terminates here without any action. We can deduce that 000 is the unique
range of repulsion leaf of the tree R, and 00000 is the unique repeller leaf

of the domain tree D.

Conclusion and Interpretation

We are now ready to prove two Theorems which were the motivation for
this section - that for a given element o of Thompson’s group V, there
always exists a revealing tree pair representing it, and that for any given
tree pair (D, R, t) representing «, we found a series of algorithms which
transform (D, R, t) into a revealing tree pair.

We start from a lemma which describes the relationships between

some of the constituent algorithms.

Lemma 3.2.68. Consider a chains graph G which is an output of Algo-
rithm |3.2.534| and which corresponds to the tree pair (D, R,t) representing

element o of V.
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Then, application of Algorithm [3.2.1]) and subsequently Algorithm
commutes with application of Algorithm and subsequently
Algorithm [3.2.6)

This in particular implies that all properties of chains graphs resulting
from application of any of these four algorithms to G are valid for the

output graph, as long as Algorithm is applied before Algorithm
[5.2.51) and as long as Algorithm[3.2.57 is applied before Algorithm[3.2.67

Proof. Consider the following exemplary sketch of the behaviour of the
graph G:

RD

s P §
RR DD

RR

DR DR
Sketch of the Graph G

If we consider possible behaviours occuring in the graph G, we will
notice that we can partition vertices of G into three categories: range
vertices (denoted by R), domain vertices (denoted by D) and neutral
vertices (denoted by N).
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The collection of neutral vertices is not connected to any of the range
or domain vertices, or even to each other as a matter of fact. By Lemma
[3:2.2T] each neutral vertex admits an edge with the label type DR which
starts and finishes at it. By Lemma the graph G admits no other
edges with the label type DR. None of Algorithm [3.2.44] Algorithm
[3:2.51] Algorithm or Algorithm has any effect on any neu-
tral vertices or any edges of label type DR. Hence the effect of these
algorithms on these parts of the graph commute.

The collection of range vertices admits all edges with the label type
RR among each other, as no domain vertex can have an edge with the
label type RR pointing in or out of it. The collection of domain vertices
admits all edges with the label type DD among each other, as no range
vertex can have an edge with the label type DD pointing in or out of
it. The only remaining part of the graph which needs describing is the
collection of edges with label type RD. Each such edge starts at some
range vertex and finishes at some domain vertex.

Consider areas of impact of Algorithm and subsequently Al-
gorithm Each step of each of these algorithms deals with and
changes domain vertices, edges with label type DD, and prolongs edges
with label type RD towards the end. Notice that at no point beginning
vertex or any of the neutral vertices of an edge with label type RD has
been amended.

Similarly, consider areas of impact of Algorithm [3.2.57] and subse-
quently Algorithm [3:2.64, Each step of each of these algorithms deals
with and changes range vertices, edges with label type RR, and prolongs
edges with label type RD towards the beginning. Notice that at no point
end vertex or any of the neutral vertices of an edge with label type RD
has been amended.

In conclusion, as the following pairs: Algorithm and Algorithm
[3:251} Algorithm [3:2.57 and Algorithm [3:2.64] act non—trivially on dis-
tinct and disjoint parts of the graph G, their effects on the graph G
commute.

This proves the conclusions of this lemma. O
With the help of the lemma above we are finally ready to prove:

Theorem 3.2.69. Consider a chains graph G which is an output of Al-

gorithm and subsequently Algorithm[3.2.44] and subsequently Algo-
rithm[3.2.51); Algorithm[3.2.57 and subsequently Algorithm[3.2.6], in any
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order of application of these two pairs. Graph G corresponds to the tree
pair (D, R,t) representing element « of V.

Then, the tree pair (D, R,t) is a revealing tree pair.

Proof. Recall Definition of a revealing tree pair and Lemma [3.2.68
By Lemma [3.2.52] each connected component of R — D admits an attrac-
tor, and by Lemma [3.2.65]| each connected component of D — R admits a

repeller, and hence (D, R, t) is a revealing tree pair. O
Hence, we have the following theorem as a corollary:

Theorem 3.2.70. For any element o € V', there always exists a revealing

pair (D, R,t) representing it.

Proof. By Theorem [3.2.69] O

A natural question to ask is why we decided to present five distinct
mandatory algorithms and one optional for finding a revealing pair for
given a.

The reason for presenting the optional algorithm is its potential to
reduce the amount of data which needs to be handled in the problem.
Yet, we did not want to create the impression that it is indispensable,
especially given that in some cases it might involve steps which would
need to be reversed by later algorithms.

Algorithm [3:2:34] needs to be performed as the first one among the
five essential algorithms. We feel that it deserves to exist in its own right
due to strong properties possessed by its output graph. This algorithm
uncovers all periodic orbits of leaves and hence can be used separately
e.g. for this purpose only, for deciding whether « is torsion or whether «
has any torsion at all.

There is benefit in realising that the search for attractors and repellers
can be performed separately, and for that reason we separated Algorithms
[3.2.44] and [3.2.51] from Algorithms[3.2.57and [3.2.64] However, what were

our reasons for splitting the search for attractors into eliminating top

vertices and picking the attractors, and similarly splitting the search for
repellers into eliminating bottom vertices and picking the repellers? The
main reason is that in each of Algorithms [3.2.51] and [3.2.64] we need to

make an explicit choice of which vertex remains in the graph and so where

the repeller /attractor will occur. Hence we wanted to leave the option of

not applying these two algorithms. Hence, we define the following:



128 CHAPTER 3. DYNAMICS VIA COMBINATORICS

Definition 3.2.71 (Balanced Pair). Consider a chains graph G which
is an output of Algorithm [3.2.28] subsequently Algorithm and
subsequently Algorithms [3.2.44] and [3.2.57] in any order of application of

these last two. Graph G corresponds to a uniquely determined tree pair

(D, R, t) representing element o of V. The tree pair (D, R,t) is called a
balanced (tree) pair.

Due to the deterministic nature of all algorithms involved in the defi-
nition above, we believe that there is a unique balanced tree pair for each
acV.

Finally, for a better understanding of how the resulting chains graph
of the resulting revealing pair links with leaf chains and previous way in
which we defined revealing pairs, we present this summary. At the end
of the process for obtaining a revealing pair, we end up with four types

of edges. They correspond to 4 types of chains:

Corollary 3.2.72. The resulting graph of the entire sequence of described

algorithms has each edge corresponding to a leaf chain as follows:

1. A vertex with an edge with label DR starting and finishing at itself

corresponds to a P—chain of leaves of the resulting tree pair.

2. A vertex with an edge with label DD starting and finishing at itself

corresponds to an A—chain of leaves of the resulting tree pair.

3. A vertex with an edge with label RR starting and finishing at itself

corresponds to an R—chain of leaves of the resulting tree pair.

4. An edge with label RD corresponds to an SS—chain of leaves of the

resulting tree pair.

Proof. Each of the above holds by:

1. Corollary [3.2.25]
2. Corollary [3:2.49
3. Corollary [3:2.62]

4. Lemma [3.2.27]
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3.3 Rollings

We know from Section how to obtain a revealing pair for an element «
of Thompson’s group V', given any tree pair representing it. However for
any given « there are many revealing pairs corresponding to it. In this
section we will use leaf chains to rephrase the work of Salazar-Diaz [2§]
on how to find all revealing pairs for o when initially given only one of
its revealing tree pairs. We will use this information to find all important
points, of an element « of V', which we will introduce in Section

A rolling of a given revealing pair (D, R, t) representing an element o
of V is another revealing tree pair representing the same element «, which
has been obtained from the tree pair (D, R,t) using certain allowable
operations. We can move from any revealing pair to any other revealing
pair using rolling and inverse rolling operations, as proved by Salazar—
Diaz in [2§].

Types of Rollings

We distinguish between three types of rollings — type E (standing for
elementary), type I and type II. We will describe algorithms used to
produce each of them. For clarity, we will give examples of each of the

rolling types.

Algorithm 3.3.1 (Rolling Type E (Elementary)). Consider a revealing

pair (D, R, t) representing an element a of V.

1. Pick any SS—chain or P—chain, associated with this tree pair, given

by (Aa?)E_, for some leaf A € Lp and some non-—negative integer k.
2. Let T be any binary rooted tree.
3. For every leaf Ao/ in the chosen chain:

(a) If A\a* € Lp, in order to obtain the new tree D’ attach a copy
of the tree T to D by identifying the root of T" to the leaf Ao
of D.

(b) If Ao’ € Lg, in order to obtain the new tree R’ attach a copy
of the tree T to R by identifying the root of T to the leaf Ao
of R.

4. Change the tuple ¢ to obtain a new tuple ¢’ such that the tree pair

(D', R',t') represents a.. To achieve this, apply extended version of
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Algorithm corresponding to all augmentations introduced to

the initial tree pair.

Definition 3.3.2 (Rolling Type E). Suppose that the revealing pair
(D', R',t') representing @ € V has been obtained from a revealing pair
(D, R,t) by using Algorithm possibly numerous times. Then we
call (D', R',t") a rolling of type E from (D, R,t).

Example 3.3.3 (Rolling Type E). Let (D, R,t) be the following tree

pair representing o € V:

We notice that the leaves of this tree pair form a single P—chain given
by (0,1), as 0 5 1+ 0. Hence this tree pair has no repellers or attractors.
Also, both D — R and R — D are empty, and so the tree pair (D, R,t) is
revealing.

Thus we can apply Algorithm to its P—chain (0, 1) to obtain a
new tree pair (D', R',t') which will be a rolling of type E from (D, R, t):

1. Let T be a single caret.

2. As both 0 and 1 are in Lp, to create D’ we attach a copy of the
tree T to D by identifying the root of T" to the leaf 0, and another
copy of the tree T' by identifying the root of T' to the leaf 1.

3. As both 0 and 1 are in Lg, to create R’ we attach a copy of the
tree T' to R by identifying the root of T" to the leaf 0, and another
copy of the tree T' by identifying the root of T' to the leaf 1.

4. The new leaves of the tree D’ are given by: Lp = {00,01,10,11}.

We label them with numbers from 1 to 4 respectively.

5. None of the leaves of D’ is a leaf of D. Thus:
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(a) The newly assigned number of the leaf 00 is 1. Hence we assign
number 1 to the leaf (00)a = (0)a0 = 10 of R'.

(b) The newly assigned number of the leaf 01 is 2. Hence we assign
number 2 to the leaf (01)a = (0)al = 11 of R'.

(¢) The newly assigned number of the leaf 10 is 3. Hence we assign
number 3 to the leaf (10)a = (1)a0 = 00 of R'.

(d) The newly assigned number of the leaf 11 is 4. Hence we assign

number 4 to the leaf (11)a = (1)al =01 of R/.

(e) In order to get t/, we read the numbers of the tree R’ in order
from left to right: ¢ = (3,4,1,2).

Hence, the new tree pair (D', R/, t') is given by:

Algorithm 3.3.4 (Rolling Type I). Consider a revealing pair (D, R,t)

representing an element a of V.

1. Pick any R—chain or A—chain associated with this tree pair given

by ()\ai)fzo for some leaf A € Lp and some non-negative integer k.

2. (a) If (\a®)k_, is an R—chain, define the tree C' to be the compo-
nent of D — R rooted at Aa*. Define I to be the word a; . .. q;
for some positive integer | and aj,...q; € {0,1}, such that
A = AT,

(b) If (\a®)%_, is an A-chain, define the tree C' to be the compo-
nent of R — D rooted at A. Define I" to be the word a; ...q

for some positive integer | and aj,...q; € {0,1}, such that
AT = Aok
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3. We will now pick a tree T as follows:

(a) Pick an integer j such that 1 < j <.

(b) Split the tree C' into two components 7" and 7" where contains

the root of C' and 7" is rooted at the address ajas. .. a;.

4. For every leaf Ao’ in the chosen chain:

(a) If Ao’ € Lp, in order to obtain the new tree D’ attach a copy
of the tree T to D by identifying the root of T to the leaf Ao
of D.

(b) If Ao’ € Lg, in order to obtain the new tree R’ attach a copy
of the tree T to R by identifying the root of T to the leaf Ao’
of R.

5. Change the tuple ¢ to obtain a new tuple ¢’ such that the tree pair
(D', R',t') represents . To achieve this, apply extended version of
Algorithm [2:329] corresponding to all augmentations introduced to

the initial tree pair.

The word I" for a given repeller or attractor will be of great importance
in Section [3:4 We will define it to be a spine in Definition [3.4.2] and
B.411

Definition 3.3.5 (Rolling Type I). Suppose that the revealing pair
(D', R',t') representing @ € V has been obtained from a revealing pair
(D, R,t) by using Algorithm possibly numerous times. Then we
call (D', R',t") a rolling of type I from (D, R,t).
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Example 3.3.6 (Rolling Type I). Let (D, R, t) be the following tree pair

representing o € V:

First we identify the leaf chains of the tree pair (D, R, t):

1. 000 —= 1100.
2. 001 — 111.
3. 010 % 0.

4. 011 —= 1101.

5.1+ 10.

We recognise 3. to be an R—chain, corresponding to the only compo-
nent of D — R. We also recognise 5. to be an A—chain, corresponding to
the only component of R — D. Hence the tree pair (D, R,t) is revealing
and we can apply Algorithm to it. For that, let us pick the R—chain
(010,0) to obtain a new tree pair (D', R',t') which will be a rolling of
type I from (D, R, t):

1. The word I' is given by 10 and the tree C'is given by the component
of D — R rooted at the node 0.

2. We pick j = 1 and so we cut the tree C' at its node 1. The tree T'

is the component which contains the root of C.

3. We attach a copy of T' to D by identifying the leaf 010 of D to the
root of T to form D’. We also attach a copy of T to R by identifying
the leaf 0 of R to the root of T to form R'.
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4. The leaves of D’ in order from left to right are as follows: 000,001,
01000,01001,0101,011,1. We label them from 1 to 7 respectively.

5. (a) The newly assigned number of the leaf 000 is 1. Hence we
assign number 1 to the leaf (000)ax = 1100 of R'.

(b) The newly assigned number of the leaf 001 is 2. Hence we
assign number 2 to the leaf (001)ax = 111 of R'.

(c) The newly assigned number of the leaf 01000 is 3. Hence we
assign number 3 to the leaf (01000)a = (010)a00 = 000 of R’

(d) The newly assigned number of the leaf 01001 is 4. Hence we
assign number 4 to the leaf (01001)a = (010)a01 = 001 of R'.

(e) The newly assigned number of the leaf 0101 is 5. Hence we
assign number 5 to the leaf (0101)a = (010)al = 01 of R'.

(f) The newly assigned number of the leaf 011 is 6. Hence we
assign number 6 to the leaf (011)ax = 1101 of R'.

(g) The newly assigned number of the leaf 1 is 7. Hence we assign
number 7 to the leaf (1)a = 10 of R'.

6. In order to get ¢/, we read the numbers of the tree R’ in order
from left to right. As the leaves of R’ occur in the following order:
000,001, 01, 10,

1100,1101, 111, we deduce that ¢’ = (3,4,5,7,1,6,2).

The resulting tree pair (D', R',t') is given by:

Algorithm 3.3.7 (Rolling Type II). Counsider a revealing pair (D, R, t)

representing an element a of V.

e Pick any R—chain (or A—chain respectively) associated with this tree
pair given by ()\ai)fzo for some leaf A € Lp and some non—negative

integer k.
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e Let T be the component of D — R (or R — D respectively) rooted
at the leaf \a* (or A respectively).

e To create D', attach a copy of the tree T to D by identifying the
root of T' to the leaf Aa*~! (or A respectively).

e To create R/, attach a copy of the tree T to R by identifying the
root of T' to the leaf Aa* (or A respectively).

e Change the tuple ¢ to obtain a new tuple ¢’ such that the tree pair
(D', R',t') represents . To achieve this, apply Algorithm to

the initial tree pair.

Definition 3.3.8 (Rolling Type II). Suppose that the revealing pair
(D', R, t') representing @ € V' has been obtained from a revealing pair
(D, R,t) by using Algorithm [3.3.7 possibly numerous times. Then we
call (D', R',t") a rolling of type II from (D, R,t).

Example 3.3.9 (Rolling Type II). Let (D, R,t) be the following tree

pair representing o € V:

We identify the leaf chains of the tree pair (D, R, t):

1. 00 25 011 %5 010 —25 000.
2. 10 %5 001.

3. 1125 1.

We recognise 3. to be an R—chain corresponding to the only compo-

nent of D — R. We also recognise 1. to be an A—chain corresponding to
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the only component of R — D. Hence the tree pair (D, R,t) is revealing
and we can apply Algorithm to it. For that, let us pick the A—chain
(00,011,010,000) to obtain a new tree pair (D', R',t') which will be of
rolling type II from (D, R,t):

1. T is given by the only component of R — D, which is given by a

single caret.

2. To create D' we attach a copy of T to D by identifying the leaf 00
of D to the root of T. To create R, we attach a copy of T' to R by
identifying the leaf 011 of R to the root of T'.

3. The leaves of D’ in order from left to right are as follows:
000, 001,010,011, 10, 11.

We label them from 1 to 6 respectively.
4. (a) The newly assigned number of the leaf 000 is 1. Hence we
assign number 1 to the leaf (000)ar = (00)a0 = 0110 of R'.

(b) The newly assigned number of the leaf 001 is 2. Hence we
assign number 2 to the leaf (001)a = (00)al = 0111 of R'.

(c) The newly assigned number of the leaf 010 is 3. Hence we
assign number 3 to the leaf (010)ax = 000 of R'.

(d) The newly assigned number of the leaf 011 is 4. Hence we
assign number 4 to the leaf (011)ac = 010 of R'.

(e) The newly assigned number of the leaf 10 is 5. Hence we assign
number 5 to the leaf (10)ac = 001 of R'.

(f) The newly assigned number of the leaf 11 is 6. Hence we assign
number 6 to the leaf (11)a =1 of R'.

5. In order to get t, we read the numbers of the tree R’ in order from

left to right. As the leaves of R’ occur in the following order:
000,001, 010,0110,0111,1

we deduce that ¢ = (3,5,4,1,2,6).
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The resulting tree pair is given by:

Theorem 3.3.10. For an element o of Thompson’s group V, we can
transition from any revealing pair for a to any other revealing pair for
a using rollings and inverse rollings described in Algorithms
and [3.3.71

Proof. By Salazar-Diaz in [2§]. O

3.4 Important Points of an Element of V/

The term important points was first used in this context by Bleak and
Salazar-Diaz in [8], the reason being that these points were of key im-
portance for their consideration of free products in V. They will prove to
be indispensable in Chapter [4] on centralisers in V', and of central focus
in Chapter 5| on further properties of free products. They are described
in this last section of this chapter in hope of creating a fresh, lasting
impression suggested by recency effect.

In this section we will proceed to give a formal definition and explore
basic properties of important points. Informally, they should be consid-
ered as a special kind of points from € which lie on finite orbits under
the action of a given element « of V', while all other points from small
neighbourhood around them lie on infinite orbits. Moreover, the neigh-
bourhood around them either expands or contracts, and depending on
which of these two is occurring, we discriminate between repelling and
attracting important points of a. This property of being isolated from

other points lying on finite orbits discriminates important points from
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those points of € which underlie periodic neutral leaves of a revealing

tree pair representing a.

Lemma 3.4.1. Consider an element o of the Thompson’s group V', and
a revealing tree pair (D, R,t) representing it. Consider a repeller A from
Lp and its proper ancestor (\)a® from Lg for some positive integer s. Say
that (N\)a® has address vs and A has address vy = ~vsI', where vs, v and
I' are finite strings of numbers from the set {0,1}. Then, py, = vo(I')>
is the unique point of € with the prefix vs which is fized by the map .

Proof. As o induces a bijection on € and the image of the set of all
points with prefix 79 = ~I" is the set of all points with prefix s, the
only possible points fixed by «® with prefix «s must in fact have prefix
vsI'. As o’ is such that it substitutes prefix v,I" with ~5, then the point
vs(T")*° is the only point of € with prefix 7,I" which is mapped to itself by
the action of o®. Indeed, v5(I")>* = v5(I'(I')*>°) = (1s)(I)>®° = p(I)>® =
() (1) = (7s(I)>)ar. O

Definition 3.4.2 (Spine of a Repeller). Consider an element o of Thomp-
son’s group V', and a revealing tree pair (D, R, t) representing it. Consider
a repeller A from Lp with and its ancestor Aa® from Lg for some positive
integer s. Say that Aa® has address 5 and A has address 9 = 1", where
Vs, Yo and I' are finite strings of numbers from the set {0,1}. Then, we

call I" the spine of the repeller \.

Remark 3.4.3. Consider a revealing pair (D, R,t) of an element a of V'
and (D', R';t") a rolling of type I from it on a given R—chain with repeller
A € Lp (see Algorithm . Say that Aa® is a proper ancestor of \ for
some positive integer s. Say that A has address 79 and Aa® has address
vs. Then v,I' = g for a word I' = ajas...a; which is the spine of
repeller A, where 1 is a positive integer and a1, as,...,a; € {0,1}. Then
for the choice of integer j such that 1 < j <[, determined by the rolling
(D', R',t"), we define w = ajay...a; and w’ = aj41...a;. Then our new
repeller \w of (D', R',t') has address yow. Notice that yow = vysww'w.
Notice also that ((ysw)w'w)a® = (ysTw)a® = (yI)a’w = sw so the
spine of the new repeller Aw is given by I'' = w'w = aj41 ... qa1as ... qj,

which is a cyclic permutation of the letters in the word I'.

Lemma 3.4.4. Consider an element « of the Thompson’s group V, and

a revealing tree pair (D, R,t) representing it. Consider a repeller A from
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5. 10 < 101: A-chain.
6. 110 — 1100: A—chain.

7. 111 v% 1111: A-chain.

We recognise 2. as an R—chain corresponding to the only component
of D — R rooted at 00. We also recognise 5., 6. and 7. to be A—chains
corresponding to connected components of R — D rooted at 10, 110 and
111 respectively. Hence, the tree pair (D, R,t) is revealing, and we can
proceed to find all its repelling points.

The R—chain 2. consists of tree leaves 0001,011, 00 and so its repeller
has spine 01. Thus, there are two corresponding repelling points given
by

Ra = {00(01)%,011(01)}

Remark 3.4.7 (R, is finite). Note that each repelling point of « corre-
sponds to a distinct leaf of the tree D, and as the set Lp is finite, the set
R must also be finite. Moreover, as the effect on o on € is independent
of the choice of a tree pair for it, R, is also independent of the choice of

the tree pair representing a.

Definition 3.4.8 (Fixed Repelling Point of «). Consider an element « of
the Thompson’s group V', and a revealing tree pair (D, R, t) representing
it. If p is a repelling point of « and « fixes p, namely (p)a = p, then p is
a special kind of a repelling point called a fixed repelling point of .

Note that a given revealing pair of an element o from V' admits one
repeller per orbit of repelling points under the action of . The repeller
highlights the position of one of the repelling points of . The follow-
ing lemma helps us recognise how to highlight other repelling points by

choosing a different revealing pair:

Lemma 3.4.9. Let (D, R,t) be a revealing tree pair corresponding to o
of V. Say that (\a')5_q is an R-chain of (D, R,t) for some X\ € Lp and
some positive integer s. Suppose that for each i such that 0 < i <'s, the
address of Ao’ is given by ;. Also vo = vsI', where I' is the spine of the
repeller X. Consider the repelling point ~;(T')>° which underlies the leaf

o0

ot fori €{0,...,s—1}. In particular, consider vo(I')> which underlies

the repeller .
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Now consider a single rolling (D', R',t') of type II from (D, R,t) on
this R—chain. Then the leaf A\a*~'T" is a repeller of (D', R',t') overlying
the repelling point ~ys—1(I')>.

Proof. The tree pair (D, R,t) is such that for each i such that 1 < i <
s —1, Ao’ is a neutral leaf. Also, X is a leaf of D and Aa® is a leaf of R.
Let T be the tree given by the component of D — R rooted at Aa®. By
Algorithm the tree D’ is the tree D expanded by attaching a copy
of T by identifying the leaf Aa*~! with the root of T. Also, the tree R’ is
the tree R expanded by attaching a copy of T by identifying the leaf Aa®
with the root of T. Hence, X, Aa, ..., Aa®~2 are neutral leaves of the tree
pair (D', R, t'), \a*~'T is a leaf of the tree D' and Aa®1! is a leaf of the
tree R'. Notice that ((70)a* 'T)a = (ys—10)a = (ys—1)al’ = 7' = .
Therefore, (Aa*~!T, A\, Aav, ..., Aa*~1) is an R-chain of (D', R',¢'). This
implies that A\a®*~'T" is a repeller, and the important point which it is

overlying is vys—1(I")*°. O

After having defied and analysed properties of repelling points of «,
we need to mention attracting points of . Informally, attracting points of
a can be understood as repelling points of a1, and hence their properties

will be very similar:

Lemma 3.4.10. Consider an element o of the Thompson’s group V, and
a revealing tree pair (D, R,t) representing it. Consider an attractor Py
from Lgi and its ancestor X\ from Lp for some positive integer k. Say
that \o* has address v, and X\ has address vo such that voI' = i, where
Yk, Yo and T are finite strings of numbers from the set {0,1}. Then,
Pro = Y0(I')> is the unique point of € with the prefix o which is fized by
the map oF.

Proof. As o induces a bijection on @ and the image of the set of all
points with prefix g is the set of all points with prefix v I', the only
possible points fixed by o with prefix 79 must in fact have prefix ~oT.
As o is such that it substitutes prefix 4o with 4oI", then the point o(I")>
is the only point of € with prefix 49" which is mapped to itself by the
action of a¥. Indeed, vo(I')>® = vo(I'(T)>®) = (yI)(I)>® = W)™ =
(o)) (1) = (30(1)®)a. =

Definition 3.4.11 (Spine of an Attractor). Consider an element « of

Thompson’s group V, and a revealing tree pair (D, R, t) representing it.
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Consider an attractor (A\)a* from Ly with and its proper ancestor A from
Lp for some positive integer k. Say that (A\)a” has address v and X has
address g such that v, = I, where v¢, v and ' are finite strings of
numbers from the set {0,1}. Then, we call I' the spine of the attractor
(N)ak.

Remark 3.4.12. Consider a revealing pair (D, R, t) of an element « of V'
and (D', R',t') arolling of type I from it on a given A—chain with attractor
Aok € Lg (see Algorithm. Say that A is a proper ancestor of Aa* for
some positive integer k. Say that A has address 79 and Aa* has address 7.
Then v, = vl for a word I' = ajas . ..a; which is the spine of attractor
Aa¥, where 1 is a positive integer and a1, as,...,a; € {0,1}. Then for
a choice of integer j such that 1 < j < [, determined by the rolling
(D', R, t"), we define w = ajasy...a; and w’ = aj41...a;. Then our new
attractor A\a*w of (D', R',t') has address yzw. Notice that yzw = Yoww'w.
Notice also that ((yow))a* = (y0)efw = yw = (Yow)w'w, so the spine
of the new attractor Aafw is given by IV = w'w = Ajt1 ... Qa102 . . . aj,

which is a cyclic permutation of the letters in the word I'.

Lemma 3.4.13. Consider an element o of the Thompson’s group V', and
a revealing tree pair (D, R,t) representing it. Consider an attractor A\a*
from L and the sequence of leaves Aa' for 0 < i < k such that X is a
proper ancestor of \a*. For 0 < i < k let y; be the address of the leaf Ao,
and let voI' = vy, for T € {0,1}T. Then for each 0 < i <k, p,, = ~(I')>
is the unique point of € with the prefix v; which is fized by the map o.

Proof. Notice that for all 0 < i < k we have (y;,)a* = (y)aiaF =
(e)at = (lat = (y)a'T = . Hence we deduce that an appli-
cation of o* has an effect of substituting prefix +;I" in place of ~;. Hence,

the lemma holds as a corollary of Lemma [3.4.10] O

Definition 3.4.14 (Periodic Attracting Point of «). Consider an ele-
ment « of the Thompson’s group V, and a revealing tree pair (D, R,t)
representing it. Consider an attractor A\a* from Lp and the sequence of
leaves Ao’ for 0 < i < k such that Aa* is a proper descendant of \. For
0 < i < k let 7; to be the address of the leaf Ao’ and let voI' = ;. Then,
for each 0 < i < k we will call 4;(T")*> a periodic attracting point of c, or
simply an attracting point of «. Also, let the set of all attracting points
of « be called A,.
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Note that the word periodic is meant to emphasise the fact that at-

tracting points of « lie on finite orbits under the action of a.

Example 3.4.15 (Attracting Points). Consider the revealing tree pair
(D, R,t) given by the same picture as in Example [3.4.6}

Recall its leaf chains:

1. 0000 —* 010 = 100: SS-chain.
2. 0001 — 011 —= 00: R-chain.
3. 0010 —= 1101: SS—chain.

4. 0011 = 1110: SS-chain.

5. 10 = 101: A-chain.

6. 110 — 1100: A-chain.

7. 111 % 1111: A—chain.

The A—chain 5. consists of two leaves 10,101 and so its attractor
has spine 1. Thus there is one corresponding attracting point given by
10(1)°°.

The A—chain 6. consists of two leaves 110,1100 and so its attractor
has spine 0. Thus there is one corresponding attracting point given by
110(0)°°.

The A-—chain 7. consists of two leaves 111,1111 and so its attractor
has spine 1. Thus there is one corresponding attracting point given by

111(1)%.

Ao = {10(1)%°,110(0)*°,111(1)*°}
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Remark 3.4.16 (A, is finite). Note that each attracting point of « corre-
sponds to a distinct leaf of the tree R, and as the set L is finite, the set
A, must also be finite. Moreover, as the effect on « on € is independent
of the choice of a tree pair for it, A, is also independent of the choice of

the tree pair representing a.

Definition 3.4.17 (Fixed Attracting Point of a)). Consider an element
a of the Thompson’s group V', and a revealing tree pair (D, R, t) repre-
senting it. If p is an attracting point of o and « fixes p, namely (p)a = p,
then p is a special kind of an attracting point called a fized attracting

point of .

Note that a given revealing pair of an element « from V' admits one at-
tractor per orbit of attracting points under the action of a. The attractor
highlights the position of one of the attracting points of a. The follow-
ing lemma helps us recognise how to highlight other attracting points by

choosing a different revealing pair:

Lemma 3.4.18. Let (D, R,t) be a revealing tree pair corresponding to
a of V. Say that (A\a')X_ is an A—chain of (D, R,t) for some X\ € Lp
and some positive integer k. Suppose that for each i such that 0 <i <k,
the address of Aa' is given by ;. Also yoI' = i, where ' is the spine of

> which underlies

the attractor A\a®. Consider the attracting point ~;(T)
the leaf A, for i € {0,...,s —1}. In particular, consider v, (I')° which
underlies the attractor .

Now consider a single rolling (D', R',t') of type II from (D, R,t) on
this A—chain. Then the leaf Aal' is an attractor of (D', R',t') overlying

the repelling point ~1(I')>°.

Proof. The tree pair (D, R, t) is such that for each i such that 1 < i <
s — 1, X\ is a neutral leaf. Also, X is a leaf of D and Aa¥ is a leaf of
R. Let T be the tree given by the component of R — D rooted at A\. By
Algorithm the tree D’ is the tree D expanded by attaching a copy
of T by identifying the leaf A with the root of T. Also, the tree R’ is the
tree R expanded by attaching a copy of T' by identifying the leaf Aa with
the root of T. Hence, Aa?,... o A" are neutral leaves of the tree pair
(D', R',t'), M is a leaf of the tree D’ and Aal is a leaf of the tree R'.
Notice that ((70)a®)a = (yx)a = (voI)a = (y9)al’ = yI'. Therefore,
(A, ..., Aa® A", \aT") is an A-chain of (D', R,#'). This implies that
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Aal' is an attractor, and the important point which it is overlying is
(D). =

Definition 3.4.19 (Important Points of o). Consider an element « of
Thompson’s group V. Let the set of important points of o denoted by
T, be defined as Z, = Rq U A,

Remark 3.4.20. Note that the set of points underlying neutral periodic
leaves of a revealing pair and important points of « is equal to the set
of points of € lying on finite orbits under the action of .. This has been
implicitly proven in Lemma Moreover, there is a universal bound
on the sizes of all finite orbits in € under the action of «. This is because
of the following: there is a finite number of attractors and repellers for
a revealing tree pair for a. Each of the repellers and attractors is in
one—to—one correspondence with a finite orbit of important points under
«. Hence the set Z, is finite. The remaining points on finite orbits lie
precisely under periodic neutral leaves of a revealing pair for .. Each of
these leaves has a finite orbit under the action of «, and there are also
finitely many of them. Hence we can put a universal bound on the size
of the finite collection of finite orbits Let us say that it is n where n
is a positive integer. Therefore, we can also find a positive integer, for

intstance m = n!, such that o admits only orbits of size 1 or co.
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Chapter 4

Centralisers

In this chapter we intend to familiarise the reader with the structure
of the centraliser group of an element a of Thompson’s group V. The
main theorem of Bleak et al. [5] states the structure of the centraliser of
an element of V. In this thesis we provide a converse to this theorem,
by proving that each of the predicted structures is realisable. Hence
we obtain a complete classification of centralisers in V. We first give an
overview on general structure of Cy () as derived in [5]. Then we discuss

in detail the theory which led directly to obtaining our results.

In [5], the centraliser is proven to split as a direct product of two
groups: one acting on the points from € lying in the closure of infinite
orbits under the element’s action, and the other acting on the remaining
points from €, all of which lie on finite orbits. While the general structures
of both groups are established in [5], it remained unclear whether all
possible realisations of the structure are achievable. (See questions (2)
and (3) in [5].)

In our work we use results from [5] to derive an algorithm for con-
structing an element o € V with strictly prescribed centraliser. We
achieve that through embedding sufficient symmetry into its flow graph
object, so that the flow graph automorphisms realises the Cayley action
for any given finite group of our choice. These automorphisms give rise
to elements centralising a. Thus we conclude that anything allowed by

the classification of Bleak et al. is in fact realisable.

We make explicit use of revealing pairs and important points, as dis-
cussed in Chapter 3, to construct flow graph objects as introduced by
Bleak et al. in [5].

147
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4.1 Statement of Results

Definition 4.1.1. Define C to be the class of all groups isomorphic to a

group of the following form:

t

(ﬁMmi X V) < | T1(A; %y, 2)1 By
i=1

J=1

for positive integers s,m; (s.t. mi < mg < ... < my) and g¢;, groups
My, Aj, and Py, and ¢; € Aut(Aj;), such that i € {1,...,s} and
j€{1,...,t}, and such that:

e for each i, M,,, = Maps(C,Z,,,), where Maps(€, Z,,,) is the group
of continuous maps from € to Z,,, under pointwise addition, and

where Z,,, is the cyclic group Z/miZ under the discrete topology;
e for each j, A; is a finite group;
e for each j, F; is the full symmetric group on g; elements.

Our main result of this chapter combined with the work by Bleak et

al. in [5] is the following theorem:

Theorem 4.1.2. Let C be the class of groups from Definition[].1.1. Then
a group G belongs to C if and only if there is an element « in Thompson’s

group V' such that G is isomorphic to Cy (), the centraliser of o in' V.

We will give a very brief overview of what the class C corresponds to

dynamically. For more details, see [5].

Remark 4.1.3 (Flow Graph Properties). In order to give a dynamical
interpretation of Theorem [£.1.2] we need to briefly explain basic facts
about flow graphs. We will include a more detailed description of flow
graphs in Section [4.2]

A flow graph will in many ways resemble a chains graph of a revealing
tree pair for an @ € V. A flow graph of an element o € V is a disjoint
union of connected graph components of two possible types: periodic
and non-periodic. The periodic type represents the points from € on
finite orbits under the action of a (excluding its important points Z),
which are precisely the ones underlying leaves of P—chains of a revealing
pair for . The non—periodic type corresponds to the closure of points

from € lying on infinite orbits under the action of «, which are precisely
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the points underlying leaves of R—chains, A—chains and SS—chains of a

revealing pair for .

Now, in Definition if the given group is Cy («), then:

The number s denotes number of distinct lengths of the P—chains

of a revealing pair for «.

e Each group of the form M,,, x V corresponds to a subgroup of the
centraliser acting on those points from € which are underlying the

leaves of P—chains of length m; of a revealing pair for a.

e Each group of the form Aj; %, Z represents a subgroup of the
centraliser corresponding to points in € supported under a single
component of the flow graph of a, which set is the closure of the

support of a set of infinite orbits.

e The number ¢ indicates number of equivalence classes of non—periodic

flow graph components.

e Each g; is the size of the 4§t equivalence class of non-periodic flow

graph components.

e The action of the group P, on € induces a permutation on g;

isomorphic non-periodic flow graph components.

In [5] it has been proven that if a group is realisable as a centraliser
of an element o € V,,, then it takes the form described in Theorem
. It remained an open question which finite groups A; (Question
(2) by Bleak et al. in [3]), and which automorphisms ¢; € Aut(A;)
producing the semidirect action (Question (3) by Bleak et al. in [5])
could occur. Explicit examples of abelian A; were known and indeed the
original question was whether A; needs to be abelian. An obstacle to
understanding which groups were achievable is that, as A; becomes more
complex, the elements o which induce A; for this part of their centraliser
are rapidly growing in complexity as well (as measured for instance by
the complexity of their minimal representative tree pairs, the size of the
flow graph etc.). No examples of non-trivial 1); were known. The new

work presented in this chapter gives rise to the following two theorems:

Theorem 4.1.4. For any finite group A, there exists an o € V' such that:
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1. a revealing pair for a has a connected non—periodic (CNP) flow

graph;
2. A is isomorphic to the torsion subgroup of a’s centraliser.

Theorem 4.1.5. For any finite group A and any automorphism ¢ of A,
there ewists an oy, € V' such that:

1. a revealing pair for alﬁ}' has a connected flow graph, which is non—

periodic;

2. alzpl has centraliser isomorphic to A Xy, Z with o, generating the

subgroup 7.

Without developing the appropriate theory it would be a strong claim
to say that a particular example does not have more elements in its cen-
traliser. Therefore, examples for both of the theorems above are exhibited

in the last section of this chapter.

4.2 Literature Review

We will recall the results from [5] which we will be using in this chapter.

We will also rephrase and expand on them wherever we find it beneficial.

Flow Graphs

The flow graph of an element a € V' is a structure modelling dynamical
properties of the element a’s effect on Cantor space. It provides benefits
complimentary to these provided by tree pairs. It was first introduced by
Bleak et al. in [5] in order to provide better intuition for analysing the
centraliser of . A flow graph is a directed labelled graph constructed
from a revealing pair for a. It is similar to the chains graph of this
revealing tree pair, but it emphasises different information carried by the
element «.

Here is how to construct the flow graph of a revealing tree pair:
Algorithm 4.2.1. Consider a revealing pair (D, R, t) for a.
1. List all the leaf chains for the revealing pair (D, R, ).

2. For each P—chain we draw a vertex for each of the neutral leaves of

this chain and we label each vertex with the address of this neutral
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leaf. We draw an edge from one of these vertices to another if a
single iteration of a takes the first leaf to the second, provided that

these two leaves are not the same.

3. For each R—chain we draw a vertex. If the R—chain is longer than
two leaves, draw a directed edge starting and ending at this vertex.
Let the R—chain be given by ()\i)fzo, and A\g = A\.I" for the spine
I'. Label the vertex with a sequence of addresses of corresponding
repelling points A\g(I')>° — A\ (I)®° — ... — A1 ().

4. For each A—chain we draw a vertex. If the A—chain is longer than
two leaves, draw a directed edge starting and ending at this vertex.
Let the A-chain be given by (M)¥,, and N,T" = A, for the spine
I". Label the vertex with a sequence of addresses of corresponding
attracting points AG(I")> — XN (IV)> — ... = X, (I'")>.

5. For each SS—chain we draw a directed edge. The first vertex of the
S S—chain belongs to a component of D — R which contains a single
repeller. Let v be the vertex (added in 3. above) corresponding
to the R—chain of this repeller. The last vertex w of the SS—chain
belongs to a component of R — D which contains a single attractor.
Let w be the vertex corresponding to the A—chain of this attractor.
Add an edge beginning at v and ending at w. Let the SS—chain

be given by (A, )l«‘io for some positive integer k. We label the edge

with the sequence of addresses Ay — A} — ... — )\Z,,.
We will display a basic flow graph in the example below:

Example 4.2.2. Let a € V be represented by the following tree pair
(D, R,t):
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The leaves of the tree D which are not leaves of the tree R are 100, 101

and 11. Hence we can identify the leaf chains of this tree pair.

1. 100 =5 10. As 10 is a prefix for 100, this is an R—chain.

2. 101 —%5 110. As 101 is a leaf of connected component of D — R and

110 is a leaf of connected component of R — D, this is an SS—chain.

3. 11 -5 111. As 11 is a prefix for 111, this is an A—chain.

4. The neutral leaves which remained unused in the leaf chains above
are 00 and 01. In fact, we have that 00 — 01 — 00. Hence,
(00,01) is a P—chain.

Thus we conclude that the tree pair is revealing as there is one repeller
corresponding to the only connected component of D — R and there is
one attractor corresponding to the only connected component of R — D.
Hence we proceed as follows to construct the flow graph for the tree pair
(D, R,t):

1. For the P—chain (00,01) we draw two vertices and we label them
with addresses 00 and 01 respectively. Then we draw a directed
edge from the vertex 00 to the vertex 01, and a directed edge from
the vertex 01 to the vertex 00.

2. For the R-chain (110,10) we draw a vertex. We label the vertex
with the address of the underlying repelling point, namely 10(0)°°.

3. For the A-chain (11,111) we draw a vertex. We label the vertex
with the address of the underlying attracting point, namely 11(1)°.

4. For the SS-chain (101, 110) we draw an edge starting at the vertex
10(0)*° and ending at the vertex 11(1)*°. We label the edge with
the sequence of addresses 101 — 110.

The resultant flow graph is as follows:



4.2. LITERATURE REVIEW 153

TN

101-110

The Flow Graph of the Tree Pair (D, R, t)

Remark 4.2.3. As originally defined, the flow graph is constructed using
a revealing tree pair representing «, but in this chapter we relax this
condition and allow flow graphs arising from some specific types of tree
pairs, called balanced tree pairs, which do not need to be revealing. In

particular these will be tree pairs where chains graphs remain unchanged

by Algorithms([3.2.34] [3.2.44] and [3.2.57], but not necessarily by Algorithms
[3.2.51] and [3.2.64f We use them implicitly in Construction The

reason for doing so is to obtain a higher level of symmetry for these

objects and their corresponding tree pairs.

The Centraliser’s Action on Important Points

We will now prove that for &« € V the centraliser Cy («) of a acts on
the set R, of repelling points of  and also on the set A, of attracting
points of «. This fact emphasises the very restrictive nature of elements
centralising «, and at the same time provides us with a very powerful
tool for the subsequent analysis of Cy («).

Notice that all the statements in this subsection are true even if we
assume that a has no important points, in which case the action of Cy («)
on 7, is trivial.

We start with the following lemma:

Lemma 4.2.4. Let o be an element of Thompson’s group V. Consider
any r € Ry and ¢ € Cy(a). Then (r)c € Ry. Similarly, if a € Aq, then
(a)c € A,.

Proof. Let k be the smallest positive integer k such that (r)a® = r.

Now, pick a prefix A of r such that the image (\)c is a single prefix, and
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(AT')a* = X for T' the spine of r. Thus » = (A\)['®. This is possible as
r is a repelling point of a. Then, as ¢ commutes with the action of o
on Cantor space, we have (A\)c = ((AI)a¥)e = (AT)ecar = ((A)cl)ak).
Hence, the prefix (\)cI is substituted by (\)c under the action of o*.
Hence, o fixes the point (A\)cI'™ and (A)cI'™ is a repelling point of a.
Note that (r)c = ((A)I'*°)c = (A\)cI'*°, which proves the claim.

A very similar argument proves that if a € A,, then (a)c € A,. Let
k be the smallest positive integer k such that (a)a* = a. Now, pick a
prefix A of a such that (A\)a* = AT for T a spine of a and (\)c is given by
a single prefix. Thus a = (A\)['*. This is possible as a is an attracting
point of a. Then, as ¢ commutes with an action of a* on Cantor space,
we have (A\)cl' = (A')c = ((N)aF)e = (M\)ea® = ((M\)e)a®). Hence, the
prefix (A)c is substituted by (A)cI’ under the action of o* and thus, o
fixes the point (A)cI'*°. Note (A)eI'™ is an attracting point of o and that
(a)e = (AM)I°)e = (A)el'™°, which proves the claim. O

From the lemma above, we can conclude the following useful facts:

Corollary 4.2.5. Consider an element o € V. The group Cy(a) acts
on the set Ry and on the set A,.

Proof. We already know that as ¢ € V, it acts on Cantor space. As c is
a bijection on Cantor space and R, is finite, by Lemma we have
(Ra)c = Ra, so Cy(a) acts on the set R,. Similarly, by Lemma
we have (A, )c = A, and so Cy («) acts on the set A,,. O

Finally, the corollary below gives us another way to view the action
of Cy(a) on R,. We include it here because later in this section we will

explicitly work with the map ¢ which it mentions:

Corollary 4.2.6. For a given a € V, there is a homomorphism q such
that:

q: Cy(a) — Sym(R.)

with Ker(q) ={c | (re=r ¥VreR,}.

Proof. The map ¢ is a natural homomorphism arising from the action of
Cy(a) on R, proven in Corollary Moreover, all elements of Ker(q)

fix each of the repelling points of « as required. ]
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The Slope Map S

We will now introduce the slope map S. Later on, a direct analysis of
S will help us determine the structure of the part of Cy (a) which is of
immediate interest to us. The same slope map S was introduced in Bleak
et al. in [5] but described using continuous analysis on a unit interval in
which Cantor space can be embedded. However as we work with prefix
substitutions instead, these are the terms with which we will represent
the map S.

To start with, we will need a couple of definitions to build on in order

to define S:

Definition 4.2.7. Let us define the length function L : {0,1}* — Ny:
for any s € {0,1}*, its length L(s) is given by number of digits in the

string s.

Definition 4.2.8. Suppose that @ € V. Consider any r € R,. Then the
function f, : Cy(a) — Z is given by:

where c¢ is represented by the tree pair (D, R,t) and A is the leaf of the

domain tree D such that A is a prefix of r.

We obviously have many choices for a tree pair representing an o € V,
and so we will need to show that the map f, is well-defined. Before we
do that though, we will present an example of such a function to aid the

visualisation of the proof of f, being well-defined.

Example 4.2.9. Consider the following tree pair for a € V:
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We identify the following leaf chains:

1. 000 —= 01 = 00 which is an R—chain;
2. 001 —= 10 which is an SS-chain;

3. 1+25 11 which is an A—chain.

From the only R—chain we can then identify R, = {00(0)>°,01(0)>}.

Hence as a € Cy(«), we can compute the following:

Sy (@) =L(000) — L(01) =3 -2 =1
foroy= () =L(01) — L(00) =2 —-2=10

Now we are prepared to prove:

Lemma 4.2.10. Suppose that o € V. Consider any r € Ry. Then the
function f, is well-defined.

Proof. Suppose ¢ € Cy («) and let ¢ be represented by a tree pair (D, R, t).
Recall by Corollary that any tree pair representing o can be ob-
tained by a finite number of simple augmentations and simple reductions
from any other tree pair for a. We will show that if (D', R',t') is a simple
augmentation from (D, R,t), then both tree pairs yield the same value
fr(c). This will prove that f,.(c) is independent of the choice of the tree
pair.

Suppose that A is the leaf of D which is a prefix for r. If the single
augmentation was not performed on the leaf A, then A\ € Lp, and f,(c) =
L(X) — L((X)¢) in both cases. Otherwise, if the single augmentation
occurred for A, then only one of the leaves A0 and A1, of D', is a prefix
for r. Say that A\a for a € {0, 1} is the prefix for . Then, using the tree
pair (D', R',¢'), the definition of f,(c) yields fr(c) = L(Aa) — L((Aa)c) =
L(X\) + L(a) — L((N)ca) = L(A) +1 = L((A)e) — L(a) = L(X) — L((N)c).
This is the same as when we used the tree pair (D, R,t), and hence the
function f, is well-defined. O

By now we have built all the definitions necessary for us to define the

slope map S:
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Definition 4.2.11. Suppose that a € V. Define the function S :
Cy () — Z to be given by:

= Z fr(c)

r€Ra
We set S(Cy(a)) =0if R, = {}.

We will want to show that S, defined on Cy («), is a group homomor-

phism. In order to do that, we will first prove the following lemma:

Lemma 4.2.12. Suppose that o € V. For any r € Ry and any c1,c2 €
Cy(a) we have fr(cic2) = fr(c1) + fr)e, (c2)-

Proof. Suppose that c; is represented by a tree pair (D1, R1,t1), and A\
is a leaf of D such that Ay is a prefix for r. Similarly, suppose that
co is represented by a tree pair (Dag, Ro,t3), and Az is a leaf of Dy such
that Ao is a prefix for (r)c;. Note that (r)c; is another repelling point
of o as the centraliser of a acts on the set of repelling points of o by
Lemma [£.2.4, We are interested in where a prefix for r is being sent to
under the action of cjca. Recall that ¢; is a bijection from Lp, to Lg,
and ¢y is a bijection from Lp, to Lr,. Recall also that by definition
fr(er) = L) = L((M)er) and firye, (c2) = L(A2) — L((A2)ez). As
(A1)er and Mg are both prefixes for (r)eq, then either (A1)e; = Ag, or Ao
is a proper prefix for (A1)ey, or (A1)c; is a proper prefix for A\o. Now we
will discriminate between these three cases.

First suppose that (A1)c; = Ag. In this case, (/\1)(0102) ((A1)c )
(A2)ca. Therefore, fr(c1c2) = L(A1)—L((M)(c1c2)) = )—L((M )
L(A2) = L((A2)e2) = fr(c1) + fire (c2)-

Otherwise, suppose that g is a proper prefix for (A1)c;. This means
that there is a positive integer k such that (\)e; = Asaias...ax for
ay,...ar € {0,1}. Hence, there is a chain of augmentations from (Ds, R, t2)
to
(D%, RS, th), which still represents ca, such that Aga; ... ay € Lp, and
A2ai ... ag is a prefix for (r)ep. In this case, (A1)(cic2) = ((M)er)er =
(A2a1 ...ag)cy. Therefore, fr(cica) = L(A) — L((M)(c1c2)) = L(M1) —
L((Xa1...ax)c2) = L(A1)—L((M)er)+L(Azaq ... ap)—L((Aza1 . . . ag)c2)
= fr(c1) + f(r)es (c2)-

Finally, suppose instead that (A)c; is a proper prefix for Ag. This

means that there is a positive integer k such that (Aj)ciaas...ap = Ao
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for ay,...ar € {0,1}. Hence, there is a chain of augmentations from
(D1, Ry, t1) to (D7, R}, t}), which still represents ¢, such that Aajas ... a

belongs to Lp, and A\jaias...ay is a prefix for r. In this case,

()\1@1&2 e ak)(clcg) = ((Alalag e ak)cl)CQ =

= ((M)crag ... ap)ea = (Xo)ca.

Therefore,
fr(crer) =
=L(\ay...a) — (()\1(11 0162)) =
= L(\ay .. ( 2) =
=L(Mar...a;) — L((Mar...ap)er) + L()\ — L((A2)e2) =
= fr(c1) + fr)e (c2)-

Thus, in all cases we conclude that f.(cic2) = fr(c1) + fir)e, (c2) as

required. O

Now we can prove the following lemma:

Lemma 4.2.13. Suppose that a is an infinite order element of V.. Then
S : Oy (a) — Z is a group homomorphism.

Proof. We need to prove that for any ¢, ca € Cy (), we have S(cie2) =
S(c1) + S(c2). Recall from Lemma [4.2.12] that for any r € R, and any
c1,¢2 € Cy(a) we have fr(cic2) = fr(c1) + frye, (c2)-

Thus, we can conclude that:

S(erea) = Y frlered) = D (frler) + fyey (c2) =

TER& TERa
S fle) + D Fye ()
reRa reRa

We recall that c¢; acts as a permutation on R, and hence:

6162 Z fr 61 Z fr(CQ) = S(Cl) +8(02)

TERQ TGR&

This proves that S is a group homomorphism. O
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Centraliser of a Connected Non—Periodic Flow Graph

Recall that our main results summarised in Theorem [£.1.4] and Theorem
1.5 refer to the centraliser of a € V, when « admits a single con-
nected non—periodic flow graph component. In this subsection we show
the result by Bleak et al. [5] that if o corresponds to a single connected
non—periodic flow graph component then its centraliser decomposes as
Cy (o) = Ker(S) x Z, with |[Ker(S)| < co. Our constructions in the fol-
lowing section will allow us to prove that each isomorphism type K x Z
for a finite group K is realisable as a centraliser of some o € V.

To start with, we want to show that centraliser of any a € V splits

as a semidirect product of kernel and image of the slope map S:

Lemma 4.2.14. For a given o € V' such that « is of infinite order, there

18 a natural short exact sequence:
0 — Ker(S) — Cy(a) — Im(S) — 0
where Im(S) = Z.

Proof. By Lemma the function S is a group homomorphism from
Cy(«) to Z. Hence there is a natural short exact sequence as indicated
and also Im(S) is a subgroup of Z. Hence, if Im(S) # {0} then Im(S) =
Z. We will now show that S(a) # 0. Suppose that (D, R, ) is a revealing
pair for  and suppose that ((A\)a‘)¥_, is the R—chain of a repeller \,
which exists by assumed properties of . Let r be the repelling point

underlying the repeller \. Then we can compute

k
Z fT’(a) = Z f(r)ozi(a) =
=0

€04y (1)
k

SO (E((Wat) ~ L((Aa ) =

=0
L(\) — L((\)a*) >0

We know that L(A) — L((A)a¥) > 0 as X is a repeller and (\)o* is its
corresponding range of repulsion. The set R, is a union of disjoint orbits
of repelling points under the action of a. S(«) is the sum of the positive
expressions as above over all orbits of repelling points. Hence, S(a)) > 0

and thus Im(S) = Z. O
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Note that we do not necessarily have to have a ¢ € Cy(«) such that
S(c) =1, i.e., S does not need to be onto.

We are trying to show that the group extension described in Lemma
4.2.14] is a split extension. In order to do that, we will first prove the

following general lemma:

Lemma 4.2.15. Let the groups K, G be such that the following is a short
exact sequence:

0—>K—>Gi>Z—>O

Then G = K x Z.

Proof. Let z € ¥»~1(1). Then Z = Z = (z) < G and as Ker(v)) = K,
KNZ = {lg}. Now consider any g € G. If ¢/(9) = k then g can be
expressed as g = (gz7%)2F. As ¢¥(gz™F) = ¥(g9) + (%) =k —k =0,
then g2 € K andso G = KZ. As G = KZ and KN Z = {1}, we

have G =2 K x Z =2 K % Z as required. O
Corollary 4.2.16. Let v € V such that |a] = oo. Then Cy(a) =
Ker(S) x Z.

Proof. By Lemma and Lemma O

At this moment in order to proceed we need to introduce additional
restrictions regarding the nature of the flow graph representing an element
of V' which we work with. We want to focus on the structure of a single

non—periodic component, and for that we define:

Definition 4.2.17. Consider an a € V and its flow graph. Suppose
that the flow graph is connected and that almost all points from € lie on
infinite orbits under the action of (a) (with the exception of important
points Z,,). Then the flow graph of « is called connected non—periodic, or
CNP flow graph.

Note that the chains graph of « as in the definition above is connected
and has no P—chains.

From now on we will require in our proofs that a has a CNP flow
graph. We will now prove a technical proposition which will come in
extremely handy in both this subsection and theoretical part of our con-
struction in Section [£.3] The following proposition in more general form
was first presented by Kassabov and Matucci in [19] where it was called

Stair Algorithm. The proof as it stands is new:
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Proposition 4.2.18 (Stair Algorithm). Let a € V' have CNP flow graph.
Consider r,s € Ry, and c1,co € Cy (). Suppose that:

1. (r)e; = s = (r)ca;

2. fr(cl) = fr(CQ)-

Then ¢1 = c¢9.

Proof. First notice that (r)c; = (r)ca holds if and only if (r)coc;’ = 7.
Consider fr(CQC;l). By Lemma we have fr(CQC;I) = fr(c2) +
fs(erh). As (r)er = s we have 0 = f,(e) = fr(crcy') = fr(er) + fo(er )
which implies that fs(c;') = —f-(c1). Therefore f.(cac;') = fr(c2) +
fslert) = fr(c2) — fr(c1) = 0, by the initial assumption. Let ¢ = caep .
We will prove that if (r)c = r and f,.(c) = 0 for ¢ € Cy(«), then ¢ = e.
This will prove that ¢; = co.

Let (D, Rc,t;) be a tree pair for c¢. Let A be the leaf of D. which
overlies r. Then as fr(c) = L(\) — L((\)¢) = 0, we know that (\)c is a
word with the same length as A. But note that (r)c = r and so both A
and (\)c are prefixes for r. As they have the same length, we must have
A= (Ne.

By Theorem [3:2.70] and Lemma [3:4.9 there is a revealing tree pair
(Do, Rayta) representing o such that the repelling point r underlies a
repeller Ao, say. Let (\;) 5?:0 be the R—chain of this tree pair corresponding
to the repelling point 7. We will first show that ¢ fixes the range of
repulsion A and then that it fixes all leaves of this R—chain. Consider
(Ar)a~™F for the smallest possible non-negative integer m, such that A
is a prefix of (A\y)a™™". Note that such m exists as \g = (A\x)a ™% = A\
for the spine I' of 7 = A\ (T')®, and so (A\;)a™™F = A\ (T')™. As ) is a
prefix of (Ag)a™™ and X is fixed by ¢, the word (A\y)a™™" is also fixed
by ¢, namely (M) ™F)c = (M\p)a™ ™. As ¢ € Oy (a), ¢ commutes with

all powers of . Therefore:
Ap)a™™ = [()a” e = [()da™™ = N = (M)e

This means that ¢ fixes the range of repulsion of the initial R—chain

()\i)fzo. Now consider any non-negative integer [ such that [ < k. Then:

A = (/\k)al*k = [()\k)c]o/*k = [(/\k)al*k]c = (N)e.
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Therefore c fixes all leaves from the R—chain (\;) f:(), and so all the points

from Cantor space underlying these leaves are fixed by c.

Now we will show that c fixes all leaves from any .SS-chains of the
tree pair (Dg, Ry, tq) which start with a source underlying the range of
repulsion leaf A;. Consider any such chain (/\;)iio Then as by assump-
tion \j is a descendant of \g, we have (\[)c = X as well. Moreover, for

any non-negative integer [ such that [ < k’ we have:

A= (Aal =[(Ap)ela’ = [(Xg)ale = (M)e.
Therefore ¢ fixes all leaves from the SS-chain (X,)¥,, and so all the
points from Cantor space underlying these leaves are fixed by c.

Next we will prove that ¢ fixes the domain of attraction leaf of each A—
chain of the tree pair (Dg, Ry, to) which overlies a sink which is fixed by
c. From this we will prove that c fixes all leaves of this A—chain. Consider
such an A-chain (\;)F. Say that A}, is a sink such that (\},)c = \,, and
)\g is a prefix of \j,. Also let a be the attracting point of o underlying
the attractor )\2,,. Recall the tree pair (D, R.,t.) for ¢. Let X be the
leaf of the tree D, overlying a. We will now show that we must have
(N)e = N. As previously, there must be a non-negative integer m’ such
that (A\g)a™*" is a descendant of X'. Then, (\;,)a™*" also has to be a
descendant of \'. Recall that X, is fixed by c. Then:

(N)a™ " = [(X)eJa™ " = [(X)a™* ]e.

Thus (N, )a™*" is also fixed by ¢. Now consider that (\)c = X" for some
word A" Let (\,,)a™*" = XNw for some word w. Then we have to have
(Nw)e = Nw. But as Nw is fixed by ¢, X = X" and hence ¢ fixes X.

Therefore, it also fixes (Ag)am/k”. As previously we have:

1

(M) = [(Ag)a™ e = [(Ag)ca™ ™"

Hence, we have (A\g)c = \y. Therefore ¢ fixes the domain of attraction

)\8 as required. Moreover, for all non-negative integers [ < k” we have:
A= (Ag)a! = [(Ag)dal = [(Ag)alle = (A )e.

Thus c fixes all leaves in the A-chain (X} )5,

Therefore whenever we have a sink under a domain of attraction such
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that the sink is fixed by ¢, this domain of attraction and all its images
under positive powers of « are also fixed by c.

Similarly we can prove that for any sink underlying a domain of at-
traction which is fixed by ¢, the whole SS—chain finishing at that sink is
fixed by ¢. Also similarly for any range of repulsion overlying a source
fixed by ¢, this range of repulsion and all its images under negative powers
of « are fixed by c.

Recall that the flow graph of « is connected (and non—periodic).
Hence each R—chain, SS-chain and A-chain is connected to our initial
R—chain via a sequence of flow lines. Hence, all their leaves are fixed by
c. As any point x of Cantor space underlies a leaf of some of these leaf

chains, (x)c = z for all x € €. Hence:
e= 0201_1 — =20
This proves the lemma. O

We continue with analysis of the structure of the centraliser of an «
which has the CNP flow graph. From now on, we are building a proof
that the group Ker(S) is finite.

Lemma 4.2.19. Let a € V have the CNP flow graph and recall the
natural homomorphism q : Cy (o) — Sym(Re) introduced in and
corresponding to the action of Cy(a) on Ro. Then, Ker(q) = Z. In

particular, there is a short exact sequence:

0—Z— Cpla) 5 Q—0

such that Q) is a finite group.

Proof. We have that Im(q) = @ < Sym(R,) and so @ is finite. If we now
prove that Ker(q) = Z, then there is a short exact sequence as required.

For simplicity of notation, let M = Ker(q). We will consider the
restricted map f|y : M — Z. We will show that for any given r € R,
the function fy|y is an injective homomorphism. This will imply that
M is isomorphic to a subgroup of Z. Finally we will show that |M| > 1
which will prove that M is non-trivial, and hence isomorphic to Z.

First of all, recall by Lemma that for each r € R, and any
c1,ca € Cy(a) we have fi.(cic2) = fr(c1) + fr)e, (c2). Thus, if ¢1,c0 € M,
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then in particular (r)c; = r and so fr(c1c2) = fr(c1) + fr(c2). Hence the
restricted map f,|y is a group homomorphism.

Secondly, suppose that ci,co € M are such that f.(c1) = fr(c2). As
c1,co € M, it means that both ¢; and cs fix the set R, pointwise. Hence,
as a has the CNP flow graph, by Proposition [4.2.18] we need to have
¢1 = cg. This implies that the homomorphism f, |y is injective.

Finally, let & = |Q| and g(a) = ¢ € Q. Then o* € M as ¢(oF) =
(q(a))k = ok = 1g, because the order of o must divide the order of Q.
Moreover, |a| = oo as a has important points. Hence 1y, of € M, which
implies that |M| > 1.

This proves that Ker(q) = M = 7Z as required. O

We will now prove a general result about structure of a group which
admits certain extensions, and apply it immediately afterwards to our

case of interest.

Lemma 4.2.20. Let G,Q, K, M be groups where M = 7 and |Q| =k <

oco. Assume that there are two short exact sequences as follows:
0—M™Maqg Q-0

and
0K a %750

Then |K| < oc.

Proof. Without loss of generality we may assume that the maps ix and
ipr are the inclusion maps and so we can form the intersection K N M in
G. We aim to show that K is a torsion subgroup. Once we prove that,
as M = Z, we can deduce that K N M = {1g}. As M = Ker(q), this
implies that the restricted map ¢|x : K — @ is an injection. Thus as
QI < o0, |K| = |g(K)| < Q] < .

Let z € ¥ 1(1) and Z = (2) < G. Recall that also M < G. As
Z = 7, , in particular Z is an abelian group and so all its subgroups are
normal in it. Hence we may consider the quotient Z/ 7 M- By the
second isomorphism theorem, Z/Z AM = Z M/ Ar- Then Z/ 7AM =
ZM/M < G/M >~ Q. As Q] < oo, |Z: ZN M| < co. In particular,
|ZNM|>1andsoas M ZZ, |M: MnNZ| < oo. Recall that |Q| = k.
Hence we know that for all g € G we have g¥ € M. Let m = [M : MNZ|.
Then we also conclude that ¢*™ € M N Z. Now if in addition g € K then
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gmeMNZNK <KNZ=1{lg}, as G = K x Z by Lemma [4.2.15
Therefore, K is a torsion subgroup of finite exponent.

Thus by the discussion at the beginning of the proof we conclude that
|K| < oo as required. O

Corollary 4.2.21. Let o € V have a CNP flow graph. Recall the function
S from Definition |4.2.11 Then |Ker(S)| < oco.

Proof. Recall Lemma and Lemma [£.2.19] Apply them to Lemma
4.2.20| for G = Cy (o) and ¢ = S. O

We will also present our new alternative proof for Corollary [.2.21]
which does not use Lemma We felt that both proofs should be
included for at least two reasons. First of all, Lemma [£.2.20] is more gen-
eral and it was only after careful examination of it that we understood
a construction that would work as an alternative proof. On the other
hand, precisely because Lemma is more general, it does not high-
light the particular properties of the exact sequences with which we work.

Therefore, we present the following:

Lemma 4.2.22. Consider an o € V with a CNP flow graph. Recall the
short exact sequences from Lemmal[{.2.14 and Lemma[{.2.19:

0— M2 Ov(a) 5 Q —0

and

0— K5 0v(a) 257 —0
Recall that Q is finite and M = 7. Then K is a finite group.

Proof. We will show that K N M = {1¢, (o }. This will imply that the
restricted map ¢|x is an isomorphism, and so K = ¢(K) < @, which
implies |K| < |Q| < 0.

Recall from the proof of Lemmathat al®le M. As M = Z, say
that M = (3). Then there is a non zero integer s such that 5° = o/l
Now recall from the proof of Lemma that S(a) > 0. Hence we
have:

0<1Q] S(a) =S(al®) =S(8°) = s-S(B)

Therefore, for any integer I, S(8!) = 0 if and only if I = 0. This implies
that K N M = {1¢, (o)} as required and hence by the discussion at the
beginning of the proof, K is finite. O
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Finally, for a better understanding of elements of Ker(S) in our case

of interest, we present the following lemma:

Lemma 4.2.23. Let o € V and let o have the CNP flow graph. Then
Ker(S) is precisely the set of torsion elements of Cy (c).

Proof. Let T be the set of torsion elements of Cy () and let K = Ker(S).
By Lemma [£.2.22] K is finite and so K C T. Conversely, let ¢t € T'. This
implies that there is a positive integer s such that t* = 1oy (n). As S
is a group homomorphism, we have 0 = S(t°) = s - S(t) which implies
that S(t) = 0. This is equivalent to saying that t € K and thus T C K.
Therefore, T'= K as required. O

4.3 Elements with a Prescribed Centraliser

The new work presented in this section combines new theory derivations
with some hands—on constructions. We start by presenting the details
of the action of the torsion part of the centraliser of an element @ € V
such that a admits the CNP flow graph, on its repelling points. The
implications of these details in the first place highlight conditions which
a successful construction of elements with prescribed centralisers need to
possess. We subsequently present two constructions which target ques-

tions (2) and (3) from [5] respectively. The answers to these questions

are stated in Theorems [4.1.4] and [4.1.5] Full implications of these to-
gether with the work from [5] are summarised in Theorem Then,

the previously established theory allows us to conclude that there are no

more elements in the centraliser’s torsion subgroup or entire centraliser
respectively. The core idea of the constructions is to embed a graph with
a high degree of symmetry into the flow graphs of elements which we are
designing. We chose to use Cayley graphs for that purpose. Finally we
present examples of an application of each of the constructions. Note that
it is only verifiable after presenting all of the theory that the centralisers

are not bigger than stated in the examples.

Action of K on R,

Let a € V have a CNP flow graph and K be the torsion subgroup of its
centraliser. We will now perform a detailed analysis of the action of K on

the set of repelling points of . The properties shown in this subsection
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are crucial to proving that the torsion subgroup of the centraliser of the
element designed in Constructions [£.3.7 and [£.3.13]is not bigger than we

claim.

One of the properties of K which we can deduce from the previous

section is that K acts faithfully on the repelling points of a.

Corollary 4.3.1. Consider o € V with a CNP flow graph. Then, Ker(S)
acts faithfully on the set R.

Proof. By the proof of Lemma [4.2.22) K = ¢(K) < Q < Sym(R,). O

However, with a bit more work, we can prove an even stronger prop-
erty about the action of K on R, namely that every non-trivial element
of K moves each of the repelling points of . Below we will prove this
fact and discuss its implications. We will also point out how it helped us

come up with an idea for our constructions.

Lemma 4.3.2. Let o € V have a CNP flow graph. Let K be the torsion
of the centraliser of a. Then if (r)B = r for some r € Ry and some
B €K, then = 1k.

Proof. Suppose that (r)8 = r for some r € R, and some § € K. First of
all, we will show that the restricted map f.[(g is a group homomorphism.
Recall from Lemmathat for any ¢1, co € Cy(a) we have f,.(c1c2) =
fr(c1) + f)e (c2). Hence as (r)3 = r for all 4,j € Z we have:

fr(ﬁi+j) = fr(ﬂz) + f(r)ﬁl(ﬁj) = fr(ﬁz) + fr(ﬁ])

Hence, fr|(g) : (8) — Z is a group homomorphism. Now as 3 is an
element of torsion K, we have that 8151 = 1x. Hence, 0 = fr(lg) =
fr(B5h = |K| - £.(B), which implies that f,(8) = 0. But by Proposition
, as (r)f=r=(r)lgx and f.(8) = fr(1x), we must have § = 1.

]

Corollary 4.3.3. Let a € V have the CNP flow graph. Let K be the
torsion of the centraliser of o and r € Ro. Then Stabg(r) = {1k},
|K| = |OKk(r)|, |K| divides |Rq| and the action of K on Ok (r) is regular.

Proof. By Lemma if B € K stabilises r, then § = 1x and so
Stabg (r) = {1k} for all r € R,. By the orbit-stabiliser theorem |K| =
|Ok(r)| - [Stabg (r)| but as |Stabg(r)| = 1 we have |K| = |Og(r)|. As
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orbits of repelling points under the action of K are of size |K| each and
as they partition R, into disjoint sets, |K| divides |Rq|. Finally, K
is transitive on Og(r) by definition. We will now show that for any
r,7" € Ok(r) there is precisely one 8 € K such that ()3 = /. This will
prove that the action of K on Og(r) is regular. Suppose then that there
are (1, B2 € K such that (r)8; = (r)B2. This implies that (r)ﬁlﬁgl =r
and by Lemma [4.3.2] it proves that 81 = (s. O

Observation 4.3.4. Suppose that o € V has a CNP flow graph and that
K is the torsion subgroup of centraliser of . Equivalent results linking
K and R, hold as well for A,. In particular, for all »r € R, and for all
a € Ay, |Ok(r)] = |K| = |Ok(a)|. Thus the action of K partitions the
set of attracting points of « into orbits of the same size as the orbits of
the repelling points. Note that this does not imply that the number of
the repelling points is equal to the number of attracting points. We also
conclude that if 8 € K stabilises any p € Z,, then § is the identity map.

The remark below explains how we use the information above for the
new constructions, and how we know that we have identified the full

torsion subgroup of the centraliser.

Remark 4.3.5. Suppose that we can construct an « belonging to V' with
CNP flow graph such that the torsion subgroup K of centraliser has a
subgroup K’ which is isomorphic to a chosen finite group A. Then we

have the following inequalities:
Al < [K] =[Ok (r)] < [Ral

for any r € R,. Hence, if we can construct « such that |[A| = |R,|, we
can conclude that A 2 K’ = K.

Construction of o with Prescribed Torsion Subgroup
of its Centraliser

For a given finite group A, we can now proceed to construct an o € V
with a CNP flow graph and with torsion subgroup K of the centraliser
such that K = A. This is where the connection with the Cayley graph
of A and flow graph of o will become apparent. Together with Lemma
[4:3710], the construction will imply Theorem [£.1.4]

Note that we are going to use standard notation A for a generic finite

group in our constructions. The reason to use A in Theorems [4.1.2] [f.1.4]
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and . 1.5l was to remain consistent with the notation from Bleak et al. in

[5].

Remark 4.3.6. We will construct a general example of an « with all its

attracting and repelling points being stationary, and with one orbit of

repelling points and one orbit of attracting points under the action of K.

Construction 4.3.7. Let A be any finite group. We now construct a

revealing pair (D, R, t) for a:

1.

Let hy = g1 = 1a. Enumerate the elements of A = {g1,...,914}-
Pick a generating set {hg,...,h;} for A for some integer ¢ > 1
(assume that the generating set is empty if A is trivial), and denote

S={h1,... hi.

. Pick a finite subtree of the infinite rooted binary tree 7 with pre-

cisely 2| A| leaves, and call it Tj.

. Pick two finite subtrees of the infinite rooted binary tree 7 with

precisely 1+ |S| leaves each, and call them 7, and T, respectively.

. Label |S]| of the leaves of T, by the elements of S, and similarly,

for T,. The leaves which remain unlabelled will correspond to a
repeller and an attractor in the case of T, and T, respectively. For
clarity of notation, label them both with a symbol hg. For each
integer 4 such that 0 < ¢ < ¢ let the leaf of T} labelled with h; have
address I'p, in this tree. Similarly, let the leaf of T, labelled with

h; have address F/hi in this tree.

. Pick |A] leaves of Ty and label them with the elements of A. Say

that for each g € A the address of the leaf of Ty labelled with g is
Ag. To create the tree D we attach |A| copies of the labelled tree
T, to the tree Ty by identifying the root of a copy of the tree T to
each of these labelled leaves of Ty. Denote the copy of 7). which is
now rooted at the leaf of Ty with address Ay as T}.(g).

. Consider the unlabelled tree Ty again. Label the common leaves

of the trees D and Ty (namely those leaves of T which were not
picked in the process above) with elements of A. Say that for each
g € A the address of the leaf of Ty labelled with g is qu. To create
the tree R we attach |A| copies of the tree T, to the tree Ty by
identifying a root of a copy of the tree T; to each of these labelled



170 CHAPTER 4. CONSTRUCTING ELEMENTS OF V

leaves of Ty. Denote the copy of T, which is now rooted at the leaf
of Ty with address \; as T,(g).

7. Now establish the flow lines. For each g € A and j € {1,...,t},
the leaf ;T of the tree D will be mapped to the leaf )\’gth'hj of
the tree R. Also, as mentioned earlier, the leaf A\jI'y, of the tree
D (repeller) is mapped to the leaf \; of the tree R. Similarly, the
leaf A of the tree D, is mapped to the leaf A(I'} ~of the tree R

(attractor).

Lemma 4.3.8. The flow graph of a from Construction [{.53.7 is a CNP
graph.

Proof. We will consider the flow graph of a. We will show that it is CNP.
First of all o has a non-empty set Ry = {A\g(I',)> | g € A} of repelling
points and non-empty set A, = {A;(I'},,)>° | g € A} of attracting points.
Hence if we show that the flow graph is connected, we can conclude that
it is CNP.

The flow graph has flow lines going out of its vertices for every de-
scendant of every address of the form )\, being mapped somewhere by «
and has flow lines coming into its vertices for every descendant of every
address of the form /\; being an image of the map «.

We will show that for all g;,g; € A the vertex of the flow graph
representing the repelling point Ay, (I'y,)* is connected to the vertex of
the flow graph representing the attracting point )\;j (Th,)

This is because g; 'g; = hi hiy - - - hy, for some h; ..., ki € S\{h1}

for some non-negative integer r, and so:

[0

&4 !/ / / / a
)\girhil — )\gihil Fhil )\gihil Fhl «— )\gihil Fh1 )\gihil FhiQ — ...
H,—/ /
Ag; )\;ihil Agihil

[0} / / _\/ /

Mg e ir

~~

/
),

Moreover, if g; = g; (and so i=j), we have gi_lgj = hy and

a oy VA,
)\girhl } )\gihl hy _)\Qi hy

Ag; )\;7]'
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as required.
Thus a has a CNP flow graph. O

We will now demonstrate how we want to embed A into V' so that the
image of the embedding is the full torsion subgroup K of the centraliser

of ain V.

Lemma 4.3.9. Consider Ty from Construction[{.3.7 and the correspond-
ing finite group A. We have a faithful action of A on the leaves of Ty:

¢: A= Sym({\g, N, | g€ A}) < V.

which is defined by:

for all g, g’ € A.

Proof. We will show that ¢(A) acts on the set Lz, which will imply that
¢ is a homomorphism. For all ¢/, g1, go € A:

(Ag)o(e) = Ae-1y = Ay
(Ng)o(e) = Mg = Ay

(9192) = Agrga) 197 = Ags1g1g =
= (Agm19)8(92) = ((Ag)d(91)) H(g2)
(Ag)D(9192) = Ngygoy-1gr = X1ty =
= (X;I N(g2) = (X)) p(g91)) D(g2)

Thus we conclude that ¢ is a homomorphism. Additionally, the action
is faithful as in this case left multiplication by an inverse element has
trivial effect if and only if we are multiplying by an identity. Hence ¢
is an embedding. Therefore, we will now regard ¢(A) as a subgroup of
V. O
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Lemma 4.3.10. Let a be defined by a tree pair (D, R,t) created via
Construction . Then for each g € A, the action of ¢(g) defined in
Lemma[{.3.9 commutes with the action of «.

Proof. Pick any leaf of D. For all g,¢' € A and all h; € S we have three

cases to check:

1.
((AgTho)a)d(g) = (Ag)e(9) = Ag-1y =
= (Ag-1gTho)a = ((AgTho)b(9)) et
2.
((AgTh,)a)d(g) = (Ngr, Th, )8(9) = (Xgm1g7p,, Th,) =
= (Ag-1gThy)a = ((AgTh;)é(9))a
3.
((Ag)a)e(g) = (N Thy)d(g) = Ng-1y T,
= (g = ((Xg)el9))a
Hence, each element of ¢(A) centralises a. 0

Corollary 4.3.11. Consider a constructed from a finite group A in Con-
struction . The torsion subgroup K of Cy(«) is isomorphic to A.
This proves our Theorem|4.1.J).

Proof. By Lemma the flow graph of the constructed a is CNP. By
Lemma[4.3.9 ¢ is an embedding of A into V. In Lemma we showed
that all elements of ¢(A) commute with «. Hence, as all elements of A
are of finite order, ¢(A) is a subgroup of K, which is the set of all torsion
elements of the centraliser of a. Then as a has precisely |A| repelling
points, by Remark we have A > ¢(A) = K. O

Remark 4.3.12. We will now highlight the connection of the flow graph
of a to the right Cayley graph of A with generating set {ha, ..., h}.
Recall that the flow graph of « is CNP. It has the set of vertices being
orbits of important points of o under the action of a. As for all g € A
we have (AgI'p,)a = Ay, all the repelling points of « are stationary. Sim-
ilarly, as for all g € A we have (A\g)ar = AT}, , all the attracting points

of « are stationary. Hence the set of vertices of the flow graph for « is
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Z,. Then, for all g,¢’ € A and for all h € S, there is a unique flow line,
namely an edge of the flow graph, from the repelling point Ay (I'y,)>
to the attracting point A, (I} )°°, with the label Agl'y, — AL L', Re-
place this label with label h. Now, consider the effect of ¢(g) on this
flow graph. The repelling point Ay (I'y,)> is sent to the repelling point
Ag—1¢/(L'ny)> and the attracting point Ay, (I, )°° is sent to the attract-
ing point /\; _lg,h(F;lO)oo. Notice that there is still an edge with label h
from our image A1,/ (I'y,)* to our image )\fq,lg,h(on)oo.

Finally, for each g € A, collapse the edge with label h; = e between
vertices of the flow graph denoted by Ag(I's,)> and A (I}, )*°, and call the
new vertex g. We then recognise a right Cayley graph of A on generators
S\{h1}, with the set of vertices A and edges labelled by elements of
S\{h1}.

Construction was inspired precisely by high degree of symmetry
of Cayley graphs. The group A represents automorphisms group of its
right Cayley graph. In its realisation as left multiplication by an inverse
element, its action commutes with the flow effect of o on it. This is the
case because the flow generated by a takes us along edges of the right
Cayley graph, and hence manifests as multiplying vertices on the right

by each of the generators of A.

Construction of o with Prescribed Centraliser

At last, we are interested in realisability of the entire centraliser of an
element of V' with a CNP flow graph. By results in Bleak et al. in [5] it
must be of the form A x,, Z for a finite group A and ¢ € Aut(A).

For any choices of a finite group A and automorphism ¢ € Aut(A)
the construction which we will present will result in an element o, € V.
This element o, will have the property that alfl has CNP flow graph,
Cv(afl) = (¢(A), ay) where ¢ is the embedding of A into V' defined in
Lemma and the group (¢(A), ay) naturally decomposes as a semidi-
rect product ¢(A) Xy, (ay). We will need to show both that (¢(A), ay)
centralises aﬁ”, and that any element centralising af' is in (p(A), ay).
This will prove Theorem [{.1.5.

Construction 4.3.13. Consider a finite group A. We construct a tree
pair for oy, almost like the element « in Construction [£.3.7 Here are the

crucial differences:
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1. We pick an automorphism 1 € Aut(A).

2. We assume that the length of I'y, is 1. This means that in step 3
of Construction [£.3.7] the tree T, has to be chosen appropriately, so
that in step 4 the leaf labelled with hg must have address 0 or 1.

3. We define oy, as follows:

for all g € A and for 1 < j <t.

If 1) = id 4, then we recover Construction
Below we will show that unlike in Construction ay and ¢(A) do

not commute unless ¢ is trivial.

Lemma 4.3.14. For any non-trivial ¢ € Aut(A), oy and ¢(A) do not

commute.

Proof. Let g,q¢' € A.
(Mg Tho)aw) d(9) = () 2(9) = Ag=14(91)

((Angho)gé(g))aw = ()\g_lglfho)oz¢ = )‘w(g‘lg/)

As 1) is not trivial, there exists g € A s.t. g # ¥(g), and for such g:

Ag=1(g") 7 Mp(g—1g")
O

Definition 4.3.15. Let @ € V be represented by a revealing tree pair
(D, R,t). Let the set of all points from € underlying periodic neutral
leaves of (D, R,t) be denoted P,. Let the set of all points of € lying on
finite orbits under the action of @ be denoted Per,. Note that Per, =
Po UL,

l;f}', we need

Before we prove further properties of the centraliser of «
to prove some more general facts about points in Cantor space under the

effect of different powers of the same element:
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Lemma 4.3.16. Let o € V. Then for any positive integer s we have:
1. @\Per, C €\Per,s;
2. Ra € Ras;
3. Ao C Ags;
4. Py C Pys.

Proof. 1. Counsider p € €\Per,. Then by definition its orbit under the
group (a) is infinite and given by O, ((a)) = {..., (p)a" 4, p, (p)a, ...}
with (p)a’ = (p)a/ if and only if 4 = j. This orbit under the action
of the subgroup of («) generated by o splits into s orbits:

Op((a)) = Op((0”)) U Op)a({@®)) U ... Oas-1({a”)).

Each of these orbits consists of infinite number of distinct points.
This proves that €\Per, C €\Per,s.

2. Consider p € R,. Then by definition there is a positive integer k
such that (p)a* = p and there is a prefix A of p and a finite string
I such that (A\I')a* = X\ and p = A\(T')*. Now consider o for some

positive integer s. We have:

(p) () =(p)a* ... =(p)aF. . F=... =p
s times s—1 times
(AL )(@®)F = (A ¥ ..o =AYb oF = =)
s times s—1 times

This proves that p € Rgs.

3. Similarly, consider p € A,. Then by definition there is a positive
integer k such that (p)a* = p and there is a prefix A of p and a
finite string I such that (A\)a* = AT and p = A\(I')*. Now consider

o for some positive integer s. We have:

s\k __ k k _ k k _ —
(p)(@®)*=(p)a”...a"=(p)a”...a"=...=p
s times s—1 times
s\k __ k k __ k k _ _ s
M@=\ a"...a"=A")a"...a"=...= AT

s times s—1 times
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This proves that p € Ags.

4. Consider p € P,. By definition there is a prefix A of p such that
the orbit of A under « is given by Oy ({a)) = {\, (N)a, ..., (A\)aF~1}
for some positive integer k with A = (A\)a*. Now consider what hap-
pens to A under the action of o®. Oy ((e®)) = {(M\)a®, ..., (N)alemks)}
with A = (A\)a!*™(*:5) Hence the prefix A for p is still on a finite
orbit, and so in particular p € Ps.

O

Corollary 4.3.17. Each of the containments from Lemma [{.3.16 is in
fact an equality.

Proof. This is because for all & € V' the sets €\Per,, Ry, Ay and P, are

pairwise disjoint and their union is the whole Cantor set. O
Lemma 4.3.18. The flow graphs of ay, and alzbl are CNP.

Proof. Let us first consider the flow graph of a,. We will show that
there is a sequence of flow lines linking Ag, (I's,)> to Ay (I, )>, for any
9i,9; € A. Note that these are all repelling and attracting points of a.
Let (w(gi))_lgj = hj, hiy ... h;, for some h;,, ..., h; € S\{hi1}. Hence:

/ r Ay
Iy, —

Q) / !/
Ag: L'y, — )‘%D(gi)hil Fhil Aw(gi)hil
—_—

Ao )\:l’(gz‘)hil
Oy yp
— )‘¢_l(¢(gi)hil)rh1 Agﬂp—l(hil)rhi2 —

~~

Agiw=1(hy))

@ / I\ T
e = Ny hay s, T = Ag,Th,

ir

/
.

Thus o is connected and as Z, # {} it has a CNP flow graph.

|91
v -

Let us now consider the flow graph of « Recall from Corollary

4.3.17 that R, = Raw and A,, = Aa“"" Hence if we show that the
¥ »

flow graph of al;p‘ is also connected, it will follow that it is CNP. We will

|1 |9
¥ ¥

show that for each repelling point of «;, ' and each attracting point of «

there is a sequence of flow lines linking them. More formally, consider
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any g;,g; € A. Let (g:)"'gj = hi, hiy - . . hi, for some non-negative integer
r and some h;,,...,h; € S\{h1}. Then:

- - -1
(X (0n)¥17 1T, Yall = (g0 (Tng) 12T, Yl ™! =

Ag; Av(g;)
_ oy /
= O, ) = X, Th
—_——
/\wwl*l(gi) )\glihil

-1 =y _ -2 —|l+1 _
()‘;mil( ’ho)hﬁl F/ml)% *(Aib—l(gihil)( /ho)lwl 1“;”1)% =...

by !

9ihiy Aiﬂ*l(gihil)
_ / / -1 _
o (AT/)’W“(Qihil) hl) Xy )\gihilrhl
—_———
’ Ngihs
A¢_|w|+1(gihi1) 9iliq
w11 Y /
()\gihil (Fho) thz) a¢ - )\gihilhiQ Fhl'Q
A B N
iltiy 9ihig hiy

-1 =l
(/\;ihilhig <11;10)‘1“ le) azp| = )\gihil hi, Lp,
—_——

’ Aol hs
)\gihil hi2 g’thl hzg

(Agihil---hiT71 (Fh0)|w|_1]‘—‘hzr) a!LZM = quzh hir F;LZ

iq e ”

’
Agihil‘“hi,ﬁfl Agj

From these calculations we conclude that the flow graph of oz‘fl is

connected, and so by our previous consideration, it is CNP. ]

Lemma 4.3.19. Let A be any finite group, 1 € Aut(A) and let oy € V
be the element constructed in Construction[{.5.13. Let ¢ be the embedding

defined in Lemma . Then the group ($(A), ) decomposes naturally
as the semidirect product ¢(A) Xy (auyp).
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Proof. Let the tree pair constructed in Construction be (D, R,t).
First notice that A is a finite group and «, has infinite order, and so
#(A) N (ay) = {1v}. We will consider all leaves of the tree R and the
effect of a;lqb(g)ozw on them for any g € A. Our aim is to prove that the
effect is the same as that of ¢()(g)). Recall that there are three types of

leaves to consider:
L Ay
2. )\'g,F;Z], for hj € S
3. )\’g/l“;m

for all ¢’ € A. Let us then proceed to check:

1.
(Ag) (e, d(g)eny) = (Ay-1(g) Ty )b(9)ry =
(Ag=1yp=1(g7Tho) g = Ayg=1)gr = (Ag)D(¥(9))-
2
Ay T, ) (e dlg)ay) = Myt (g Ty ) B(9) vy =
()\g—lw—l(g/hjfl)rhj)aw = A{Lﬁ(g_l)g’r/hj = (A;'F?Lj)flsw(g))
3.

(N Tho) (g d(g)ay) = (N1 d(g) vy =
= (Ng-1g-1(g)) % = Ny(g-1)9Thy = (X T )0 (10(9))-

Hence, a;lgb(g)(w = ¢(¢¥(g)) and so the group (¢(A), o) decomposes
naturally as the semidirect product ¢(A4) Xy (o). O

We will use the lemma above to prove the following;:

Lemma 4.3.20. Let A be any finite group, 1 € Aut(A) and let oy € V
be the element constructed in Construction [{.3.13 from A. Let ¢ be the
embedding defined in Lemma |4.5.9. Then ¢(A) centralises a‘f‘. More-

over, ¢(A) is the torsion subgroup of CV(O‘LZ)')-
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Proof. Consider g € A. By Lemmawe have a;1¢>(g)a¢ = ¢(¥(g)).
Hence a;w'gﬁ(g)alf' = ¢(¥¥!(g)) = ¢(g). This implies that ¢(g) and O‘Z;M

commute and so ¢(g) € C'V(alg)‘). Hence ¢(A) C C’V(alzbl). As ¢p(A) is a
finite group and |¢(A)| = [R |, by Remark {4.3.5/the group ¢(A) is the
v

torsion subgroup of the centraliser Cy (a‘f I). O

Lemma 4.3.21. Consider oy, constructed from a finite group A in Con-

struction|4.3.15. The centraliser C’V(alﬁ) decomposes naturally as

P(A) Xy ().

This proves our Theorem [4.1.5| for oo = alf'.

Proof. By Lemma [4.3.20| the group ¢(A) is the full torsion of the cen-
traliser Cv(ozlzbl). Thus by Lemma [4.2.16| the centraliser is of the form

A) x Z with the generator of Z commuting with o’ We know that

P
[
P

oy, commutes with a
Cv(a,'f'). Recall from Lemma {4.3.19| that the group (¢(A), o) decom-
poses naturally as a semidirect product ¢(A) 1y (o). Now we will show
that for all 5 € Cv(alf‘) we have € ¢(A) Xy (o). This will imply that
(A) 3 (o) = Oy (al)).

Hence, consider any 8 € Cy (ozl;/)‘). By Corollary [4.2.5 we know that

and so the group (¢(A), ) is a subgroup of

B permutes elements of the set Raf" Let r. be the repelling point
Xe(T'hy)>°. Note that 7. is a stationary point of ay as (Ael'pg)oy =
Aye) = e Let 1y = (re)B for some g € A. By our construction,
there is a unique element of ¢(A) which takes r4 to r.. Notice that
(ro)d(g) = ry-1q = re. Therefore, (r0)(86(g)) = (ry)d(g) = o and so
Bé(g) stabilises re. Let x = f,_(Bé(g)) and note that = € Z. Now recall
from Construction[.3.15 that we assumed that |Tp,| = 1. As re is a sta-
tionary point of ay,, we have f, (ay) = L(AI'hy) — L(Ae) = L(Th,) = 1.
Thus by Lemma [4.2.12] we have:

frg (5¢(g)a;$) = f?"e (B(b(g)) + f(re)ﬁ(b(g) (aqzx) =+ fTe (a;w)

But as (re)ayy = re the restriction map f, is a group homomorphism

|(Otw>
and so fr.(a,”) = —z - fr.(ay) = —x. This implies that:

fr(Bo(g)ag™) =z — 2 = 0,
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To summarise S¢(g)a,,” and ¢(e) both stabilise the repelling point re
and f, (Bo(g9)a,,”) = 0= fr.(¢(e)). Thus by Proposition [4.2.18 we have
Bé(g)ay,” = ¢(e) which is equivalent to 5 = aiqﬁ(g_l). This implies that
B € (¢(A), ay) as required. O

Examples

Finally we are ready to give justified examples of elements of V' with pre-
scribed centralisers. In Example [£.3:22 below the torsion subgroup of the
centraliser is isomorphic to S3. In Example below the centraliser
is isomorphic to C3 Xy Z where 1) is the non-trivial automorphism of
C3. The choice of examples was made so that Example presents
the smallest case where the torsion subgroup of the centraliser is a non—
abelian group and Example presents the smallest case where the

automorphism ) is non-trivial.

Example 4.3.22. Consider A = S3 with the presentation
Sz = (a,b|a®=1=0%ba=a’) ={e,a,a* b,ab,a’b}

plugged into Construction [£.3.7 Here we will exhibit specific choices
regarding the trees Ty, T;. and T, together with labeling of their leaves by
elements of S3 for the generating set {a, b} of S3. Note that the copies of
the tree T, are going to be rooted at the leaves with prefix 0 of the tree
Ty (the left part of the tree) and the copies of the tree T, are going to
be rooted at the leaves with prefix 1 of the tree Ty (the right part of the

tree).
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it}

~ h2=a
@ J’J h=b I w_:l ®
h /[ i 7\ h
eR R
T " o000 "1
h, h, h, h

Hence we can read off the following information:

Ae = 000000 AL = 111111

[y, =111 e = 000001 N = 111110 ho = 000
I.=0 Mgz = 00001 N\, = 11110 I, =001
I, =10 Ay = 0001 X, =1110 I/, =01
Iy =110 Aap =001 N, =110 =1

Aazp =01 Xy =10

Given the choices of Ty and T, the domain tree D from the tree pair

(D, R,t) which we are constructing for « is given by:
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Recall that « represents the following prefix substitutions:

(Aglho)r = Ag
(AgTh)a = Ay Ty, for h # hg
(Ag)a = AT,

Hence we can compute where each of the leaves of the domain tree D

are mapped by a:

:(Nele)a = NI
t(AeDp)a = ATy

[\

: (Nelo)a = NI
t (Al ) = Ae

w =
—~
B

(@)

5: (Aale)a = N T
7 (Nalp)a = A,

t (AaLg)a = ALT,
t(Aalhg )= Ag

oo

9: (Ng2le)a = AT, 10 : (M\g2To)a = AT

e a

11: (Ag2Dp)a = N2, T 120 (A2l ) = Ag2



13: (Mple)a = AT
15: (N Lp)a = ALT,

17: (Aaple)a = >‘:sz,@
19 : (Aapl'p)a = ATy

21 : (Agzple)a = Noo, T
23 (Agzpl)e = Ao

25 : (A;Qb)a = :121) ;10
27 (\)a = AT,
29 : (Ao = AT,

14 : (MDg)a= N, T,
16 : (ApI'pg ) = Ny

18 :
20 :

22 :
24 -

26 :
28 :
30 :

(Aaola)a = NI,
(AapT'hg)a = Aap

(Aazpla)ar = ATy,
()‘QZtho)a = )‘a2b

()‘ZLb)O‘ = )\;bﬂm
()‘:12) = )\:12 F;“Lo
(A = AT,
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Therefore the range tree R from the tree pair (D, R,t) representing

our « is given by:

The torsion subgroup of the centraliser of « is the group ¢(S3), for ¢
defined in Lemma |4.3.9] which is generated by two elements of V', namely
¢(a) and ¢(b). We will analyse the effect each of them has on leaves of

the tree Ty and hence read off the tree pairs for them. The general rules

of an action by ¢(g) are given by:
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Ae)(a) = Ag-1e = Aa2 (X
Aa)d(a) = Ag1a = A (A
(Na2)b(a) = Ag1a2 = Ao (N,

(Ap)o(a) = Xg—1p, = Agzp  (Ap)o(a) = Az,
ap)p(a) = Ag-1ap = N0 (Ag
(\a

()‘a%)(b(a) = )‘a*1a2b = Aab

(Ae)@(b) = N1 = Xy (A)B(D) = Ay
(Aa)d(D) = Ny-1a = Aa2p (Ng)(b) = Nz
(Aa2)p(b) = Ap102 = Aap (N2)0(b) = Ay

(Ap)(b) = Xp-1, = Ae (N)@(b) = A,
(Aab)P(0) = Ap-1ap = Agz - (AGp)D(D) = Ap

(Aa20) (D) = Np-102 = A (N25)0(b) = A,
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Therefore the tree pair corresponding to ¢(b) is given by:

We conclude that (¢(a), ¢(b)) is the group which corresponds to the

torsion subgroup of centraliser of o in V.

The smallest non-commutative group has been chosen as an example
for A as an early problem was to decide whether torsion of the centraliser
could be realised only by abelian groups (see Question (2) of [9]).

Example 4.3.23. We will construct a tree pair for «, such that the

|
¥

centraliser of «,, ' is of the following form:

Cs %y Z 2 (a,b | a® = 1,a" = a?)

and where ¢ is the non-trivial automorphism of Cj.

Consider A = O3 with the presentation C3 = (a | a® = 1) and ¢ such
that ¢(a) = a® plugged into Construction Here we will exhibit
specific choices regarding the trees Ty, 1) and T, together with labeling
of their leaves by elements of Cj for the generating set {a} of C5. Note
that the copies of the tree T, are going to be rooted at the leaves with
prefix 0 of the tree Ty (the left part of the tree) and the copies of the tree
T, are going to be rooted at the leaves with prefix 1 of the tree Ty (the
right part of the tree).
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Hence we can read off the following information:

Cpy = Ae =000 A, =111 ho =1
r.=10 Ao = 001 No=110 I, =00
r,=11 A2 = 01 A2 =10 I =01

Recall that oy, represents the following prefix substitutions:

(Aglho )y = Ay (g)
(/\gI‘h)a¢ = )\;)(g)hr,h for h 7é ho

(Ag)ars = Xyg) o

Thus we can compute more specifically:

L:(Aelhy)any = Ae 4 (Nalhg)ony = Ag2
2: (AeLe)ay = AT, 5: (Aale)ay = X oI,
3: (Aelg)ay = AT, 6: (AoTo)ay = AT,
7 (Ag2lhg) oy = Ag 10 (Mp2)oy = AT,

8: (A\g2le)ay = AT 11 : (Ao = AaTy,

9: (A\g2la)ay = X217, 121 (A)ay = ATy,
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Therefore the tree pair (D, R,t) representing our oy, is given by:

The torsion subgroup of the centraliser of alf' is the group ¢(C3) for ¢
defined in Lemma [4.3.9] which is generated by one element of V', namely
¢(a). We will analyse what effect it has on leaves of the tree Tj and hence
read off the tree pair for it. The general rules of an action by ¢(g) are

given by:

(Ae)p(a) = Ag—1e = Az (A.)d(a) = N»
()‘a)gb(a) = Aa-1qa = Ae (A:z)qs(a)
()‘a2)¢(a) = A1z = Ag ()\;2)(;5(&) = )‘:1

Therefore the tree pair corresponding to ¢(a) is given by:
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We conclude that (¢(a)) is the torsion subgroup of centraliser of ozlzp‘ in

V and that the centraliser C’V(alzﬂ) naturally decomposes as a semidirect
product ¢(C3) Xy (aup).



Chapter 5

Free Products

In this chapter we present my contribution to joint work with Collin Bleak
and Francesco Matucci [4]. We intend to familiarise the reader with the
dynamics occurring on Cantor space under the action of a subgroup of V'
when that group decomposes as a non—trivial free product. The new work
presented in this chapter relates to the work of Bleak and Salazar—Diaz
on free products in V in [8] where the non-embedding of Z? x Z into V'
was proven.

The original question which inspired this work was posed by Bleak
and Salazar-Diaz in [8]. They asked whether each subgroup of V' which
can be expressed as a free product of two non—trivial groups admits a
Ping—Pong action on Cantor space. A Ping—Pong, as in Definition
is a dynamical structure occurring on a set on which a group acts which
assures decomposition of this group as a free product. The converse is
not true in general, as there are known actions of free groups on spaces
which admit no Ping—Pong structure, as shown by White [32].

We show in this chapter that whenever we have a subgroup of V' which
can be decomposed as a free product of two groups which are not both
torsion, there is a Ping—Pong action on a set of subsets of Cantor space.
The Ping—Pong sets are constructed using important points, introduced
in Section of an infinite order element of one of these groups. We
continue to work towards expanding our findings, especially to search for
Ping-Pong dynamics reflected in types of sets distinct to the ones from
our construction.

We also want to draw attention to the results of Bennett and Bleak
presented in [2] which state that the class of demonstrable subgroups

of V' is precisely the class of virtually free subgroups of V. Note that

189
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each free product of two finite groups is a virtually free group. For a
subgroup of V', being demonstrable means that there is a demonstrative
embedding of it into V. For a subgroup of V' to be demonstrative means
that it acts on € in a specific way. Particularly, there is a finite address
w € {0, 1}* such that, for each non—trivial element « of the group, there is
no point in Cantor space underlying addresses w and wa simultaneously.
This implies that if a demonstrative group can be decomposed as a free
product, it admits a Ping—Pong action on €. It is worth noting that this
Ping—Pong construction uses a different type of subsets of € than the one

described in our work.

5.1 Statement of Results

The main result of this chapter is given by the following theorem:

Theorem 5.1.1. Consider a group generated by two subgroups of V- which
are not both torsion, say A and B. Suppose that the groups A * B and

(A, B) are isomorphic via the canonical map:

fiAxB— (A, B)

al-bl-a2~b2~...-ak-bkb—>a1b1agbg...akbk

fork €Z,a1 € A, ag,...,ar € A\{e}, b1,...,bp—1 € B\{e} and by, € B,
i.e. for any element of A x B in its normal form. Then there is a set
X of subsets of € such that the induced action of (A, B) is a Ping—Pong

action.

We will say that (A, B) canonically decomposes or factors as a free
product if the map f defined above is an isomorphism. We will further

explain what it means to admit a Ping—Pong action in Definition [5.2.1

5.2 Literature Review

In this section, we present the statement and proof of Ping—Pong Theo-
rem, which is based on the proof found in de la Harpe [16]. The original
result, however, was first used by Klein in [I5], [20] at the end of 19th cen-
tury. We also restate a theorem from Bleak and Salazar-Diaz [8] which

will be crucial for reaching conclusions of this chapter.



5.2. LITERATURE REVIEW 191

Ping—Pong

Definition 5.2.1 (Ping—Pong). Consider a group G acting on a set X.
Suppose A, B are non—trivial subgroups of G, such that |A| > 2. Suppose
that there are subsets X 4, Xp C X, such that:

L Xp\Xa # 0;
2. for all a € A\{e}, we have (Xp)a C X4;
3. for all b € B\{e}, we have (X4)b C Xp.

Then we say that the groups A and B admit a Ping—Pong on the set X,
or on the set X 4 U Xpg, or on the sets X4 and Xp.

We can also say that the groups A and B admit Ping—Pong dynamics

or a Ping—Pong action.

Theorem 5.2.2 (Ping—Pong Theorem). Suppose that G, X, A, B, Xa
and Xp are as presented in Definition m Then (A, B) factors as free
product A x B.

Proof. Suppose that the groups A, B and the sets X 4, Xp are as in Defi-
nition and suppose that the Conditions 1), 2) and 3) from Definition
5211 hold.

Let ¢1-co-. .. ¢ for some positive integer k be a non—trivial expression
in a normal form of a formal free product A * B. Namely, ci,...,c are
all non—trivial and for any consecutive ¢; and ¢; 41 (for 1 <i < k), ¢; and
¢i+1 are in distinct groups A or B.

Since |A| > 2, there is a € A such that a=!(c; - ... - cx)a resolves as a
product dy -ds-...-d,, in the normal form of A B such that di,d,, € A.

Consider the following cases:

Ifer,ep € A then chose a = e.
If ¢1,c, € B then chose a € A\ {e}.
Ifep e Ajep, €B then chose a € A\ {e,c1}.
Ifep € Byep, € A then chose a € A\ {e,c; '}
In all cases the resolved product ¢ lei-...-cya=d;i -dy-...-d, begins

and ends with a non-trivial elements of A. Now consider z € Xp \ X4,
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which exists by Condition 1). Then (x)d; ...d, =y € X4 by Conditions
2) and 3), and so x # y. Therefore, the product dj ... d,, is non—trivial.
Asdy...dy = (c1...c)% we also conclude that ¢; ... ¢ is a non—trivial
word. Ascp-... ¢, was chosen as arbitrary and non—trivial in the normal
form of A« B, this proves that there is no non—empty reduced word which
reduces to identity in (A, B). This proves the theorem, that A and B span
a free product. O

Dynamics of Free Products

First, we will prove Lemma which we will need for Theorem
The lemma is new as stated and it uses prefix substitution, as consis-
tent with this thesis. A non-—algebraic proof was presented in Bleak and
Salazar—Diaz [§].

Lemma 5.2.3. Let a,b € V be non—torsion elements. Suppose that Z, C
Iy. Let m and n be the smallest positive integers such that ¢ = o™ and
d = b"™ have no non—trivial periodic orbits on Cantor space (see Remark
. Then the commutator [c,d] fizes some prefix of each important
point of a.

Proof. First, notice that Z, = Z,m = T, C I, = Iyn = Iy by Corollary
[4:317 Note that by definition of ¢, all important points of ¢ are station-
ary under application of ¢. Similarly, by definition of d, all important
points of d are stationary under application of d. Then suppose that
p € Z. = Z. N Z;. This means that (p)c = p = (p)d. Moreover, there are
finite words Ac, Ag, A¢, Ay such that A.(A)° = p = A\g(Ag)> and one of
the following holds:

1. We have (AAg)c = Ae and (AgAg)d = Ag. This means that p €
ReNRa.

2. We have (A\c)c = A\:A. and (A\gAg)d = A\g. This means that p €
AN Ry.

3. We have (A:Ac)c = Ac and (A\g)d = A\gA4. This means that p €
ReN Ay.

4. We have (Ac)e = AcA, and (A\g)d = A\gA4. This means that p €
A.NA,.

Now, let ¢’ be defined as follows:
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e if p € R, then ¢ = ¢;

o if pc A, then ¢ = ¢

Similarly, let d’ be defined as follows:
o if pc Ry then d' = d;
o if pc Ay then d =d L.

Then we can conclude that (A:A.)d = A and (AgAg)d = Ng. Without
loss of generality, suppose that |A.| > |Agq]. As A and Ay are both prefixes
for the point p, there is a (possibly empty) finite word X’ such that A\, =
AgN'. Note though that A, is a prefix of p = A\g(A;)*°. Hence we have
N = (Ag)Fbibs ... by for some non-negative integer k, b; € {0,1} for all
1 < i <, and for b1bs...b; a proper, possibly empty prefix of Ay. Say
that Ag = bibz...bibj41 ... bja,- Then:

(Aebist - - bjaybiba ... by)d = (Aa(Aa)Fbiby .. by ... ba,bibe ... b)d =
Ma(A) T b1by .. b)) d = Ag(Ag)Fbiby ... by = A

Let us then define I'g = by ... by, b1be ... byand A = A.. Thus (ATgq)d’ =
A and so p = A(I'g)*°. Now observe that:

p=(P)d™" = (MA)™)d ™" = ATa(Ac)™
p= ()¢ = (AMTa)®)d ™ = AA(Tg)™

Therefore, in particular we have A\I'yjA. = AA.I'y, as both the addresses
have the same length and are both a prefix for p. We claim that the
commutator [c,d] always fixes the address \[';A..

We have the following cases to consider:

1. We have (AA.)c = X and (Al'y)d = .

(ALgA) e, d] = (ALgA) e tded = (Ve DDA )d Led =
AATGA)d ed = (VA HATgA)ed = (ATgA T gAc)ed =
(ALgAc)TaAc)ed = (AALg)TaAc)ed = ((AAe)e)TalaAc)d =
(ALalaAc)d = ((ALq)d)LaAc = ALgA.
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2. We have (A)e = AA. and (AI'g)d = .

(AL4A)[e,d] = (ATgA) e tded = AAT ) td ed =
(/\Fd)dflcd = ()\PdFd)cd = ()\ACFdFd)d = (/\FdACFd>d =
M = A[GA,

3. We have (AA;)c = X and (A\)d = \gl'g4.

(AL4A)[e,d] = (A\[gA) e tded = (ANAT3A)d Led =
(ALgAAL)d ted = (AAA)ed = (AAL)d = ATgA,

4. We have (A)c = AA, and (A\)d = \gL'g4.

(AL4A)[e,d] = (A\LgA) e tded = VAT ) td ted =
(ALg)d ted = (Ned = (AAL)d = A\[GA,

This proves our claim. Moreover, as p was chosen arbitrarily and inde-
pendently of the definition of ¢ and d, it means that the commutator [c, d]
fixes a prefix of each important point of a. In particular, this means that

this commutator fixes all important points of «. O

To complete the setting of the scene for presenting our findings, we
will quote the following theorem from B., Bleak and Matucci [4]. Most
of the proof is implicit in Bleak and Salazar-Diaz [§], but the specific
context is different.

Note that by a free basis of rank n we mean a set of n elements of V'

which generate a free subgroup of rank n.

Theorem 5.2.4. Let a,b € V be non—torsion elements. Suppose that
Zo CTIy. Then {a,b} is not a free basis of rank 2.

Proof. Let m and n be the smallest positive integers such that ¢ = o™
and d = b™ have no non—trivial periodic orbits on Cantor space. Consider
the commutator v = [c, d].

Note that if + is torsion, then {c, d} is not a free basis of rank two. In
this case, {a, b} cannot be a free basis of rank two either, as (¢, d) < (a,b),
c =am and d = b". Hence, we will assume that v is not torsion. Let
r be a minimal positive integer such that § = 4" admits no non-trivial

periodic orbits on Cantor space.
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Here we will emphasise that ¢ and 8 do not admit non—trivial pe-
riodic orbits in their action on Cantor space. Also, by Lemma [5.2.3
the commutator v = [c, d] fixes a prefix of each important point of a.
Hence, § = " also fixes a prefix of each important point of a. Recall
that Z, = Z.. This means that the support of 8 is disjoint from the small
neighbourhoods around important points of ¢. Therefore, by Lemma 4.4.
of Bleak and Salazar—Diaz [§], we can find a non—zero integer s such that
Supp(6¢”) N Supp(6) N Supp(c) = 0. This property can be interpreted as
follows: for a power of ¢ big enough, say ¢®, all the support which 6 is
sharing with ¢ can be moved entirely into the neighbourhoods of Z. by
conjugating 6 by ¢®. As 6 acts trivially in all of these neighbourhoods,
we conclude that there are no points in Cantor space which can be in the
support of all of the following three elements: ¢, 6,6 .

From here, setting y = v = ¢ and § = 7", we can follow the dis-
cussion of [§] from the point immediately following the proof of Lemma
4.4. throughout to the end of the paper. In this discussion, the element
w = [09,(0°)7] is constructed, with carefully chosen positive integer j
such that w is torsion of order 1,2,3 or 6 by the analysis of the orbits of
all possible types of points its support. Hence, (#<",6) is not free of rank
2. This implies that (c,0) = (c,c?) is not free of rank 2. This, in turn,
implies that (c,d) cannot be a free group of rank 2, and so finally, that

(a,b) is not a free group of rank 2. This proves the theorem. O

5.3 On Dynamics of Free Products in V

We shall proceed to prove Theorem [5.1.1] The theorem could be sum-
marised as follows: if a subgroup of V' decomposes as a free product of
two groups, and at least one of them is not torsion, then these groups
admit Ping-Pong dynamics on a set of subsets of Cantor space.

Hence, we will assume that we have two non—trivial subgroups of V,
A and B, which generate a free product. Without loss of generality, we
will assume that there is an element a € A such that a is a non—torsion
element. This means that the set of important points Z, is non—empty.
There is also an induced action on the set X consisting of the full orbit
of Z, under the group (A4, B). We will then proceed with construction of
subsets X 4 and Xp. We will then prove that the sets X 4 and X p satisfy
the criteria from Definition [5.2.1] This will prove that A and B admit
Ping—Pong dynamics on X, and hence prove Theorem [5.1.1]
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Note that we do not need an assumption about A and B generating

a free product for the following lemma:

Lemma 5.3.1. Let A and B be two subgroups of V. Let a be an infinite
order element of A. Consider the sets X, X4 and Xp:

X ={(Z,) w | we (4,B)}

Xy = '!0{(161) 'H;:lbjaj | bl,...,b]’ S B\{e}, ar,...,a; € A\{e}}

Xp = U{(@) wlliyats | ar,... a5 € A\{e}, bo,...,b; € B\ {e}}
1=0

Then the group (A, B) acts on the set X, and the sets X4 and Xp are

as follows:
1. (XA)V C Xp for alll € B\ {e};
2. (Xp)a' C X4 foralld' € A\ {e}.

Proof. The group (A, B) acts on the set X as each element of the group
represents a bijection on €.

Now, consider an element S = (Z,) - by Hé‘:1 a;b; of the set Xp for
some non-negative integer ¢ and aq,...,a; € A\{e}, bo,...,b; € B\{e}.
Let o’ be such that o’ € A\ {e}. Consider the effect of @’ on S:

i+1

(8)a' = ((Za) - bo [J asbp)d = (Za) - ] ¥
j=1 j=1

for b} = bo,by = by,..., b, = b; and @} = a1,a5 = ag,...,a;, = d.
Therefore (S)a’ € X4 as required.

Now consider an element S = (Z,) - H§:1 bja; of the set X4 for some
non-negative integer ¢ and ag,...,a; € A\ {e}, bi,...,b; € B\ {e}. Let
b’ be such that b’ € B\ {e}. Consider the effect of ¥’ on S:

(S)V = ((Za) - [] bjai)t’ = (Za) - bo [ a5t
=1 j=1

for bg = by,b] = ba,..., b,y = b, b, = V. Therefore (S)b' € Xp as
required. O
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Definition 5.3.2. Let A and B be non—trivial subgroups of V. Suppose
that the group (A, B) naturally factors as the free product A x B. Let
the sets X4 and Xpg be defined as in Lemma [5.3.1] Then let us define
the following subsets of the group (A, B):

Ty = U{blalbgag...biai ’ bi,....b; € B\{e}, ai,...,a; € A\{e}}
=0

Tg = U{boalblang...aibi | bo,bl,... ,bi S B\{e}, al,...,q; € A\{e}}
=0

T=T4UTp

Remark 5.3.3. Note that with T4 and T defined as above, we can more
easily define sets X4 and Xp from Lemma/5.3.1

XA:{(IG)-U)|U)ETA}
XB:{(Ia)-w|w€TB}

Note also, that the union 7' = T4 U T is in fact a right transversal for
the cosets of the group A in the group (A, B), as by assumption (A, B)

is canonically isomorphic to a free product.

Now, we only need to prove that if A and B generate a free product
in V, then X\ X4 # 0. Then the sets X4 and Xp will be the sets on
which A and B admit a Ping—Pong.

Let us first prove a preliminary lemma:

Lemma 5.3.4. Suppose that a,w € V such that |a] = co. Then (Z,) -w =
Tow.

Proof. We will first show that (Z,) - w C Zyw.

Let p € Rq. Then p = MI')*° for some words A, I" € {0,1}* where
there is a positive integer k such that (AI')a* = . Consider the image
p-w. As w acts as prefix substitution, there must be a positive integer s
such that the following map is defined: (A(T')*)w = N where A" € {0, 1}*.
Then we also have also p - w = (A(I')*®)w = N (I')*>°. Consider the effect
of (a®)* on the point p - w:

N (I@)*)(a) = D) w)w™ a*w = [(AD)*)a"w = (AT)*)w = X' (1)>

Hence we know that the point p-w is fixed by (ak)“’. Now let us consider
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the effect of (a*)” on the address N'T" which is a prefix of p - w:
(NT)(a®)* = (MD) T w) - wldPw = (AD)*)w = N

Therefore the point p - w is a repelling point of a”. This proves that
(Ra) - w € Ryw.

Let p € A,. Then p = A(I")*° for some words A, T" € {0, 1}* such that
there is a positive integer k such that (A\)a* = AT. Consider the image
p-w. As w acts as prefix substitution, there must be a positive integer s
such that the following map is defined: (A(T')*)w = N where A" € {0, 1}*.
Then we also have also p - w = (A(I')*)w = N (I')*>°. Consider the effect
of (a®)* on the point p - w:

N (I@)*)(a) = D) w)w™ a*w = [(AD)®)a"w = (AT)*)w = X' (1)>

Hence we know that the point p-w is fixed by (a¥)”. Now let us consider
the effect of (a*)™ on the address A’ which is a prefix of p - w:

(M) (@) = AND)*w) - wtaFw = ANT)*THw = NT

Therefore the point p - w is an attracting point of a*. This proves that
(Ag) -w C Agw.
As (Ra) -w C Rgw and (Ag) - w C Agw, we have (Z,) - w C Zyw.
Now we will show that Z,» C (Z,) - w. Note that as choices of a and
w for the result above were arbitrary, we also have (Zyw)-w ™! C Z,. This
implies that (Z,») C (Z,) - w. Hence together with our previous result we
have proven that (Z,) - w = Zgw. O

Using the above, we proceed to prove the statement Xp \ X4 # 0.

We will achieve it by first showing a considerably stronger property:

Lemma 5.3.5. Let A, B, and T be defined as in Definition[5.5.3. Sup-
pose that A contains an element a of infinite order. Then, if Tywi = Tyws

for some wi,wy €T, then wi = ws.

Proof. By Lemma we have Z,w1 = I, -wy and Zywe = Z,-wo. Hence,
Tgwr = Lgws is equivalent to Z, = (Z,) - wiwy 1 Now, let us consider the

following cases:

1. At least one of wy,ws is the identity. Without loss of generality, let

wg = e and so the equation Z, = (Z,) ~w1w2_1 becomes Z, = (Z,)-w
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for some w € T'.

2. Not both of wy,ws are in T4 \ {e} and not both are in 5. Without
loss of generality, w1 € T4 \ {e} and wy € Tp. Hence, there are

some positive integers j and k£ such that:

w1 = b1a1 e bjaj

for some a; € A\ {e} and some b; € B\ {e}. Then:

-1 _ _
wiwy = bray...b; a]bﬁ_laﬁrl ﬁ_k lbj+k €Tp\ B

Therefore, the equation becomes Z, = (Z,) - w for some w € T\ B.

3. We have both wy,ws € T4 \ {e} or both wy,wy € Tr. Without
loss of generality, let wy be longer or of the same length as wy. The
word wiwy ! might admit cancellations in the middle, at most as
many as the length of the word ws. Now, if w; = ws, then there
is nothing to prove. Hence we will presume that w; # wy and so
WiWy 1is a non—trivial word which starts with a non—trivial element
of B, and may finish with a non—trivial word from A or B. Hence,

w1w2_1 eT.

Thus, the equation becomes Z, = (Z,) - w for some w € T

Hence we will instead prove that if Z, = Z,» for some w € T, then
w = e. Note that this equation is equivalent to Z, = Z ,-1 for some
w € T. By Theorem we conclude that {a,a® '} cannot be a free
basis of rank 2. However, recall that the groups A and B canonically
form a free product.

Then, if w € Tp, namely it starts and finishes with a non-trivial
element of B, then each non—trivial power of the generator awil, given
by (a® )™ = wa™w ™!, admits no cancellations with the letter a on the
left or right. Hence, {a, a“’fl} must be a free basis of rank 2, which gives
us a contradiction.

Thus, presume that w € T4 \ {e}. Hence suppose that w = w'a’ for
some words w' € Tp and @’ € A\ {e}. But then the word (a® '
((a@ "Y' ym = w/(a”")™w'~! admits no cancellations with the letter

a on the left or right. Also, (a“/_l)m remains an element of infinite order,

"=
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. -1 . . .
and so again, {a,a" "} must be a free basis of rank 2, which gives us a
contradiction.

Therefore, we must have w = e which gives us our desired conclusion.

O]

Corollary 5.3.6. For the the groups A and B as in Definition[5.3.3, and
the sets X4 and Xp as in Lemma|5.3.1, we have X4 N Xpg = (.

Proof. By Lemma and Lemma [5.3.5 O

Corollary 5.3.7. Let A and B be subgroups of V and a € A have infinite
order. Let the map [ be as defined in Theorem [5.1.1. Suppose that f is

an isomorphism (i.e. A and B generate a free product). Let the sets X 4
and Xg be as in Lemmam. Then Xp\ X4 # 0.

Proof. Consider S = (Z,) - b for some b € B\ {e}. By definition, S € Xp.
However, by Corollary the sets X4 and Xp are disjoint, and so
S e XB \ XA. O

Finally, this last corollary in the same time proves Theorem [5.1.1

which is the central result of this chapter:

Corollary 5.3.8. Let A and B be subgroups of V and a € A have infinite
order. Let the map f be as defined in Theorem[5.1.1 Suppose that f is
an isomorphism. Let the sets X4 and Xp be as defined in Lemma[5.5.])].
Then the groups A and B admit a Ping—Pong action on the sets X 4 and
XpB.

This proves Theorem [5.1.1)

Proof. By Lemma [5.3.1] and Corollary the sets X4 and Xp satisfy
conditions from Definition [5.2.11 O
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