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1 Description of the field and motivation

1.1 Transducers and groups defined by them

In the classical version, a transducer (so-called Mealy type automaton) can be imagined
as a directed graph with a finite set S of vertices (set of states of the automaton), in which
every edge is labeled by a pair x|y, where x and y are elements (letters) from a fixed, finite and
non-empty set X (alphabet). In this graph, any finite directed walk from an arbitrary state
s € S defines in a natural way a finite sequence of pairs

$1|y1, $2|92, e 7In|yna

where z;,y; € X for 1 < ¢ < n. In this walk, we say that the word w := xy...x, with
consecutive predecessors in these pairs (so-called input letters) turns into the word v :==y; ...y,
with consecutive successors (output letters), or that the automaton being in a state s and
reading from the input tape the word w, writes on the output tape the word v. In the sequel,
when speaking of "automaton", we shall mean an automaton permuting the letters, that is a
graph with the property that for every vertex there are exactly | X| outgoing edges from this
vertex, and every letter in X belongs to the set of input letters on these outgoing edges as well
as to the set of output letters. In particular, for every state s € S and a word w over X, there
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Figure 1: a minimal automaton generating an infinite 3-group

is a unique directed path starting in s such that the consecutive input letters on this path form
the word w and the consecutive output letters form a word of the same length as w. Thus
an arbitrary state of an automaton defines a transformation of the set X* of all words over
the alphabet X. This transformation can be described by using a so-called transition function
p: S x X — S and an output function ¥: S x X — X of the automaton, which define this
automaton uniquely and describe it as a machine, which being in a state s € S and reading
from the input tape a letter z € X, goes to the state ¢(s, ) and writes on the output tape the
letter 1 (s, z). We shall denote such an automaton as a quadruple

A=(5X,p,1).

Then for every state s € S the image of any nonempty word w = x; ...x, under the transfor-
mation s: X* — X* defined by s can be computed as follows:

S(w) =(s1,21) ... Y(Sp, ),
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where the states sy, ..., s, are defined recursively: s, := s, s;41 := @(s;,2;) for 1 <7 <n—1.
We also define 5(€) := ¢, where € is the empty word (unique sequence of length zero).

The assumption that the automaton A = (S, X, ¢, ) permutes the alphabet implies that
the transformations s (s € S) are permutations of the set X*, that is s € Sym(X*). It can be
seen directly from the construction of these transformations that they preserve the lengths and
the beginning of words, that is for any w,v € X*, we have: [s(w)| = |w|, and if w and v have
a common beginning (prefix) of a given length, then so their images s(w) and s(v).

We call a transformation f: X* — X* for which there is a Mealy automaton A = (S, X, p, ¢)
such that f = s for some s € S an automaton transformation over the alphabet X. We denote
the set of all automaton transformation over X by MA(X™*). Both the composition of au-
tomaton transformations and the inverse of an automaton transformation is also an automaton
transformation. In particular MA(X*) < Sym(X*). Every subgroup G < MA(X™) is called
an automata group. For a single Mealy automaton A = (S, X, ¢, 1), the group generated by
the transformations 5 € Sym(X*) for s € S is called the group generated by the automaton A
and is denoted by G(A):

G(A) = (s:s5€9).
Hence the group G(A) < MA(X™) is an example of a finitely generated automata group.

The notion of an automata group was introduced by V. M. Glushkov (|28]) in 1961, where he
conjectured that it is possible to obtain in this way an infinite finitely generated torsion group,
that is a group solving the famous Burnside problem from 1902. It was confirmed in 1972 by
S. V. Aleshin ([1]), who constructed for every prime p > 2 an infinite p-group generated by
two transformations defined by two states of some two distinct Mealy automata over a p-letter
alphabet, one automaton having 3 states and the second automaton having p? + p + 3 states.

An another pioneering construction of a family of infinite p-groups generated by two au-
tomaton transformations over a p-letter alphabet introduced V. Sushchansky (|75]) in 1979.
He used for them the algebraic language of "tableaux" and truncated polynomials over finite
fields — the method introduced by L. Kaloujnine (|48]) to study the iterated wreath products.
In 2006, I. Bondarenko and D. Savchuk ([19]) investigated the sections of the Sushchansky
transformations, and obtained in this way a Mealy automaton with 2p? 4 p + 5 states. They
derived various properties of the group generated by this automaton (the so-called self-similar
closure of the corresponding Sushchansky p-group).

In 1980 R. I. Grigorchuk ([30]) constructed a 5-state Mealy automaton over the binary
alphabet and showed that this automaton generates an infinite 2-group, which is presently
called the Grigorchuk group. Also, for every prime p > 3, Grigorchuk ([35]) constructed a
minimal Mealy automaton (with respect to the number of states) generating an infinite p-
group. This automaton has 3 states, and it works over a p-letter alphabet (the case p = 3 is
depicted in Fig. 1). In particular, there is no 2-state Mealy automaton over a p-letter alphabet
which generates an infinite p-group. On the other hand, in the last year, I discovered for every
prime p > 3 the 2-state Mealy automaton A over a p-letter alphabet which defines a universal
embedding for finite p-groups, that is every finite p-group can be embedded into the group G(A)
generated by this automaton (the case p = 3 is depicted in Fig. 2). This is the only known
example of a 2-state Mealy automaton which generates a branch group and one of the two
known examples (apart from the Apollonian group — [36]) of a regularly branch group which is
an indicable group (i.e. maps onto the infinite cyclic group). I reported this result in Kiev during
the International Conference "Groups and actions: geometry and dynamics" ([84]) and at the
seminar on Group Theory in the University of Geneva (Switzerland) at Grigorchuk’s invitation
(I85]). For p = 2, the existence of such an automaton excludes the known classification of
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Figure 2: an automaton defining the universal embedding for finite 3-groups

groups (up to isomorphism) generated by a 2-state Mealy automaton over the binary alphabet;
these are ([35]): the trivial group, the cyclic groups Cy and C,, the Klein group Cy x Cy, the
infinite dihedral group D., and the lamplighter group CowrCy,, that is the semidirect product
D C2 @ Cy with Uy acting on the direct sum P, Cp by left shift. Presently, there are
some partial results ([17]) in classification of groups generated by a 3-state Mealy automaton
over the binary alphabet (all finite and all abelian groups of this type are already classified).

The automata groups also constitute an interesting object to study the classical algorithmic
problems in group theory. For example, the known construction of composition of automata
and the construction of the inverse to an automaton, as well as the algorithm verifying if a
given state of an automaton defines the identity map (it is enough to check the outgoing paths
of length not greater than the number of all states) imply that finitely generated automata
groups have solvable word problem. On the other hand, in 2012, Z. Suni¢ and E. Ventura
(|74]) obtained the construction of a Mealy automaton A such that the conjugacy problem
is not solvable in the group G(A). On basis of this construction, they also proved that the
isomorphism problem is not solvable in the class of groups generated by a Mealy automaton.

Undoubtedly, much of a contribution to a great interest in automata groups had the Grig-
orchuk group, which also solved the Milnor problem from 1968 on the possible types of group
growth (the Grigorchuk group has an intermediate growth — [31]) as well as the Day problem
from 1957 concerning the existence of an amenable group which is not elementary amenable
([32]). Various interesting examples of groups generated by a Mealy automaton have appeared
up to the present day. They are still intensively investigated (including the Grigorchuk group)
and many of them confirm one of the greater phenomenon in the modern group theory, that is
an automaton itself may have a very simple structure, being equipped with only two or three
states and working over an alphabet with a small number of letters, and yet it demonstrates
exoticism and high complexity as for the algebraic, geometric or algorithmic properties of the
group it generates.

1.2 Trees of words: regular trees and spherically homogeneous trees

The set X* of finite words over an alphabet X has the structure of an infinite locally finite
rooted tree: two words are connected with an edge if and only if one of them is obtained from
the other by adding a single letter to the end. The set X™ of words of length n (n > 0) forms
the n-th level of the tree X*, that is the set of all vertices with the distance n from the root
(which is the empty word €). The tree X* is called a regular rooted tree, because for every
vertex w € X* the number of its children (i.e. the words of the form wx for x € X) does not
depend on w and is equal to | X].

It is natural to consider a wider class of locally finite rooted trees, that is the trees in which
any two vertices in the same level (i.e. with the same distance from the root) have the same
number of children. Every such a tree is isomorphic to the tree X* of finite words over a



changing alphabet X, which is defined as an infinite sequence
X = (Xl,XQ, . .),

of alphabets X;. The words of the tree X* constitute finite sequences of letters x1xs ... x,,
where z; € X; for 1 <i < n (we will not separate the letters by commas). Thus the elements
of the cartesian product X" := X; X ... x X, (n > 1) are the words of length n, and these
words form the n-th level of the tree X* (we assume X° := {e}). In particular, the number of
children of any vertex in level n (n > 0) is equal to | X,,;1|. The first four levels of an exemplary
tree X* are depicted in Fig. 3.

X,={0,1.2} &
X,=10,1,2,3}
X, =10, 1}
0 1 2
00 01 02 03 10,7 11 12 13 50721 22 23
000 001010 011 020 021030 031100 101110 111 120 121130 131200 201210 211 220 221230 231

Figure 3: the exemplary tree X*

Definition 1 We call a changing alphabet X = (X;);>1 bounded if the sequence (|X;|);>; is
bounded. Otherwise we call X unbounded. If the sequence X is constant, then it is called a
fixed alphabet and identified with the set Xj.

Remark 1 In the sequel, we shall assume that if X = (X;);>1 is a changing alphabet, then
the sets X, are all finite and each of them has at least two elements.

1.3 The group Aut(X*) and groups defined by time-varying automata

The automorphism group Aut(X*) of the tree of words X* over a changing alphabet X =
(X;)i>1 consists of all permutations of the vertex set which preserve the root and the vertex
adjacency. These are exactly those permutations of the vertex set X* which preserve the lengths
and the beginnings of words.

In the case when the alphabet X = (X;);>1 is fixed, the group MA(X™) of all transfor-
mations defined by Mealy-type automata over X is a proper subgroup in Aut(X*). If X is
not fixed, then we can also identify the groups generated by automata among the subgroups
of Aut(X*). We refer to the corresponding automata as time-varying automata, or automata
over a changing alphabet. Such an automaton is created from a Mealy-type automaton by
putting a discrete time-scale, which allows to change the transition and output functions in the
consecutive moments of its action.



Definition 2 An automaton A over a changing alphabet X = (X;);>1 is defined as a finite set
S od states together with two infinite sequences

P = (@17%0% c ‘)’ 1/) = (¢17¢27 - )

of transition functions ¢;: S x X; — S and output functions ¢;: S x X; — X;. We denote such
an automaton as a quadruple A = (S, X, ¢, ).

Remark 2 In the sequel, instead of the term "automaton over a changing alphabet", or "time-
varying automaton", we shall use the simple term "automaton". Hence, saying "automaton",
we mean the automaton from Definition 2, distinguishing this notion from a Mealy-type au-
tomaton, treated as a special case of an automaton in which the sequences X = (X;);>1,
© = (¢:)i>1 and ¢ = (¢;);>1 are all constant (and identified with their elements).

For every state s € S of an automaton A = (5, X, p,1), we can define, analogically as
for a Mealy-type automaton, a transformation s: X* — X* in the following recursive way: if
w=2mx...x, € X", then

S(w) = 1(s1,21) -« Un(Sn, Tn),

where s1 := s and s;41 = @;(s;,x;) for 1 < ¢ < n — 1. It is convenient to interpret the
transformation s as result of the action of a machine, which being in the i-th moment (i > 1)
in a state ¢ € S and reading from the input tape a letter z € X;, it goes in the next moment to
the state ¢;(q, ) € S, writes on the output tape the letter ¢;(¢q, z) € X; and continues working
in the moment ¢ + 1. Here, we also assume that A permutes the letters of the corresponding
alphabets, that is the maps

as,i:XinHwi(s,x)EXi, 221, seS

are permutations of the sets X;. Then the automaton transformations s (s € S) are elements
of the group Aut(X*). We will refer to the map o,; € Sym(X;) (i > 1, s € S) as the label of
the state s in its i-th transition. If A is a Mealy automaton, then for each s € S the labels o, ;
(¢ > 1) coincide. In this case, we simply refer to the permutation o, := 0,1 € Sym(X) as the
label of the state s.

The set TV.A(X*) of all automaton transformations over the changing alphabet X = (X;);>1
also forms a proper subgroup in the group Aut(X*). Similarly as in the case of Mealy-type
automata, we will refer to the subgroups of TV A(X*) as automata groups, and for a single
automaton A = (5, X, p, ), we call the group G(A) := (s: s € S) the group generated by the
automaton A. All these groups are examples of residually finite groups, as the whole group
Aut(X*) is residually finite, which follows from the observation that the n-th level stabilizer

Stabauyx+)(n) = {g € Aut(X™): X" C Fiz(g)}, n >0,

is a normal subgroup of finite index and (> Stabaui(x+)(n) = {idx-}.

The idea of a time-varying automaton as a tool to define and study automorphism groups
of the tree of finite words over a changing alphabet was suggested by V. Sushchansky in 2001
as the theme of my Ph.D. thesis. At first, I even assumed the wider definition, allowing to
change the sets of states in the discrete time-scale of an automaton (originally, I also did not
assume the finiteness of these sets). I called the automata from this wider class time-varying
Mealy automata. This notion previously functioned in the literature (see, for example [58]),
but the investigation was reduced to the techniques for analysis and synthesis of automata,



which involved only the study of their internal structure, including periodicity, representability,
finding automata realizations, constructing morphisms between automata and studying the
corresponding semigroups. Moreover, the previously investigated automata worked over a fixed
alphabet, allowing to change solely the sets of states, the transition functions and the output
functions. Consequently, that construction would not be suitable for defining automorphism
groups of an arbitrary homogeneous rooted tree, but only for automorphism groups of a regular
rooted tree.

1.4 Sections, vertex permutations, and the automaton transformations

Let X = (X;);>1 be a changing alphabet, ¢ € Aut(X*) and w € X*. Denote n := |w| +
1. Since the automorphism g preserves the lengths and the beginning of words, there is an
automorphism g} € Aut(X(*n)) of the tree X{n) of finite words over the changing alphabet
Xy = (Xn, Xng1, .. .), such that

g(wv) = g(w)g{w}(v)v v € X(*n)

The automorphism gy, is called the section of g at the word w. It describes the action of g
on the subtree of X* consisting of all descendants of the vertex w (this subtree is isomorphic
to the tree X(*|w|+1)). In the regular case, i.e. when the alphabet X is fixed, we obviously have:
grwy € Aut(X*). In this case, an important class of groups constitute self-similar groups, as

well as contracting groups ([60]).

Definition 3 If the alphabet X is fixed, then a group G < Aut(X*) is called self-similar if
Gy € G for all g € G and w € X*. A self-similar group G < Aut(X*) is called contracting
if there is a finite subset S C G such that for every element g € G the section of g at any
sufficiently long word w belongs to S (i.e. there is n := ny, > 0 such that g,y € S for every
word w € X* with |w| > n). The set S is called the nucleus of G.

The restriction of the section g,y € Aut(X(, ) to the set X, 41 of all one-letter words
is called the vertex permutation of the automorphism g at the vertex w and denoted by o ,,:

Ogw’ Xlwl+1 = Xw+1,  Tgw = Jfuw}| X pppr-

In particular o4, € Sym(Xju+1). The vertex permutation o, tells us how g permutes the
children of the vertex w (in relative to this vertex). When assign to each vertex w € X*
the vertex permutation oy, € Sym(X,4+1), we obtain the portrait of the automorphism g.
The portrait describes this automorphism uniquely, since the image (under g) of any word
w=ux...x, € X" can be computed as follows

g(w) = 0 g,wo (x1)097w1 (m2) ... O g,wp—1 (Tn),

where w; = x1...2; (0 <i<mn—1) is the prefix of length i of the word w (further, we denote
by < the relation of being a prefix). Conversely, if we choose arbitrarily the permutations
Tw € Sym(Xjw+1) (w € X*), then there is a unique g € Aut(X*) such that o4, = m, for
every w € X*. By using the above formula, we can extend the action of an automorphism
g € Aut(X™) to the set X“ of infinite words over the alphabet X; namely if w = z125... € X¥,
then we have g(w) = 0., (21)0 g0, (T2) - . ..

If g € Aut(X*) is an automaton transformation defined by a state s € S of an automaton
A= (S5, X,p,v), then for every word w € X* the section gy, is determined by the state which
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A reaches after reading the word w starting from s. In particular, for every n > 0, there are at
most | S| different sections of g at the words w € X". Consequently, the sequence (ay(n))n>0 is
bounded, where

ag(n) = [{gu}: w € X"},

Conversely, if g € Aut(X™) is such that the sequence (o, (n)),>0 is bounded, then it is possible to
construct an automaton A = (S, X, ¢, ) such that g = s for some s € S. It is also not difficult
to construct automorphisms g € Aut(X*) such that the sequence (ay(n))n>o is unbounded.
The characterization of the transformations defined by Mealy automata is more restricted: if
the alphabet X is fixed, then an automorphism g € Aut(X™) is defined by a state of a Mealy
automaton over X if and only if the set {gg.: w € X*} is finite.

1.5 Rooted and directed automorphisms. The branch groups.

The most well-known explicit constructions of finitely generated groups G < Aut(X*) are
based on the following two types of automorphisms.

Definition 4 An automorphism g € Aut(X™) is called rooted if o, = idx, ,, for every w # €.

Definition 5 Let g € Aut(X™). If there is u € X*“ such that g stabilizes u (i.e. g(u) = u) and
all nontrivial vertex permutations of g are located at the vertices with the distance from u not
greater than 1 (i.e. at the vertices of the form wz, where w < u and x € Xj,|41), then the
automorphism g is called directed and the word w is called the direction of ¢g. If additionally,
all nontrivial vertex permutations of g are located at the vertices with the distance exactly 1
from wu, and there is at most one nontrivial vertex permutation in each level of X*, then g is
called 1-directed.

For example, in a 5-state Mealy automaton defining the Grigorchuk group one of the states
is trivial (i.e. it defines ido1)~), another state is the (unique) nontrivial rooted automorphism,
and the remaining three states define 1-directed automorphisms with the common direction
1°°. Another example are the Gupta-Sidki groups constructed by N. Gupta and S. Sidki ([40])
in 1983. For every prime p > 2 the corresponding Gupta-Sidki group is an infinite p-group
generated by a Mealy automaton with four states over the alphabet X = {1,2,... p}; the
three of these states define rooted automorphisms of the tree X* (one of them being the trivial
automorphism id, an the other two are mutually inverse automorphisms a and a~!, where
0ae=0:=(1,2,...,p)), and the fourth state defines the directed automorphism b € Aut(X*)
with the direction v = p> and with the following nontrivial vertex permutations oy ,i1: = o i
Oppig: = o ! for every i > 0. The group G := (a,b) is indeed generated a Mealy automaton
with four states (defining the above four automorphisms), which follows from the observation
that for any g € {id,a,a™',b} and any w € X*, we have: gy, € {id,a,a™*,b}. The Gupta-
Sidki groups (similarly as the Grigorchuk group) are still investigated (for example, in contrast
to the Grigorchuk group, the growth of these groups is not known).

The rooted and directed automorphisms can be investigated as automaton transformations.
However, in the case when the alphabet X = (X;);>1 is unbounded (and only in this case),
not every directed automorphism g € Aut(X*) is an automaton transformation. On the other
hand, every 1-directed automorphism g € Aut(X*) is an automaton transformation (regardless
of the alphabet), as we have in this case a,(n) < 3 for every n > 0.

The tree X* of finite words and the group of automorphisms Aut(X*) of such a tree, as well
as the notions of rooted and directed automorphisms, can be defined for an infinite sequence



X = (X;)i>1 of arbitrary (finite or infinite) sets (that is not necessarily when X is a changing
alphabet). But then, in general, such a tree will not be locally finite and the group Aut(X*) will
not be residually finite. This generalization was investigated by A. Rozhkov ([69]) in 1986, who
constructed for every prime p > 3 an infinite torsion group M, generated by two elements of
order 3 and considered the tree X* over the sequence X := (C7, My, Cy7, C7, M3, Cr, C7, Ms, .. .).
Next, in the group Aut(X*), he constructed a rooted automorphism r and a directed auto-
morphism d such that the group G = (r,d) is torsion and contains elements of all possible
finite orders (that is for every n > 1 there is ¢ € G such that o(g) = n). The question on the
existence of such a group in the case when X is a changing alphabet is open. In particular, it
would be interesting to find an explicit construction of an automaton over a changing alphabet
generating such a group, or to show that such an automaton does not exist. In the "existence"
case the corresponding alphabet would have to be unbounded.

The concept of rooted and directed automorphisms provides also the general construction
of finitely generated branch groups ([6]).

Definition 6 A group G < Aut(X™*) acting transitively on each level of the tree X* (we say
then that the action is spherically transitive) is called a branch group if for every n > 0 the
subgroup Ristg(n) := (Ristg(w): w € X™) is of finite index in G, where Rists(w) consists of
those elements g € G which act trivially on every word not beginning with w (a so-called rigid
vertex stabilizer of w). If the groups Ristg(n) (n > 0) are only nontrivial, then G is called
weakly branch.

This important and presently intensively studied class of groups was introduced by Grig-
orchuk in 1997, providing a natural method for defining infinite groups whose every proper
quotient is finite (i.e. just-infinite groups). It can be shown that every infinite finitely gen-
erated group can be mapped onto a just-infinite group, and the class of all finitely generated
just-infinite groups naturally splits into three subclasses, one of which consists of branch groups
([33]). Initially, Grigorchuk supposed that every finitely generated branch group must be just-
infinite, and the only way to construct such a group is by using (as generators) the rooted and
directed automorphisms ([22]).

In the regular case, in the class of self-similar groups, we identify the subclass of regularly
branch groups.

Definition 7 Let G < Aut(X*) be a self-similar group acting spherically transitively on a
regular rooted tree X* and let K < G be a normal subgroup of G. The group G is called
regularly branch over K if the index [G : K] is finite and for all k¥ € K and x(, € X there is
h € K N Stabg(1) such that hy,yy = k and hg,y = idx- for any « # xo. In the case when K is
merely nontrivial, we say that G is regularly weakly branch.

The flagship examples of regularly branch groups are the Grigorchuk group, the Gupta-
Sidki groups, as well as the first examples of groups having a non-uniformly exponential growth
(i.e. the groups solving the Gromov problem) constructed by J. S. Wilsona ([81, 82]) in 2004.
The famous and intensively studied examples of regularly weakly branch groups are the fol-
lowing groups generated by a Mealy automaton: basilica group (|38]), Bartholdi-Grigorchuk
group, Brunner-Sidki-Vieira group ([6]), and the previously mentioned self-similar closures of
the Sushchansky p-groups.
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1.6 Iterated wreath products. The group Aut(X*) as a profinite group

Let (G,X) and (H,Y) be permutation groups of the sets X and Y, let HX be the direct
power of copies of H indexed by X with the elements written as functions f: X — H. For
every f € HX and every g € G the pair (f,g) defines a permutation of the cartesian product
X x Y of the sets X and Y in the following way:

(f;9)((z,9)) = (9(2), hy)), (z,y) € X XY,

where h := f(x) € H. The set of all such permutations (i.e. permutations of X x Y corre-
sponding to all pairs (f,g) € HX x @) forms a permutation group on X x Y which is called
the permutational wreath product of the groups (G, X) and (H,Y') and is denoted by H i1x G.
The use of the G-set X in the above notation is justified, as the structure of the permutational
wreath product H {x G depends on this set. For example, if G, X and H are finite, then the
group Hlx G is also finite, and its order is equal to |H|X!-|G|. The multiplication in this group
can be described as follows
(£, 9)=(fofyg09),

where f, =go f € H X (we use here the right action convention for composition of mappings;
in particular, we have gog'(x) = ¢'(g9(z)) and go f(x) = f(g(x)) € H for any g,¢' € G, f € H*
and x € X). This reveals the permutational wreath product H !x G as a group isomorphic to
the semidirect product HX x G, where G acts on the direct power H¥ by permuting the direct
factors in the same manner as it permutes the elements of X. In particular, if X is a finite set
with a fixed ordering of elements, for example X := {1,...,m} for some m > 1, then every
function f € HY is a sequence (f(1),..., f(m)) of elements from H and the group H¥ is the
cartesian m-th power H™ = H X ... x H. Thus the elements of H {x G' can be written in the
form (hq, ..., hy)m, where h; € H (1 < j < m), 7 € G. The multiplication in such a wreath
product H {x G can be described as follows:

(hiy -y hy)m (B, ... B )T = (hy o h;(l), ooy hy o h;.(m))ﬂ' o,

This construction is associative, i.e. if (K, Z) is a permutation group on the set Z, then
both the permutational wreath product (K ty H) {x G and the permutational wreath product
K ixxy (H x G) are precisely the same permutation group on the set X x Y x Z ([57]).

Let now (G;, X;);>1 be an infinite sequence of permutation groups. For every i > 1, we define
the iterated permutational wreath product W; = _ G} of the first i groups as a permutation
group on the cartesian product X* = X; x ... x X; as follows:

Wyi=G1, Wi =Ginlxo Wi, 1>1.

For every i € N the mapping (f, g) — g, where f € (GiH)Xi, g € W;, defines a homomorphism
¢i: Wis1 — Wi, and the sequence (W, ¢;);>1 forms an inverse system. We call the inverse limit

Wy =052,G; = li{glVVZ- = ligl 22:1Gk

of such an inverse system the infinitely iterated permutational wreath product of the sequence
(G;, X;)i>1. Thus, according to the definition of the inverse limit, the group W, consists of all
sequences (h;);>1 from the infinite cartesian product [],~, W; of the groups W; = j_; G), which
satisfy the following condition: ¢;(h;+1) = h; for each i > 1. If the sets X, are all finite, then
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each W; is a finite group and we obtain W, as the inverse limit of finite groups, that is as a
profinite group.

Let X = (X;)i>1 be a changing alphabet and denote X := {x11,..., 21, }. An arbitrary
automorphism g € Aut(X*) is uniquely described by its one-letter sections gia, 1}, -, a1,
together with the vertex permutation o, € Sym(X;) at the root. The map

g (g{xl,l}a s 7g{x17m1})0-g,e
defines an isomorphism of the group Aut(X*) with the permutational wreath product

Aut(X(y)) by Sym(Xy) = Aut(X ()™ = Sym(Xy).

By continuing this reasoning for the groups Aut(X (*n)) (n=2,3,...), we obtain for every n > 1
the isomorphism of the group Aut(X*) with the permutational wreath product Aut(X, ;) tx»
(U, Sym(X;)). In particular, the quotient group Aut(X*)/Stabayx+)(n) is isomorphic to the
n-iterated wreath product i, Sym(X;). The restriction g|" := g|x» of any automorphism
g € Aut(X*) to the set X" = X x ... x X,, belongs to this wreath product, and the map
g — (9]")n>1 defines an isomorphism of the group Aut(X™*) with the infinitely iterated wreath
product 2, Sym/(X;).

The above description of the group Aut(X*), as a profinite group, defines on this group a
natural profinite topology, in which the stabilizers Stabu(x+)(n) (n > 0) of consecutive levels of
the tree X* form a basis for the neighborhoods of idx«. This topology (called the congruence
topology) coincides with the metric topology in which two automorphisms are close to each
other if for some large number n, they act in the same way on level n. Such a metric can be
defined, for example, as follows:

d(g,h) :=inf{(1/2)": Vw € X" g(w) = h(w)}.

In particular, the wreath product °,G; is a closed subgroup of Aut(X*), which consists of all
automorphisms such that their vertex permutations at the vertices in level n (n > 0) of the
tree X* belong to the group G, 1:

101G ={g € Aut(X™): Yw € X" 044 € Glu|11}-

The relation
g = (g{x1,1}7 s 7g{x1,m1})09,e
identifies an automorphism g € Aut(X™*) with the corresponding element of the wreath product
Aut(X () x, Sym(X1). This relation is called the wreath recursion of the automorphism g. The

multiplication of wreath recursions and the inverse operation agrees with the multiplication in
the above permutational wreath product; that is, we have:

gil = ((g{ym})ilv SRR (g{yl,ml})il)o-;; (1>
where y1; := 0, (x1;) for 1 <4 <my, and if h = (hyg,,}, - Pay 0, })Ohe, then
go h = (g{961,1} © h{Z1,1}7 s Yzrm, + © h{Z1,m1}>09,6 O Ohes (2>

where 21, = 0, (21;) for 1 <i <mj.
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Remark 3 If the vertex permutation o, is trivial, then it is omitted in the wreath recursion,
and we write ¢ = ((z11}, -+ > G{a1.m,})- If all the sections gg,, 3 (1 <7 < my) are trivial, then
g is identified with the vertex permutation o, .. In this way, both the direct power Aut(X {2))){1
and the symmetric group Sym(X;) are identified with the corresponding subgroups of the group
Aut(X*) (i.e. with the stabilizer of the first level Stabayy(x+)(1) and the subgroup of rooted
automorphisms of the tree X*, respectively).

The study of infinitely iterated permutational wreath products 2, G; of finite permutation
groups was initiated by L. Kaloujnine [47, 48] in the mid-40s last century. This was continued
by his students Y. V. Bodnarchuk ([14]), I. D. Ivanyuta ([42]), V. Sushchansky (|26, 76, 77, 78])
and others. It turns out that every pro-p Sylow subgroup of the group Aut(X*) is of this form.
The wreath products 2, describe profinite completions of some finitely generated branch
groups and provide interesting examples and counterexamples in the theory of profinite groups
([34]). When the sequence (G, X;);>1 is constant, we obtain the infinite wreath power 12, G
of the group G := ;. These wreath powers characterize the so-called self-similar groups
of finite type described by a pattern of depth one (|18, 34|). Iterated permutational wreath
products of finite groups appear also as symmetry groups of such combinatorial structures as
nested designs ([3, 4]), or in chemistry, they describe symmetries of certain non-rigid molecules
([5, 83]). Nowadays, these groups are even found to be useful as descriptors for processing
information in the human visual system ([51]).

1.7 The topological generation in the group Aut(X™)

Let X = (X;);>1 be a changing alphabet and G < Aut(X*). We say that a subset S C
Aut(X*) topologically generates G if the group (S) generated by S is a dense subgroup of G.
By d(G), we denote the rank of G, that is the minimal number of elements in a generating
set (in the case when G is closed, we mean the topological rank, i.e. the minimal number of
elements in a topological generating set). If d(G) < oo, then we say that G is finitely generated
(resp. topologically finitely generated).

Definition 8 A generating set S of a group G < Aut(X*) (topologically generating set in the
case when G s closed) which satisfies |S| = d(G) is called a minimal generating set (resp. a
minimal topologically generating set).

According to the above defined profinite topology on Aut(X™*), a subset S of a group G <
Aut(X*) topologically generates this group if and only if

(s|':s€8)={(g]': g€ G)

for every ¢ > 0, where g|' denotes the restriction of g to the i-th level of the tree X*. In
particular, we have d(G) > d(G), where G is the topological closure of G in Aut(X*).

The whole group Aut(X™) is not topologically finitely generated as the infinite direct power
050’1’2""} of the cyclic group C5 (and hence every finite power C%, ¢ = 1,2,...) is a homomorphic
image of G. This image can be seen when assigning to each g € Aut(X*) the sequence from
050 such that the n-th element (n > 0) of this sequence is equal to 0 or to 1, depending on the
parity of the product of the vertex permutations o,,, € Sym(X,+1) at the vertices w € X™.

In 1994, M. Bhattacharjee ([12]), when studying the wreath products 32, Alt(n;) of alternat-
ing groups of degree n; > 5, showed that they are topologically 2-generated. Consequently, if
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| X;| > 5 for every i > 1, then the group Aut.(X*) < Aut(X™*) of the alternating automorphisms
(i.e. the automorphisms with the vertex permutations all even) is topologically 2-generated.

Theorem 1 (Bhattacharjee, [12]) If |X;| > 5 for every i > 1, then the wreath product
152 Alt(X;) is topologically 2-generated.

In 2006, M. Quick ([67]) extended this result to arbitrary non-abelian finite simple groups.

Theorem 2 (Quick, [67]) If (H;, X;)i>1 is an arbitrary sequence of non-abelian finite simple
and transitive permutation groups, then the wreath product 32, H; s topologically 2-generated.

The Quick’s paper does not provide any construction of the corresponding topological gen-
erating set. In the Bhattacharjee’s work, we can find such a set — it is based on some specific
generators of the groups Alt(n;), which depend on the divisibility of the degree n; by four.
However, this construction seems to be quite complicated and not accessible for the further
study of the group generated by the constructed set.

In 2010, Bondarenko ([15]) formulated a condition when the wreath product $°,G; of tran-
sitive permutation groups (G;, X;) with the uniformly bounded ranks d(G;) is topologically
finitely generated.

Theorem 3 (Bonadrenko, [15]) Let (G;, X;)i>1 be a sequence of transitive permutation groups.
If the sequence (d(G;))iz1 is bounded, then d(332,G;) < oo if and only if d(]];5, Gi/G}) < oo.

In Theorem 3 the abelianizations A; := G;/G, (i > 1) are finite abelian groups, and hence
the infinite cartesian product []., 4; is a profinite abelian group. This profinite group can
be identified with a closed subgroup of the group Aut(X*), where the changing alphabet X =
(X;)i>1 comes from regular actions of the groups A; on themselves, that is X; := A; for every
i > 1. Then [[,», A; is a closed subgroup of the wreath product 22, A;, consisting of the so-called
homogeneous automorphisms, that is the automorphisms for which the vertex permutations at
the vertices in any given level of X* coincide (obviously, the vertex permutations at the vertices
from distinct levels may differ). The rank of such a cartesian product can be computed as

follows:
d(J T A») = sup(sup i),
1 peP  i>1
where PP is the set of all primes, and p;, is the number of cyclic p-groups in the canonical
decomposition of the product A; x ... x A; into the direct product of cyclic groups of prime-
power orders.

In one direction Theorem 3 is obvious because the direct product [[,~; G;/G} is a homomor-
phic image of the group &2, G; (as its abelianization). For the converse, Bondarenko showed that
if the groups (G;, X;) satisfy some additional conditions, then there exists a finite topological
generating set of the wreath product 7°,G;, which consists of rooted and directed automor-
phisms. He also observed that the boundedness of the sequence (d(G;));>1 is not necessary for
the group 2, G; to be topologically finitely generated.

A quite different and purely algebraical approach was used by E. Detomi and A. Luchcini
(|23]) in 2013 to provide the following complete characterization for the wreath products 2, G;
to be topologically finitely generated.

Theorem 4 (Detomi, Luchcini, [23]) Let (G;, X;)i>1 be a sequence of transitive permu-
tation groups. Then d(32,G;) < oo if and only if d(][;5, Gi/G}) < oo and the sequence
(d(G;)/Ni-1)i>2 is bounded, where N; := | X4|-...-|X;| fori > 1.
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In the proof of Theorem 4, the authors investigated the factors of the maximal normal
sequence (chief factors) of a finite group H and compared these factors with the chief factors of
the permutational wreath product Hy G with a transitive permutation group (G,Y’). However,
this approach, similarly as the Quick’s work, does not provide any construction of a topological
generating set for the group °,G;.

1.8 The previous constructions of topological generating sets for wreath products

As a part of my PhD Thesis, I showed (the paper [D5] from 2006 — the description is given on
p. 48) that the wreath product 2,C,,, of finite cyclic transitive permutation groups C,,, with a
pairwise coprime orders is topologically 2-generated. But, in contrast to the above cited works,
I constructed a clear and simple 2-element topological generating set for this wreath product,
as well as I investigated the group generated by this set. I realized that construction by an
automaton with a 2-element set of states over the alphabet X = (X;);>1 in which | X;| = m; for
¢ > 1. In particular, I introduced the wreath product 2,C,,, as a group generated by a 2-state
automaton, that is by a minimal automaton for this wreath product.

Definition 9 We say that a group G < Aut(X*) is generated by an automaton A = (S, X, p, 1),
if the equality G(A) = G holds, or, if G is closed, the equality G(A) = G. Additionally, if
|S| = d(G), then we say that the automaton A is minimal for G, and if |S| = d(G) + 1 and
one of the states is trivial (i.e. it defines the identity automorphism), then we call A an almost
minimal automaton for G.

Definition 10 An automaton A generating a group G < Aut(X*) is called optimal for G, if
the number of its states is not greater than the number of any other automaton generating G.

The previously known constructions of finite topological generating sets for permutational
wreath products of the form 3°, G; were studied only for some particular sequences (G;, X;)i>1
of non-abelian simple groups (such as the alternating groups Alt(n;) and the projective special
linear groups PSLs(p;)), or for some unspecified perfect groups satisfying additional conditions
for the actions on the sets X; (a group G is called perfect if it coincides with the commutator
subgroup G’ = [G,G]). In particular, there was no known construction of a finite topological
generating set for the wreath product 152, A; of abelian groups. All these constructions were
based on rooted and directed automorphisms, which implies that the resulting sets were far
from minimal (the only exceptions were two specific constructions for the wreath products of
alternating groups, that is the mentioned above Bhattacharjee’s construction and the listed
below Wilson’s construction of two directed automorphisms in the wreath product of the al-
ternating groups Alt(n;) of degree n; > 29). Furthermore, the notion of an automaton was not
used for the description of these sets and the problem of the existence of a minimal or almost
minimal automaton was not investigated. On the other hand, it was proved that the groups
generated by these sets, apart from that they are dense in the corresponding wreath product,
satisfy another properties. This allowed to discover interesting properties of finitely generated
residually finite groups and to settle some conjectures on these groups.

The pioneer result of this type was the P. M. Neumann’s ([63]) construction of a finitely
generated just-infinite perfect group G isomorphic to the permutational wreath product G
Alt(6). In his work, Neumann showed that every subnormal subgroup of G is isomorphic to
the finite direct power of GG, but GG does not satisfy the ascending chain condition on subnormal
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subgroups. This provided new examples of atomic (minimal) groups with respect to the relation
of largeness defined by S. J. Pride’a in the class of all groups.

D. Segal ([70]) constructed a group generated by a 4-element topological generating set
(two rooted and two 1-directed automorphisms) of the wreath product 122, PSLy(p;) with a
suitable chosen sequence (p;);>1 of distinct primes, and invalidated in this way the conjecture
of Lubotzky, Pyber and Shalev on subgroup growth of a finitely generated group. In the same
work, he also showed, on basis of rooted and 1-directed automorphisms, that if (G;, X;) are non-
abelian simple transitive groups satisfying: Stabg,(z) # Stabg,(y) for x # y, then the group
1°2,G; contains a 63-generated just-infinite subgroup G with the congruence subgroup property
(i.e. every finite index subgroup K < G contains a stabilizer Stabg(n) for some n = nx > 1).
As a result, he obtained that all finite images of G coincide with the finite images of finitely
iterated wreath products i ;G; (n > 1), and that the profinite completion G is isomorphic
to the topological closure G = &°,G;. He concluded that if C is any non-empty collection
of non-abelian finite simple groups, then there exists a 63-generated just-infinite group whose
upper composition factors comprise exactly the set C (an upper composition factor means a
composition factor of some finite image of the group).

J. S. Wilson (|81, 82|) investigated some specific generating pairs (eligible pairs) of the
alternating groups Alt(m) of degree m > 29. He used these pairs in the construction of two
directed automorphisms of orders 2 and 3, and showed that these automorphisms generate a
perfect group G isomorphic to the wreath product G ¢ Alt(m). This allowed him to solve the
previously mentioned Gromov problem. The eligible pairs were also used by J. Brieussel (|20])
in the construction of two directed automorphisms of orders 2 and 3 in the wreath product
2, Alt(n;) of the alternating groups of degree n; > 29, obtaining in this way a 2-generated
group of intermediate growth, which is dense in this wreath product.

Some more general and geometric construction was introduced by Bondarenko ([15]). He
investigated an arbitrary perfect transitive permutation group (H, X') which does not act freely
on the set X. Based on an arbitrary generating set {hq,...,h,} of H, he defines for every
1 < j < m two automorphisms r;,d; € 2 H @) by their vertex permutations Orj s Od;w
(w € X*) as follows:

o hj, w=c¢, . hj, w=a\z, © >0,
ek idyx, w # e, 35 idx, otherwise,

where x1, 29 € X are arbitrarily chosen letters with the distinct stabilizers (hence the assump-
tion that H does not act freely). In particular r; is a rooted automorphism and d; is a 1-directed
automorphism with the direction z3°. He showed that the set S = {ri,...,rm,d1,...,dn}
topologically generates the infinite wreath power 22, H®, and that G := (S) is a just-infinite
regularly branch group over itself. Moreover, G' has the congruence subgroup property and
it contains maximal subgroups of infinite index. This is the only known example of branch
groups having maximal subgroups of infinite index (for example, in the Grigorchuk group,
every maximal subgroup is of index two).

16



2 Discussion of the results on the basis of the works [H1]-[HS8]

The previously described results on finite topological generation of wreath products 2, G;
have inspired me to the further (already after my PhD study) exploration of this topic. For
this purpose, I used the geometric description of the group Aut(X*), basing on the analysis
of the portraits of suitable constructed automorphisms, as well as the combinatorial language
of automata, relying on the notion of wreath recursion. It allowed me to obtain transparent,
simple, and at the same time quite universal constructions of finite topological generating sets
for these wreath products. In particular, I obtained the results in the following topics:

constructing minimal and almost minimal automata for wreath products of the form
2;'21Gi7

the study of algebraic and geometric properties of groups generated by the constructed
sets/automata,

characterization of those sequences (G;, X;);>1 for which the wreath product $°,G; is
generated by a single automaton over the alphabet X = (X;);>1.

The papers [H1]-[H8] contain the solutions of the following problems:

construction of a minimal Mealy automaton for the infinite wreath power of a nontrivial
group (in particular, for the infinite wreath power of an arbitrary alternating group Alt(n)
of degree n > 5) ([H5]),

obtaining a universal almost minimal automaton realization for wreath products 2, H;
of finite non-abelian simple groups; the study of algebraic and geometric properties of the
group generated by the constructed automaton ([H6]),

computation of the ranks of arbitrary wreath products 52, A; of finite abelian groups,
and the construction of finite topological generating sets for these wreath products (JH1],

[H2], [H4]),

introducing the notion of a homogeneous automorphism and its crack, and construction
(on basis of these two types of automorphisms) of a universal topological decomposition
of the wreath product 2, A; of finite abelian groups into two isomorphic abelian free
groups; investigating the group generated by the union of these two abelian free groups

([H3]),

obtaining a general condition for amenability of groups generated by an arbitrary set of
homogeneous automorphisms and their cracks ([H8]),

characterization of those sequences (G, X;);>1 of transitive permutation groups for which
the wreath product $°,G; is generated by a single automaton over the alphabet X =
(X;)i>1; obtaining an explicit and universal automaton realization for every such a se-
quence and finding (by using this realization) the upper bound for the rank of the group
2,G; and for the number of states in the corresponding optimal automaton ([H7]),

characterization of those sequences (G;);>1 of transitive permutation groups on a finite
set X for which the wreath product 72, is generated by a Mealy automaton over X
([H7]).
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The constructions from the papers [H2| and [H6| are universal enough to use them for arbi-
trary sequences (H;, X;);>1 of non-abelian transitive simple groups and for arbitrary sequences
(A;, X;)i>1 of abelian transitive groups for which the wreath product $°,A; is topologically
finitely generated. Besides, in the case of non-abelian groups, the constructed set is always
minimal, and in the case of abelian groups the construction from the paper [H2| is minimal
provided that the group A; is cyclic.

2.1 Automata for wreath powers of perfect groups — paper [H5]

The infinite wreath power °, H® of a transitive permutation group (H, X) on a finite set
X is topologically finitely generated if and only if the group H is perfect ([15]). If we addi-
tionally assume that the action of H on X is not free, then the above described Bondarenko’s
construction gives a finite set S = {ry,..., 7y, dy,...,d,} of topological generators for this
wreath power. If m := d(H), then every automorphism r; has exactly two sections: r; and
tdx~, and every automorphism d; has three sections: d;, r; and idx-. Thus, it is possible to
construct a Mealy automaton A = (S, X, ¢, 1) with the (2m + 1)-element set of states

S:={Ry,...,Rm,D1,..., Dy, Id},

such that the equalities hold: E; =7, B; =d; for1 <j <mand Id = idx+. The transition
and output functions in A can be formally defined as follows:

Dj, x=u,
p(Dj,x) = § Rj o=, p(Rj,x) = p(Id, x) = Id,
Id, x € X\ {z1,2:},
v(d,x) = ¢(Dj,x) ==z, ¢(R;,x) = hy(x)
for all 1 < j < m and € X. Obviously, the automaton A generates °, H®. Tt is not a
minimal automaton, because if H is simple, then |S| = 5 and d(12,H”) = 2. It is an open
question if there is a group H such that the above construction gives a minimal or optimal
automaton for the corresponding wreath power.

We solved in [H5]| (sections 3-4) the problem of existence of a minimal automaton for the
infinite wreath power of a nontrivial group. We based the positive solution on completely
different types of automorphisms. For this purpose, we considered k-transitive (k > 1) perfect
groups (H, X) which can be generated by two permutations such that one of them (denoted
by ) has all cycles of the same length in the decomposition into disjoint cycles, the number of

these cycles is equal to k, and each of these cycles contains a fixed point of the other generator
(denoted by «). Let X' C X be the set of all these fixed points.

Theorem 5 ([H5], Theorem 3) The Mealy automaton A = ({a,b}, X, ¢,v) defined as fol-
lows:

doa)={ g e ) = ae) blbe) = o Bla)

s = b otherwise,

generates the wreath power ¥, H ). In particular A is a minimal automaton for this wreath
power.

We used the above construction ([H5], Proposition 5) for the alternating groups, as for every
n > 5, we have Alt(n) = (ay, B,), where

a, = (1,2,3), b= {



The observation that «, and 3, generate Alt(n) was derived in [P4] (the description of [P4] is
given on p. 42).

By using the same reasoning as in (|[H5|, Proposition 5), we can extend the above construc-
tion to an arbitrary sequence (Alt(m;));>1 of alternating groups of degree m; > 5. Consequently,
we obtain a minimal automaton for the subgroup Aut.(X*) < Aut(X*) of alternating auto-
morphisms.

Theorem 6 If X = (X;);>1 is a changing alphabet and | X;| > 5 for every i > 1, then there
is a 2-state automaton A over X which generates the wreath product 3°, Alt(X;). If we denote
X;:=A{1,...,m;} fori>1, then the automaton A can be defined as follows:

A = ({a,b}, (Xi)iz1, (0i)iz1, ($1)iz1),
where the transition and output functions are defined as follows:

a, S=a, x=m;,
vi(s,x) =< a, s=a, x=m;—1, 2| my, Yi(a,x) = am,(z), Yi(b,x) =, o fBm,(x).
b, otherwise,

2.2 The method of wreath recursions — paper [H6]

To study the groups generated by automata from the papers [H3|, [H5| and [H6|, we use,
among others, the method of wreath recursions. In the case of Mealy automata, this is a popular
tool to study the groups generated by such automata. In [H6|, we introduced the extension of
this method to arbitrary automata (i.e. to automata over a changing alphabet). However, for
the first time, we used this idea for the constructions from |[D5| and [H3].

In the method of wreath recursions, we consider the i-th transition (i > 1) of the automaton
A= (5, X,p,1), that is the automaton

A; = (S, (Xj)jziy (%‘)J‘zz, (1@]22)

Let us denote by (s); the automaton transformation defined by the state s € S of the automaton
A;. In particular, we have s; € Aut(X(*i)) (in the sequel, when considering some concrete
examples of automata A, we will simply write s; instead of (s);, and if A is a Mealy automaton,
then we will identify every its state s with the corresponding automaton transformation). Let
us denote

S = {Sl, e ,Sk}, Xz = {xi,la e 7xi,mi}a Z Z ]_ (3)

According to the definition of an automaton transformation, we can built the following infinite
sequence R = (R;);>1 of finite systems R; of wreath recursion of the generators

(81)is - -+ (sk)i € Aut(X(;)

of the group G(A;) generated by the automaton A;:

(Sl)i = ((Qi,l,l)i+17 (%,1,2)i+1, ceey (Qi,l,mi)iJrl)ﬂ'z’,la
R, .(82)1' = .((Qi,Q,l)i—s-l’ (Qi,2,2)z‘+17 s ((lz',2,mi)i+1)7Tz‘,2, P> 1 (4>
(Sk)i = ((Qi,k,l)i+1a (qZ‘,k,Z)i—i-la S (qi,k,mi)z‘—f—l)ﬂ-i,ka
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where q;j, 1= (85, Tiy) € S, Ty = 05, € Sym(X;) for 1 < j <k, 1 <r < m;. Conversely,
for every finite set of symbols S and a changing alphabet X = (X;);>1, defined as in (3), the
sequence R = (R;);>1 of finite systems of equations (4), where q;;, € S, m; € Sym(X;),
defines uniquely an automaton A over the alphabet X = (X;);>; and with the set S as a set of
states. We denote such an automaton as a triple

A=(5X,R),

and refer to the sequence R = (R;);>1 as a system of wreath recursions of the automaton A.
If A is a Mealy automaton, then (A;);>1 and (R;);>1 are constant sequences, and we get just
one system of equations:

81 = (ql,lv qi1,2,-- - 7q1,m1)7T17

S2 = (q2,17 92,2, - - 7QQ,m1)7T27
R: )

Sk = (Qk1, 982, - - - s Dy ) Ths

where q;, := @©(sj,71,), T =05, 1 <j <k, 1<r<my.

For example, a (2m+ 1)-state Mealy automaton for the Bondarenko’s construction from the
previous section can be described by the following system R of wreath recursions (we assume
that the letters z; and x5 are, respectively, in the first and the second positions in X):

(Id = (Id,Id Id,... Id),
R, = (Id,IdId,..., Id)h,

R:{ R, = (Id,IdId,... , 1d)hy,
D, = (Dy, Ry Id,... Id),

{ D1 = (D, R, 1d, ... Id),
whereas the minimal automaton A from Theorem 6 can be presented as the automaton
= ({a,b}, X, R)

in which the system R = (R;);>1 of wreath recursions is of the form
a; = (b Ty b'+1 Cit+1 CL‘+1)Oé . .
R" 7 1+1, s Vg s L s Wg mis Z>1
' { bi = (bit1s -+ -5 big1, bit1, biy1)aim, © By, -

_ ) oai, 2| my,
where ¢; 41 := { bior, 24 ms.

In the method of wreath recursions, we study the relations between the elements of the group
G(4;) (i > 1) and its sections. For this purpose, we consider these elements as the group-words
W over the corresponding generating set as an alphabet, and we use the combinatorial methods
for these group-words, involving the notion of the section Wy, at any word w € X () To define
this notion, we consider the generating set

= {0 (), P21
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of the group G(4;) as a basis of the free group F(S;) of rank k. Next, when considering the
equalities (4), we see that every group-word W € F(.S;) is a product of some of their left sides or
their inverses. Thus W defines uniquely a product of some of their right sides or their inverses.
Computing this product in accordance with the formulae (1)—(2), we obtain the relation

W=WV,...,Vp)m

for some group-words V, € F(S;;1) (1 < r < m;) and a permutation m € Sym(X;). The
group-words V. are defined uniquely by the group-word W and the system R = (R;);>1. Thus,
these words are not usually reduced, which means that they may contain trivial subwords, that
is the words of the form (s;)/,1(s;); 4 (n € {—=1,1}, 1 < j < k), as well as the words (s;)],,
defining the identity idxaﬂ) (we do not exclude the trivial states in the automaton A;,1). By
consecutive deleting in the word V,. (1 < r < m;) all these trivial subwords, we get a unique
and reduced form of this word, which we denote by ‘//\} and call the section of W at the letter
z;r € X; (defined by the system R). We now define the section Wy, € F(Si4w|) of a group-
word W € F(S;) at any word w € X{y recursively: Wygy = W and Wieay = (Wiwy)(ay for all
v E X(*Z.) and z € Xy
If a group-word W € F(S;) defines an automorphism g € Aut(X E‘;.)), then for every w € X
the section Wiy} € F'(Sitjw|) defines the automorphism g,y € Aut(X(, ). We also have
(WV)wy = Wiy Viwy: (W) gy = (Wewn) ™, (5)

for all W,V € F(5;) and w € X;), where v’ := W(w), w" := W= (w). Moreover, the relation

v < w implies |Wy| < Wiyl

Definition 11 We call a group-word W € F(S;) defining the neutral element in G(A) a
disappearing group-word, if there is n > 0 such that Wy, = € for every w € X". We refer to
the smallest n with this property as the depth of W and denote it by A(W).

By (5), we get that the depth A: F'(S;) — {0,1,2,...} U{oo} satisfies:
AW) = AW) = AW = NUT'WU),  AWV) < max{\W), A(V)} (6)

for all U, V,W € F(S7). Obviously, not every group-word defining the neutral element in G(A)
must be disappearing. By the relations (6), we obtain:

Proposition 1 ([H6], Proposition 3) If the group G(A) generated by an automaton A =
(S, X, R) satisfies the following two conditions:

(i) every group-word in F(Sy) defining the neutral element is disappearing,
(ii) there are disappearing group-words which have arbitrarily large depth,

then G(A) is not finitely presented.

Indeed, suppose, contrary, that there exists a finite set R C F(S;) of defining relations for
G(A). By (i), for any nonempty and reduced group-word W € F(S;) defining an identity,
there are n > 1 and V; € F(S;), U; € RUR™ (1 <1 < n) such that W is freely equivalent
to ViU,V - .. - VU, VoL But then, from (6), we get: A(W) < maxj<i<, U; < L, where
L := maxyer U < 00, which contradicts (ii).
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The groups generated by automata over a fixed alphabet and satisfying (i) belong to the
larger class of groups (piecewise automatically presented groups) investigated by A. Erschler
(|24]). She proved that if such a group has the Kazhdan (T) property, then it must be finite,
and if it is an amenable and finitely presented group, then it must be virtually abelian (i.e.
contains abelian subgroup of finite index).

In [H6|, we introduced the notion of an automaton with a path-active nucleus (here, for
simplicity, we will call it an automaton with a nucleus). To this aim, for any subset 7" C F'(S}),
we denote

where W(;) € F(S;) is obtained from the word W € F(S) by replacing every letter (s;)] with
(s;)f (1<j<kme{-11})

Definition 12 An automaton A = (S, X, R) is called an automaton with a nucleus if there is a
finite set " C F'(S) (called a nucleus of the automaton) of nonempty and reduced group-words
which satisfies the following conditions:

(i) for every W € F(S;) there is n > 0 such that W,y € T(n41) U {e} for all w € X7,

(ii) for every W € T there is v = zyzy... € X¥ such that for every i > 1, we have:
W(i)(:vi) 7§ X, (W(i)){xi} = W(i+1) and (W(i)){:v} =cforx € X; \ {:L‘Z}

Proposition 2 ([H6], Proposition 5) In a group generated by an automaton A = (S, X, R)
with a nucleus every group-word defining the neutral element is disappearing.

The notion of a nucleus for time-varying automata is analogous to the notion of a contraction
in the class of self-similar groups. In particular, every group generated by a Mealy automaton
with a nucleus must be contracting.

In the paper [H6], we also extended to time-varying automata the concepts of self-replication
and branching, which are well-known in the class of self-similar branch groups (|60]). We based
them on the observation that the equalities (4) define for every ¢ > 1 an embedding

‘Ifi’AZ G(Al) — G(Al+1) ZXi Sym(Xl),

which, in general, is not an isomorphism. Let us consider the restriction of the embedding W; 4
to the stabilizer of the first level, together with the projection W;, 1: Stabg(a,)(1) = G(Ais1)
on the r-th (1 <r <m;) coordinate.

Definition 13 If U;, 4(Stabga,) (1)) = G(Ai41) for all i > 1 and 1 < r < my, then the
automaton A is called self-replicating. If there is a sequence (K;);>1 of finite index normal
subgroups K; < G(A4;) satisfying K", < W; 4(K;) for every ¢ > 1, then the automaton A is
called regularly branch. If the groups K; are only nontrivial, then A is called regularly weakly
branch.

In particular, if the automaton A is regularly branch and the group G(A) acts spherically
transitively, then this is a branch group (in a sense of Definition 6), and if A is regularly weakly
branch, then G(A) is a weakly branch group. If additionally A is a Mealy-type automaton,
then in the first case the group G(A) is regularly branch, and in the second case it is regularly
weakly branch (in a sense of Definition 7).

In [H6|, we also introduced the notion of a nearly finitary automorphism and a nearly
finitary group.
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Definition 14 An automorphism g € Aut(X™*) is called nearly finitary if there is n :=n, >0
and a finite set T' := T, C X*“ (perhaps empty) such that TN Fiz(g) = 0, and the vertex
permutations o,, are trivial for all words w € X* of length greater than n which are not
a prefix of any word in 7. If every element of a group G < Aut(X*) is a nearly finitary
automorphism, then we call G' a nearly finitary group.

Proposition 3 ([H6], Proposition 4) If A = (S, X,R) is an automaton with a nucleus,
then G(A) is a nearly finitary group.

The set of all nearly finitary automorphisms of the tree X* contains properly the group
of finitary automorphisms, which in turn forms a dense subgroup of the group Aut(X*) (an
automorphism ¢ € Aut(X*) is called finitary if the vertex permutations o,,, are nontrivial for
at most finitely many vertices w € X*). However, the set of nearly finitary automorphisms does
not form a group (admittedly the inverse of a nearly finitary automorphism is a nearly finitary
automorphism but the composition of two such automorphisms need not be of this type). On
the other hand, the set of nearly finitary automorphisms is properly contained in the group of
bounded automorphisms of the tree X*.

Definition 15 An automorphism g € Aut(X™) is called bounded if the sequence (£,(n)),>1 is
bounded, where &;(n) = [{w € X™: g} # idx(»sn+l>}|.

In 2010, V. Nekrashevych (|61]) showed that if the alphabet X = (X;);>1 is bounded, then
the group of all bounded automorphisms does not contain non-abelian free subgroups (in the
case of an unbounded alphabet X it is not difficult to construct a non-abelian free group in
the group of bounded automorphisms of the tree X*). The proof was based on the following
alternative:

Theorem 7 (Nekrashevych, [61]) Let G be a group acting faithfully on an infinite locally
finite rooted tree T'. Then one of the following holds:

(1) G does not contain non-abelian free subgroups,

(2) there is a non-abelian free group F < G and an infinite path w starting in the root of
T such that F C Stabg(u) and F acts faithfully on every neighborhood of uw (i.e. on a
subtree of T which consists of all descendants of some prefiz of u),

(8) there is an infinite path u starting in the root of T' and a non-abelian free subgroup F < G
such that the stabilizer Stabp(u) is trivial.

We used the above alternative to show the following theorem.

Proposition 4 ([H6], Proposition 1) If X = (X;);>1 is an arbitrary changing alphabet (bounded
or unbounded) and G < Aut(X*) is a nearly finitary group, then G does not contain non-abelian
free subgroups.

Remark 4 The method of wreath recursions, although quite useful, might be insufficient even
towards very simple automata. For example, if we take the group generated by a 2-state Mealy
automaton A = ({a, b}, {1,2,3}, R) with the following system of wreath recursions

_ a=(a,b,a)(l1,2,3),
R { b= (a,a,b)(1,2),
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then we even do not know whether G(A) is finite (it is supposed that this is an infinite group).
The above automaton (denoted by Mgrs) appears in the classification of groups generated by
a 2-state Mealy automaton over a 3-letter alphabet ([59]).

2.3 The automaton A and the group G(A) — cont. of [H6]

Let X = (X;);>1 be a changing alphabet. The main result of the paper [H6| is the universal
construction of an almost minimal automaton for the wreath product 22, H;, where (H;, X;)i>1
is an arbitrary sequence of non-abelian simple transitive permutation groups. The construction
is based on the observation that if (H,Y") is a non-abelian simple transitive permutation group
on a finite set Y, then there is a triple (o, 8,y) € H x H x Y (which we called a hooked triple)
satisfying the following conditions: H = («, ), o(a) = 2, o() = p for some prime number
p > 3, and in the decompositions of the permutations « and S into the products of disjoint
cycles, there are two nontrivial cycles, one in the decomposition of o and the second in the
decomposition of 3, such that y is the only common element in both these cycles. First of
all, note that the existence of such a triple («, 3, y) follows directly from the existence of the
elements «, f € H satisfying the following two conditions:

(i) H = {«a, ), o(a) =2, o(B) = p for some prime p > 3,
(ii) p < Y.

Indeed, let us take the permutations «, § € H satisfying (i)—(ii), and consider their decomposi-
tionsa=71,-...-7s, f =01 ... 0; into the products of nontrivial disjoint cycles. Then there
is a transposition 7;, which has exactly one common element (denote it by y) with a cycle oy,
for some 1 < ko < ¢ (otherwise the support of every 7; either would be contained in Fiz (/)
or it would be contained in the support of some ¢, but then, by (ii), the group H = (a, )
would not be transitive). Consequently (a, 3,y) is a hooked triple. The observation that there
are elements «, § € H satisfying (i) is the main result due to C. S. H. King (|49]). Let us show
that the elements «, 5 can be chosen in such a way that also the condition (ii) is satisfied. So,
let us choose «, 5 € H satisfying (i) and let us assume that the prime number p = o(f) > 3 is
possible minimal. We obviously have |Y| > 5 and |Y| > p. If 2| |Y], then p < |Y|. Thus, we
can assume that 2 1 |Y|. Suppose contrary that p = |Y|. Then S is a long cycle (i.e. a cycle of
length |Y|). We use the following lemma:

Lemma 1 ([H6], Lemma 1) FEvery finite simple permutation group with a long cycle is a
primative group.

There is a classification of primitive permutation groups containing a long cycle (below, we
use the standard notation for the general affine group AGLk(q) of degree k over a g-element
field, the projective general linear group PG Lyg(q), the projective semilinear group PI'Li(q),
the projective special linear group PSL(q), and the Mathieu groups My; and Mas):

Theorem 8 ([44]) If G is a primitive group of degree m containing a cycle of length m, then
one of the following holds:

o G < AGLy(m), where m is a prime number,

o G = Alt(m) or G = Sym(m),
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o PGLL(q) < G < PT'Li(q), where k > 2, q is a prime number and m = (¢* —1)/(q¢ — 1),
e m =11 and G = PSLy(11) or G = My,
e m =23, G = Mos.

In above, if m := p is a prime number, then AGL;(m) contains a cyclic group of order m, which
is a normal subgroup. Besides of that the group PGLg(q) is a normal subgroup of PI'Lx(q)
and PGLg(q) is simple if and only if GCD(k,q — 1) = 1 and (k,q) # (2,2), which implies
PGLy(q) = PSLg(q). Since H is non-abelian and simple, we obtain the following possibilities:

o H = Alt(p), or
e p=23 and H = My3, or
[} pzll andH:MH,or

e p=11and H = PSLy(11), or

p=(¢"-1)/(¢q—1) and H = PSLi(q), where k > 2 and ¢ is a prime power satisfying
GCD(k,q—1)=1.

Now, it is enough to observe that the group PSLy(11) and the groups Alt(p) for p # 7, as well
as the groups PSLi(q) with k and ¢ as above are generated by an involution and an element
of order 3; and the groups Alt(7), My, and Ms3 are generated by an involution and an element
of order 5 ([49, 66]). In every case, we obtain a contradiction with the assumption that p is
minimal.

Fore every 7 > 1 let us take an arbitrary hooked triple

(e, Biy ;) € Hy x H; x X,

and let us consider a 3-state automaton A = ({a,b,id}, (X;)i>1, (R:)i>1) with the following
system R = (R;);>1 of wreath recursions:

a; = (CI,Z‘_H, ’idi+1, e ,Z'di+1)(]1i,
Ri: bi = (biy1,idiya, ..., idig1) i, 1>1, (7)
id; = (idigy,idig, ... idig),

where above, we assume the orderings of the alphabets X; (i > 1) in such a way that the letter
x; € X; from the triple (o, f;, ;) occurs in the first position.

First of all, observe that in spite of the fact that the nontrivial vertex permutations of the
automorphisms a and b are placed along the infinite word x;z2x3 ... € X“, these automorphism
are not directed, as they do not fix this word.

Theorem 9 ([H6], Theorem 1) The transformations @,b € Aut(X*) defined by the states a
and b of the automaton A topologically generate the wreath product 2, H;. In particular A is
an almost minimal automaton for the wreath product 2, H;.

For the proof, we consider the i-th transition A; = ({a,b,id}, (X})i>i, (Ri)i>i) of the au-
tomaton 4. We obviously have G(A;) = (a;,b;) < W; for every ¢ > 1, where W; := 2. H,.
For i,7 > 1 let W;; < W; be the subgroup obtained from W; by replacing the vertex permu-
tations o4, (g € W;) at the vertices w € Xy with |w| > j by the trivial permutations. Let
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a; j,bi; € W;; be elements obtained in this way from the generators a;,b; € W;. We need to
show the equality (a;;,b; ;) = W;; for all i, j > 1. We use induction on j. For j = 1, we have:
W1 = H; = (o, 5;) = (a;1,b;1) for all @ > 1. Let us assume that there is jo > 1 such that
Wi o = (@ijo,bij,) for every i > 1. Let us choose arbitrarily ig > 1, and denote ¢ := a;, j,+1,
G = Qigs14e, b= bigjor1, V= big11 o, 1d = idig11, 0=y, B = Bi,. By (7), we have:

g = (¢,id,... id)a,
{ ho= (K,id,...,id)B. (8)

Thus, we need to show that the group W, j,4+1 is contained in the group G := (g,h) (the
converse inclusion is obvious). We obviously have Wi, j,11 = Wigy1j, U, Hip = V[/ffl o X Hig,
and, by the inductive assumption, we get W 11, = (¢’, h'). Since W; 41 j, is perfect, for every
f € Wiy+1,o, there is a group-word V(z,y) € F(x,y) in which vanish the sums of exponents on
the letters = and y, as well as the equality f = V(¢’, 1) is satisfied. Let us compute the wreath
recursion of the element V(g% hP) € G. By wreath recursions (8) and the construction of the
hooked triple (o, 8, x;,), we get V(g% hPo) = (f,id,...,id). Thus (f,id,...,id) € G. Since f
was chosen arbitrarily, we also get: (¢',id,...,id) € G and (K',id,...,id) € G. Consequently,
by (8), we get: «, € G, and hence H;, < G. Since the group H;, is transitive, we also get
Wiffl’jo < (. Hence, we obtain W, j,+1 < G, and the inductive argument finishes the proof.
In [H6|, we also derived the following result:

Proposition 5 ([H6], Propositions 8, 10) The automaton A is an automaton with a 6-
element nucleus
T ={a,a;", by, b7t a7 by, bta ).

In particular, every group-word W € F({ay,by,id1}) defining the neutral element in the group
G(A) is disappearing. Moreover, there are disappearing group words W € F({ay,by,id;}) with
an arbitrary large depth.

For the proof of the second part of Proposition 5, we construct for every ¢« > 1 the group-
words on the letters a; and b; of the form:

N, —Mp—-N _N|._ N _Mp-N, —M}N —My—N_M
Wy = [bja; b a;'] :==ba;"b; Va; b a; " b; N a

where the exponents M and N satisfy: 2 | M and p; | N, where p; := o(f;). Next, we show
that Wy n(z) = @ for every x € X;, and compute the corresponding one-letter sections:

Whro,n i+l L= Ty,
(WM,N,i){x} :{ . /2,N/pi,i+1 .t

By above, we obtain that for every 7 > 1 the group-word Wait1 . 5, 1 is disappearing and its
depth is equal to i + 1. As a result of Propositions 1-5, we obtain:

Theorem 10 ([H6], Theorems 2, 3) G(A) is a nearly finitary not finitely presented group
without non-abelian free subgroups.

Proposition 5 can be also used to show that the semigroup generated by the maps @ and b
is free (|H6|, Proposition 9). Indeed, let W € F({a;,b;}) (i > 1) be a reduced semigroup-word
(i.e. without negative exponents). By induction on the length of W, we show on basis of the
wreath recursions (7) that if W begins with a; (resp. with b;), then the section W,y (which is
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a reduced semigroup-word in the letters a;,; and b; ;1) begins with a;1 (resp. with b;;1). Since
the only semigroup-words in the nucleus T of the automaton A are a; and by, we conclude that
it W e F({a1,b1}) is a reduced semigroup-word which begins with a; (resp. with b;), then
there is ¢ > 1 such that Wiy, 4.3 = a1 (vesp. Wig, . 2,3 = bit1). Since a; # b; for every i > 1,
we conclude that arbitrary two distinct and reduced semigroup-words in the letters a; and b,
can not define the same transformation (we may assume that one of these semigroup-words
begins with a; and the second with by, or one is empty and the second is nonempty), thus the

semigroup sgp(a, b) is free. As a corollary, we obtain the following result:

Corollary 1 ([H6], Corollary 4) The group G(A) generated by the automaton A has an
exponential growth.

We have also shown that the automaton A is self-replicating and regularly weakly branch
over the sequence (G(A;)');>1 of commutator subgroups.

Proposition 6 ([H6], Proposition 12) The automaton A is self-replicating and regularly
weakly branch over the sequence (G(A;)")i>1 of commutator subgroups. In particular, the group
G(A) is weakly branch.

If the sequence (H;, X;);>1 is constant, then A is a Mealy automaton. In addition, this is a
bounded automaton, that is every its state defines a bounded automorphism. The concept of
boundedness for Mealy automata was studied by S. Sidki ([71]) in 2000. The groups generated
by a bounded Mealy automaton form a subclass in the class of self-similar contracting groups.
Although the problem of amenability for groups from this wider class is still open, it was proved
([7]) that groups generated by a bounded Mealy automaton are amenable. Consequently, we
obtain the following corollary:

Corollary 2 ([H6], Corollary 2) For the infinite wreath power 22, H® of an arbitrary non-
abelian simple transitive group H on a finite set X there is an almost minimal automaton
realization by a 3-state bounded Mealy automaton A over X. The group G(A) generated by this
automaton is an amenable not finitely presented nearly finitary group of exponential growth, and
its two generators corresponding to nontrivial states of A generate a free semigroup. Moreover,
the group G(A) is self-replicating contracting and regularly weakly branch over its commutator
subgroup.

2.4 Generation of wreath products of abelian groups — papers [H1, H2, H4]

In my PhD Thesis, I showed (the paper [D5]) that the wreath products °,C,,. of finite
transitive cyclic groups C),, with a pairwise coprime orders, that is satisfying the condition
GCD(n;,n;) = 1 for i # j, are topologically 2-generated. The proof was based on the con-
struction of a minimal automaton (i.e. a 2-state automaton) for such a wreath product. After
defending, I wondered about extending this result to wreath products 7, C,,, of arbitrary finite
transitive cyclic groups, and I wanted to find the formula for the rank of such a wreath product.
I still do not know if there exists the construction of a minimal automaton, but, in the paper
[H1], T discovered the formula for the rank of an arbitrary wreath product of this form, as well
as I constructed the corresponding minimal topological generating set (the formula is partly a
consequence of this construction).
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Theorem 11 ([H1], Theorem 1.1) Let (n;);>1 be an arbitrary sequence of positive integers
greater than 1. Then d(52,Cy,) = d([[;55 Cn;) + 1.

Note that the right side of the above equality is equal to the smallest integer kg such that
the greatest common divisor of an arbitrary kg-element subsequence of the sequence (n;);>2 is
one. Thus Theorem 11 can be used to determine the ranks of finitely iterated wreath products
of the form *,C,, (m > 1). In particular, we obtain the estimation dQ*,C,,) < m, and the
equality holds if and only if GCD(ns,...,n,;,) > 1. In addition, for every m > 2 there is an
infinite sequence (n;);>1 such that d(33°,C,,,) = m. For example, as n; we can take an arbitrary
integer greater than 1 and as n; (i > 2) we can take the product p;pii1 .. . Piym—2, where (p;)i>2
is an arbitrary sequence of pairwise different primes.

Let us denote p := d([[,5, Cn,) and assume p < oo (if p = oo, then obviously d(2,C,,) =

00). The proof of Theorem 11 is based on the construction of a (p + 1)-element set

S ={B,,...,q,}

of topological generators for the wreath product 7°,C,,. For this construction, we consider
7°,C,, as an automorphism group of the tree X* over a changing alphabet X = (X;);> such
that |X;| = n; for every i > 1. We define 5 as a rooted automorphism generating the cyclic
group C,,. The automorphisms «; (1 < j < k) are defined as follows: for the groups C,,
(i > 2), we choose p-element generating sets {ai;,...,a,;} € C,, satisfying the condition:
GCD(o(aj;),0(ajr)) = 1 for all 1 < j < p and ¢ # ¢'. The existence of these sets, and
their construction, were derived in ([H1|, Lemma 3.1). Next, for every ¢ > 1, we choose two
letters x;,y; € X;, and define oy, by its vertex permutations, as follows: 04, w, = a;i1 for
i > 1and 04, = idx,,,, for w ¢ {wy,ws, ...}, where w; := x1...2;,_1y;. In particular, each
automorphism «; is 1-directed and the word x zo23 ... € X% is its direction.

We divide the main burden of the proof of Theorem 11 into several lemmas ([H1], Lemma 3.2—
3.5), which show that the set S indeed topologically generates the wreath product ¥°,C,, . To
this aim, we show at first that for every n > 0 the group (S) acts transitively on the level n of
the tree X* (induction on n). Fix N > 0. Then by the assumption GCD(o(a;;),0(a;;)) =1
for 1 < j < p,i#1i, we can use the Chinese remainder theorem to construct for any 1 <i < N
and v € G, an element g := g(i,7) € (S5) which satisfies: 0., , = v and 0y, = idx,,,, for
w € XN\ {w;_1} (we denote by X= the set of words of length not greater than N, we also
define wy = €). Next, for every w € X< we consider the subtree V,, C X< of all words
having w as a prefix. By using the construction of the elements g(i, ), as well as the fact that

(S) acts spherically transitively, we construct for every w € X=" and v € Chjyyr a1 element

h = h(w, ) € (S) such that 0, =y and oy, = idx, ., for all v € X=N\V,. Next, we fix an
arbitrary word w € X< and for any v € V,,, we choose arbitrarily 7, € Chpyr- On basis of
the elements h(v,7,), we construct the element f,, € (S) such that oy, , =, for v € V,, and
00 = idx,, ,, forve X SN\ V,. For the construction of f,, we use the backward induction
on |w|. Namely, if |w| = N, then V,, = {w} and we define f,, := h(w,~,). Next, we inductively
assume that for some 1 <7 < N the required element f,, can be constructed for every word w
satisfying ¢ < |w| < N. Finally, on basis of the constructed elements, we construct f,, for every
w € X1 If we now take w := €, then we have V,, = V. = X=V. Thus, sine N was chosen
arbitrarily, we obtain that S topologically generates the wreath product 2,C,..

For the proof that S is a minimal set, i.e. |S| = d(1°,C,,), we use the Lucchini’s formulae
obtained in 1997 from the algebraical method due to W. Gaschiitz relying on the knowledge of
the structure of irreducible G-modules for a finite solvable group G.
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Theorem 12 (Lucchini, [55]) If (G, X) is a transitive permutation group on a finite set X
nad H is a finite solvable grup, then

d(H 1x G) = max (d(H/H’ ix G), [(MTT)’_Q] + 2) .

Theorem 13 (Lucchini, [55]) If (G, X) is a nilpotent transitive permutation group on a fi-
nite set X and A is a finite abelian group, then

d(Aix G) = mgx{d(A x G),d(A)+1,d,(A) + 2},

where p runs over the set of primes dividing the order of A for which the group G is not
p-solvable, and d,(A) denotes the rank of a Sylow p-subgroup of the group A.

To show that S is minimal, it is enough to show the inequality d(¢2,C,,) > p + 1. For
this purpose, we observe that there is ig > 1 such that d(A) = p = d(][;2, Cn,), where
A = [[,C,,. Moreover, the group H := 01°,C,,. is solvable and H/H' ~ A. Thus, for
the wreath product W := H lx, C,, (which is a homomorphic image of °,C,,.), we get by
Theorems 12-13:

In [H4|, we investigated the set S = {a,...,®,, B} as a set of automaton transformations.
We have observed that for any non-zero level of the tree X* the sections of the automorphism
[ at the words in this level are all trivial, and every transformation «; (1 < j < p) has at
most three distinct sections, and one of them is also trivial. Thus  can be defined by using
only one state, and for each automorphism «; we need only two more states — we do not need
new states for the trivial sections of «;, as we can tie every such a section together with the
corresponding trivial section of the automorphism 3. Consequently, we obtain a (2p + 1)-state
automaton, which generates the wreath product °,C,,,. Admittedly, this construction does
not provide a minimal automaton (and probably nor even an optimal automaton), but it allows
to characterize the wreath products °,C,,. as groups generated by an automaton.

Theorem 14 ([H4], Theorem 1) Let X = (X;);>1 be a changing alphabet; denote n; := | X||
for i > 1. The following are equivalent:

(i) the wreath product 3°,C,, is generated by an automaton over X,
1) the wreath product 32,C,. is topologically finitely generated.
=1 1

If the sequence (n;);>1 consists of distinct primes, then p = 1 and S = {#,1}. E. Fink
(|25]) derived in this case some algebraic and geometric properties of the group G' = (S). It
turns out that even in this simplest case, we do not know whether or not GG contains non-abelian
free semigroups.

Theorem 15 (Fink, [25]) If (n;)i>1 is a sequence of distinct primes, then the group G =
(B,aq) has the following properties:

(i) G is a branch group, but it does not have the congruence subgroup property, and every
normal subgroup K < G is finitely generated,
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(i) the abelianization G/G' is isomorphic to C,, X Cy; in particular G is not just-infinite,
(11i) G is not solvable, but every proper quotient G/K is a solvable group,

(iv) G does not have the polynomial growth, and if n; > ¢T3 741 for some constant ¢ > 1,
then G is of exponential growth, but if n; > 36, then G does not contain non-abelian free
subgroups.

In the paper [H2|, we have extended the ideas and the methods from [H1] to the wreath
product 2, A;, where (A;, X;);>1 is an arbitrary sequence of abelian transitive permutation
groups on finite sets X;. We have observed that the rank d(2°, A;) can be computed on basis of
the Lucchini’s formulae. By induction on n > 1, we derived from Theorems 12-13 the following

formula:
d(, A max{ HAZ 1+dHA} n>1.

Note that all the three sequences (d(0, ))n>17 (d(TTi; Ai))n>1 and (1 + d(I ]y Ai))n>1 sta-
bilize, or all of them diverge to infinity (|68], Lemma 2.5.3). As a result, we obtain the formula
for d(2,A;).

Theorem 16 ([H2], Theorem 1.1) For any sequence (A;, X;)i>1 of abelian transitive per-
mutation groups on finite sets X; the following equality holds:

A2, A max{ HA 1+dHA}

Further, we have obtained a more general criterion for the topological generation of wreath
products of abelian groups, which we based on rooted and directed automorphisms. To this
aim, we introduce the notion of a mutually coprime automorphism.

Definition 16 An automorphism g € Aut(X™) is called mutually coprime, if for any two
vertices w and v from distinct levels of the tree X* the vertex permutations o,,, and o4, are
of coprime orders: GCD(o(0,,4),0(040)) = 1.

Proposition 7 ([H2], Proposition 4.5) Let X = (X;);>1 be a changing alphabet and let
R C Aut(X*) be an arbitrary set of rooted automorphisms and D C Aut(X*) — an arbitrary
(finite or infinite) set of 1-directed mutually coprime automorphisms. Let us denote S := RUD
and let Vs,; < Sym(X;) (i > 1) be the vertex groups of the set S, defined as follows:

Vs = (0gw: g € S,w e X,

If all the groups Vs,; are abelian and transitive, then the set S topologically generates their
wreath product: (S) =12,Vs,.

Conversely, let (A;, X;)>1 be an arbitrary sequence of abelian transitive permutation groups
on finite sets X; (|X;| > 2). Denote p := d(]];~, A;) and assume p < oo.

Lemma 2 ([H2|, Lemma 5.1) For every i > 2, there is a p-element generating set

{01,’,...,0’ z}
b p7

of the group A; such that GCD(o(0;),0(05)) =1 for all1 <j<p andi 7.
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On basis of the generating sets from the above lemma, we constructed 1-directed automor-
phisms dy,...,d, € Aut(X"*) in such a way that for 1 < j < p the only potentially nontrivial
vertex permutation of d; at the vertex in the i-th level (i > 1) of the tree X* is equal to
0ji+1. Denote D := {dy,...,d,}. We also constructed the set R consisting of d(A;) rooted
automorphisms, which generates the group A;. In particular, for the vertex groups Vg, of the
set

S:=RUD,

we have: Vg; = A; for every ¢ > 1. Since the automorphisms d; are mutually coprime, we
obtained by Proposition 7 that S topologically generates the wreath product 2, A;. If the
group A; is cyclic, then by Theorem 16, we obtained that S is minimal, i.e. |S| = d(5°, A;).

Theorem 17 ([H2], Theorem 1.2) If the group Ay is cyclic, then the above constructed set
S = RU D is a minimal topological generating set of the wreath product °,A;, that is |S| =
(221 Aq).

By analogy to the case of cyclic groups, we can use the set S = R U D and obtain an
automaton generating the wreath product 9°; A;. Obviously, this construction does not provide
a minimal automaton.

Corollary 3 Let us denote n := d(Ay) + 2p. Then there is an n-state automaton A over the
alphabet X = (X;)i>1 which generates the wreath product 1°, A;.

2.5 Topological decomposition into abelian free groups — paper [H3]

In the paper [H4] (described in the previous section), we have constructed (on basis of
rooted and directed automorphisms) the topological decompositions of wreath products 52, A;
of finite abelian groups into two finitely generated abelian groups, the first being finite (that
generated by rooted automorphisms) and equal to A;, and the second (that generated by 1-
directed automorphisms) being infinite (however, from that construction it is not possible to
determine the corresponding canonical decomposition into a direct product of cyclic groups).

In general, we say that a group G < Aut(X*) decomposes topologically over two its subsets,
if the groups generated by these subsets intersect trivially, and the union of these sets generates
a dense subgroup of G.

Let X = (X;)i>1 be a changing alphabet and let (A;, X;);>; be an arbitrary sequence of
abelian transitive permutation groups such that the rank

p=d(]]4)

i>1

is finite (equivalently: d(i22;4;) < oo). In the paper [H3|, we found a natural topological
decomposition of the wreath product 172, A; into two isomorphic abelian free groups of rank p.
For this, we introduced the notion of a homogeneous automorphism and the notion of a crack
of an automorphism.

Definition 17 An automorphism g € Aut(X*) is called homogeneous, if for every level of
the tree X* the vertex permutations o,, at the vertices w in this level coincide (but vertex
permutations at the vertices in distinct levels may differ).
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Definition 18 An automorphism h € Aut(X*) is called a crack of an automorphism g €
Aut(X*) with a cracking path v € X¥ if the portrait of h coincides with the portrait of ¢
except the vertex permutations o, at the vertices w which are prefixes of u, where these
vertex permutations are all trivial.

A system consisting of a homogeneous automorphism and its crack can be described by a
2-state automaton A = ({a,b}, X, R), in which the wreath recursions R; (¢ > 1) are of the
form:

R.: { A = (Aig1, i1y - - - A1) Ty
¢ bz = (bz-+1,a,~+1,...,ai+1),
where m; € Sym(X;) (above, we assume the orderings of the alphabets X; for which the
letters from the corresponding cracking path of the automorphism be Aut(X*) are in the first
positions).

Proposition 8 ([H3], Proposition 3.5) Let S C Aut(X*) be a set of mutually coprime ho-
mogeneous automorphisms and for every s € S let § denotes an arbitrary crack of s. If the vertex
groups Vs; € Sym(X;) (i > 1) are all abelian and transitive, then the union SU{3: s € S}
topologically generates the wreath product 152, Vs,.

To use the above claim for the wreath product 52, A;, we constructed the set
S = {al, ce ,CLP} - 2,?21142',
which satisfies the conditions in the following proposition:

Proposition 9 (JH3], Proposition 4.1) There is a p-element set S C 52, A; of homogeneous
automorphisms, for which:

e S consists of mutually coprime automorphisms,
o the vertex group Vs; coincides with A; for every i > 1,

e the group generated by S is an abelian free group of rank p, that is (S) ~ C®_; in particular,
the set S forms a basis for the group (S).

Now, let us consider an arbitrary infinite word
Uy = T1TaT3 ... € XY

and for every 1 <k < pandi>1let a; € Aut(X(*i)) be the section of the automorphism ay
at a word of length i — 1 (it does not signify which word we choose as the automorphism ay, is
homogeneous) and let by ; € Aut(X é)) be the crack of ay; with the cracking path z;2; 11749 . .. €
X & In particular a; is a homogeneous mutually coprime automorphism of the tree X Eki)‘ Let
us define the groups:

H; := <Sa,i>: K := <Sb,i>: G;:= <Sa,b,'i>a
where

Sai = {1 a5}, Spi={b1i ..., b5}, Sapi = YU Shi.

By Proposition 8, we get that the set S, ;1 topologically generates the wreath product 2, A;.
The required decomposition into two abelian free subgroups is defined by the following partition:
Sap1 = Sa1 U Sp1. In section 5 in [H3|, we have derived this property as a property of the
group G1 = (S, 1) together with another algebraic and geometric properties (actually, we have
derived them for all the groups G; = (Sa.), @ > 1), obtaining the following theorem:

32



Theorem 18 ([H3], Theorem 5.1) For every i > 1, we have:

(i) G; can be presented as a semidirect product G; = HiGi X K; = KiGi x H;, where HiGi
denotes the normal closure of the group H; in Gj,

(11) the semigroup generated by the set Sqp; is a free product of the semigroups generated by
the sets S, and Sy;; in particular G, is of exponential growth,

(1) G;/G. ~= C? ; in particular d(G;) = 2p,

(iv) G; is a torsion-free, weakly branch, not finitely presented and centerless group without
non-abelian free subgroups.

For the proof, we consider the set S, ;1 as a set of states in the automaton B = (S, 4.1, X, R)
with the following system of wreath recursions R = (R;);>1:

( ai; = (G1,1+17 a1i41y - - - ,a1,¢+1)01,z’,
Ao = (a2,i+17 241, - - - ,a2,i+1)01,¢,
R Api = (@pit1, Apjitts s Upi1)Tp, (9)
.
bl,i = (b1,z'+1, Q14415 - -+, Gl,i+1),
bz,z = (bz,i+1, Q2 i+1, - - - ,Cbz,i+1),
Cbpi = (Dpi1s Qpi1s - - -5 Qpig1),
where oy; = 0g,,¢ is the vertex permutation of a;; at the root of the corresponding tree.

In particular for every i > 1, we have: A; = (oy,: 1 < k < p) and G(B;) = G; = (Sap.i),
where B; is the i-th transition of the automaton B. In order to derive the above properties,
we use the combinatorial methods for the group-words U € F(S,p;) and their sections. To
this aim, we introduce the notion of an (a,7)-syllable, as an arbitrary group-word U € F(S,,),
as well as the notion of a (b,7)-syllable, as a group-word U € F(S,;). We call the syllable
U € F(S,,;)UF(Sp;) trivial, if it is an empty group-word ¢, or it defines the neutral element in
G;. In particular, the group H; = (S,;) consists of all elements defined by the (a,i)-syllables
and the group K; = (S;) consists of all elements defined by the (b, )-syllables.

Lemma 3 ([H3|, Lemma 5.2) For every i > 1, we have the isomorphisms H; ~ K; ~ C?_.

Corollary 4 ([H3], Corollary 5.3) The syllable U € F(S,;) (resp. U € F(Sy;)) is trivial if
and only if for every 1 < k < p the sum of exponents on the letter ay; (resp. on the letter by ;)
wn this syllable is equal to zero.

For every group-word U € F(S, ;) there is n > 1 such that U = W1V, ... W,,V,,, where each
W; is an (a,1)-syllable and each V; is a (b,7)-syllable. If all the syllables W;, V; (1 < j < n)
are nontrivial (except, maybe, the case Wi = ¢ or V,, = ¢), then U is called reduced. By using
the wreath recursions (9), we define the section Ug,y € F/(Sapitjw|) at a word w € X(*i) in the
same way as it was described in section 2.2, remembering additionally about deleting the trivial
syllables at every time when the successive one-letter section appears. In particular Uy, is a
reduced group-word. For a reduced group-word U € F'(S,;;), we denote by L(U) the number
of all nontrivial (b, 7)-syllables in this word. Directly by (9), we get: L(U) > L(Uyyy) for every
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w € X(;). Moreover, if L(U) = L(Uu}), then Ugwy = Ugitjw)) (We use the notations from the
section 2.2, that is the group-word U(;4|y|) is obtained from U by replacing each azyi (1<k<p,
n € {-1,1}) with ¢ ;| and each b;; with b ;, ).
Lemma 4 ([H3], Lemma 5.5, Lemma 5.6) If U € F(S,,;) is a reduced group-word and
L(U) > 1, then there is m > 1 such that L(U) > L(Ugy) for every w € X{; there is also
w € X(;) such that L(U) = L(Utwy) > L(Ugway) for every x € Xiyy|. In particular, for every
U € F(Sqap;) there is M > 1 such that L(Ugy) < 1 for allw € X(Jg.
By using induction on L(U) together with Corollary 4 and Lemma 4, we derive the following
proposition.

Proposition 10 ([H3], Proposition 5.7) IfU € F(S,;) defines the neutral element in G;,
then for every letter from Sqp, the sum of exponents on this letter in U is equal 0.

By Proposition 10 and by Lemma 3, we obtain the isomorphism G;/G ~ C?, which
implies: d(G;) = 2p. We also obtain the decomposition of G; into the semidirect products (|H3],
Theorem 5.1 (i)). For example, to show the equality G; = HY x K;, we have G; = (H; U K;),
which implies that every element g € G; is of the form ¢'¢” for some ¢ € HY" and ¢" € K;.
Thus, it is enough to show that the groups HiG “and K; intersect trivially, but this follows from
Proposition 10, as the group HZG is generated by elements of the form k~'hk for k € K, and
h € H;.

To show that G; is torsion-free (|[H3|, Theorem 5.1 (iv)), we consider an arbitrary group-
word U € F(S,p,) which does not define the trivial automorphism. Let w = vz (v € X(*i),
rg € Xiyjo|) be the shortest word for which U(w) # w. Denote t := |v|. For the section
Uty € F(Sap,i+t), we obviously have: Up,y = WiVyi...W,V,, where each W} is an (a,i + t)-
syllable and each Vj is a (b, i+t)-syllable. Since U(v) = v and U(w) # w, we have U,y (z0) # wo.
By the recursions (9), we see that for all 1 < j <n and z € X, the equality V;(z) = z holds.
Thus, for the (a,i + t)-syllable W := Wy ... W, we have: W(xy) = Upy(xo) # 0. Thus, by
Corollary 4, there is a letter from S,; such that the sum of exponents on this letter in the
syllable W is nonzero. Consequently, the sum of exponents on this letter in the whole word
Uyyy is also nonzero. Hence, for any power (Upy)™ (m > 1) the sum of exponents on this letter

—

in this power is nonzero. But, in view of the equality U(v) = v, we have: (U™)py = (Ugy)™,
that is the section (U™)} is simply obtained from the power (Ugy)™ by deleting the trivial
syllables. Thus, there is a letter such that for every m > 1 the sum of exponents on this letter
in the section (U™)y,} is nonzero, which, by Proposition 10, implies that the section (U™)q.,
and consequently also the power U™, does not define the trivial automorphism.

It follows by Proposition 10 that the empty word is the only reduced group-word U which
defines the neutral element and satisfies the inequality L(U) < 1. Thus, by Lemma 4 and by
the above observation that G; is torsion-free, we obtain the following result.

Corollary 5 ([H3], Corollary 5.8) If a group-word U € F(Sas.) defines the neutral element
i Gy, then U s disappearing, that is there is N > 0 such that for every w € X(lN) the section
Ugwy 18 the empty group-word.

Lemma 5 ([H3], Lemma 5.9) There are group-words U € F(S,,;) defining the neutral ele-
ment and having arbitrarily large depth.
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As a result, we obtain that the group G; is not finitely presented ([H3|, Theorem 5.1 (vi)).
Next, from the following lemma, we obtain that G; is centerless [H3|, Theorem 5.1 (v)).

Lemma 6 ([H3], Lemma 5.10) For arbitrary U € F(S,p:), W € F(Sa;) and V € F(Sy,;),
if the both group-words UWU YW=t and UVU V! define the neutral element in G;, then at

least one of the group-words U, W or V' defines the neutral element, or is the empty group-word.

To show that the group G; does not contain non-abelian free subgroups (|H3|, Theo-
rem 5.1 (vii)), we can prove that the commutator subgroup G/ is a nearly finitary group,
and use Proposition 4 (|H6]|, Proposition 1). However, the original proof in [H3| uses the previ-
ously quoted Nekrashevych’s alternative (Theorem 7) together with the amenability property
concerning the components of the Schreier graphs arising from the action of groups generated
by so-called almost finitary automorphisms (|61], Proposition 2.2).

Theorem 18 (iii) combined with the formula for the rank of the group 32, A; gives the natural
construction of groups which solve the following problem (see also [H3|, p. 1266):

Problem 1 How much the rank d(G) of a group G generated by an automaton may differ

from the rank d(G) of its topological closure (in the automorphism group Aut(X*) of the
corresponding tree X*)?7

Indeed, for the automaton B from our construction, we have d(G(B)) = 2p and G(B) =
521 Ai. If we now define the groups A; as follows: Ay := C};, A; := C,, for ¢ > 2, where n > 1
and (n;);>1 is an arbitrary sequence of pairwise coprime numbers n; > 1, then we obtain the

automaton from the following claim.

Corollary 6 Let n > 1 be a natural number. Then there is a changing alphabet X = (X;)i>1
and an automaton A over X such that the group G = G(A) < Aut(X™) generated by this
automaton satisfies: d(G) — d(G) = n.

The above claim refers to the result due to G. A. Noskova ([64]), who investigated the

~

differences d(G) — d(G) for abstract residually finite groups G.

Theorem 19 (Noskov) For every n > 1 there is a finitely generated metabelian group G for
which d(G) — d(G) > n.

On the other hand, for polycyclic groups, we have the following result due to P. A. Linnel’a
and D. Warhursta (|52]):

~

Theorem 20 (Linnel, Warhurst) d(G) — d(G) < 1 for every polycyclic group G.

The above two results suggest the further study of the group G(B) in the direction of
describing its finite index normal subgroups, which might allow to compare more efficiently the

topological closure G(B) with the profinite completion G(B). Obviously, we have d(G(B)) <

d(G(B)), as G(B) is a homomorphic image of G(B). In particular, it would be interesting to
know whether or not the group G(B) has the congruence subgroup property. If so, then we

_

would have the isomorphism G(B) ~ G(B).
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2.6 Amenability — paper [H8]

In 2016, K. Juschenko, V. Nekrashevych and M. de la Salle ([45]) formulated a new amenabil-
ity condition for a wide class of groups acting by homeomorphisms on a topological space. As
one of the applications, they obtained the following amenability condition for the class of groups
generated by bounded automorphisms.

Theorem 21 (Juschenko, Nekrashevych, de la Salle, [45]) Let X = (X;);>1 be a chang-
ing alphabet. If G < Aut(X™*) is a group of bounded automorphisms for which the isotropy
groups G, (u € X*) are all amenable, then G is also amenable.

The isotropy group G, (u € X¥) from the above theorem is defined as the quotient group
Stabg(u)/Ng.u, where N, consists of those automorphisms g € Stabg(u) which act trivially
on some neighborhood of  (i.e. on a set of the form wXg,, ., for some prefix w < u).

It was also shown in [45] that the above criterion implies the amenability for various known
and previously studied groups generated by rooted and directed automorphisms, including
the Brieussell’s (|20]) constructions of dense subgroups in the wreath products of alternating
groups, as well as the constructions of dense subgroups in the wreath products of abelian groups
described in section 2.4 (including the special case studied by Fink). On the other hand, the
Segal’s construction of a dense subgroup in the wreath product 2, PSLy(p;) gives te group
which is not amenable.

The following natural problem arises: is it possible to use Theorem 21 to formulate an
amenability criterion for groups generated by homogeneous automorphisms and their cracks?
We have found such a criterion in the paper [H8|. To this aim, we introduced the following
notion of singularity.

Definition 19 For a subgroup G < Aut(X*) and a word u € X%, we say that u is G-singular
if for every g € G and every beginning w € X™* of u for which the section gy, is non-trivial,

the action of this section on the corresponding suffix of u is also non-trivial (i.e. if u = wv and
G{wy 7 idx then g, (v) # v).

(Jw]+1)’

The main result of the paper [H8| is the following theorem:

Theorem 22 (|[H8], Theorem 2.6) Let I' < Aut(X*)l)e a group of homogeneous automor-

phisms and uw € X* be an arbitrary I'-singular word. Let T" be the group generated by the cracks
of elements from I' with the cracking path w. Then the group G = (I' UT') is amenable if and
only if the group I' is amenable.

For the proof, we use the notion of a nearly finitary group, which we introduced in [H6].
Next, we derive the following result:

Proposition 11 ([H8], Proposition 3.4) If G < Aut(X*) is a nearly finitary group, then
all its isotropy groups G, (u € X¥) are trivial.

Now, as a direct result of the above proposition and Theorem 21, we obtain:

Theorem 23 ([H8], Theorem 3.5) If G < Aut(X*) is a nearly finitary group, then G is
amenable.
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In one direction the criterion formulated in Theorem 22 directly follows from the known
property that the class of amenable groups is closed under taking subgroups. For the converse,
we constructed a nearly finitary normal subgroup K <G such that the quotient group G/K is a
homomorphic image of I' and use the property that the class of amenable groups is closed under
taking extensions and homomorphic images. We also believe that Theorem 22 holds without
the singularity assumption on the cracking path u; however, when dropping this assumption,
we were not able to show that the constructed group K is a nearly finitary group.

We also used our criterion to the group

G = Gl = <Sa,b,1>

constructed in the previous section, obtaining the following result (the same reasoning as in
the proof of the below theorem gives the amenability of all groups G; = (Sapi), ¢ > 1):

Theorem 24 ([H8], Theorem 2.7) The group G is amenable.

Theorem 23 can be used for the almost minimal automaton realization from [H6|, obtaining
the following result:

Corollary 7 For an arbitrary wreath product 2, H; of non-abelian simple transitive permuta-
tion groups (H;, X;) on finite sets X; there is an almost minimal automaton realization by a
3-state bounded automaton A over the alphabet X = (X;);>1. The group G(A) generated by
A is an amenable not finitely presented group of exponential growth, and its two generators
corresponding to the nontrivial states of A generate a free semigroup; this is also an example
of a self-replicating weakly branch and nearly finitary group.

Remark 5 We suppose that the system (7) of wreath recursions for the automaton A from
the above corollary defines for every i > 1 the isomorphism of the group G(.A;) with the wreath
product G(A;11) ix, H;. In this case, we could use the recent results due to K. Juschenko
([43]) and obtain that G(.A) is an amenable group which is not elementary subexponentially
amenable. Moreover, different sequences (H;, X;);>1 probably give non-isomorphic automata
groups. In consequence, we could obtain uncountable many such groups. Note that the first
example of a group which is not elementary subexponentially amenable was the basilica group
constructed in 2002 by Grigorchuk and Zuk ([38]). However, the proof that this is an amenable
group was given in 2005 by L. Bartholdi and B. Virag — [9]. The basilica group is generated
by a 3-state Mealy automaton A = ({a,b,id},{0,1}, R) with the following system of wreath

recursions:

a = (id,b),
R: 4 b = (id,a)0,1),
id = (id,id).

2.7 The characterization of wreath products by automata — paper [H7]

Let X = (X;);>1 be an arbitrary changing alphabet. In 2010 Bondarenko ([15]) observed,
that under some general conditions on a sequence (G, X;);>1 of transitive permutation groups,
there is a finite set of rooted and directed automorphisms of the tree X* which topologically gen-
erates the wreath product W, := 82, G;, obtaining in this way a criterion ([15], Theorem 1.1)
when such a wreath product is topologically finitely generated. In spite of the fact that the
full characterization of a finite topological generation for wreath products $i°,G; was given by
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E. Detomi and A. Lucchini in 2013 (Theorem 4), the detailed analysis of the Bondarenko’s
proof allows to get an insight into the construction of the corresponding topological generating
set. This construction gave an idea, which finally allowed us to obtain the full characterization
of the sequences (G;, X;);>1 for which the wreath product °,G; is generated by an automaton
over the alphabet X = (X;);>1, as well as, in the case when X is fixed, by a Mealy automaton.

Theorem 25 ([H7], Theorem 1) Let (G;, X;)i>1 be a sequence of transitive permutation groups.

(i) Then the wreath product Wy, = °,G; is generated by an automaton over the alphabet
X = (X;)i>1 if and only if the following two conditions hold:

(a) the sequence (d(G;))i>1 is bounded,
(b) AT, Gi/G) < oo.

(i) If the alphabet X = (X;);>1 is fived, then the wreath product W, is generated by a Mealy
automaton over X if and only if the following conditions hold:

(a’) the sequence (G;)i>1 is decreasing, i.e. G1 > Go > ...,

(b’) the smallest group in this sequence is perfect.

If the alphabet X = (X;);>1 is bounded, then both the sequences (d(G;))i>1 and (d(G;)/Ni—1)i>2
are bounded (we use notations as in Theorem 4). Consequently, we obtain:

Corollary 8 ([H7], Corollary 1) Let (G;, X;)i>1 be a sequence of transitive permutation groups.
If the alphabet X = (X;);>1 is bounded or the sequence (d(G;));>1 is bounded, then the following
statements are equivalent

(1) the wreath product ;°,G; is generated by an automaton over X,
(i) the wreath product 3°,G; is topologically finitely generated.
If X 1is fized, then the following statements are equivalent:
(#1) the wreath product °,G; is generated by a Mealy automaton over X,

(iv) the wreath product $2,G; is topologically finitely generated and the sequence (G;)i>1 is
decreasing.

On the other hand, it is possible to choose an alphabet X = (X;);>; and a sequence
(G;, X;)>1 of transitive perfect groups such that the sequence (d(G;)/N;_1);>2 is bounded but
the sequence (d(G;));>1 is unbounded ([15], Example 3.5). Consequently, we obtain:

Corollary 9 ([H7], Corollary 2) There is a sequence (G, X;)i>1 of transitive permutation
groups on finite sets X; such that the wreath product ;°,G; is topologically finitely generated
but there is no automaton which generates this wreath product.

For the proof of the first part of Theorem 25, we introduced the notion of a generating basis
of an arbitrary infinite sequence (G;);>1 of finite groups.

Definition 20 A generating basis (of degree m) of a sequence (G;);>; of finite groups is a
sequence I' = (I';);>1 such that each I'; is an m-tuple (g1, ..., gmi) of elements of the group G;
and the following conditions hold:
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e for each 7 > 1 the elements from I'; generate the group G;, and

e there is 1 < k < m such that for each i > 1 the set {g1;,...,Jr} generates the abelian-
ization G;/G}, and

e the elements g;; € G, g;7 € G¥ are of coprime orders for all 1 < j < k and i # 7.

Proposition 12 ([H7], Proposition 3) A sequence (G;);>1 of finite groups has a generating
basis if and only if the conditions (a)—-(b) from Theorem 25 are satisfied. Moreover, if these
conditions are satisfied, then the sequence (G;);>1 has a generating basis of degree m := dy + ds,

where dy == d([[;5, Gi/G}), dy := max;>1 (d(G))).

Proposition 13 ([H7], Proposition 4) Let (G;, X;)i>1 be a sequence of transitive permuta-
tion groups satisfying the conditions (a)-(b) from Theorem 25. Let ((giis-- -, gmi))i>1 be an
arbitrary generating basis of this sequence. Additionally, let us assume that for everyi > 1 the
action of the commutator subgroup G on the set X; satisfies the following condition: there are
two letters x;, x, € X; in the same orbit but with the different stabilizers. For each 1 < j <m
let us define two automorphisms R;, D; € 2,G; by their vertex permutations or; ., 0p;w
(w € X*) as follows:

UDj,w L

_ _ ;o
o ) 9 w =€, ) gy, w=mp.oomiarg, 02> 1,
Rjw -— . . .
i idx,, . WFE idx,,,,, otherwise.

Then the set {Ry,..., Ry, D1,..., Dy} topologically generates the wreath product :32,G;.

In particular, we see that each automorphism R; from the above proposition is rooted, and
each automorphism D is 1-directed with the direction z;z2z3... € X*. On basis of the above
construction, we may define the standard automaton generating the wreath product °,G;. In
such an automaton, the set of states consists of 3m states, such that m of these states define the
automorphisms 7;, and the remaining 2m states define the automorphisms D;. Unfortunately,
such an automaton is not universal, as it can generate the wreath product 2, G; under the
above described additional condition (beside the necessary conditions (a)—(b)) on the actions
of the commutator subgroups Gj. In order to obtain a universal construction, we observed
that some modification of the standard automaton could be introduced. This led us to the
automaton from the following proposition.

Proposition 14 ([H7], Proposition 10) Let (G;, X;)i>1 be a sequence of transitive permu-
tation groups satisfying the conditions (a)-(b) from Theorem 25. Let ((g1iy- - -, Gmi))i>1 be an
arbitrary generating basis of this sequence. For every i > 1 let us choose two letters x;, x; € X;
and let us define an automaton A = (S, X, ¢, 1) in the following way:

o S={eUULi{rjo,rj1, 12, m3t WU {dj1, dja, djs},

o the sequence ¢ = (¢;)i>1 of transition functions p;: S x X; — S is defined as follows:
wile,x) = pi(rj,x) = e and

Tjs, T =,

e, x#ux,

dj(s+1), T = Ty,

/

¢i<dj(8+1)7x) = Tj(s+1), L = Ty, 1=-1 (IIlOd 3)7
e, otherwise,

@i(rj(s+1), ) = {
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e the sequence 1 = (¢;);>1 of output functions v;: S X X; — X; is defined as follows:
%(7’3‘0,37) = gji(x)> %’(@ax) = ¢i(dj(s+1)>$) = wi(rj(s+1)>$) =

foralli > 1,z € X;, 1 <j<m,s¢€{0,1,2}. Then the automaton A generates the wreath
product 72, G;.

Note at first that the group G(A) generated by the above defined automaton A is a subgroup
of the wreath product $°,G;, as for every i > 1 the vertex group Vy,; < Sym(X;) (that is the
group generated by the labels os;: @ — (s, z) for s € S) coincides with G;. In order to
obtain a clear description of the actions of the generators s € G(A) (s € S) on the tree X*, and
consequently to prove that A indeed generates the wreath product 3°,G;, we introduced the
concept of &-partition A, for an arbitrary automaton A = (S, X, ¢, ) and a strictly increasing
sequence { = (t;);>0 of integers with ¢, := 0. Namely, we define the automaton A, as an
automaton

Af = (57 Xfa Pes ?ﬂs)
in which the changing alphabet X is a so-called &-partition of the alphabet X, that is

t;
Xei= V)1, Yi= [ X0 i>1,

r=t;_1+1

and the transition functions ¢ ;: S xY; — S and output functions ¢ ;: S xY; = Y, are defined
in such a way that in every moment ¢ > 1 the automaton A¢, being in an arbitrary state s € S
and reading from the input tape an arbitrary letter y € Y; (which is a word over the alphabet
(X;)j>t:_,), imitates the behaviour of the automaton A, which being in a moment ¢;_1 +1in a
state s, it reads from the input tape the word y. For the proof of Proposition 14, we now use
the following lemma:

Lemma 7 ([H7], Lemma 1) If for every i > 1 the equality holds Vy,; = Ny 1Va, and
additionally the automaton A¢ generates the wreath product 2 Va, ;, then the automaton A
generates the wreath product 52,V ;.

Next, we consider the £-partition Ae = (5, ¢, ¢¢) of the automaton A, where £ = (31);>0,
and we derive the description of transition and output functions in the automaton A ([H7],
Proposition 9). On basis of this description, we show that the 3-iterated wreath product
H; == 3., ,G, (i > 1) is the vertex group Ve, of the automaton Ag, and, which is crucial,
the condition from Proposition 13 for the actions of commutator subgroups H! on the sets
Y; = X3, 9 X X3;,_1 X X3; is satisfied. We also construct the generating basis (iLLZ‘, cee B3m7i)i21
of degree 3m for the sequence (H;);>1. Next, we prove that the automorphisms defined by
the states rj, and dj41) (1 < 7 < m, s = 0,1,2) of the automaton A, are, respectively,
the rooted and 1-directed automorphisms of the tree X/, and these automorphisms can be

described by using the basis (ﬁl,i, ce ]Algm,i)i21 in the same way as the automorphisms R;, D;
from Proposition 13 (for the corresponding basis). As a result, we obtain that the automaton
Ag¢ generates the wreath product 22,Va, ; = 12, H; and hence, by Lemma 7, we get that the
automaton A generates the wreath product °,G;.

We also see by above that only 6m states of the automaton A are used to generate °,G;.
Consequently, we obtain the following estimation: d(°,G;) < 6m. Thus, the above construc-
tion provides the following upper bound for the rank of the wreath product °,G;, as well as
for the number of states in an optimal automaton for this wreath product.
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Corollary 10 ([H7], Corollary 3) Let (G;, X;)i>1 be an arbitrary sequence of transitive per-
mutation groups. Denote m := dy + da, where dy := d(][,», Gi/G}) and dy = sup,(d(G;)).
Then d(Wy,) < 6m, and the number of states in an optimal automaton for the group °,G; is
not greater than Tm + 1.

The converse part of Theorem 25 (i) follows from the observation that if the wreath product
°,G; is generated by an arbitrary automaton A = (S, X, p, ), then this wreath product,
and consequently also the direct product [[,», G;/G) (as its homomorphic image), must be
topologically finitely generated. Further, for every i > 1 the group G; is generated by the
vertex permutations oz, € Sym(X;) for s € S and w € X*~'. But the vertex permutation
Osw (s € 5, weX =1} is the restriction of the section S{w} to the set of one-letter words,
and, in turn, this section is the transformation defined by a state of the automaton A; =
(S, (X;)j>is (¢)>is (¥5)>i). Thus, we have d(G;) < |S] for every ¢ > 1.

To prove Theorem 25 (ii), we consider an arbitrary transitive perfect group (G, X) on a
finite set X, and by using its arbitrary m-element generating set, we construct a (7m + 1)-state
Mealy automaton B over X. We next show that the automaton B generates the wreath power
Py := 12,GY of the group G (|[H7], Proposition 12). To this aim, we study the automorphisms
defined by the states of the automaton Be, where & := (2i);>o ([H7], Proposition 11). Finally,
for an arbitrary sequence (G;, X);>1 of transitive groups satisfying the conditions (a’)—(b’) of
Theorem 25, we use the construction of the automaton B together with the next lemma, to
show that the wreath product W, =72, G, is generated by a Mealy automaton over X.

Lemma 8 ([H7], Lemma 2) If A = (S, X, ¢,¢) is a Mealy automaton over the alphabet X
and (G, X) is a transitive permutation group such that the labels o5 € Sym(X) (s € S) of all
the states belong to G, then the wreath product G(A) ix G is generated by a Mealy automaton
over X. In particular, the group G(A)x G is generated by a Mealy automaton over X.

For the converse, if the wreath product W, = 7°,G; is generated by a Mealy automaton
A= (5,X,p,1), then the group G; (i > 1) is generated by the set

S ={osu:5€Swe X1

But, for all i > 2 and w € X!, we have: w = v for some v € X*~2 and z € X, and hence,
for every s € S, we have: 03, = 04,, where ¢ := ¢(s,x) € S, which implies S; C §;_;. Thus
the sequence (G});>1 is decreasing. The smallest group in this sequence (let us denote it by
G,) must be perfect, because otherwise the abelianization K := G;,/Gj  would be a nontrivial
abelian group and the infinite direct product K would be a homomorphic image of the wreath
product W, and hence, this wreath product would not be topologically finitely generated.
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3 Discussion of other results

3.1 Some other achievements after PhD degree — papers [P1]-[P7]

The scientific achievements, obtained after the defence of my PhD Thesis in June 2005,
include the following publications:

[P1] A. Woryna, The generalized dihedral groups Dih(CL) as groups generated by time-varying
automata, ALGEBRA AND DISCRETE MATHEMATICS, 3 (2008), 98-111,

[P2] A. Woryna, The group of balanced automorphisms of a spherically homogeneous rooted
tree, ANNALES MATHEMATICAE SILESIANAE, 23 (2009), 83-101,

[P3] A. Woryna, The concept of duality for automata over a changing alphabet and generation
of a free group by such automata, THEORETICAL COMPUTER SCIENCE, 412 (45) (2011),
6420-6431; IF 0.665,

[P4] A. Woryna, Automaton ranks of some self-similar groups, LECTURE NOTES IN COM-
PUTER SCIENCE, 7183 (2012), 514-525,

[P5] A. Woryna, The concept of self-similar automata over a changing alphabet and lamplighter
groups generated by such automata, THEORETICAL COMPUTER SCIENCE, 482 (2013),
96-110; IF 0.516,

[P6] A. Woryna, The classification of abelian groups generated by time-varying automata and
by Mealy automata over the binary alphabet, INFORMATION AND COMPUTATION, 249
(2016), 18-27; IF 1.050,

[P7] A. Woryna, On groups generated by bi-reversible automata: the two-state case over a
changing alphabet, JOURNAL OF COMPUTER AND SYSTEM SCIENCES, 86 (2017), 181-
190; IF 1.678.

In the paper [P2], we considered the group Aut.(X*) < Aut(X*) of cyclic automorphisms
and its subgroup J.(X*) < Aut.(X*) consisting of homogeneous automorphisms. The elements
of the group Aut.(X*) are automorphisms g € Aut(X*) such that each vertex permutation o,
(w € X*) is a power of a fixed long cycle on the corresponding set of letters (the cycle is the
same for all elements of the group Aut.(X*)). Next, for every homogeneous automorphism g €
J.(X™*), we replaced its vertex permutations at the vertices ending with an odd letter by their
inverses (we have previously fixed the division of each set of letters into odd and even-indexed
letters). The resulting cyclic automorphism (which obviously is no longer homogeneous), we
called a balanced automorphism of the tree X*. We showed that the subset B C Aut.(X*)
of all balanced automorphisms forms a group if and only if for every ¢« > 1 the implication
holds: 2 { n; = n;41 = 2, where n; := |X;|. Depending on the sequence (n;);>1, we derived
various algebraic properties of the group B, obtaining a concrete realization of an uncountable
family of uncountable metabelian groups satisfying the identity z?y? = y?z2. For example,
for the sequence (2,n9,2,n4,2, ns,...) the group B is isomorphic to the infinite direct product
[ ;> D2ny,; of finite dihedral groups. Generally, the group B is residually nilpotent if and only
if all the numbers n; are powers of two. Moreover, the group B decomposes into the product
KoKy of its two abelian subgroups with the trivial intersection (however, in general, it is not a
semi-direct product of abelian groups).
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In the papers [P1], [P3], [P5], we constructed and investigated the automaton realizations
of some particular classes of groups, which are important and well-known in algebra. In [P1],
we studied the generalized dihedral groups Dih(CZ) (n > 1), which are semi-direct products
C% x4 Cy with ¢(0) the identity and ¢(1) inversion. If we consider the power CZ as a cubical
lattice in the Euclidean space R", then we may investigate the group Dih(C?) as a topologically
discrete group of isometries of C7. generated by translations and reflections in all points from
C . These groups constitute important examples of the so-called crystallographic groups. In
the paper [P1], we provided a new interpretation of the group Dih(CZ), as a group G(A)

generated by an automaton A with a (2n + 2)-element set of states S = {aq, b1, ..., an11,bp41}
with the property that the automaton transformations ay and by (1 < k < n+ 1) are mutually
inverse balanced automorphisms of order 2. In particular, we have G(A) = (a1,...,a,41). We

provided the formula for the minimal length ||g|| of any element g € G(A) (considered as a
semi-group word on the letters a, 1 < k < n+1), obtaining the transparent algorithms solving
both the word and conjugacy problem in G(A). For the action of the group G(A) on the tree
X*, we characterized the orbits of this action and the stabilizers. In particular, we obtained
Stabgay(m) = Stabga)(w) ~ CZ and Stabgay(u) = {idx-} for all m > 0, w € X™, v € X¥.

In [P5], we constructed a universal automaton realization for the generalized dihedral group
KuwrCy = @ K x C, where K is an arbitrary finitely generated abelian group (for the
group GuwrCy, to be residually finite the group G must be abelian — [39]). For every finitely
generated abelian group K, it is easy to construct an automaton A (over a changing alphabet)
such that G(A) ~ K. For this, we may use the construction of a diagonal automaton, that
is an automaton A = (S, X, ¢, 1) such that ¢;(s,z) = s foralli > 1, z € X; and s € S.
Along the way, we get the minimal automaton for K (i.e. an automaton in which the number
of states equals d(K)). The main result of the paper [P5] is the observation that a simple
manoeuvre on each transition function in a minimal diagonal automaton generating the direct
product K x C, leads to the automaton realization of the group KwrC\,. For this manoeuvre,
in the i-th (¢ > 1) transition function, we move from an arbitrary state to a fixed unique state
(which is common for all 7 > 1) whenever the automaton reads from the input tape some
fixed letter from the set X; (the letter depending on a current state). This modification is
universal, as it works for an arbitrary finitely generated (finite or infinite) abelian group K.
Since d(KwrCyx) = d(K x C) = d(K) + 1, we get a minimal automaton A = (S, X, ¢, ) for
the group KwrCs. We have also proved that this construction gives a self-similar automaton,
that is for every ¢ > 1 the map s+ s; for s € S induces an isomorphism G(A) ~ G(A;), where
A; = (S, (Xj)j>is (9j)j>is (¥;)j>i) is the i-th transition of the automaton A.

Presently, there are not known any realizations by a Mealy automaton of the group KwrCy
with an infinite K. Beside of that, the only known minimal realization (by a Mealy automaton)
concerns the simplest nontrivial case, that is K = Cy (|37]). M. Kambites, P. Silva and
B. Steinberg ([46, 72|) constructed also for an arbitrary finite abelian group K a single Mealy
automaton A such that G(A) ~ KwrCy. This is a so-called reset automaton, in which both
the set of states and the alphabet coincide with K. The previously minimal case (K = C5)
deserves on a special attention, as the study of the group generated by the corresponding 2-state
Mealy automaton allowed to find the counterexample to the strong Atiyach conjecture on the
possible values of the so-called L?-Betti numbers (|37]).

In the paper [P3], we extended to arbitrary time-varying automata the notion of a dual
automaton and its action on the free monoid S* over the set of states. Previously, this notion was
investigated only for Mealy-type automata. In [P3], we used this extension to find an explicit
and quite simple and accessible construction of a 2-state automaton A (so-called bireversible
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automaton) over an unbounded changing alphabet such that the group G(A) is the non-abelian
free group of rank 2. It is still an open problem if there exists a 2-state automaton over a
bounded changing alphabet, which generates a non-abelian free group. In particular, we do not
know, if there is a 2-state Mealy automaton generating a non-abelian free group. On the other
hand, for every n > 3 there is a construction of an n-state Mealy automaton over the binary
alphabet which generates F,, (non-abelian free group of rank n) ([73, 80]).

The problem of obtaining an explicit automaton realization of a non-abelian free group by
Mealy automata (i.e. not necessarily as a group G(A) generated by a single automaton, but as
a subgroup G < MA(X*) of all transformations defined by Mealy automata over X) turned
out to be far from trivial. In 1983, Aleshin ([2]) constructed two transformations over the
binary alphabet: one transformation defined by a 3-state Mealy automaton, and the second
by a b-state Mealy automaton, claiming that they generate F,. But some mistakes have been
found in his proof. The first automaton realization of Fy, presented in 1998 by A. M. Brunner
and S. Sidki ([21]), was based on an embedding of the full linear group G'Ly(Cy) into the
group MA(X™) of the automaton transformations over the alphabet X = {1,2,3,4}. In 2000,
A. Oliinyk and V. Sushchansky ([65]) investigated the group of infinite unitriangular matrices
over an arbitrary finite field F as a subgroup of the group MA(F*), which allowed them to
construct an automaton realization of F» by Mealy automata over the binary alphabet (see also
[41]). The problem of obtaining a concrete realization of a non-abelian free group by a single
Mealy automaton turned out to be even more difficult. Sidki (|71]) conjectured that the 3-state
Mealy automaton from the Aleshin’s construction generates Fy. Grigorchuk and Zuk tried to
confirm this, but the correct proof was presented by the siblings M. Vorobets and Ya. Vorobets
([79]) in 2007. It is worth to note that the above difficulties contrast with the Bhattacharjee’s
(|13]) result from 1995, according to which for every alphabet X = (X;);>1 and every n > 1 a
random choice of an n-element sequence of automorphisms of the tree X* almost surely gives
a basis for F},, that is the set of those n-tuples which do not satisfy this condition has measure
zero (in reference to the Haar measure on the group Aut(X*)).

In the paper [P7], we introduced the notion of reversibility and bireversibility for automata
over a changing alphabet. For Mealy-type automata, this notion was introduced by O. Mace-
donska, V. Sushchanky and V. Nekrashevych (|56]) in 2000, where it was observed that the
automata group Bir(X™*) consisting of the transformations defined by bireversible Mealy au-
tomata over the alphabet X is a dense subgroup in the group MA(X™) of all transformations
defined by Mealy automata over X, as well as that the group Bir(X*) is contained in the group
Comm/(F,,) of virtual automorphisms of the free group F;, of rank n := | X| (the Commensura-
teur of F),) as a subgroup of the so-called vp-automorphisms. In 2005 Y. Glasner and S. Mozes
([27]) associate with any bireversible Mealy automaton a square complex together with its uni-
versal covering, which allowed to construct the first examples of automata A for which the group
G(A) is a non-abelian free group. Up until now, this is the only known construction of Mealy
automaton which generates a non-abelian free group. Recently, I. Bondarenko, D. D’Angeli
and E. Rodaro ([16]) constructed the first example of a bireversible Mealy automaton which
generates not finitely presented group (isomorphic to CswrCy). Besides, I. Klimann ([50])
showed that the semigroup generated by an arbitrary 2-state reversible Mealy automaton is
either finite or free. Whereas T. Godina and I. Klimann (]|29]) proved that the connected re-
versible Mealy automata with a p-element set of states for a prime p > 3 can not generate an
infinite torsion group.

Recall that a Mealy automaton A = (S, X, ¢, ) is called reversible if for every letter x € X
the map S 3 s — ¢(s,x) € S is a permutation of the set of states. If both the automaton
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A and its inverse (denoted by A~!) are reversible, then A is called bireversible. In [P7], we
extended these notions in a natural way to automata over a changing alphabet. Namely, we
call an automaton A = (S, X, p, ) reversible if for all i > 1 and z € X; the transformation
S 3 s @i(s,x) € Sis apermutation of the set of states. If additionally, the inverse automaton
A~ is also reversible, then A is called bireversible.

As an example of a bireversible automaton, we may take an arbitrary diagonal automaton.
Obviously, every diagonal Mealy automaton generates a finite group (which is a subgroup in the
symmetric group on the corresponding alphabet). Also, every group generated by a diagonal
automaton over a bounded changing alphabet is finite. The situation changes in the case of an
unbounded alphabet. In [P5], we have shown in this case that diagonal self-similar automata
provide a universal method for defining arbitrary finitely generated residually finite groups.
Namely, for every such a group G and an unbounded alphabet X = (X;);>1, there is a self-
similar diagonal automaton A = (5, X, ¢, %) such that G(A) ~ G and |S| = d(G). However,
our proof was highly un-constructive. Namely, in spite of the fact that we had no idea for a
given abstract group G how to explicitly construct the sequence ¢ = (1);>1 of output functions
in the corresponding automaton, we were able to show directly from residual finiteness of G
that such a construction was feasible.

In [P3], we investigated bireversible automata of another type. These were 2-state automata
A = ({a,b}, X, R) with the following wreath recursions in the i-th transition (i > 1): a; =
(bit1, @iv1y -+ Qiv1)Ty by = (@i1,bi41, - .-, biy1)7;, where the permutations m;, 7; € Sym(X;)
form a standard generating set of Sym(X;), that is 7; is an arbitrary transposition and 7; is
an arbitrary long cycle such that the letters x;,; and x5, from the first two positions of the
alphabet X; satisfy: 7;(x,;) = m;(21;) = x2,. In the paper [P3], we proved that if the alphabet
X = (X;)i>1 is unbounded and the sequence (|X;|);>1 is non-decreasing, then G(A) ~ F5, and
in [P7], we showed that if | X;| > 3 for every i > 1 and GCD(|X;| — 1,|Xy| — 1) = 1 for i # 7,
then the action of G(A) on the tree X* is spherically transitive.

A slight modification of the above wreath recursions gives the following recursions a; =
(@ix1y- -y @ip1)Tiy by = (biy1, ..., bip1)7 for i > 1. The group G generated by the obtained
2-state diagonal automaton is isomorphic to the subgroup (7, 7) <[]~ Sym(X;), where 7 :=
(m)is1, T = (Ti)i>1. The case X; :== {1,...,i+ 1}, m = (1,2,...,i+ 1), 7, == (1,2) was
investigated in [53, 54| and in [D3] (the description of the paper [D3] is on p. 47). In [D3],
we have shown that the commutator subgroup G’ is locally finite, the semigroup generated by
m and 7 is free, but G does not contain non-abelian free subgroups. It even turns out that
G is amenable (53], Example 4.1). Moreover, if we denote G := (m,77) for every I C N,
where 7; is obtained from 7 by replacing m; for ¢ € I with the trivial permutations, then
for all I,I' C N\ {1,2,3,4}, we obtain that I # I’ implies that the groups G; and G, are
not isomorphic (|54, Proposition 4.1). Consequently, we obtain uncountably many pairwise
non-isomorphic groups G(A) generated by a 2-state diagonal automaton A over the alphabet
X = (Xi)iz1.

One of the main results in [P7] was to show that for an arbitrary changing alphabet X =
(X;)i>1 the following two statements are equivalent: (i) there is a 2-state bireversible automaton
A over X for which G(A) ~ F,, (ii) the alphabet X is unbounded. In the proof of the above
equivalency, we have shown that if the alphabet X is bounded, then for every 2-state bireversible
automaton A over X the group G(A) cannot be torsion-free groups. In particular, there is no 2-
state biereversible Mealy automaton generating F5. Further, on basis of the construction of an
automaton from [P3], we also obtain an explicit and clear construction of a 2-state automaton
over an arbitrary unbounded changing alphabet which generates F5.
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In [P7], we also classify all groups G(A) generated by a 2-state bireversible automaton A
over the binary alphabet (obviously, there are uncountable many of such automata). It turns
out that all these groups are abelian and finite; and there are five such groups: the trivial group,
Cy, Cy x Oy, Cy and Cy x Cy. Only the first three of them are generated by the corresponding
Mealy automaton. We also investigated the class IR 5 of groups G(A) generated by a 2-state
reversible automaton A over the binary alphabet, as well as the class BI Ry 3 of groups G(A)
generated by a 2-state bireversible automaton over the ternary alphabet X = {1,2,3}. We
have shown that each of these classes contains infinitely many pairwise non-isomorphic finite
groups.

In the paper [P4], we introduced for any m > 2 and any abstract group G the notion of
an automaton rank ar(G,m) as a minimal number of states in a Mealy automaton A over an
m-litter alphabet for which the isomorphism G(A) ~ G holds. Obviously, we have: ar(G,m) >
d(G) (if there is no such automaton, then we assume ar(G,m) := oo). For example, the
presently known automaton realizations of non-abelian free groups F,, (n > 3) give the equality
ar(F,,2) = d(F,) = n for every n > 3. On the other hand, the exact value of ar(Fy, m)
(m > 2) is not known, but the following estimation 4 < ar(Fy,2) < 6 is true. By using the
automaton realizations of the Baumslag-Solitar groups BS(1,k) := (a,t: tat™! = a*), derived
by L. Bartholdi and Z. Sunica ([8]), we easily concluded in [P4] that for any m,n > 2 there is
a group G with d(G) =2 and n < ar(G,m) < cc.

In [P4], we constructed for all n > 1 and m > 2 an optimal Mealy automaton over an m-
letter alphabet, which generates the abelian free group C7., obtaining in this way the automaton
ranks of abelian free groups. It turned out that the optimal construction not always gives the
minimal automaton (that is an automaton with an n-element set of states) — in the cases
m = 2 or n = 1 the optimal automaton has n + 1 states. To this aim, we used the result due
to Nekrashevych and Sidki ([62]), according to which every self-similar abelian free group of
automorphisms of the tree {0, 1}* must be contracting.

We also suggest a wider approach by introducing for every abstract group GG the automaton
spectrum sa(@) as the set of all pairs (n,m) € N x N such that the isomorphism G(A) ~ G
holds for some n-state Mealy automaton A over an m-letter alphabet. If (n,m) € sa(G), then
obviously (n',m’) € sa(G) for any integers n’ > n, m’ > m. Thus, if [n] := {n,n +1,...},
then we obtain: sa(G) = () or there is a unique number k£ € N (I called this number the
automaton width of G) such that sa(G) = ([n1] x [m1]) U... U ([ng] x [my]) for some uniquely
defined sequences (n;)1<i<k, (m;)1<i<x of natural numbers such that the first sequence is strictly
increasing and the second — strictly decreasing. In [P4], we have shown the equalities sa(Cy ) =
2] x [2] and sa(C™) = ([n] x [3]) U ([n + 1] x [2]) for n > 1. We are able to determine
the automaton spectra for the remaining homocyclic groups, as well as for some other finite
abelian groups (paper in preparation). For example, for all n > 1 and m > 2, we have
sa(C") = [n] x [y(m)], where the number v(m) is defined as follows: if m = pi*ph>...p}" is
the canonical decomposition of m, then y(m) = pi* + p5> + ... + pi* (in particular, assuming
(1) := 0, we get the additive map v: N — N). Further, if G is a finite abelian group with
the Shmitt canonical decomposition G ~ Ct x C72 ... x CJ% . (n; > 1, m; > 2), then by
denoting v(G) := v(mq) + ...+ v(my), we obtain (d(G)+1,v(G)) € sa(G), and if ny > 1, then
(d(GQ),v(GQ)) € sa(Q); finally if GCD(m;,m;y) = 1 for i # ¢, then sa(G) = [d(G)] x [v(G)].
In particular, we would like to know if there is a group G with the automaton width greater
than 2. We suppose to find such groups among finite abelian groups for which the equality
my = mg = ... = my holds in the above decomposition.
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In the paper [P6], for every natural number n > 1 and every abelian group G, we have
shown that the isomorphism G ~ G(A) holds for some n-state time-varying automaton A
over the binary alphabet X = {0,1} if and only if d(G) < n and the torsion part of G is
a 2-group. Moreover, for every such a group G, we provided an explicit construction of the
corresponding automaton. As a byproduct, we obtained that there are infinitely many pairwise
non-isomorphic groups of the form G(A), where A is a 2-state automaton over the binary
alphabet (we remember that the 2-state Mealy automata over the binary alphabet generate
only six pairwise non-isomorphic groups). In [P6], we separately investigated the case of
Mealy automata, and we obtain an analogous characterization of abelian groups generated by
an n-state Mealy automaton over the binary alphabet. In particular, there are exactly 2n
groups of this form (up to isomorphism), and each of them is an elementary 2-group or an
abelian free group. Note that the number of all n-state Mealy automata (up to isomorphism
of automata) over the binary alphabet is finite and equal to 2" - n*".

Obviously, we may investigate for arbitrary integers m,n > 1 the class GTV(n, m) of groups
(up to isomorphism) of the form G(A), where A is an n-state automaton over an m-letter
alphabet. For every n > 1 the class GTV(n, 1) is trivial, and for m > 1 the clas GTV(1,m)
is finite and consists of some finite cyclic groups. Thus, the smallest interesting case is the
class GTV(2,2), which, by above, is infinite. But, on the other hand, there are uncountably
many (up to isomorphism of automata) 2-state automata over the binary alphabet. Hence, it
would be interesting to know if the class GTV(2,2) is uncountable. What other groups (besides
abelian groups) belong to this class? In particular, does a non-abelian free group belong to this
class? And maybe every 2-generated residually 2-group belongs to this class? Does this class
contain an example of a group with an unsolvable word problem? As for the last question, it is
even not known if there is an automaton A over a bounded alphabet such that the group G(A)
has an unsolvable word problem (remember that this problem is solvable in the class of groups
generated by a Mealy automaton). On the other hand, there is a constructive example of a
2-state diagonal automaton A over an unbounded changing alphabet such that the group G(A)
has an unsolvable word problem. This example is based on the construction of a 2-generated
residually finite group obtained in 2009 by G. Baumslaga and Ch. F. Millera III (|11]) on basis
of the B. H. Neumann’s groups from 1937.

3.2 The scientific achievements in the PhD Thesis — papers [D1]-[D5]

I defended my PhD Thesis, entitled " Time-varying Mealy automata and groups generated
by these automata", in June 2005 at the Institute of Mathematics of the University of Silesia.
My PhD supervisor was Professor Vitaliy Ivanovich Sushchansky. The scientific achievements
obtained in this PhD project consist of the following publications:

[D1] A. Woryna, Odwzorowania okreslone za pomocq automatéw Mealy’ego zmiennych w czasie,
ZESZYTY NAUKOWE POLITECHNIKI SLASKIEJ, Seria: AUTOMATYKA, z. 138 (2003),
201-215,

[D2] A. Woryna, On representation of a semi-direct product of cyclic groups by a 2-state
time-varying Mealy automaton, ZESZYTY NAUKOWE POLITECHNIKI SLASKIEJ, Seria:
MATEMATYKA-FIZYKA, z. 91 (2004), 343-354,

[D3] A. Woryna, On permutation groups generated by time-varying Mealy automata, PUBLI-
CATIONES MATHEMATICAE, DEBRECEN, 67 (1-2) (2005), 115-130; IF 0.238,
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[D4] A. Woryna, Representations of a free group of rank two by time-varying Mealy-automaton,
DISCUSSIONES MATHEMATICAE GENERAL ALGEBRA AND APPLICATIONS, 25 (2005),
119-134,

[D5] A. Woryna, On generation of wreath products of cyclic groups by two state time varying
mealy automata, INTERNATIONAL JOURNAL OF ALGEBRA AND COMPUTATION, 16 (2)
(2006), 398-415; IF 0.357.

In the papers [D1]-[D5], we considered an even wider class of automata over a changing
alphabet, by allowing to change the sets of states in the consecutive moments of their actions.
We called them time-varying Mealy automata. We formally defined such an automaton as a
quintuple A = (5, X,Y, ¢, ), where (5;);>1 is a sequence of sets of states, X = (X;);>1 and
Y = (Yi)i>1 are changing alphabets, input and output, respectively, ¢ = (¢;);>1 is a sequence
of transition functions of the form ¢;: S; x X; — S;11 and ¢ = (¢;);>1 is a sequence of output
functions v;: S; x X; — Y;. For every state s € S7, we defined, analogically as for the automaton
from Definition 2, the automaton function s: X* — Y*.

In [D1], we only investigated the structural properties of these automata; we identified some
natural subclasses, such as the class of automata with a fixed set of states, the class of periodic
automata or the class of permutational automata. We introduced the notion of equivalency for
such automata, and used this to compare various models of automata, identifying automata
with a simpler structure. We characterized the automaton functions f: X* — Y™, as well as
we characterized the transformations f: X* — X* defined by permutational automata as those
permutations of the tree X* which preserve the beginnings and the lengths of words. We also
used the notion of a section of an automaton function to characterize the functions defined by
periodic automata.

In [D3], we introduced the group GA(X™*) of all transformations defined by permutational
time-varying Mealy automata over an input-output alphabet X = (X;);>;. We described
a natural isomorphism of this group with the wreath product $°,Sym(X;). We introduced
the notion of a group G(A) = (5: s € S51) generated by a single permutational automaton
A = (5, X,X,p,1). We showed that every n-generated (n > 1) residually finite group G
is isomorphic to the group G(A) generated by an n-state automaton A. For every n > 1, we
constructed and investigated the 2-state automaton realization for the group which is dual to the
lamplighter group C,wrCy, that is for the regular wreath product CwrC,,. We also considered
the 2-state diagonal automaton A over the alphabet X = (X;);>; in which X, := {1,...,i+ 1},
and the labels of the states in their i-th transitions (i > 1) form the standard generating
set of the symmetric group Sym(X;), that is the transposition «; := (1,2) and the cycle
Bi == (1,2,...,i 4+ 1). For the group G := G(A) generated by this automaton, we showed
that its action on the tree X™* is spherically transitive, as well as that this group contains an
isomorphic copy of every finite group, it does not contain non-abelian free subgroups, but the
semigroup generated by the two automaton generators is free. It was also shown that the
commutator group G’ is locally finite and the abelianization G/G’ is isomorphic to the direct
product Cs x C.

In [D2], we considered the so-called @Q-adic adding machine ([10]), where @ = (n;);>1 is an
arbitrary sequence of natural numbers greater than one. We can identify such a machine with
the cyclic automorphism a € Aut(X*) defined by the following sequence of wreath recursions:
a; = (idiy1,. .., idi11,a;01)0; for ¢ > 1, where id; := idX(*i) and o; € Sym(X;) is a long cy-
cle. The automorphism a is often useful (especially in the regular case) for various automaton
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realizations, and its properties are still investigated. For example, it can be shown that an
arbitrary automorphism g € Aut(X™) is a conjugate of a if and only if the cyclic group (g) acts
spherically transitively on the tree X* ([10]). We see that a is defined by an automaton with
two states, and this is the minimal number of states to define this automorphism. In [D2], we
wanted to know what happens if we join the adding machine with some another nontrivial cyclic
automorphism b € Aut(X*) which interferes as little as possible in the automaton structure
of a, that is it does not add new states within the automaton structure of the set {a,b} and
does not change the transition functions associated with a. We were interested in the group
generated by the resulting 2-element set of cyclic automorphisms. One of such simplest "min-
imal interfering" automorphisms is the automorphism b with the following wreath recursion:
b = (ag,idy,...,idy)oy. In [D2], we showed that the group G(A) := (a,b) generated by the
resulting 2-state automaton A is isomorphic to the subgroup K := W’ - Cy of the semi-direct
product W := C2 x C, with the action of C, on CZ! by the cyclic left shift. The group K is
an example of a torsion-free metabelian group, which is not nilpotent, its center is isomorphic
to C, the commutator subgroup is isomorphic to C™'~! and the abelianization is isomorphic
to Cx x Cp,. In particular, this construction describes a spherically transitive action of the
group K on the tree X*. In [D2], we characterized the stabilizers Stabg(ay(w), Stabg(a)(m),
Stabgay(u) (w € X*, v € X¥, m > 0) and the orbits of the action on the set X* of infinite
words. We also derived the presentation of K with reference to the generating set {a,b}.

In [D4], we derived two distinct automaton realizations for the non-abelian free group Fs.
In the first one, we used a 2-state diagonal automaton A = ({s1,$2}, X, X, p,9) over the
alphabet X = (X;);>; with X; = {1,...,i} for ¢ > 1. We discovered that the output functions
in such an automaton can be defined on basis of the lexicographical ordering < of the set of
all reduced group-words on two letters a and b, starting from ¢ < a < a™' < b < b~!. To this
aim, we constructed two permutations a,b € Sym(N) with the property that if W = W(a,b)
is the group-word from the n-th position (n > 1), then for the composition W € Sym(N)
corresponding to W, we have W(1) = n. It was proved that the required output functions
it {s1,82} x X; — X; can be defined as follows: ;(s1,z) = a(z) for x € a=1(X;), ¥i(s1,2) =
ai(x) dla z & a=(X;), ¥i(s2,x) = b(z) for z € b1 X;), ¥i(s2,x) = b;(z) for z ¢ b~ (X;), where
a;: X; \ a (X;) = X; \ a(X;) and b;(x): X; \ b7 1(X;) — X; \ b(X;) are arbitrary bijections.
We also provided an explicit analytic description of the permutations a and b. However, they
turned out to be quite complicated, which implied that this realization, although explicit and
diagonal, did not provide a visible opportunity for the further study of the group G(A) and its
action on the tree X™.

The second automaton realization of Fy described in [D4] was based on the automaton over
the alphabet X = (X;);>1 with X; = {1,2,...i+2} for : > 1. By that construction, we realized
that the output functions in an automaton realization of F» can be defined in a quite simple
way. Namely, the labels of the states in their i-th transition can be the successive powers of
the cycle (2,3,...,i+2). However, when defining the transition functions, it was necessary to
add new states in the consecutive transitions of the automaton, such that in the i-th transition
we needed 7 + 2 states. In particular, that construction did not provide an automaton with a
fixed set of states.

Te previously mentioned paper [D5] was the last, but also the most interesting result
within my PhD Thesis. In that work, we constructed a 2-state permutational automaton
A = ({a,b}, X, X,R) with the sequence R = (R);>; of wreath recursions, in which the
system R; consists of the following two wreath recursions: a; = (bir1, @iz, .-, 0i11), b =
(@it1,--.,ai11)0;, where the permutation o; € Sym(X;) is an arbitrary long cycle. The main
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result was the observation that if GC'D(n;,n;) = 1 for all i # @, then the automaton A gen-
erates the wreath product °,C,,.. For the group G := G(A), we also derived the following
properties (in the publication [D5], we have additionally observed that G is weakly branch):
G is a torsion-free not finitely presented centerless group, it acts spherically transitively on the
tree X*, the semigroup generated by the automaton generators is free, and the abelianization
G /G’ is isomorphic to Cy X Cop.

3.3 Some results from outside group theory — papers [S1]-[S5]

In the following works, we studied some problems from outside group theory.
[S1] A. Woryna, Liczby Stirlinga, a skoki narciarskie, DELTA, 11 (2001), 6-7,

[S2] A. Woryna, The solution of a generalized secretary problem via analytic expressions,
JOURNAL OF COMBINATORIAL OPTIMIZATION, 33 (4) (2017), 1469-1491; IF 1.235,

[S3] A. Woryna, On the set of uniquely decodable codes with a given sequence of code word
lengths, DISCRETE MATHEMATICS, 340 (2) (2017), 51-57; IF 0.639,

[S4] A. Woryna, On the ratio of prefix codes to all uniquely decodable codes with a given length
distribution, (under review),

[S5] A. Woryna, On the ratio of prefix codes to all uniquely decodable codes with the three-
element sequence of code-word lengths, (under review).

In [S1], we were interested in the following problem: what is the average number of tempo-
rary leaders during the round in the ski jumping competition. There are n > 1 jumpers, and
after each jump a temporary leader is the jumper with the best current result. We assume that
there are no favourites, and that no two jumpers will have the same score (the problem came to
my mind when Adam Malysz has regularly been the winner of the competitions; in particular,
the first assumption was not right). Given 1 < k < n, we showed that the probability that
there will be exactly & temporary leaders during the round is equal to S(n, k)/n!, where S(n, k)
is the corresponding Stirling number of the first kind. Consequently, we obtained that the n-th
harmonic number Y " | 1/i is the solution of our problem.

In [S2], we discovered new combinatorial formulae, which allow analytically to obtain a
so-called optimal sequence solving a generalized version of the famous secretary problem. Pre-
viously, the solution was described only by the algorithms using mechanisms of dynamic or
linear programming, which allow to compute this solution only numerically. We suppose that
our purely combinatorial approach can be also used for some other (wider) classes of the sec-
retary problem, obtaining in this way some simplifications in the currently known formulae. In
the next work, we plan to use our construction of the optimal sequence to study the asymptotic
behaviour of its elements, hoping to obtain answers to some still open questions concerning
this asymptotics. The inspiration for writing the paper [S2] came after reading the book by
Jakub Szczepaniak, Matematyka nie tylko dla zakochanych, WYDAWNICTWO POLITECHNIKI
L.opzKIEJ, 2010.

In [S3], we investigated some important classes of variable-length codes with a given length
distribution. For general variable-length codes, these sequences are well-known to be charac-
terized by Kraft inequality, which also characterizes the length distributions of prefix codes.
Most questions, even elementary, are open in this area. For example, the characterization of
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the length distributions of bifix codes is not known. In [S3], we denoted by UD, (L) (resp.
PR, (L), resp. F'D, (L)) the set of all codes (resp. prefix codes, resp. codes with finite delay)
over an n-letter alphabet and with length distribution L. The main results of the paper are:
(1) showing the inequality |UD,,(L)|/|PR,(L)| > 1+r4ry/|PR,(a,b)|, where r, (resp. 75) is the
number of occurrences of a (resp. of b) in L, (2) showing that the equality F'D,,(L) = UD,(L)
holds if and only if the sequence L has length at most 2, or it is of the form (up to reordering)
L = (a,a,...,a,b) for some a and b satisfying the divisibility a | b.

In [S4], we investigated the ratio p, = |PR,(L)|/|UD,(L)| and provided some nontrivial
lower and upper bounds for the numbers ¢, ,,, := inf, p,, 1, where the infimum is taken over the
sequences L of length m > 1 for which UD, (L) # (. In particular, we obtained: lim, . &.m =
1 for every m > 1 and lim,,, 0 &, = 0 for every n > 2. We obviously have &, ; = 1 for every
n > 2. In [S4], we used some known characterization of codes of length two to obtain the
exact value of &, 2. Although the characterization of codes of length three is not known, we
were able to derive the exact formula for &, 3 ([S5]). The inspiration for exploring the subject
presented in the papers [S3], [S4], [S5] were classes in Information Theory and Cryptography,
which I gave to students in mathematics at the Faculty of Applied Mathematics of the Silesian
University of Technology.
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