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Abstract

In 1968, Milnor asked if a finitely-generated group could have volume growth that is
neither exponential nor polynomial (so-called ‘intermediate’), and if there is an algebraic
classification of groups with polynomial volume growth. We consider the analogous
questions for geodesic growth.

We show that no virtually abelian group can have intermediate geodesic growth. In
particular, we completely characterise the geodesic growth for every virtually abelian
group. We show that the geodesic growth is either polynomial of an integer degree with
rational geodesic growth series, or exponential with holonomic geodesic growth series. In
addition, we show that the language of geodesics is blind multicounter. These results
hold for each finite weighted monoid generating set of any virtually abelian group.

A direct consequence of Gromov’s classification of polynomial volume growth is that if a
group has polynomial geodesic growth with respect to some finite generating set, then it is
virtually nilpotent. Until now, the only known examples with polynomial geodesic growth
were all virtually abelian. We furnish the first example of a virtually 2-step nilpotent
group having polynomial geodesic growth with respect to a certain finite generating set.

Holt and Rover proved that finitely-generated bounded automata groups have indexed
co-word problems. We sharpen this result to show that their co-word problem is ETOL.
We do so using an equivalent machine model known as a cspd automaton. This extends a
result of Ciobanu, Elder and Ferov who showed this for the first Grigorchuk group by
explicitly constructing an ETOL grammar.






Acknowledgements

Firstly, I would like to thank my supervisor Murray Elder for introducing me to these
research problems, for his support throughout my Honours and PhD, and for his helpful
comments when revising my thesis. I also thank Michal Ferov for his feedback and
suggestions when revising my thesis.

I thank Moyna Ward for giving me a room to stay at the beginning of my PhD. I
would like to sincerely thank my parents, my brother, and Jessica Chen for their support
throughout my studies.

vii






Contents

Abstract

Acknowledgements

Contents

1.

Introduction

1.1.
1.2.
1.3.

Structure . . . . ... ...
Attribution of Results . . . . . . . . ..
Notation . . . . . . . . ... .. .. ...

Formal Languages and Generating Functions

2.1.

2.2.

2.3.

2.4.

2.5.

2.6.

The Chomsky Hierarchy . . .. ... ..
2.1.1. Formal Grammars . . . ... ..
2.1.2. Finite-State Automata . . . . . .
Generating Functions . . . . . . .. ...
2.2.1. Rational Power Series . . . . ..
2.2.2. Algebraic Power Series . . . . . .
2.2.3. Holonomic Power Series . . . . .
Constrained Languages . . . . . . . . ..
2.3.1. Linear Constraints . . . . . . ..
Blind Multicounter Automata . . . . . .
ETOL Languages . . . ... . ... ...
2.5.1. CSPD Automata . ... ... ..
2.5.2. Equivalence of CSPD and ETOL
Concluding Remarks . . . . . ... ...

Co-Word Problems

3.1.
3.2.

3.3.

Generating Sets . . . . ... ...
Bounded Automata Groups . . .. . ..
3.2.1. Co-Word Problems . . . .. ...
Open Problems and Concluding Remarks

10
11
12
13
14
16
16
17
17
18
21
23
24
31

33
34
35
38
42

1X



Contents

4. Polyhedral Sets and Polyhedrally Constrained Languages
4.1. Polyhedral Sets . . . . . . . ...
4.2. Polyhedrally Constrained Languages . . . . . ... ... ... ... ....

5. Virtually Abelian Groups
5.1. Patterned Words . . . . . . . . . . ...
5.1.1. Word Shuffling . . .. ... .. ... ...
5.1.2. Geodesic Patterned Words . . . . . .. ... ... ... ...
5.2. Geodesic Growth . . . . . . . ...
5.3. Language of Geodesics . . . . . . . . . ...
5.4. Concluding Remarks . . . . . . .. .. ... oo

6. Towards Virtually Nilpotent Groups
6.1. A Virtually Heisenberg Group . . . . . . . . . . ... ... ... .. ....
6.2. Concluding Remarks and Open Questions . . . . . ... ... ... ....

A. Additional Proofs

References

43
43
44

47
48
50
o4
95
29
62

65
65
69

71

75



Chapter

Introduction

Two of the most important results in geometric group theory are Gromov’s classification of
groups with polynomial volume growth [56], and Grigorchuk’s construction of a group with
intermediate volume growth [53|. These results answer two questions originally posed by
Milnor, namely, whether the volume growth of groups must always be either exponential,
or polynomial of an integer degree; and if there is an algebraic classification of groups
with polynomial volume growth |77]. In this thesis, we consider the analogous questions
for geodesic growth.

The volume growth function of a group counts the number of elements that can be
represented using words up to a given length. It was shown by Gromov that a group
has polynomial volume growth if and only if it is virtually nilpotent [56]. The geodesic
growth function of a group counts the number of geodesic words (i.e. minimal-length
representatives of group elements) with a given upper bound on their lengths. The volume
(resp. geodesic) growth series is then the power series whose coefficients are the values
of the volume (resp. geodesic) growth function. Since each element of a group has at
least one corresponding geodesic, we see that the geodesic growth is bounded from below
by the volume growth. From this and Gromov’s theorem, we see that only wvirtually
nilpotent groups may have polynomial geodesic growth. It is well known that the class
of nilpotent groups come in a sequence of steps, the first step being the abelian groups.
Thus, to obtain a classification of polynomial geodesic growth, it is natural to start with
the virtually abelian groups.

The study of geodesic growth for abelian groups began in 1997 when Shapiro considered
the function pg: G — N which counts the geodesics corresponding to a given element
of a group G [90]. The function pg is referred to as the Pascal function as, in the case
of free-abelian groups, it resembles a Pascal triangle. The geodesic growth of virtually
abelian groups was considered by Bridson, Burillo, Elder and Suni¢ who provided the
first example of a group with polynomial geodesic growth that is not virtually cyclic [19].
Moreover, they provided a sufficient condition for a virtually abelian group to have
polynomial geodesic growth with respect to some generating set, a condition for a group
to have exponential geodesic growth with respect to every generating set, and proved



1. Introduction

that the geodesic growth function of a virtually cyclic group is either exponential, or
polynomial of an integer degree. In this thesis, we extend their results by completely
characterising the geodesic growth for virtually abelian groups.

Theorem A. Let G be a virtually abelian group with a finite weighted monoid generating
set S. Then the geodesic growth with respect to S is either polynomial of integer degree
with rational geodesic growth series, or exponential with holonomic geodesic growth series.

We provide the first example of a group with polynomial geodesic growth that is not
virtually abelian. In particular, we show that the wvirtually Heisenberg group

Hs % Cy = {(a,b,c,t | [a,b] = ¢, [a,d] = b, =t? =1, a' =b)

has a polynomial upper bound on its geodesic growth function with respect to the
generating set S = {a,a~',t}. We prove this result in Theorem B. This example shows
that a classification of polynomial geodesic growth is more complicated than just a
subclass of virtually abelian groups.

Theorem B. The geodesic growth function of Hs x Cy with respect to S = {a,a™1,t} is
bounded from above by a polynomial of degree 8.

It was shown by Duchin and Shapiro that the volume growth series of the Heisenberg
group Hj is rational with respect to every generating set [39]. Theorem A shows us that
if the geodesic growth of a virtually abelian group is polynomial, then its geodesic growth
series is rational. However, it is not clear if this holds for the geodesic growth function of
our virtually Heisenberg example H3 x C5. In fact, computational experiments suggest
that the geodesic growth series is not rational (see [12]). Thus, this may be the first
example with polynomial geodesic growth and non-rational geodesic growth series.

The question of the existence of a group with intermediate geodesic growth was
considered as early as 1993 by Grigorchuk and Shapiro (see [54, p. 756]). In the PhD
thesis of Bronnimann most of the groups known to have intermediate volume growth, at
the time, were shown to have exponential geodesic growth with respect to their standard
generating sets [21, Chapter 3|; these results were an extension of an unpublished work of
Elder, Gutierrez and Suni¢ where this was shown only for the first Grigorchuk group [41].
We cannot, at this time, eliminate the possibility of there being a virtually nilpotent group
with intermediate geodesic growth. Thus, the results in this thesis also have application
to the search of a group with intermediate geodesic growth.

Most of the literature on geodesic growth has been concerned with either showing that
the language of geodesics is regular (see Section 2.1), or that the geodesic growth series is
rational (see Section 2.2.1) with respect to some particular generating sets. It is known
that the language of geodesics for a hyperbolic group is regular with respect to any finite
generating set [43, Theorem 3.4.5]. This result was generalised by Neumann and Shapiro
to any group and generating set with the falsification by fellow traveller property [80,
Proposition 4.2 on p. 267|. There are many results for particular generating sets of certain
Cozxeter groups, Artin groups [3, 4, 6, 33, 60, 67, 75|, and Garside groups |24, 88]. Shapiro
studied the Pascal function for abelian and hyperbolic groups [90]. It was shown by



Loeffler, Meier and Worthington that having a regular language of geodesics is preserved
by graph product [74]. Hermiller, Holt and Rees studied groups whose languages of
geodesics are locally testable (which is a proper subfamily of the regular languages) [59].
Cleary, Elder and Taback showed that the language of geodesics for the lamplighter group
is context-free and counter for some generating sets; and that the language of geodesics
for Thompson’s group F' is not regular for any generating set [34].

We prove Theorem A by constructing an algorithm that converts geodesics into patterned
words. From this algorithm, we find a bijection from the set of geodesics of a virtually
abelian group to a certain formal language with a holonomic growth series. It is then
natural to ask if there is a formal-language characterisation for the language of geodesics
for a virtually abelian group. In Theorem C, we obtain such a characterisation by
implementing this algorithm using blind multicounter automata.

Theorem C. The language of geodesics of a virtually abelian group with respect to any
finite weighted monoid generating set S is blind multicounter.

A formal language over a group is a set of words whose letters are taken from the
generating set. So far we have discussed our results on the language of geodesics for a
group. In this thesis, we also study the co-word problem, that is, the language of words
that do not correspond to the group identity. Characterisations of such languages provide
us with one measure for the computational difficulty involved with computing in a group.

The word problem of a group G with respect to a finite monoid generating set S, denoted
WPy, is the set of all words in S* that correspond to the group identity. We see that the
word problem completely specifies a group as (S | WPg) is a presentation for G. This
formal language is one characterisation of the difficulty of computing within a group, i.e.,
checking if two words u, v € S* represent the same group element is equivalent to checking
if the word wv~! is in the word problem WPg. The co-word problem of a group, denoted
coWPg, is the complement of the word problem in the sense that coWPg = S*\ WPg.

There are groups for which it is not possible to decide membership to the word problem.
Interestingly, there are such groups for which the word problem is recursively enumerable
but not recursive, that is, there is an algorithm that lists every word in the word problem
(with no guarantee of order) but no such algorithm which lists out every word in the
co-word problem. In particular, there are finitely-presented groups with unsolvable word
problems. The existence of such examples was shown independently by Novikov [81] (see
[20] for an English translation) and Boone [18]. An explicit example with 10 generators
and 27 relators was given by Collins [35], then later a simpler example with 2 generators
and 27 relators was given by Wang, Li, Yang and Lin [94]. We see that the word problem
for any finitely-presented group is recursively enumerable (see Proposition A.1).

Suppose that F is a family of formal languages that is closed under inverse word
homomorphism. Then, if the word or co-word problem with respect to some generating
set belongs to F, it belongs to F for all generating sets (see Lemma 3.2). Thus, for such
a family it is well defined to state that a group has a word or co-word problem in F.
Examples of such families are the reqular, context-free and context-sensitive languages; the
family of ETOL languages which are a type of L-system, introduced by Rozenberg [87], that
generalises context-free languages, and form a subfamily of context-sensitive languages;
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and the family of blind multicounter languages [52] which generalise counter languages
and are equivalent to the class of reversal bounded multicounter languages [8] and Parikh
languages [64]. If F is a family of formal languages that is closed under inverse word
homomorphism, and the word (resp. co-word) problem of a group lies in F, then we say
that the group is an F (resp. co-F) group.

It is interesting to find classifications of groups whose languages WPg and coWPg
belong to certain language families. The study of this problem began with Anisimov
who showed that a group is finite if and only if WPg is a regular language [2]. Further
classifications were obtained by Muller and Schupp who showed that a group is virtually
free if and only if its word problem is a context-free language [78|; and Elder, Kambites
and Ostheimer who showed that a group is virtually abelian if and only if its word problem
is a blind multicounter language [42].

The study of the group co-word problem, coWPg, gives us an additional source of such
classifications. The class of groups for which coWPg is context-free was first studied by
Holt, Rees, Rover and Thomas [61]. Their results were then extended by Lehnert and
Schweitzer |70] who showed that Thompson’s group V has a context-free co-word problem.
Combining a result of Bleak, Matucci and Neunhoffer [17] with a remark in Lehnert’s
thesis [71, §4.2], it is conjectured that every group with context-free co-word problem is a
subgroup of Thompson’s group V. Moreover, it is conjectured that Grigorchuk’s group
does not have a context-free co-word problem [17].

The class of bounded automata groups includes important examples such as Grigorchuk’s
group of intermediate growth, the Gupta-Sidki groups, and many more [55, 57, 79, 91].
It was shown by Holt and Réver [63] that bounded automata groups have indexed co-
word problems. ETOL languages form a proper subfamily of the indexed languages
introduced by Aho [1] (see Corollary 4.1 in [36] and Proposition 4.5 in [40]). For the
case of Grigorchuk’s group, it was later shown by Ciobanu, Elder and Ferov that the
co-word problem is ETOL [32]. They proved this result by explicitly constructing an
ETOL grammar to recognise the co-word problem. In Theorem D we use an equivalent
machine model to generalise this result to all bounded automata groups.

Theorem D. FEvery finitely-generated bounded automata group is co-ETOL.

All results in this thesis are with respect to monoid generating sets for groups. In
particular, this means that we do not assume that our generating sets are symmetric.
For example, the group of integers Z = (a | —) is generated by {a~!,a®}. Moreover, we
prove Theorems A and C for each finite weighted monoid generating set. That is, for each
generator we associate a positive integer weight, and we say that a word is a geodesic
if it represents an element with minimal weight. Notice that we may recover the usual
definition of a geodesic by choosing the weight of each generator to be one.

1.1. Structure

This thesis is structured as follows. In Chapter 2, we provide background on formal
language theory and define the families of formal languages that are used in our proofs.



1.2. Attribution of Results

In Chapter 3 we study the co-word problem for bounded automata groups, and prove
Theorem D. We then return to formal language theory in Chapter 4 where we define the
family of polyhedrally constrained languages. Then, in Chapter 5 we prove provide a
characterisation of the language of geodesics and geodesic growth of virtually abelian
groups by proving Theorems A and C. Finally, in Chapter 6 we consider virtually nilpotent
groups and prove Theorem B.

1.2. Attribution of Results

Theorems A and C are published in the single-authored paper [13|. Theorem B is joint
work with my supervisor, Murray Elder, a preprint of this work is available in [14].
Theorem D is also joint work with Elder and has appeared in the conference proceedings
of LATA (Language and Automata Theory and Applications) 2019 [15].

1.3. Notation

Let N ={0,1,2,...} denote the set of nonnegative integers, including zero, and N, =
{1,2,3,...} the set of positive integers.

Let G be a group, and let g,h € G, then [g,h] = ghg~'h™" and ¢" = hgh™!. Given
two subgroups H, K < G, we write [H, K| for the subgroup

[H, K] = ({[h.k] |h€ H, k€ K}).
A group G is k-step nilpotent if there is a finite sequence of subgroups
Go =G, G1 =[G,Gol], G2 =[G, G4], Gs =[G,Gs], ..., G =[G, Gr_1] = {1}.

Notice that the 1-step nilotent groups are precisely the abelian groups. Moreover, for
each k, the set of (k+ 1) x (k + 1) invertible upper-triangular integer matrices with 1’s
on their diagonal form a k-step nilpotent group. In fact, it is a result of Auslander that
each nilpotent (or more generally each polycyclic) group has a faithful representation in
SL(n, Z) for some n |7, Theorem 2.

Let P be some group property, e.g., being abelian, nilpotent, or free. Then, we say that
a group is virtually P is it has a finite-index subgroup with the property P. For example,
we say that a group is virtually nilpotent if it has a finite-index nilpotent subgroup.

Let G be a group with a finite generating set S, then we write S* for the set of all
words, including the empty word € € S, in the letters of S; and & € G for the group
element corresponding to the word o € S*. We endow S with a weighting, that is, for each
generator s € S we assign a positive integer weight w(s) € N;i. We then say that S is a
finite weighted generating set for the group G. The weight of a word o = 0109 --- 0 € S*
is then given by w(o) = S-F | w(oy). Moreover, we write |o|g = k for the word length
of 0. The weighted length of an element g € G is then defined as the minimum weight
required to represent it as a word, that is,

ls(g) = min{w(o) | T = g where o € S*}.
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We may now define the volume growth function ag: N — N as follows.

Definition 1.1. The volume growth function ag: N — N is defined as

as(n) = #{g € G | ls(g) < n}.
That is, as(n) counts the elements which can be represented by a word of length n or less.

We say that a word o € §* is a geodesic if it represents & with minimal weight, that is,
if w(o) = lg(7). We write Geodg for the set of all geodesic words with respect to the
generating set S, that is,

Geods = {0 € S* |w(o) =¥s(T)}.
We then define the geodesic growth function vs: N — N as follows.

Definition 1.2. The geodesic growth function vg: N — N s defined as

vs(n) = #{o € Geodg | wg(o) < n}
This function counts the number of geodesic words of length n or less.

Notice that the volume and geodesic growth functions can be at most exponential as

n
as(n) < vs(n) < IS < ISP,
i=0

We say that a (volume/geodesic) growth function f: N — N has

e polynomial growth if there is some (,d € N such that f(n) < fn? for each n > 1;

e cxponential growth if there is an o € R with o > 1 such that f(n) > o"; and

o intermediate growth if its growth is neither polynomial nor exponential.
Notice that the volume and geodesic growth functions are submultiplicative, that is, if
f+ N —= Nis a growth function, then f(n +m) < f(n)f(m) for each n,m € N. Thus, we
may apply the following result.

Lemma 1.3 (Fekete’s lemma [47]). If f: N — N is submultiplicative, then the growth
rate ap = limy, oo {/ f(n) is defined.

From Lemma 1.3, we see that a function f: N — N has exponential growth if and only
if the growth rate ay > 1.

In this thesis, we are interested in studying the asymptotics of growth functions by
considering their associated generating functions. We write Ag and I'g for the generating
functions associated with ag and ~g, respectively.

Definition 1.4. We write
As(2) => ag(n)z" and Tg(z) = 7ys(n)"
n=0 n=0

for the volume and geodesic growth series, respectively.



1.3. Notation

We write x = (z1,22,...,%y,) for a finite list of variables. Then, for each vector
— 4 n __ ni . .n2 n . . .
n = (ny,ng,...,Ny), we then write x™ = 2252 - - - z]m. We may write a multivariate

generating series as f(x) = > cym cnX™ where each ¢y, is a constant. We write C[[x]], C[x],
C((x)), and C(x) for the class of formal power series, polynomials, formal Laurent series,
and rational functions, respectively, over the variables x = (x1,x9,...,2y). Moreover,
we write Oy, f(x) for the formal partial derivative of f(x) with respect to x;. We use this
notation in Section 2.2 where we define multivariate generating functions and the classes
of rational, algebraic and holonomic power series.

Let G be a group with finite monoid generating set S, then the word and co-word
problem of G with respect to S are given as

WP(G,S)={we S |w=1g} and coWP(G,S)={weS*|w+# lg},

respectively. Notice here that coWP(G, S) = S* \ WP(G, S), that is, the two sets are
complements of each another with respect to the set S*.






Chapter

Formal Languages and Generating
Functions

How can we describe and study the complexity of combinatorial structures? One answer
is to use the theory of formal languages, that is, after finding a bijection from our
combinatorial structures to words in a formal language, we may produce generating
functions and computational descriptions.

A formal language is a set of words whose letters are taken from a finite set of abstract
symbols ¥ known as an alphabet, or equivalently, a formal language is a subset of the
free monoid X*. We collect formal languages into families, and study the computational
complexity and the generating functions of languages in these families.

In this chapter, we begin by recalling some basic definitions in formal language theory, in
particular, we recall the Chomsky hierarchy in Section 2.1, and formal language generating
functions in Section 2.2. In Section 2.2 we describe the classes of rational, algebraic, and
holonomic generating functions. For each such class of generating functions we provide a
family of formal languages with generating functions lying in the class, and an explicit
example of such a language. We then define several particular language families which
we require for the proofs and results in this thesis. In particular, we define the family of
constrained languages, blind multicounter languages, and ETOL languages.

In Section 2.3, we define constrained languages with a focus on the family of linearly
constrained languages introduced by Massazza [76]. It was shown by Massazza [76,
Theorem 2| that linearly constrained languages have holonomic generating functions. We
return to constrained languages in Chapter 4 where we define the family of polyhedrally
constrained languages. This family of languages is used in the proof of Theorem A.

In Section 2.4 we study blind multicounter automata. We say that a language is blind
multicounter if it is recognised by a blind multicounter automaton. In Theorem C, we
show that the language of geodesics for a virtually abelian group, with respect to any
finite weighted monoid generating set, is blind multicounter.

Lastly, in Section 2.5 we study the family of ETOL languages. ETOL languages and their
deterministic counterpart, EDTOL, arise naturally in many areas of group theory [29-32,
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37, 45]. In Chapter 3 we see that this family is relevant to the well-studied class of
groups known as bounded automata. In particular, we show that the co-word problem
for bounded automata groups is ETOL. Our proof relies on a machine model, known as
a cspd automaton, which is equivalent to the family of ETOL languages. In Section 2.5
we provide a self-contained proof of an equivalence between ETOL languages and cspd
automata. We prove Theorem D by constructing a cspd automaton for the co-word
problem of a bounded automata group.

2.1. The Chomsky Hierarchy

The Chomsky hierarchy consists of four well-known families of languages which can
be described by formal grammars with increasingly restrictive rules. In particular, the
hierarchy comprises the families of recursively enumerable, context-sensitive, context-free
and regular languages. Each family in the hierarchy has an equivalent machine model,
which are arbitrary Turing machines, linearly bounded automata, pushdown automata,
and finite-state automata, respectively. Moreover, the families in this hierarchy form a
sequence of strict containment as seen in Figure 2.1.

recursively enumerable

context-sensitive

context-free

Figure 2.1: The Chomsky hierarchy.

The standard reference for this hierarchy is the 1959 paper by Chomsky [27], in which
these languages were studied with respect to the complexity of their corresponding formal
grammars. The class of Turing machines and family of recursively-enumerable languages
were defined by Turing [93] in 1936, and Post [82] in 1943, respectively. These concepts
were shown to be equivalent in 1947 by Post [83]. The family of regular languages
and class of finite-state automata were defined and shown to be equivalent in 1956
by Kleene [66] where they were studied in the context of nerve nets. The family of
context-free languages was shown to be equivalent to the class of pushdown automata
independently by Chomsky [25] in 1962 and Evey [46] in 1963. Lastly, in 1964 it was
shown by Kuroda [68] that the family of context-sensitive languages is equivalent to the
class of languages recognised by a Turing machine with linearly bounded tape, that is, a
Turing machine whose work tape (i.e. its memory) can only be linear in size with respect
to the size of its input. For a more detailed history the reader is directed to [51].

In Section 2.1.1 we define each family in the Chomsky hierarchy in terms of their
grammars, and describe what it means for a context-free language to be unambiguous.

10
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Then, in Section 2.1.2 we define the class of finite-state automata. The concepts described
in this section are preliminaries to our discussion of other families of languages discussed
in this chapter, and are assumed in many of the proofs within this thesis.

2.1.1. Formal Grammars

A formal grammar is a finite set of replacement rules which describe how to build words
in a language. There are many equivalent definitions of formal grammar in the literature.
We define a formal grammar to be a 4-tuple of the form (X, V, S, P) where

e 3} is the alphabet of the language generated by the grammar;

e V is a finite set of non-terminal letters which are disjoint from the letters in ¥;

e S €V is the starting symbol; and

e P is a finite set of replacement rules of the form r: p — ¢ where p,q € (V UX)*.
For each replacement rule r: p — ¢ and each word apf where «, 5 € (V U X)*, we may
write apB —" agfB, that is, our rule r allows us to replace any instance of p with ¢. For
each sequence of replacement rules p = riry-- -1 € P*, we write w —° o if there is a
finite sequence of words wy,ws, ..., wx—1 € (V UX)* such that

w —T1 wy T2 Wy T3 STk g,
The language generated by a formal grammar (3, V, S, P) is then
L(Z,V,8,P)={w e ¥* | S —-” w where p € P*}.

We classify formal grammars into four types based on the complexity of their replacement
rules, in particular, every formal grammar is Type 0, and a grammar is

e Type 1 if each replacement rule has the form a«Af — ayB where A € V is a

non-terminal, and a, 8,y € (V U X)* are words;

e Type 2 if each rule has the form A — o where A € V and a € (V U X)*; and

e Type 3 if each rule has the form A — « or A — aB where A, B € V and o € X*.
The classes of Type 0, 1, 2 and 3 formal grammars correspond to the families of recursively
enumerable, context-sensitive, context-free, and regular languages, respectively.

Notation 2.1. To simplify notation when presenting the replacement rules of a grammar,
we often write &« — B | B2 | -+ | Br to denote the k replacement rules a — (; for
j€e{1,2,...,k}, where o, B, Pa,..., 8 € (VUX)* .

The productions of a Type 2 grammar can be represented as a tree, for example, let
Dy = (X,V, S, P) be the Type 2 grammar given by

Y ={a,b}, V={S}, P={S — aSbS | ¢}.

This is a grammar for the Dyck language. The language corresponds to strings of matching
open and closed brackets where a is an open bracket, and b is a close bracket. The word
aabaabbb is generated by the grammar Dy and can be encoded with the derivation tree
given in Figure 2.2. A derivation tree is a tree where the children of each node are ordered,

11
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the word produced by the tree is obtained by performing an in-order traversal of its
leaves. One can show that each word produced by the grammar Dy will have exactly one
derivation tree. A grammar is called unambiguous if it has exactly one derivation tree for
each of its words. Moreover, if a language has an unambiguous grammar, then we will say
that the language itself is unambiguous. Otherwise, if a language has no unambiguous
grammar, then we say that it is inherently ambiguous.

S
/\
CLSbS
/\6
CLSbS
5/\
aSbS
/\5
s s
g &

Figure 2.2: Derivation tree for aabaabbb in Dy

It is a result of Chomsky and Schiitzenberger that the generating function of any
unambiguous context-free language is algebraic (see Lemma 2.8). This result allows us to
show that certain languages are inherently ambiguous. For example, let L be the language

L ={w¢€{a,a,b,b}* | |lw|l, = |w|z or |w|, = lwlz}

From [48, p. 296] it is known that the generating function of L is

2 [T/2 1
flz) == / — .
T™Jo +/1—1622sin*#0

It can be shown that f(z) is not algebraic and thus L is inherently ambiguous.

2.1.2. Finite-State Automata

The class of finite-state automata is equivalent in expressive power to the family of regular
languages, that is, each regular language is recognised by some finite-state automaton,
and the language recognised by each finite-state automaton is regular [92, Theorm 1.54].

A finite-state automaton is a finite directed edge-labelled graph with a distinguished
initial vertex and a subset of the vertices labelled as accepting. A word is accepted by
a finite-state automaton if there is a path from its initial vertex to an accepting vertex
where the edge labels can be composed to form the word. Formally, we define a finite-state
automaton as follows.

Definition 2.2. A finite-state automaton is a 5-tuple M = (X, Q, A, qo, ) where

12



2.2. Generating Functions

Y is the input alphabet;

Q is a finite set of states;

A C Q is the set of accepting states;

qo € @ 1s the initial state; and

0 C Q@ xXxQ is a finite set known as the transition relation.

The word w = wyws - - - wy, € X* is accepted by the finite-state automaton M if there is
a finite sequence of states qo,q1,q2, - -, qr with qx € A and (q;, wit+1,qi+1) € § for each
i€40,1,2,...,k —1}. The set of all such words is the language recognised by M. We
can represent a finite-state automaton as a finite directed graph with vertex set QQ where
for each (p,o,q) € &, there is an edge from p to q labelled with o.

For example, the language
L={(ab)"a™ | n,m e N }U{b* | k=1 (mod 3)}
is regular as it is recognised by M = (X,Q, A, qo,0) where

Y= {CL, b}7 Q == {QO7Q17QQaQ3aQ47QS7QG}7 A = {Q37Q4}7 and
6 = {(q07a7Q1)7 (QO7b7 Q4)7 (QIJ% QQ)7 (Q%‘la q1)7 (QQN%‘]S)y
(937a7Q3)7 (Q47b7 Q5>7 (q57b7 q6)7 (q67b7 CI4)}

This finite-state automaton corresponds to the graph in Figure 2.3 where the double-circled
nodes are accepting states.

Figure 2.3: A finite-state automaton.

2.2. Generating Functions
In this section, we study the univariate and multivariate generating functions of formal

languages. In particular, we study formal languages with rational and holonomic gen-
erating functions, as defined in Sections 2.2.1 and 2.2.3, respectively. Our aim in this

13



2. Formal Languages and Generating Functions

section is to provide enough background in analytic combinatorics so that we may prove
Theorem A. For a more complete introduction, the reader is directed to [50].

The univariate generating function of a language is the power series whose coeflicients
count the number of words of a given length, that is, the power series defined as follows.

Definition 2.3. The univariate generating function of a language L C ¥* is the formal
power series f(z) =Y .2 cn2™ where each coefficient ¢,, = #{w € L | |w|s; = n}.

The multivarate generating function of a language is the multivariate power series
whose terms correspond to the number of occurrences of each letter in a word. To define
these series, we first introduce the Parikh map as follows.

Definition 2.4. Let ¥ = {01,09,...,0,} be an ordered alphabet, then the Parikh map
s the homomorphism ®x: X* — N such that, for each word w € ¥*, we have

Qz(w) = (|w‘01) |w|027 SE) ‘w|0'm)
where |w|y, counts the number of occurrences of o; in w.
We may then define the multivariate generating function of a language as follows.

Definition 2.5. The multivariate generating function of a language L C ¥* over an

alphabet ¥ = {o1,09,...,0m} is the formal multivariate power series
n n n
flxr, e, ) = E c(ni,ng, ... ny) x ey -y

(n1,n2,...,nm ) EN™
where each coefficient
c(ni,ng,...,ny) =#{w e L | Px(w) = (n1,n2,...,1m)}
counts the number of words with a given Parikh image.

In the following subsections, we study classes of power series with increasing generality.
In particular, we study the classes of rational, algebraic, and holonomic power series. For
each of these classes of power series, we provide a family of formal languages such that the
generating function of each language in the family lies within the class. In the following
subsections, we write the notation x = (z1,22,...,Tn).

2.2.1. Rational Power Series

A (multivariate) power series f(x) is rational if there are two polynomials p(x) and ¢(x),
where ¢(x) is nontrivial, such that ¢(x)f(x) = p(x). We denote this as f(x) = p(x)/q(x).

It is known that the (multivariate) generating function for a regular language is rational.
For example, the regular language

L = {a'(ab)’ | i,j € N}

14



2.2. Generating Functions

has a multivariate generating function given by

0o 00 . o o) . 00 0\ 1
NN ]y R

i=0 j=0 Jj=0

A useful property of univariate rational functions is that we may always find closed-form
equations for their asymptotic behaviour, in particular, we have the following result.

Lemma 2.6 (Theorem IV.9 in [50]). Suppose that f(z) = >..°cn2" is rational with
singularities at oy, v, ...,ar € C. Then there are polynomials pi(n),...,pr(n) € Clz]
such that for each sufficiently large n we have c, = Z?:o pi(n)aj_”

Since the coefficients of univariate generating functions count words, we see that they
have integer coefficients, and thus we may apply the Polya-Carlson theorem as follows.

Lemma 2.7 (Carlson (22, p. 3|). If f(z) is a power series with integer coefficients that is
complez analytic in the open unit disc, then f(z) either has the unit circle as its natural
boundary or is rational of the form p(z)/(1 — z™)™ where p(z) € Z[z] and n,m € N.

From Lemma 2.7 we have the following characterisation of geodesic growth series with
finitely many singularities. We make use of this corollary to prove Lemma 5.18 which we
then use in the proof of Theorem A.

Corollary 2.7.1. Let G be a group with a finite (weighted monoid) generating set S. If
the geodesic growth series fg(z) = > o qvs(n)z™ has finitely many singularities, then G
either has exponential geodesic growth with respect to S, or fs(z) is rational and G has
polynomial geodesic growth of an integer degree with respect to S.

Proof. From Lemma 1.3 we see that either the geodesic growth function vg(n) has
exponential growth or the geodesic growth rate ag = lim,, oo Y/7s(n) = 1. In the latter
case we apply Lemma 2.7 to show that fs(z) is a rational with singularities only at the
m-~th roots of unity for some m € N. From Lemma 2.6, we have

1500 = pyn (ermialm) " (2.1)
j=1

for each sufficiently large n, were each p;(z) is a polynomial.
Since the geodesic growth function, yg(n), is non-decreasing we have

k k

vs(n) < ys(mn) = ij(mn) and  7s(n) = ys(m[n/m|) = ij(mtn/mJ) (2:2)

for sufficiently large n.
Let d be the largest degree of any polynomial p;(z) in (2.1). Then, from the inequalities

in (2.2) we see that there are positive constants aj, s € Rs¢ such that
an® < vs(n) < asn?

for every n € N. These bounds follow since v5(0) = 1 and vyg(n) is nondecreasing. [
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2. Formal Languages and Generating Functions

2.2.2. Algebraic Power Series

A (multivariate) power series f(x) is algebraic if there exists some nontrivial polynomial
a(x,y) € C[x,y| such that f(x) satisfies the equation a(x, f(x)) = 0. Notice that each
rational function f(x) = p(x)/q(x) is also algebraic as can be seen from the choice of
polynomial a(x,y) = ¢(x)y—p(x). We have the following formal language characterisation.

Lemma 2.8 (Chomsky and Schiitzenberger [26]). The (multivariate) generating function
of an unambiguous context-free language is algebraic.

For example, the context-free language
L={we{a,b}" | lwla = |wlp}

has an algebraic multivariate generating function

=2k e 1
This equality is given in [95, Eq. (2.5.11) on p. 53|.

2.2.3. Holonomic Power Series

In this subsection we provide a background to the class of holonomic power series. Some
authors use the term D-finite or differentiably finite to refer to the class of single-variable
holonomic functions, or as a synonym for holonomic. This class of power series is
interesting due to its closure properties, and that the coefficients of a univariate holonomic
power series are easy to compute, i.e., the sequence of coefficients satisfies a recurrence
relation with polynomial coefficients known as a P-recurrence [50, p. 748]. In Section 2.3.1
we study the family of linearly constrained languages which have holonomic (multivariate)
generating functions. We extend this result in Chapter 4 to the family of polyhedrally
constrained languages. In Theorem A, we use polyhedrally constrained languages to show
that the geodesic growth series of each virtually abelian group is holonomic.
A (multivariate) generating function f(x) is holonomic if the span of
X, = {a’;;aﬁ;-.-a;fgf(x) I R N}

over C(x) is a finite-dimensional vector space Vy C C((x)), or equivalently, f(x) is
holonomic if it is a solution to a system of differential equations of the form

ORI f(x) + 71, (%) OFLF(%) + -+ + 11,1(%) Oy [ (%) + 71,0(%) (%)
O f (%) + 1oy (%) OF2 (%) + -+ + 12,1 (%) Dy (%) + 72,0(x) f (%)

0
0

Ot () + Ty, (%) 05 F(X) 4 -+ + T 1(X) Doy £ (X) + im0 (%) f(x) = 0
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where each r; j(x) € C(x) is a rational function. Notice here that there is one differential
equation for each independent variable x;. This equivalent definition is the reason that
some authors prefer the name D-finite and differentiably finite.

The class of holonomic power series satisfy many nice closure properties, however, in
this thesis we only require the following.

Lemma 2.9 (Proposition 2.3 in |73]). The class of holonomic power series over the
variables x is closed under addition and multiplication. If f(x) is a holonomic power
series with x = (21, 2,...,Tm), and a1(y),a2(y),- .., am(y) are algebraic power series,
then g(y) = f(a1(y),az2(y), ... ,am(y)) is also holonomic if it is defined. Each algebraic
power series (and thus each rational function) is holonomic.

For univariate holonomic power series with integer coefficients, we may also apply
Polya-Carlson theorem, as given in Lemma 2.7. That is, holonomic functions may have
only finitely many singularities as in the following lemma.

Lemma 2.10 (Theorem 1 in [49]). A univariate holonomic function may only have
finitely many singularities.

2.3. Constrained Languages

Linearly constrained languages, defined below in Section 2.3.1, were introduced by Mas-
sazza |76] as an example of a family of languages with holonomic univariate generating
functions. In this section, we define the more general class of constrained languages, and
show that Massazza’s result holds for multivariable generating functions. In Chapter 4
we provide a new generalisation of linearly constrained languages, known as polyhedrally
constrained, which we use in the proof of Theorem A.

Definition 2.11. Let U C * be an unambiguous context-free language and let C C ZI*,
then L(U,C) = {w € U | ®x(w) € C} is a constrained language (where ®y;: ©* — NI*I 45
the Parikh map as given in Definition 2.4).

We then study families of constrained languages by placing restrictions on the sets
C C Z". Informally, the family of linearly constrained languages results from requiring
that C corresponds to the integer solutions of a system of linear equations.

2.3.1. Linear Constraints

Modifying the notation of Massazza [76], we define n-atoms and n-constraints as follows.

Definition 2.12. A subset of Z" is an n-atom if it can be expressed as {v € Z" | a-v = b}
or{v€Z"|awv>b} wherea € Z" and b € Z. An n-constraint is a Boolean expression of
n-atoms, that is, a finite expression of n-atoms using intersection, union, and complement
with respect to 7.
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2. Formal Languages and Generating Functions

For example,
{(z,y) € Z? | either =1 and y > 10, or  # 1 and 2z — 3y > 4}
is a 2-constraint as it can be written as the Boolean expression
{fvez?|(1,0)-v=1}Nn{vez?|(0,1) - v > 10}
U(Z*\{vez®|(1,0)-v=1})N{veZ*|(2,-3) v >4}
Massazza defined the family of linearly constrained languages as follows.
Definition 2.13. IfC is an n-constraint, then L(U,C) is a linearly constrained language.

Massazza |76] introduced linearly constrained languages as a family of languages with
holonomic univariate generating functions. Massazza proved this by first showing that
linearly constrained languages have holonomic multivariate generating functions. Thus,
we have the more general result given in Proposition 2.14.

Proposition 2.14. The multivariate generating function of a linearly constrained language
s holonomic.

Proof. See the proof of Theorem 2 in [76]. O

For example, let L = L(U, B) be the linearly constrained language with
U={a,bc}* and B={(n,n,n)cZ|neN}

It was shown in [76, Example 2| that L has a multivariate generating function of

n)!
f(:z,y, Z) — Z (3 ) xnynzn.

13
neN (n)

From Proposition A.2 (see the appendix), we see that f(x,y, z) satisfies the system of
differential equations

(‘rQ - 27x3yz)6§f(a;, Y, Z) + (CU - 54$2y2)axf(517, Y, Z) - nyz f(]), Y, Z) = 0
(y* — 272y°2)0, f (z,y,2) + (y — 5dwy?2)0, f (x,y, 2) — 6ayz f(x,y,2) =0
(2% — 2T2yz*)02 f (2,y, 2) + (2 — 5dwy2?)0. f (z,y, ) — 62yz f(z,y,2) = 0.

Hence, the generating function f(x,y, z) is holonomic.

2.4. Blind Multicounter Automata

The class of blind multicounter automata was introduced by Greibach [52|, where they were
shown [52, Theorem 2| to be equivalent in expressive power to the class of reversal-bounded
multicounter automata as introduced by Baker and Book [8]. Moreover, it was shown in
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2.4. Blind Multicounter Automata

[65, § 2.2] that the class of reversal-bounded multicounter automata, and thus the class
of blind multicounter automata, are equivalent in expressive power to the class of Parikh
automata introduced by Klaedtke and Ruef [64].

We say that a language is blind multicounter if it is accepted by a blind multicounter
automata. It was shown by Elder, Kambites and Ostheimer [42] that the word problem of
a group is blind multicounter if and only if the group is virtually abelian. In Theorem C
we show that the language of geodesics for a virtually abelian group is blind multicounter.

Informally, a blind k-counter automaton is a nondeterministic finite-state acceptor with
a one-way input tape and k integer counters. The machine is allowed to increment and
decrement its counters by fixed amounts during transitions where each transition does not
depend on the state of the counters. A computation of a blind k-counter automata begins
with zero on all its counters, and accepts when it is in an accepting state with all input
consumed and zero on each counter. A language L is called blind multicounter if it is
accepted by a blind k-counter automaton for some k € N. The family of blind multicounter
languages satisfies the hierarchy given in Figure 2.4. We prove the correctness of this
diagram at the end of this section, that is, after we provide the formal definition of blind
multicounter language in Definition 2.16.

blind multicounter

blind k-counter

blind 2-counter
blind 1-counter
\/

context-free

context-sensitive

Figure 2.4: Hierarchy of blind multicounter language.

Our definition of a blind multicounter automaton differs slightly from the one given by
Greibach [52]. In particular, we introduce ¢ as an end of input symbol, and allow our
automata to add and subtract any constant vector from their counters on a transition
instead of only allowing basis vectors. It is clear that this does not increase the expressive
power of our model. Formally, we define a blind k-counter automaton as follows.

Definition 2.15. Let k € N, then a blind k-counter automaton is a 6-tuple of the form
M = (Q,%,6,q0, F,¢) where

1. Q is a finite set of states;

2. 3 is a finite input alphabet;
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3. 0 is a finite subset of
(@ x (Bu{e,e}) x (@ x ZF),

where € is the empty word, which we call the transition relation;
4. qo € @ is the initial state;
5. F C Q is the set of final states; and
6. ¢ ¢ X is the end of tape symbol.

Let M = (Q,%, 0, qo, F,¢) be a blind k-counter automaton. Then M begins in state g
with zero on all its counters. Suppose that there is a transition relation ((¢,a), (p,v)) € ¢
with p,q € Q, a € LU {e, e} and v € ZF; if M is in state ¢ with a as the next letter on its
input tape, then it can transition to state p after adding v to its counters and consuming
a from its input tape. The machine accepts if it is in an accepting state ¢ € F', has no
letters remaining on its input tape, and has zero on all its counters.

Formally, we represent the configuration of a blind k-counter automaton M as an
istantaneous description of the form

(Q7 (617021 s ,Ck),Ue) € Q X Zk x Xe

where ¢ € Q is the current state, (ci,ca,...,cx) € Z* are the values of the counters,
and o € X" is the sequence of letters which have yet to be consumed. Let C7 and Cy
be instantaneous descriptions for the configuration of M. Then we write Cy F Cy if M
can move from configuration Cj to Cy in a single transition. Formally, we interpret the
transition relation § as follows.

For each transition relation of the form ((g, s), (p,v)) € 6 with s € ¥ U {e}, and for
each 0 = so’ € ¥*, we have transitions of the form

(Qa (617027 ceey Ck),O'e) + (pa (Cl +vi,62+v2,... 06+ /Uk‘)a U,e)‘
Moreover, for each relation ((g,e), (p,v)) € 0 we have transitions
(g, (c1,¢2, ..y ck),¢) F (p,(c1 +v1,c2+v2,. .., ¢+ V), ).

Notice that we do not consume the end of tape symbol e.

We then write F* for the transitive symmetric closure of k-, that is, we have C1 F* Cs
if M can move from configuration C to Cy within finitely many transitions. We say that
a word o € X* is accepted by M if

(qo, (0,0,...,0),0¢) F* (q,(0,0,...,0),¢)

for some g € F. We define the language accepted by a blind multicounter automaton as
follows.

Definition 2.16. Let M be a blind multicounter automaton. Then
L(M)={0€%X"]|(q,(0,0,...,0),0¢) - (q,(0,0,...,0),¢) where g € F}

is the blind multicounter language accepted by M .
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The family of blind multicounter languages satisfy the language hierarchy in Figure 2.4,
in particular, we may construct a language for each region of the diagram in Figure 2.4
as follows. We see that the class of finite-state automata is equivalent to the class
of blind 0-counter automata, and that each blind k-counter language is also a blind
(k 4+ 1)-counter language. We see that blind 1-counter languages form a subfamily of the
context-free languages. Moreover, from [52, Theorem 1] it can be seen that the class of
blind multicounter languages is a subclass of context-sensitive languages. From [89] it is
known that F» x F5 has a context-sensitive word problem. It is a classic result by Muller
and Schupp [78] that the word problem for a group is context-free if and only if the group
is virtually free. Moreover, it was shown in [42] that the word problem for a group is
blind k-counter if and only if the group is virtually Z™ for some m < k. From these
characterisations we see that the word problem for the free group Fj is context-free but
not blind multicounter; for each k > 2, the word problem for ZF is blind k-counter but not
context-free; the word problem for Z*+1 is blind (k + 1)-counter but not blind k-counter;
and that the word problem for Fy x F5 is context-sensitive and neither context-free nor
blind multicounter. From the proof of Theorem 5 in [52|, we see that

Ly = {a{ al? - a*bp% - 052 | ny,na, ... ny € N}

is context-free and blind k-counter, but not blind (k — 1)-counter.

2.5. ETOL Languages

The family of Extended Tabled 0-interaction Lindenmayer (ETOL) languages and their
deterministic counterpart EDTOL were introduced and studied by Rozenberg [87]. The
class of ETOL language results from modifying the grammar of a context-free language,
in particular, we demand that a replacement is made for each non-terminal letter at the
same time in the sense of an L-system. We provide a formal definition of this family of
languages in Definition 2.17.

In recent publications, the family of ET0L languages and their deterministic counter-
part, EDTOL, have found their place as a natural choice for modelling group-theoretic
problems. In particular, it is known that the solutions to equations over free monoids
with involution [37|, hyperbolic groups [30], virtually abelian groups [45], and right-angled
Artin groups [38] can be expressed as EDTOL languages, and that these languages are
effectively constructable. Moreover, it was shown by Ciobanu, Elder and Ferov [32] that
many of the existing problems in group theory that were known to be context-sensitive
(or indexed), are in-fact ETOL.

It was shown by Holt and Réver [63] that the co-word problem for bounded automata
groups is indexed. Ciobanu, Elder and Ferov [32] strengthened this result for the case of
Grigorchuk group, in particular, they provided an explicit ETOL grammar for the co-word
problem of Grigorchuk’s group. In Theorem C, we complete this project by showing that
all bounded automata groups have ETOL co-word problems. We accomplish this with the
use of an equivalent machine model known as a cspd automaton (see Section 2.5.1). We
provide a self-contained proof of this equivalence in Section 2.5.2.
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In the definition of formal grammar we gave in Section 2.1, we were allowed to apply
the grammar rules in any order to any part of a word. One generalisation of this
is Lindenmayer-systems as introduced by Lindenmayer [72| to model the growth of
filamentous organisms, e.g., algae. In this model, we demand that a grammar rule be
applied to each nonterminal in parallel. Informally, ETOL languages are Lindenmayer-
systems with context-free replacement rules which are collected into tables. Formally, we
define ETOL languages as follows.

A table, T, is a finite set of context-free replacement rules where each non-terminal,
X €V, has at least one replacement in 7. For example, let ¥ = {a,b} and V = {S, A, B},
then the following are tables.

S—SS|S|AB S—S S—S
a: (A A B: S A—aA v: e A—e (2.3)
B— B B — bB B—e¢

We apply a table, 7, to the word w € (X U V)* to obtain a word w’, written w —7 w’,
by performing a replacement in 7 to each non-terminal in w. If a table includes more
than one rule for some non-terminal, we nondeterministically and independently apply a
replacement to each occurrence. For example, with w = §S55S and « as in (2.3), we can
apply a to w to obtain w’ = SABSSAB. Given a sequence of tables 11, 7o, ..., 7, we
will write w —™ 727 o' if there is a sequence of words w = w1, wo, ..., wrr; = w' such
that w; —" wj;q for each j. Notice here that the tables are applied from left to right.

Definition 2.17 (Asveld [5]). An ETOL grammar is a 5-tuple G = (X, V, T, R, S), where
1. 3 is an alphabet of terminals;
2. V is an alphabet of non-terminals;
3. T ={r,72,...,Tk} is a finite set of tables;
4. R CT* is a reqular language called the rational control; and
5. S €V is the start symbol.
The ETOL language produced by the grammar G, denoted L(G), is

L(G)={weX"|S—="w for somev € R}.

Moreover, G is an EDTOL grammar, and L(G) an EDTOL language, if for each table ;
has exactly one replacement for each mon-terminal letter.

For example, let o, § and v as in (2.3), then the language produced the grammar with
rational control R = o*f*y is {(a™")™ | n,m € N}. It can then be shown using the
pumping lemma (see [92, Theorem 2.34|) that this language is not context-free. We see
that each context-free language is ETOL, in particular, for each context-free grammar
(X,V, S, P) we may construct an ETOL grammar (3,V,T,R,S) with R = T"* where T
contains one table 7 = PU{v + v | v € V'}. Thus, the family of ETOL languages contain
the context-free languages as a proper sub-family.
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2.5.1. CSPD Automata

An alternative method to show that a language is ETOL is by making use of an equivalent
machine model known as a cspd automaton. In Section 2.5.2; we show that ETOL languages
and cspd automata are equivalent in expressive power.

A cspd automaton, studied in [69], is a nondeterministic finite-state automaton with
a one-way input tape, and access to both a check-stack (with stack alphabet A) and a
pushdown stack (with stack alphabet '), where access to these two stacks is tied in a very
particular way. The execution of a cspd machine is separated into two stages.

In the first stage the machine is allowed to push letters onto its check-stack but not
its pushdown, and further, the machine will not be allowed to read from its input tape.
Thus, the set of all possible check-stacks that can be constructed in this stage forms a
regular language which we will denote as R.

In the second stage, the machine can no longer alter its check-stack, but is allowed to
access its pushdown and input tape. We restrict the machine’s access to its stacks so
that it can only move along its check-stack by pushing and popping items to and from its
pushdown. In particular, every time the machine pushes a value onto the pushdown it
will move up the check-stack, and every time it pops a value off of the pushdown it will
move down the check-stack. See Figure 2.5 for an example of this behaviour.

check-stack pushdown check-stack pushdown check-stack pushdown
Tn Tn Tn
T3 T3 T3
T2 T2 fe— read —> a1 T2
head

T T Q T f— read — a

1 1 2 1 head 2

read
b head b b b b b

Figure 2.5: An example of a cspd machine pushing w = ajao, where a1,a2 € A, onto its
pushdown stack, then popping a; (as read from left to right).

We define a cspd machine formally as follows.

Definition 2.18. A cspd machine is a 9-tuple M = (Q, X, T, A,b,R,0,q0, F), where
. Q 1is the set of states;

. 2 is the input alphabet;

. I' is the alphabet for the pushdown;,

. A is the alphabet for the check-stack;

. b¢ AUT is the bottom of stack symbol;

. R C A* is a regular language of allowed check-stacks;

~
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2. Formal Languages and Generating Functions

7. 0 is a finite subset of

(@ x (BU{e}) x (AxT)U{(e ), (b,b)})) x (@ x (T U{b})"),

called the transition relation (see below for allowable elements of 0);
8. qo € Q 1is the start state; and
9. F CQ is the set of accepting states.

In its initial configuration, the machine is in state qg, the check-stack will contain bw
for some nondeterministic choice of w € R, the pushdown will contain only the letter
b, the read-head for the input tape will be at its first letter, and the read-head for the
machine’s stacks will be pointing to the b on both stacks. From here, the machine will
follow transitions as specified by 6. Each such transition will have one of the following
three forms, where a € XU {e}, p,q € Q and w € T*.

1. ((p,a,(b,b)), (g, wb)) € 6 meaning that if the machine is in state p, sees b on both
stacks and is able to consume a from its input; then it can follow this transition to
consume a, push w onto the pushdown and move to state q.

2. ((p,a,(d,q)),(q,w)) € 6 where (d,g) € A x I', meaning that if the machine is in
state p, sees d on its check-stack, g on its pushdown, and is able to consume a from
its input; then it can follow this transition to consume a, pop g, then push w and
move to state q.

3. ((p,a,(e,€)),(q,w)) € 0 meaning that if the machine is in state p and can consume
a from its input; then it can follow this transition to consume a, push w and move
to state q.

In the previous three cases, a = ¢ corresponds to a transition in which the machine
does not consume a letter from input. We use the convention that, if w = wijws - - - wg
with each w; € T', then the machine will push wy, first, followed by the wj_; and so forth.
The machine accepts if it has consumed all its input and is in an accepting state g € F'.

In [69] van Leeuwen proved that the family of languages recognised by cspd automata
is precisely the class of ETOL languages. For completeness, in the following subsection we
provide a self-contained proof of this equivalence.

2.5.2. Equivalence of CSPD and ETOL

We now provide our own self-contained proof of the equivalence between the family of
ETOL languages and the class of languages recognised by cspd automata. We begin by
introducing some additional notation and a normal form for cspd automata, then we
prove our result in Lemmas 2.22 and 2.23.

Additional Notation

We define a non-terminal 9 which we call a dead-end symbol. If an ETOL grammar has
the dead-end symbol, then we demand that 9 is not a terminal and that each table can
only map 0 to itself, i.e., 0 — 0. Thus, if a table induces a letter 0, then there is no way
to remove it to generate a word in the associated language.
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2.5. ETOL Languages

For simplicity when presenting tables, if a replacement is not specified for a particular
variable X, then it should be assumed that the replacement rule X — X is in the table.

We introduce the following generalisation of ETOL grammars. We use this generalisation
to construct an ETOL grammar from a cspd automaton in Lemma 2.23.

Lemma 2.19 (Christensen [28]). The class of ETOL grammars does not gain any
expressive power if each replacement rule has the form 7 : X — Lx . where each Lx ;
1s an BETOL language, that is, if we allow T to replace instances of the variable X with
nondeterministic choices of words from Lx r.

Proof. Let G = (X,V,T,R,S) be a grammar in this extended form, that is, where each
replacement rule maps X into any word in some ETOL language Lx . Assume without
loss of generality that every terminal is also a non-terminal, i.e., 3 C V (this is done by
first adding replacement rules 7: a — a for each table 7 € T and each a € ¥\ V; then
we add the letters of ¥ to V. It is clear that this modified grammar generates the same
language).

For each language Lx  in the grammar G, let

GX,T = (ZX,Ty VX,7'7 TX,T7 RX,Tv SX,T)

be an ETOL grammar such that Lx ; = L(Gx ;). Notice here that ¥x ; must be a subset
of V such that the language Ly r generates words in V™.

For each X € V, we define two disjoint copies denoted as X @ and X@; and we
demand that these copies are disjoint to letters in the alphabets V3. and Xy for each
YeVandTeT.

We define two ETOL tables o and « such that, for each X € V', we have replacement
rules a: X — XM and k: XD — 2.

For each table 7 € T' and non-terminal X € V', we define ETOL tables

Y =-Y® forYeXyx,CV,

T X(l) N X(l) S r and X
B% | Sx, X Z =0 for Z € Vx .\ Ex,r.

Given a 7 € T, it can be seen that 7 is equivalent to the regular expression

*

T/ = (BEQRXLT’YEQ)* (,33(273)(2,7’}/;(2)* e (B;(kRXk’vT’Y;(k) K

where {X1, Xo,..., X} = V. Thus, after replacing each 7 in a regular expression for
R with its corresponding expression 7/, we obtain a regular language which we denote
R’. Thus, it can be seen that the grammar G is equivalent to an ETOL grammar with
rational control given by R’. O

In the proof of Lemma 2.23, we begin by normalising a given cspd automaton as follows.

Lemma 2.20. Given a cspd automaton, M = (Q, 3, ', A,b,R,0,qo, F'), we may assume
without loss of generality that:
1. the pushdown is never higher than the check-stack;
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2. Formal Languages and Generating Functions

there is only one accepting state, i.e., {Gaccept} = F';

the pushdown is empty when M enters the accepting state accept;

transitions to the accepting state Gaccept do not modify the pushdown;

each transition to states other than qaccept €ither pushes exactly one letter to the
pushdown or pops exactly one letter from the pushdown.

Proof. Let M =(Q,%,T,A,b,R,6,q, F) be a cspd machine.

For assumption 1, let N € N be an upper bound on the number of letters any transition of
M can push. That is, N is such that, given any transition ((¢, a, (d, g)), (p,biba---bx)) € 0
where each b; € I', it is the case that £ < N. We now add a disjoint letter t to the check-
stack alphabet A. Thus, M has no available transitions when it sees t on its check-stack.
We thus satisfy assumption 1 after replacing the regular language of check-stacks with
RtV (where tV is a sequence of N letters ts).

For assumptions 2-4 we introduce states ggnish and gaccept disjoint from all other states
in Q. For each (d,g) € A xT" and each ¢ € F we add

Guds Lo o

((Q7 &, (d7 g))? (Qﬁnish7 E))v ((Qﬁnish7 &, (d7 g))’ (Qﬁnisha 5))

so that we can empty the pushdown after reaching an accepting state ¢ € F. Further, for
each state ¢ € F', we add transitions

((Q7 &, (ba b)), (Qaccepta b))v ((Qﬁnish) g, (ba b))v (Qaccept, b))

so that we can move to state gaccept Once the pushdown has been emptied.

Thus, we now replace the set of accepting states, F, with {gaccept} to obtain an
equivalent machine that satisfies assumptions 2—4.

For assumption 5, we only need to consider transitions of the form

((pv «, (dvg))v(Q7a1a2"‘ak)) (24)

where p,q € Q With ¢ # Gaccept, (d,9) € A X T U{(b,b)}, @ € ¥*, and each a; € ' U {b}
with either ay # g or k > 2.

Given a transition as in (2.4), we add states pi,, pdiay, - -, Peras-a,; and for each
(bye) e AxTU{(b,b)} and j € N with 1 < j < k, we add transitions

((pglagmaj €y (bv C))v (pglagn-aj,l s ajc))v ((pgl &y (b7 C))7 (Q7 alc))7

so that, from state pZIaQ...qj, we go through a sequence of transitions which push the word
aijaz---aj and end in the state g. Moreover, if a; # ¢ in our given transition, then we
add a transition

((p7 OZ, (d7 g))’ (pglazwak?g))?
otherwise we add a transition
((p7 a? (d7 g))? (pglaz---ak,y ak*lg))

Notice that with the addition of these states and transitions, we can remove all
transitions as in (2.4) and still recognise the same language.
This completes the proof. O
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2.5. ETOL Languages

Proof of Equivalence

In this section we prove the following equivalence.

Proposition 2.21 (van Leeuwen [69]). The class of ETOL languages is equivalent to the
class of languages recognised by cspd automata.

We now provide our own self-contained proof of the equivalence given in Proposition 2.21.
The proof is divided into Lemmas 2.22 and 2.23. We begin as follows by showing that
ETOL languages form a subfamily of languages recognised by cspd automata.

Lemma 2.22. For each ETOL language there is an equivalent cspd automaton.

Proof. Let L be a given ETOL language with grammar G = (X,V, T, R, S), i.e.,, L = L(G).
Thus, in this proof we construct a cspd machine M which accepts precisely the language
L by emulating derivations of words with respect to G.

Let w € L. Then, by the definition of an ETOL grammar, there exists a sequence of
tables o = ajag - - - ap € R for which S —¢ w. Thus, the idea of this construction is that
M accepts the word w by choosing its check-stack to represent such a sequence «, then
M emulates a derivation of w from S with the use of its pushdown and reference to the
check-stack.

We now give a description of this construction. We begin by choosing the alphabets
and states for M as follows.

The input alphabet of M is given by 3. The alphabet of the check-stack is given by
A =T U {t} where t is used to denote the top of the check-stack. Further, the regular
language of allowed check-stacks is given by Rt where R is the rational control of the
grammar G.

The alphabet for the pushdown, I', will include letters [S] and [e] to denote the starting
symbol and empty word, respectively; and for each table 7 € T and each replacement
rule 7: A — BBy --- By with each B; € V UX, and for each £ € N with 1 <k </, we
have [ByByy1 - -+ Be] as a distinct symbol of I'. For example, if T = {«, 3,7} where

A— BA|B A—=a
a: S — ABC | BCB f: «B— B¢ ~v: ¢ B—bb,
C—B C—ec

then the corresponding pushdown alphabet is given by

I' = {[5], [€]} v {[ABCI, [BC], [C], [BCB], [CB], [ B]}
suffixes of rules in a
U {1BA], [A], [BI} U{lal, [b0], [b], []} -

suffixes of rules in 8 suffixes of rules in ~

Notice that the pushdown alphabet T is finite as an ETOL grammar can have only finitely
many replacement rules.
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2. Formal Languages and Generating Functions

The machine M has three states {qo, Qapply > Qaccept } = @ where qq is the start state and
accept 18 the only accepting state. The idea of state gapply is that its transitions to itself
emulate an application of a table, which it sees on the check-stack, to a non-terminal,
which it sees on the pushdown.

Now that we have chosen our alphabets and states, we are ready to describe the
transition relations, 8, of M.

To begin a computation we have the transition

((q()a g, (bv b))v (Qapplyv [[S]]b))

which pushes the start symbol of the grammar onto the pushdown (see Figure 2.6). In
the remainder of this proof, we will ensure that M is only able to empty its pushdown by
emulating a derivation of its input word with respect to the grammar G. Thus, we have
the transition

((Qapplw g, (b,b)), (Qaccept7 b)),

to accept when the pushdown is emptied.

check-stack pushdown
t
an
a2
ar e read 5
! head 5]
b b

Figure 2.6: The stack configuration when the machine first enters state gapply -

We will now describe how the transitions from gappy performs a derivation in the
grammar G.
Suppose that M is in state gapply, then the remaining transitions can be separated into
the following three cases.
1. Applying a table. Suppose that the read-head of M sees (1, [A1 Az -+ Ap,]) where
T is a table of the grammar and m > 1. Then, we want M to apply the table 7 to
the word Aj1As--- A,,. We do this by applying 7 from left-to-right, i.e., for each
BiBsy--- B € (VUX)* such that A; =7 B1Bs - - By, we have transitions

((Qapplya & (7—7 [[AlA2 te Am]]))’ (Qapplya [[BlBZ o Bk]] [[AQ tee Am]]))

to expand the letter A7 to a nondeterministic choice of sequence B1Bs - - - Bj. See
Figure 2.7 for an example of this expansion.
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2.5. ETOL Languages

2. Empty word. Suppose that the read-head of M sees (7, [¢]) where 7 is a table.
Then, since there is no way to expand € any further, we pop this letter from the
pushdown, i.e., for each table 7 € T' we have a transition

((qappl}” & (T? [[6]]))7 (Qapplya 5))

3. Finished applying tables. Suppose that M is at the top of its check-stack, i.e., its
read-head sees (t,[A1 Az - - - Ayp]]) where m = 0 corresponds to the read-head seeing
(t,[e]). Then, we have no further tables to apply to A1 As--- Ap,. Thus, each A;
must be a terminal letter of X, and we must see A1 Ay --- A, on the input tape.
Thus, for each [ajag - --an] € I with each a; € ¥, we have a transition

((‘Japply’ aiag - am, (t, Jaraz - - - an))), (qapplyv €)).

Notice here that, if the letter on the pushdown does not correspond to a word in
¥*, then we have no path to gaccept and thus we reject.

, ;| read __| B:Bo---B
head 151 B g

read
i — head — [A1 A2+ Ay T [A2--- A

Figure 2.7: Expanding the letter A; with respect to the table 7.

Soundness and Completeness.

Suppose that M is given a word w € L on its input tape. Then, there must exist some
a € R such that § —% w in the grammar G. Thus, M can nondeterministically choose a
check-stack of at and emulate a derivation of w from S as previously described. Hence,
M will accept any word from L.

Suppose that M accepts a given word w € L with a check-stack of at. Then, by
following the previous construction, it can be seen that we can recover a derivation
S —% w. Hence, M can only accept words in L.

Therefore, M accepts a given word if and only if it is in the language L. O

We now complete our proof of Proposition 2.21 by showing that the family of languages
recognised by cspd automata forms a subclass of ETOL as follows.

Lemma 2.23. A language recognised by a cspd automaton is ETOL.

Proof. Let M = (Q,%,T',A,b,R,0,q0, F) be a given cspd automaton, where we will
assume without loss of generality that M satisfies Lemma 2.20.

We will construct a grammar G = (X, V, T, R’,S) as in Lemma 2.19, which generates
precisely the language recognised by M.
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2. Formal Languages and Generating Functions

Considering assumptions 2—4 from Lemma 2.20, a plot of the height of the pushdown
during a successful computation of M (i.e. one that leads to the accepting state) will
resemble a Dyck path; that is, the non-negative height of the pushdown is zero at the
beginning and end of such a computation.

For each pair of states p, ¢ € @ and each pushdown letter g € I', the grammar G has a
non-terminal letter A9 ;. The non-terminal AJ, corresponds to the situation where M
has just pushed g onto its pushdown on a transition to the state p; and that when M
pops this ¢, it will do so on a transition to the state ¢q. Further, G has a non-terminal

Ago 4 which corresponds to any path from the initial configuration to the accepting
sdaccept
state. (See Figure 2.8.) Thus, the starting symbol of G will be given by S = Agmqacccpt.

For each letter c € AU {b} on the check-stack, we have a table 7, € T" in the grammar
G. Moreover, by taking a regular expression for the language bR and replacing each
instance of ¢ € A U {b} with its corresponding table 7., we obtain the rational control R’
of the grammar G.

Thus, in the remainder of this proof we describe the tables 7., and the way in which
they emulate a computation of M. Note that when describing these tables we make use
of the notation introduced in Lemma 2.19; in particular, we will use replacements with
regular languages on their right-hand sides.

b

q0;,9accept

g AQQ :

1 I

Am P P’ qaccept |

|

- N
= I
o0 I
D I
= 1

I I

§ I I

I I

,_8 I I

'_q | |
0 |
= |
[o)) I

| |

I I

I I

I I

I I

I |

1 T

qo p Gaccept
state

Figure 2.8: The height of the pushdown during an example computation.

For each p,q € @ and (¢,b) € (A x ') U{(b,b)}, let ]-}Ei}b) be a finite-state automaton.

The idea here is that, with Ez(f’b) as the regular language accepted by f,g?(}b)

the replacement rule 7.: Ag,q — Ej(gf&b)-

The states of each fl(,?éb) include all the states of M, and an additional disjoint state

A. We denote these states as Q' = Q U {\} where @) are states of M. The state \ is the

only accepting state in each f,ﬁfq’b).

, we will have
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Let some ]:,gféb) be given. Then, a given state r € Q C Q' of ]-]gfq’b) corresponds to the
situation where M is in state r and its read-head sees (¢,b). Thus, the start state of
f,qu’b) is given by p € QQ'. Further, the accepting state A corresponds to the configuration
of M immediately after following a path described by qu.

With a finite-state automaton féi}b) given, we now describe its transitions. Suppose
that M is in the state r € @ and its read-head sees (¢, b), then M can either push some
letter x € A with a transition of the form

((r,ar1g -+ - ag, (¢, b)), (s, xb)) (2.5)

then follow a path described by AY, for some state ¢t € Q; or M can complete a path
described by Ai’n,q with a transition of the form

((r,a12---ag, (¢,0)),(g;€)) or ((r,araz---ay,(b,b)),(q,b)) (2.6)

depending on whether ¢ is the accepting state gaccept (See Lemma 2.20).
Thus, for each transition in M of form (2.5), and each state t € Q C @', we have a
(e,b)

transition in F,5 from state r to ¢ labelled ayag - - - apAS -

Further, for each transition of form (2.6), we have a transition in flgféb) from state r to
A labelled oo - - - .
For each check-stack letter ¢ € AU{b} of M and non-terminal A%  of G, we define the

tables 7, such that 7.: Agjq — Lz(fg,b) where ﬁ,(fgf) is the regular language recognised by

}}Ei}b). Since regular language is a subset of ETOL, then, by Lemma 2.19, the grammar G
produces an ETOL language as required.

Soundness and Completeness.

Suppose that M is able to accept the word w € ¥* with a € R chosen as its check-
stack. Then, by following such a computation to the accepting state, we can construct a
derivation S —%* w in the grammar G. Thus, every word that is accepted by M is in
the language produce by G.

Let w € L(G) be a word produced by the grammar G. Then, there must exist some
sequence of tables € R’ such that S —# w; and thus, for any corresponding derivation
in the grammar G, and by following our construction, we can recover a computation of
M which accepts w.

Therefore, G generates precisely the language that is recognised by M. O

2.6. Concluding Remarks

In this chapter we defined and motivated several families of formal languages and classes
of power series. In Chapter 3 we make use of the theory of ETOL grammars, and their
equivalence to cspd automata to prove Theorem C. In Chapter 4, we return to formal
language theory and define the family of polyhedrally constrained languages. We then use
this family of languages in the proof of Theorem A in which we show that every virtually
abelian group has a holonomic generating function.
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Chapter

Co-Word Problems

Let G be a group with a finite monoid generating set S. Then, if we are given two words
u,v € 8%, it is a natural question to ask whether these words represent the same group
element. This question is equivalent to asking if the word w = uv™' € S* represents the
group identity. We then define the formal language

WPs = {we 8" |w=1}

which we refer to as the word problem with respect to the generating set .S.

For each finite monoid generating set S of G, we see that (S | WPg) is a presentation
for G. Thus, the word problem completely describes a group. A classification of the word
problem is thus one method to characterise the complexity of a group.

The study of the formal language complexity of group word problems began with
Anisimov [2] who showed that the word problem is regular if and only if the group is
finite. This was extended by Muller and Schupp [78] who showed that a group has a
context-free word problem if and only if it is virtually free, in which case, the word problem
is deterministic context-free. It was shown by Elder, Kambites and Ostheimer [42] that
a group has a word problem that is (deterministic) blind multicounter if and only if it
is virtually abelian. It was shown by Holt, Rees and Shapiro [62] that a group has a
growing context-sensitive word problem if and only if its word problem can be solved by a
certain generalisation of Dehn’s algorithm, however, this result does not appear to provide
a group-theoretic classification.

An alternate method of obtaining characterisation of group word problems is to
characterise the co-word problem coWPg = S* \ WPg, that is, the formal language

coWPg ={w e S* |w #1}.

It is known that regular and deterministic context-free languages are closed under taking
set complements, see [85, Theorem 8.4| and |92, Theorem 2.42|, respectively. Thus, the
co-word problem for a group is

e regular if and only if the group is finite; and
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3. Co-Word Problems

e deterministic context-free if and only if the group is virtually free.

The class of groups for which coWPg is context-free was first studied by Holt, Rees, Rover
and Thomas [61], in particular, they showed that a polycyclic group has a context-free
co-word problem if and only if it is virtually abelian. The study of co-context-free groups
was later extended by Lehnert and Schweitzer |70] who showed that Thompson’s group V'
has a context-free co-word problem. It is conjectured [17, Conjecture 5] that a group has
a context-free co-word problem if and only if it is a subgroup of Thompson’s group V.
However, a potential counter-example to such a classification is provided in [11].

It was shown by Holt and Réver [63] that the class of bounded automata groups have
co-word problems that can be recognised as indexed languages, as defined by Aho [1].
The class of bounded automata groups includes important examples such as Grigorchuk’s
group of intermediate growth, the Gupta-Sidki groups, and many more [55, 57, 79, 91].

ETOL languages form a proper subfamily of the indexed languages (see Corollary 4.1
in [36] and Proposition 4.5 in [40]). For the specific case of the Grigorchuk group, Ciobanu,
Elder and Ferov [32]| constructed an ETOL grammar for the co-word problem. In this
chapter, we generalise this result by showing that the co-word problem for any bounded
automata group is ETOL. In particular, for each bounded automata group, we construct
a cspd automaton which recognises the language of geodesics.

3.1. Generating Sets

Many interesting families of formal language are closed under inverse word homomorphism,
as defined in Definition 3.1. For example, the class of regular, context-free and ETOL
languages have this closure property.

Definition 3.1. A family of formal languages F is closed under inverse word homomorph-
ism, if for each language L € F C ¥*, and each monoid homomorphism h: I'* — ¥*
where T is an alphabet, the language h='(L) = {w € T* | h(w) € L} lies within F.

We then see that the formal language complexity of the co-word problem for a group is
well defined in the following sense.

Lemma 3.2. Let G be a group with a finite monoid generating set S. If cocoWPg € F and
F is closed under inverse word homomorphism, then coWPx € F for each finite monoid
generating set X of G.

Proof. For each x € X we choose a word w, € S* such that T = w,. We then define
a monoid homomorphism h: X* — S* where h(z) = w, for each z € X. We see that
coWPx = h™1(coWPg), and thus coWPy € F as required. O

Let F be a family of languages which is closed under inverse word homomorphism.
Then, a group is co-F if its co-word problem lies in the class F, for any and thus all
generating sets. It was shown by Culik [36, Corollary 3.2 on p. 40| that ETOL languages
form a full AFL, one of the defining properties of this being closure with respect to inverse
word homomorphism. From Lemma 3.2 it is well defined to ask if a group is co-ETOL.
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3.2. Bounded Automata Groups

In this section, we define the class of bounded automata groups. Each such group is a
group of automorphisms of an infinite rooted tree and can be completely described using
finitely many finite-state rewrite automata. We begin by defining rooted trees as follows.
For d > 2, let Ty denote the d-regular rooted tree, that is, the infinite rooted tree where
each vertex has exactly d children. We identify the vertices of 73 with words in ¥* where
Y ={ai,az,...,aq}. In particular, we identify the root with the empty word £ € ¥* and
we identify the k-th child of each vertex v € V(73) with the word vay, see Figure 3.1.

Figure 3.1: A labelling of the vertices of 7j.

Recall that an automorphism of a graph is a bijective mapping of the vertex set that
preserves adjacency, thus an automorphism of 7; preserves the root and levels of the
tree. We denote the group of automorphisms of 73 as Aut(7;). We write Sym(X) for the
permutation group of ¥. An important observation is that Aut(7;) can be seen as the
wreath product Aut(73) ! Sym(X), since any automorphism « € Aut(7;) can be written
uniquely as o = (g, ag,...,aq) - 0 where each o; € Aut(7y) is an automorphism of the
sub-tree with root a;, and o € Sym(X) is a permutation of the first level.

Let a € Aut(7y) where a = (a1, a9,...,0q) - 0 € Aut(73) 1 Sym(X). Then, for any
letter a; € X, the restriction of a to a;, denoted a|ai = 4, is the action of « on the
sub-tree with root a; (which is given by «;). Given any vertex w = wjws - - - wy € ¥* of
T4, we can define the restriction of « to w recursively as

a’w = (a’wlwg---wk,l) w

and thus describe the action of o on the sub-tree with root w.

The action of each element of a bounded automata group on its associated tree can be
described using a certain type of finite-state rewrite automata, which we will refer to as a
Y-automaton. We define this class of automata as follows.

Definition 3.3. A X-automaton, (I',v), is a finite directed graph with a distinguished
vertex v, called the initial state, and a (X x X)-labelling of its edges, such that each vertex
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has exactly |X| outgoing edges; and for each a € ¥ each vertex has exactly one incoming
edge of the form (a,a’) and exactly one outgoing edge of the form (a',a). Thus, the
outgoing edges define a permutation of 3.

From a Y-automaton, we may then define a tree automorphism as follows.

Definition 3.4. Let (I',v) be a X-automaton with ¥ = {aq,...,aq}, then we define
an automorphism ar ) € Aut(Tq) as follows. Notice that for each vertex biby--- by €
V(Ta) = X%, there is a unique path in the graph T starting from the initial vertex, v, of the
form (b, b)) (b2,b5) - -+ (by, by,). We define ap ) such that cup y(biba - - - by) = bybh - - - ).

From the definition of X-automata it the follows that o r ) is an isomorphism.

We provide an example of a ¥-automaton in Figure 3.2.

(R, R)

initial —{ b

Figure 3.2: A Y-automaton for the generator b in Grigorchuk’s group.

An automaton automorphism, «, of the tree 7y is an automorphism for which there
exists a ¥-automaton, (I',v), such that a = o ,). We write A(73) for the set of all
automata automorphisms of the tree 7;. The set A(7y) forms a group |91, Proposition 1].
Moreover, a subgroup of A(7y) is called an automata group.

An automorphism o € Aut(7;) will be called bounded (originally defined in [91]) if
there exists a constant IV € N such that for each £ € N, there are no more than N vertices
v € ¥* with |v| = k (i.e. at level k) such that a|, # 1. Thus, the action of such a bounded
automorphism will, on each level, be trivial on all but (up to) N sub-trees. The set of
all such automorphisms form a group which we will denote as B(7;). The group of all
bounded automaton automorphisms is defined as the intersection A(7g) N B(74), which we
will denote as D(Ty). A subgroup of D(Ty) is called a bounded automata group.

A finitary automorphism of Tz is an automorphism ¢ such that there exists a constant
k € N for which ¢|, =1 for each v € ¥* with |v| = k. Thus, a finitary automorphism
is one that is trivial after some k levels of the tree. Given a finitary automorphism ¢,
the smallest & for which this definition holds will be called its depth and will be denoted
as depth(¢). We will denote the group formed by all finitary automorphisms of 7; as
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3.2. Bounded Automata Groups

Fin(7g). See Figure 3.3 for examples of the actions of finitary automorphisms on their
associated trees (where any unspecified sub-tree is fixed by the action).

a b

Figure 3.3: Examples of finitary automorphisms a,b € Fin(73).
Let § € A(T3) \ Fin(74). We call ¢ a directed automaton automorphism if

6= (1,02, .., Pk—1,0", Pri1,---,¢q) - 0 € Aut(7T3) 1 Sym(%) (3.1)

where each ¢; is finitary and ¢’ is also directed automaton (that is, not finitary and can
also be written in this form). We call dir(6) = b = a; € X, where ¢’ = 0|, is directed
automaton, the direction of 0; and we define the spine of J, denoted spine(d) € 3¢,
recursively such that spine(d) = dir(d) spine(d’). We denote the set of all directed
automaton automorphisms as Dir(7y). See Figure 3.4 for examples of directed automaton
automorphisms (in which a and b are the finitary automorphisms in Figure 3.3).

Figure 3.4: Examples of directed automorphisms x,y, z € Dir(732).

The following lemma is essential to prove our main theorem.

Lemma 3.5 (Lemma 3 in [63]). The spine, spine(d) € ¥, of a directed automaton
automorphism, 6 € Dir(7Ty), is eventually periodic, that is, there exists some L = titg -+ Ls €
>* called the initial section, and m = myme - - - € 3*, called the periodic section, such
that spine(d) = ¢ m; and

0| =9

vk wymgeem; ’L7T17T2---7Tj

(3.2)
foreach k,j € N with 0 < j <t.

Proof. Let (I',v) be a ¥-automaton such that § = a(r ). By the definition of ¥-automata,
for any given vertex w = wiws - --wy € X* of Ty there exists a vertex v,, € V(I') such
that 6|, = o, [n particular, such a vertex v,, can be obtained by following the path
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3. Co-Word Problems

with edges labelled (w1, w})(wa, w) - - - (wg, wy,). Then, since there are only finitely many
vertices in I, the set of all restrictions of ¢ is finite, that is,

# {0, = A, |we T} <. (3.3)

Let b = b1babs--- = spine(d) € X¢ denote the spine of . Then, there exists some
n,m € N with n < m such that

01p1bo---by = Olb1bo--by---bim (3.4)

as otherwise there would be infinitely many distinct restrictions of the form §|p,p,...,, thus
contradicting (3.3). By the definition of the spine, it follows that

spine ((5‘(,11,2...(,”) = (bn+1bn+2 cee bm) spine (5|b1b2"'bn"’bm) .
Hence, by (3.4),
spine (5|b1b2~--bn) = (bn+1bn+2 e bm)w.
Thus,

spine(d) = (biba - - - by,) spine (0|p,by.-b,, )
= (ble T bn) (bn+lbn+2 T bm)w

By taking ¢ = biby---b, and m = byy1bpy2 - by, we have spine(d) = ¢ 7. Moreover,
from (3.4), we have equation (3.2) as required. O

Notice that each finitary and directed automata automorphism is also bounded, in fact,
we have the following proposition which shows that the generators of any given bounded
automata group can be written as words in Fin(7;) and Dir(7).

Proposition 3.6 (Proposition 16 in [91]). The group D(Tg) of bounded automata auto-
morphisms is generated by Fin(Ty) together with Dir(7Ty).

3.2.1. Co-Word Problems

We may now prove the following characterisation of bounded automata groups.
Theorem D. FEvery finitely-generated bounded automata group is co-ETOL.

The idea of the proof is straightforward: we construct a cspd machine that nondetermin-
istically chooses a vertex v € V(Ty), writing its labels on the check-stack and a copy on its
pushdown; as it reads letters from input, it uses the pushdown to keep track of where the
chosen vertex is moved; and finally it checks whether the pushdown and the check-stack
differ. The full details are as follows.

Proof. Let G C D(T4) be a bounded automata group with finite monoid generating set
X. By Proposition 3.6, we can define a map

0: X — (Fin(7Ty) UDir(7))*
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3.2. Bounded Automata Groups

so that x and ¢(x) are equal in D(Ty) for each z € X. Let
Y = {a € Fin(7;) UDir(Tg) | a or o1 is a letter in op(z) for some z € X}

which is a finite generating set for a group which contains G as a subgroup. Consider
the group H C D(Ty) generated by Y. Since ETOL is closed under inverse word homo-
morphism, it suffices to prove that coWPy is ET0OL, as coWP x is its inverse image under
the mapping X* — Y™ induced by . We construct a cspd machine M that recognises
coWPy, thus proving that G is co-ETOL.

Let a = aqag - - - i, € Y™ denote an input word given to M. The execution of the cspd
will be separated into four stages; (1) choosing a vertex v € £* of T3 which witnesses the
non-triviality of a (and placing it on the stacks); (2a) reading a finitary automorphism
from the input tape; (2b) reading a directed automaton automorphism from the input
tape; and (3) checking that the action of a on v that it has computed is non-trivial.

After Stage 1, M will be in state gcomp. From here, M nondeterministically decides to
either read from its input tape, performing either Stage 2a or 2b and returning to state
Jeomp; Or to finish reading from input by performing Stage 3.

We set both the check-stack and pushdown alphabets to be ¥ U {t}, i.e., we have
A =T =X U {t}. The letter t will represent the top of the check-stack.

Stage 1: choosing a witness v = vivg - -+ Uy, € L.
If « is non-trivial, then there must exist a vertex v € ¥* such that « - v # v. Thus, we
nondeterministically choose such a witness from R = ¥*t and store it on the check-stack,
where the letter t represents the top of the check-stack.

From the start state, gy, M will copy the contents of the check-stack onto the pushdown,
then enter the state geomp € ). Formally, this will be achieved by adding the transitions
(for each a € X):

((qo, &, (bv b))v (QO7 tb))v ((q07 &, (av t))v (q07 ta’))’ ((QO7 g (tv t))7 (QComp’ t))

This stage concludes with M in state gecomp, and the read-head pointing to (t,t). Note
that whenever the machine is in state geomp and ajas - -- oy has been read from input,
then the contents of pushdown will represent the permuted vertex (ajas - - ag) - v. Thus,
the two stacks are initially the same as no input has been read and thus no group action
has been simulated. In Stages 2a and 2b, only the height of the check-stack is important,
that is, the exact contents of the check-stack will become relevant in Stage 3.

Stage 2a: reading a finitary automorphism ¢ € Y N Fin(7y).

By definition, there exists some ky = depth(¢) € N such that ¢|, =1 for each u € ¥* for
which |u| > ky. Thus, given a vertex v = viva - - - vy, € ¥*, we have

¢(U) - ¢(Ulv2 .. -1)]%) U(k¢+1) R .

Given that M is in state gcomp With tvivs - - - vy, b on its pushdown, we will read ¢ from
input, move to state g4 . and pop the t; we will then pop the next kg4 (or fewer if m < k)
letters off the pushdown, and as we are popping these letters we visit the sequence of
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3. Co-Word Problems

states gg.v15 Qp01v0> - -+ 0103y, - From the final state in this sequence, we then push
tp(v1 - - - v, ) onto the pushdown, and return to the state geomp-

Formally, for letters a,b € ¥, ¢ € Y NFin(7y), and vertices u,w € ¥* where |u| < k¢
and |w| = kg, we have the transitions

((qcomp7 o, (tv t))7 (Q¢,€7 5))’ ((‘M%uv &, (aa b))a (Q¢7Ub7 5))7

((Q¢,wa &, (67 5))7 (QCompv t¢(w)))

for the case where m > kg, and

((q¢,u7 & (bv b)), (QComp7 t¢(u)b))

for the case where m < kg. Notice that we have finitely many states and transitions since
Y, ¥ and each ky is finite.

Stage 2b: reading a directed automorphism § € Y N Dir(7Ty).

By Lemma 3.5, there exists some ¢ = 111915 € X* and m = w7y - - - ¢ € X* such that
spine(d) = ¢ and
5(L7Tw) = 11[2 c -IS (H1H2 < -Ht)w

where

Ii = 5|L1L2~--L,-_1 (Lz) and Hj = 5|

LT T 1 (ﬂ-j)'

Given some vertex v = vivg - - v, € L7, let £ € N be largest such that p = vive - - vy
is a prefix of the sequence 7% = spine(d). Then by definition of directed automorphism,
8" = 6|p is directed and ¢ = d|,, where a = vy, is finitary. Then, either p = t112--- ¢, and

0(v) = (Inlz -+ I) 8'(a) G(ver2vess - vm),

orp= L7rk7r17'['2~-'71'j, Wlthgz |L‘ +k ’77| +j’ and
§(v) = (Iily--- Iy) (T g - - - TL)* (I Ty - - - T1;) &' (@) d(vesovers-- - V).

Hence, from state gcomp with tvivs - --v,,b on its pushdown, M reads ¢ from input,
moves to state g5, o and pops the t; it then pops pa off the pushdown, using states to
remember the letter a and the part of the prefix to which the final letter of p belongs (i.e.
t; or ;). From here, M performs the finitary automorphism ¢ on the remainder of the
pushdown (using the same construction as Stage 2a), then, in a sequence of transitions,
pushes td(p)d’(a) and returns to state geomp. The key idea here is that, using only the
knowledge of the letter a, the part of ¢ or m to which the final letter of p belongs, and the
height of the check-stack, that M is able to recover §(p)d’(a).

We now give the details of the states and transitions involved in this stage of the
construction.

We have states ¢5,; and ¢5.; with 0 <7 < |¢], 1 < j < |r|; where g5, ; represents that
the word ¢142 - - - 1; has been popped off the pushdown, and g5 ; represents that a word

40



3.2. Bounded Automata Groups

vk myme - - -5 for some k € N has been popped of the pushdown. Thus, we begin with
J g

the transition
((QComp7 57 (ta t))a (q(s,b,07 6))7

then for each i,7 € N, a € ¥ with 0 < i < [¢| and 1 < j < |7|, we have transitions

((q&,L,ia g, ((Z, Li+1))a (Q(S,L,(H—l) ’ 5))7 ((q(S,L,ILl , €, (CL, 7-‘—1))7 (q(;,ﬂ',l) 6))7
((Q(Sﬂr,ja g, (CL, 7rj+1))a (Q(Sﬂr,(j—f—l) ) 5))7 ((QJ,W,|7r|a &, (a’ 71'1)), (Q(S,ﬂ,la 5))

to consume the prefix p.

After this, M will either be at the bottom of its stacks, or its read-head will see a letter
on the pushdown that is not the next letter in the spine of . Thus, for each i, € N with
0<i<|fand 1 <j < |m| we have states gs,iq and ¢sr jq; and for each b € ¥ we have
transitions

((Q5,L,i7 &, (b, a))? (Q5,L,i,a; 5))

where a # 1;41 when i < || and a # 7 otherwise, and

((Q5,7r,ju &, (bv a))? (Q5,7r,j,a7 6))

where a # mj11 when j < || and a # 7 otherwise.

Hence, after these transitions, M has consumed pa from its pushdown and will either
be at the bottom of its stacks in some state g, ; or gsr ;; or will be in some state gs,; q
Or g5 ja- Note here that, if M is in the state ¢s5,;.4 O @57 jq, then from Lemma 3.5 we
know ¢’ = 0|, is equivalent to d|,;,5...i; OF O]umymy-r.rr;, Tespectively; and further, we know
the finitary automorphism ¢ = §|,q = ¢'[4.

Thus, for each state gs, ;. and g5, we will follow a similar construction to Stage 2a,
to perform the finitary automorphism ¢ to the remaining letters on the pushdown, then
push ¢’(a) and return to the state T5.4 OF T5x j, respectively. For the case where M is at
the bottom of its stacks we have transitions

((qJ,L,ia £, (ba b))a (T57L,ia b))v ((Q(Sﬂr,iv g, (ba b))a (T5,W,i7 b))
with 0 <i < |o], 1< < |7].

Thus, after following these transitions, M is in some state 75, ; or 75 ; and all that

remains is for M to push &(p) with p = 1119 ---1; or p = vwFmime - - - TR, respectively, onto

its pushdown. Thus, for each 4, j € N with 0 < ¢ < |¢] and 1 < j < |7|, we have transitions

((T&ﬂ',ia g, (67 E))v (qcompv thily--- Il))a ((Tﬁﬂr,h €, (67 5))7 (7“577” Iy - - - H]))

where from the state rs ., through a sequence of transitions, M will push the remaining
ITI* onto the pushdown. In particular, we have transitions

((7’5,77,6, (575))a (T&ﬂ':H))? ((7“5777,5, (575))7 (QComp>tI))a

so that M can nondeterministically push some number of II’s followed by tI before it
finishes this stage of the computation. We can assume that the machine pushes the correct
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number of II’s onto its pushdown as otherwise it will not see t on its check-stack while
in state geomp and thus would not be able to continue with its computation, as every
subsequent stage (2a,2b,3) of the computation begins with the read-head pointing to t on
both stacks.

Once again it is clear that this stage of the construction requires only finitely many
states and transitions.

Stage 3: checking that the action is non-trivial.

At the beginning of this stage, the contents of the check-stack represent the chosen witness,
v, and the contents of the pushdown represent the action of the input word, «, on the
witness, i.e., a - v.

In this stage M checks if the contents of its check-stack and pushdown differ. Formally,
we have states gaccept and Geheck, With gaccept accepting; for each a € ¥, we have transitions

((QCompa &, (f, t))? (QChecka 5))7 ((QChecka g, (CL, a))a (CICheck, 5))

to pop identical entries of the pushdown; and for each (a,b) € ¥ x ¥ with a # b we have
a transition

((QCheCka &, (CL, b))? (Qaccept, 5))

to accept if the stacks differ by a letter.

Observe that if the two stacks are identical, then there is no path to the accepting
state, gaccept, and thus M will reject. Notice also that by definition of cspd automata,
if M moves into gehecc before all input has been read, then M will not accept, i.e., an
accepting state is only effective if all input is consumed.

Soundness and Completeness.

If « is non-trivial, then there is a vertex v € X* such that - v # v, which M can
nondeterministically choose to write on its check-stack and thus accept a. If « is trivial,
then « - v = v for each vertex v € ¥*, and there is no choice of checking stack for which
M will accept, so M will reject.

Thus, M accepts a word if and only if it is in coWPy-. O

3.3. Open Problems and Concluding Remarks

Theorem D opens the door to a new characterisation of groups by their co-word problem.
In particular, this result is a step towards a characterisation of groups with ETOL co-word
problems. However, it still remains to be shown that there is a group whose co-word
problem is ETOL but not context-free. It is conjectured [17, p. 2| that Grigorchuk’s group
does not have a context-free co-word problem. Thus, we ask the following.

Question 3.7. Is the co-word problem for Grigorchuk’s group (or some other bounded
automata group) not context-free?

It is then natural to ask if there is a classification of co-ETOL groups.
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Chapter

Polyhedral Sets and Polyhedrally
Constrained Languages

In this chapter we introduce the family of polyhedrally constrained languages which we
use in the proof of Theorem A. This family of languages is a generalisation of linearly
constrained languages, as in Definition 2.13. It is a result of Massazza [76] that the
generating function of linearly constrained languages is holonomic (see Proposition 2.14).
In Proposition 4.5, we show that the family of polyhedrally constrained languages also
have holonomic (multivariate) generating functions.

Benson [10] introduced the concept of polyhedral sets to compute the volume growth of
virtually abelian groups, in particular, for each virtually abelian group Benson constructed
a polyhedral set whose (volume) generating function is the volume growth series of the
group. In Chapter 5 we apply a similar argument to construct a polyhedrally constrained
language whose generating function is the geodesic growth series of a virtually abelian
group. We define and study the class of polyhedral sets in Section 4.1, and the family of
polyhedrally constrained languages in Section 4.2.

4.1. Polyhedral Sets

A polyhedral set, as we see in Definition 4.1, is a subset of Z™ that encodes the integer
solutions to finitely many systems of linear equations, inequalities and congruences. The
class of polyhedral sets is closed under Boolean expressions, Cartesian products, and
(inverse) mapping by integer affine transformation (see Propositions 4.2 and 4.3). The
class of polyhedral sets and their closure properties are essential to our study of the
language of geodesics for virtually abelian groups in Chapter 5.

Definition 4.1. A subset £ C Z™ is called an elementary region if it can be expressed as
{z€Z™a-z=b},{z€Z™|a-2>b} or {z€Z™|a-z2=0b (mod ¢)}

for some a € Z" and b, c € Z with ¢ > 0. A basic polyhedral set is a finite intersection of
elementary regions; and a polyhedral set is a finite disjoint union of basic polyhedral sets.
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From this definition we see that () and Z™ are elementary regions, and that N is a
basic polyhedral set. In Proposition 4.2 we see that the class of polyhedral sets is closed
under Boolean expressions and Cartesian products.

Proposition 4.2 (Proposition 13.1 and Remark 13.2 in [10]). The class of polyhedral
subsets of Z™ is closed under finite union, finite intersection and set difference. Moreover,
the class of polyhedral sets is closed under Cartesian product.

A map E: Z™ — 7" is an integer affine transform if it can be written as E(v) = vA+b
where A € Z™*™ is a matrix and b € Z™ is a vector. In Proposition 4.3 we see that the
class of polyhedral sets is closed under (inverse) mapping by integer affine transformations.

Proposition 4.3 (Propositions 13.7 and 13.8 in [10]). Suppose that P C Z™ and Q C Z™
are polyhedral sets, and E: Z™ — Z"™ is an integer affine transform. Then, E(P) and
E=Y(Q) are both polyhedral sets.

Notice that our definition of n-atoms and n-constraints in Definition 2.12 is similar to
that of elementary regions and polyhedral sets, respectively, without modular arithmetic.
From the closure properties in Proposition 4.2 we see that n-constraints form a subclass
of the polyhedral subsets of Z™. It can be verified by the reader that, for each n > 1,

{(2,0,0,...,0) € Z" | x =0 (mod 2)}

is a polyhedral set but not an n-constraint, and thus the class of n-constraints form a
proper subclass of the polyhedral subsets of Z™. In the following section, we generalise
the family of linearly constrained languages, defined in Definition 2.13, to the family of
polyhedral constrained languages which we use in the proof of Theorem A.

4.2. Polyhedrally Constrained Languages

In Section 2.3, we saw that a constrained language, L(U,C), is the intersection of an
unambiguous context-free language U C X and the set of words whose Parikh images
belong to a set C C ZI*l. Moreover, we defined the family of linearly constrained languages
in Definition 2.13 as the constrained languages where C is a |X|-constraint. In this section
we generalise this definition to the family of polyhedrally constrained languages as follows.

Definition 4.4. A language is polyhedraly constrained if it can be written as
LU,P)={weUCX|dx(w) e P}
where U is an unambiguous context-free language, and P is a polyhedral set.

In Chapter 5 we will not require the full power of polyhedrally constrained languages,
in particular, we only require polyhedrally constrained languages L(U,P) where U is a
regular language. It can then be shown that such languages form a subfamily of the RCM
languages introduced by Castiglione and Massazza [23], moreover, they showed that the
single-variable generating functions of these languages are holonomic. In Proposition 4.5,
we show that the multivariate generating function of each polyhedrally constrained
language is holonomic. We make use of this characterisation in the proof of Theorem A.
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Proposition 4.5. The multivariate generating function of a polyhedrally constrained
language is holonomic.

Proof. Let L(U,P) € ¥* be a polyhedrally constrained language. From the definition of
polyhedral sets, we may decompose P C Z*! into a union of finitely many disjoint basic
polyhedral sets P = UiL:1 BB;. Moreover, each such basic polyhedral set B; C Z*I can be
written as a finite intersection of elementary regions

Kin Ko
Bi= (v eZM [aij-v=pi50n (v e 2P| &;-v> N}
j=1 =1
K3
N ﬂ {ve Z>! | Gij - v =mi; (mod 0;;)}
j=1

where each Oé@j,f@j, QJ S Z'Zl, each ﬁi,j» )\@j, Mij € Z, and Gi,j e N,.

From the definition of constrained language we see that L(U,P) is the union of
disjoint polyhedrally constrained languages L(U, B;). We see that if each L(U, BB;) has a
multivariate generating function of f;(z1,xa,...,7x), then the multivariate generating
function for L(U,P) is given by

L
f(afl,l'g, ceey .%‘E‘) = Z fi(xl,xg, oo ,x‘2|).
i=1

For each basic polyhedral set B;, we introduce a |X|-constraint

Kia K2
Ci=({vezZ™ ay-v=050 [ {oeZP | &y-v> i),
j=1 Jj=1

and a monoid homomorphism ¢;: ¥* — H]K:Zf (Z/8; ;) such that
pi(w) = (Gi1 - Px(w), G2 Pe(w), ..., Gk, ;- Po(w));

moreover, we write R; € X* for the inverse image

R; = W;l({(ni,h T2y« 7717K13)})

Each language R; € ¥* is expressed as the inverse image of a subset of a finite monoid.
From [84, Theorem 1| we see that each R; is a regular language, in particular, for each R;
we may construct a finite-state automaton with states given by the set H]K:Zf (Z)0;;7),
initial state given by (0, ...,0), an accepting state of (11,72, - - -, 7k, ;), and a transition
v =7 v for each state v and letter o € ¥ where v" = v + p;(0). Moreover, since the
class of unambiguous context-free grammar is closed under intersection with regular
language (see Theorem 6.4.1 on p. 197 of [58]), we see that each L(U N R;,C;) = L(U, B;)
is linearly constrained as in Definition 2.13. From Proposition 2.14, we see that each

fi(z1,22,...,75)) is holonomic.
From Lemma 2.9, holonomic functions are closed under addition, and thus the mul-
tivariate generating function of L(U,P) is holonomic. O
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Chapter

Virtually Abelian Groups

It is a well-known result of Gromov [56] that a group has polynomial volume growth if and
only if it is virtually nilpotent. Moreover, from the work of Bass [9] we know that virtually
nilpotent groups have polynomial volume of integer degrees. Bridson, Burillo, Elder and
Suni¢ [19] asked if there is an analogous classification for groups with polynomial geodesic
growth and if there exists a group with intermediate geodesic growth. Towards these
questions they provided a sufficient condition, given in Lemma 5.1, for a virtually abelian
group to have polynomial geodesic growth, and furnished an example of a virtually Z?
group, given in Equation (5.1), with polynomial geodesic growth. Before this virtually 7?2
example, the only groups known to have polynomial geodesic growth were virtually cyclic.
In this chapter, we take the next step towards a classification of polynomial geodesic
growth by characterising the geodesic growth series for all virtually abelian groups with
respect to any finite weighted monoid generating sets.

Lemma 5.1 (Theorem 1 in [19]). Let G be a finitely-generated group. If there is an
element g € G whose normal closure is a finite-index abelian subgroup of G, then G has
polynomial geodesic growth with respect to some generating set.

In [19], it was shown that the virtually Z* group
<a, bt|la,b]=t*=1,a" = b> (5.1)

has polynomial geodesic growth with respect to the generating set {a,a~!,t}. This group
was introduced by Cannon [43, Example 4.4.1 on p. 97] as an example of a group that is
short-lex automatic with respect to one, but not all, generating sets. Moreover, it was
shown in Example 4.4.2 on page 98 of [43] that this group has a generating set for which
the geodesics do not form a regular language. In Theorem D, we show that the language
of geodesics for each virtually abelian group is blind multicounter for every generating set.

We may generalise the construction given in Equation (5.1) to show that for any
finitely-generated abelian group, A, there is a virtually-A group with polynomial geodesic
growth. Let A be a finitely-generated abelian group, then from the classification of
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finitely-generated abelian groups we see that A = F' x Z" for some n and finite group F'.
Let z1,29,...,z, be the standard basis for the Z™ subgroup of A. Let

B = <A,t } [F,t] =1, 2! = 2441 for each i < n, t" = 1>. (5.2)

We see that B contains A as a subgroup of index n; and thus B contains Z™ as a subgroup
of index n|F|. Moreover, the normal closure of z; in B is the finite-index free-abelian
subgroup Z"™. From Lemma 5.1, we see that B has polynomial geodesic growth with
respect to some generating set.

Benson [10] showed that the volume growth series for virtually abelian groups is rational
with respect to any finite (weighted monoid) generating set. This result was generalised by
Evetts [44] who showed that the coset, subgroup, and conjugacy growth series of a virtually
abelian group is rational with respect to any finite (weighted monoid) generating set. In
Sections 5.1 to 5.1.2 we modify the methods of Benson, and provide a characterisation of
the geodesic growth series in Section 5.2 by combining this with our result on polyhedrally
constrained language given in Proposition 4.5.

5.1. Patterned Words

Let G be a virtually abelian group that is generated as a monoid by some finite weighted
generating set S. It is known that G contains a finite-index normal subgroup that is
isomorphic to Z" for some n. This follows as G must contain an abelian subgroup A
of finite index, then from the classification of finitely generated abelian groups we see
that G must contain a group H that is isomorphic to Z™. We may then obtain a normal
subgroup from the core of H as ) gec HY. This subgroup will be finite index in G, and is
free abelian as it is a subgroup of a free abelian group H [86, pp. 100-1]. Without loss of
generality, we assume that Z" <G with d = [G : Z"]. We fix a set of coset representatives
T = {t1 = 1,tg,...,tq} for Z™ in G. We then write elements of G in the normal form
g=2z-twhere z€ Z" and teT.

Definition 5.2. Let v: G — Z™ and p: G — T be the maps defined such that the normal
form for g € G is given by ¥ (g) - p(g).

Benson [10] showed that virtually abelian groups have rational volume growth series
by demonstrating that each group element has at least one geodesic representative that
can be expressed as a patterned word, where the set of such patterned words is then
studied using the theory of polyhedral sets. In this section we modify these arguments to
study the set of all geodesic words in S*, in particular, we describe Algorithm 5.15 which
converts words in S* to patterned words which represent the same group element with
the same weight. In Section 5.1.2 we compute the weight and group element of patterned
words, and describe the patterned words which correspond to geodesics.

We begin by defining two finite sets of words Y, P C S* as follows.
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5.1. Patterned Words
Definition 5.3. From the generating set S and the normal subgroup 7 < G with finite
index d = [G : Z"], we define the sets

Y={cebs"
P={oces*

d and 7 €Z"} and

|1 s <
| 1 s<d—1 and 7 ¢ Z"},

and we fix a labelling {y1,y2,-..,Ym} =Y where m = |Y|.

We define the sets Y and P as above so that we have the technical property given in
Lemma 5.4. We will find this property useful in the proof of Lemma 5.14 which is then
used to construct Algorithm 5.15.

Lemma 5.4. Suppose that w € S* with 1 < |w|s < d and w ¢ P. Then, there is a
factoring w = apd with a« € PU{e}, B € Y and 6 € S*. In particular, there is a
unique choice of such a factoring for which (|a|s,|8|s) € N? is minimal with respect to
the lexicographic ordering on N2.

Proof. Let w = wjws ---wy with 1 < k < dand w ¢ P.

Notice that if we have at least one such factorisation, then there is a unique choice
of such a factoring where (|a|s, |3|s) € N? is minimal with respect to the lexicographic
ordering on N2, Thus, all that remains to be shown is that at least one such factoring
w = af exists.

If |lw|g < d, then we have such a factorisation given by 8 = w, and a = § = €. Thus,
in the remainder of this proof we consider the case where |w|g = d.

If |w|g = d, then from the pigeonhole principle on the d cosets, we see that there must
be a nontrivial factor b = w;w;41 - - - w; for which be Z™. Let I >1 be the smallest value
for which there is a J > I with wywr---wy € Z", then let « = wjwy---wy—1 and
B = wrwyy1 ---wy. From our choice of indices I and J, we see that 8 € Y, and either
a=c¢cora¢Z" Moreover, we see that |aj]s = —1<d—1and thus a € PU{e}. O

Notice that S C Y U P, and thus Y U P generates the group G. We will see that for
each word o € S*, there is a word w € Y*(PY*)¥, with 0 < k < d, such that w represents
the same group element as o with the same weight. We formalise this by defining patterns
and patterned words as follows.

Definition 5.5 (Patterned words). Let m = myme - - m, € P* be a word in the letters of P
with length k = |w|p < d for which each proper prefix belongs to a distinct coset, that is,

L= p(&), p(m), p(T172), -, p(F1r72 - 7k_1) (5.3)

are pairwise distinct; and let v € NFTD™ pe g yector where m = |Y|. Then we say that
is a pattern and that (v,m) is a patterned word. We then write

T _ V1, U Um Um+1, Um+2 Vam Vk-m+1, Vk-m+2 V(k+1)-m

Notice that p(7) is not included in (5.3). If p(T) is also distinct from each coset repres-
entative in (5.3), then we say that 7 is a strong pattern and that (v,m) is a strongly
patterned word.
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5. Virtually Abelian Groups

To simplify notation in later sections, we introduce the following sets.

Definition 5.6. We write PATT C P* for the set of all patterns, and we write STRPATT C
PATT for the set of all strong patterns. Notice that PATT and STRPATT are finite, in
particular, |PATT| < |P|4H.

To simplify notation in Section 5.1.1, we extend this as follows.

Definition 5.7 (Extended Patterned Words). If (v, 7) is a (strongly) patterned word,
and o € S*, then ((v,7),0) is an extended (strongly) patterned word.

In Algorithm 5.15, for each word o € S*, we construct a finite sequence of extended
patterned words that begins with ((0,¢),0) and ends with an extended patterned word of
the form ((v,7),e). Moreover, this sequence has the property that v™ and o represent the
same group element with the same weight. To simplify notation, we define the following
equivalence relation.

Definition 5.8. We define the equivalence relation ~ on S* such that, for each w,o € 5%,
we have w ~ o if and only if both W =7 and w(w) = w(o).

Notice that if we have a patterned word (v, 7) with v™ ~ o, then o is a geodesic if and
only if the word v™ is a geodesic.

5.1.1. Word Shuffling

In this section we construct Algorithm 5.15 which ‘shuffles’ words of the form o € S* into
patterned words (v, ) which represent the same group element with the same weighted
length. In particular, for each word o, we compute a finite sequence of extended patterned
words

((0,6),0) = (u®, 7Dy, W), (u?, 7)), 6?),
..7((u(q)77-(q))’o.(q)) — ((v,7),¢), (5.4)

such that

()™ ¢~ (D) D and e g > o)

for each i. Notice that v™ ~ o, and ¢ < |o|s + 1 where ¢ is the length of the sequence in
(5.4). From (5.4), we define Shuffle(¢) = (v, w) where the patterned word (v, 7) has the
property that v™ ~ o.

The idea of Algorithm 5.15 is to compute each (w1, 7(+1)) ¢+ from its previous
extended patterned word ((u(, 7)), 5() by replacing a bounded-length prefix of o(*)
with a strictly shorter word, adding at most a unit vector to (9, and adding at most one
letter to 7). In order to describe our algorithm, we introduce the following additional
notation.

Recall that d = [G : Z"] is the index of the Z™ normal subgroup of G. For each word
o € 5%, we fix a bounded-length prefix as follows.
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5.1. Patterned Words

Definition 5.9 (Prefixes). We write Prefix: S* — S* for the function which computes the
prefiz of a word of length at most d, that is, Prefix(o) = o102 - - - 04 where ¢ = min(d, |o|g).
Notice that if w = Prefix(o) with |w|s < d, then o = w.

In sequence (5.4), each word o) is obtained from o) by replacing the prefix
w® = Preﬁx(a(i)) with a strictly shorter word w?’. We write these prefix replacements
using the following notation.

Definition 5.10 (Prefix Replacements). Let o € S* be a word which factors as o = w(
where w,( € S*, then for each word w' € S* we write (w +— w') - 0 = w'¢ which we call a
prefix replacement. We write a sequence of replacements as
(W = wh) -+ (wy = wh)(wy — w)) - o
where replacements are composed right-to-left. Notice that if o’ = (w — w') - o, then
w(o’) =w(o) — w(w) + w(w') where w: S* — N is the weight function.
To understand how prefix replacements are composed, consider the following.

Example 5.11. We have the sequence of replacements
(¢ dc)(ba — cb)(e — b) - az = dcbz. (5.5)

Notice that if (w — w')-o is defined, then we have o = (v’ — w)(w — w')-o, that is, each
prefix replacement has an inverse. For example, from the sequence of prefiz replacements
given in (5.5), we see that

az = (b €)(cb — ba)(dc v c) - debz.

Thus, we may compute the inverse of a sequence of prefix replacements.

For each pattern 7, we write N for the set of all vectors v for which (v, ) is a patterned
word, as defined in Definition 5.5. We introduce the following notation to simplify the
description of our algorithm.

Definition 5.12. For each pattern m = mimy-- -7, € P*, we write Z; and Ny for
the sets Z*ETDm gnd NE+HD™ - pespectively, where m = |Y|. Moreover, for each i €
{1,2,...,dim(Z%)} we write e ; for the i-th standard basis element of Zr and ey z =
0 € Z; for the zero vector of Z;.

When computing (5.4), it may be the case that [7()|p # |7(+D|p and thus the vectors
u® and 0D lie in different spaces V. ) and N_qi11), respectively. We define the following
map to convert between these spaces.

Definition 5.13. For each pair of patterns m,7 € P*, let t = dim(Z;) and p = dim(Z,),
then we define the map Proj, . Zr — Z; such that

Projmﬂ.(ul,uQ, cootp) = (ur,ug, ..., up,0,0,...,0)

ift >p, and
Proj, . (u1,uz, ..., up) = (u1,uz,. .., u)

otherwise. Notice that if dim(Z2;) < dim(Z;), then Proj, . is a projection; otherwise,
dim(Z;) > dim(Zx) and Proj, . is an embedding.
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5. Virtually Abelian Groups

In order to construct Algorithm 5.15, we need to define a map which explicitly describes
how to construct the sequence of extended patterned words in (5.4). We construct such a
map in the following lemma.

Lemma 5.14. We may construct a map

A: STRPATT x W1 — (NL U{@}) x PATT x W,

where
Wi={we S |1<|wsg<dt and We={we S| |wlg<d}

with the following properties. Let ((u,T),0) be an extended strongly patterned word, and
let A(T,w) = (z,7',w’) with w = Prefix(c). We may then apply A to obtain an extended
patterned word ((u',7'),0") where u' = Proj, .(u) + errp and o' = (w +— w') - 0. This
will be denoted as

((w,7),0) = (7). 0").

For each extended strongly patterned word ((u,T),0),
1. |r|p < |7'|p and thus Proj, ..« Ny — N is an embedding;
2. uo~ (u)7o’;
3. |ols > |0’|s and w(w) > w(w'); and
4. either |o'|s =0, or (v, 7"),0") is an extended strongly patterned word.
Notice that property 4 implies that either ((u',7'),0") is equivalent to the patterned word
(u',7"), or we may apply A again. From property 3, we see that after finitely many
applications of the map A, we have a patterned word.

Proof. Let 7 = 1ymo--- T € P* be a strong pattern, that is, 7 is a pattern for which the
coset representatives

p(€), p(71), p(Ti72), p(Ti7273), - - ., P(T)

are pairwise distinct. Then, from the pigeonhole principle on the d cosets of Z" in G, we
see that |7]p =k < d.

Let w € S* be a word with length 1 < |w[s < d. We separate the remainder of this
proof into the cases where w € P and w ¢ P as follows.

Suppose that w € P, then we have a length k + 1 pattern 7/ = 7w, moreover, from
the definition of words in P, we see that |w|s < d, and from Definition 5.9 we have
w = 0. We then define A(r,w) = (&,7’,¢). For each extended strongly patterned word
((u,7),w) with u € NP, we then obtain an extended patterned word ((u/,7’),e) where
u' = Proj, .(u) = (u1,u,...,up,0,0,...,0). Notice that we have (u)" = uTw. This
completes our proof for the case that w € P.

In the remainder of this proof, we suppose that w ¢ P. From Lemma 5.4, we factor w
uniquely as w = a6 where « € PU{e}, f € Y and (|als,|B|s) is minimal with respect
to the lexicographic order on N2. From the labelling Y = {y1,%2,...,ym}, we see that
there must be an index b such that 5 = yj.
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5.1. Patterned Words

Let ((u,7),0) be an extended strongly patterned word with w = Prefix(c) and u =
(uo,u1,...,ur) where each ug = (Uq,1,Ua2;---,Ua,m) € N™. Then if we factor o as
o = w(, we see that

T uo,1, U0,2 U0,m U1l U122 Ul,m
u o= (y1 Yg ' Ym >7'1<y1 Yo ' Ym )7'2

Ukg—1,1_ Uk—1,2 Uk—1, Uk,1_ Uk,2 Uk,
"‘Tk—1<y1 Yo © Ym m)Tk(yl Yo ---ym’">ayb5C-

If there is an index a with 0 < a < k such that p(7i72 -~ 7,) = p(7T@), then the choice of
such an index a must be unique, and we see that

Ug+1,1  Ua+1,2 Ua+1, Uk,1  Uk,2 U, n
Ta+1<y1a yQa ...ym‘l m)Ta+2Tk<y1 y2 ym m)aEZ

commutes with 3, € Z™, that is,
(U0y + vy U1, Ug + €y Ugi1, - - - uk) @OC = uT aypd = u"o

where ¢, € N™ is the b-th standard basis element. In this case we define the map
A(r,w) = (a-m+b, 7, ad) and our proof is complete. Otherwise, we see that the coset
representatives

p(E), p(11), p(T172), p(T17273), - .., p(T), p(TQ))

are pairwise distinct and « # ¢, that is, « € P. Then we see that the length k& + 1 word
7/ = 7 € P* is a strong pattern, and that we have

!
(ug, ug, ..., uk, ep)" 0 = u” aypdl = u' o

where e, € N is the b-th standard basis vector. After defining A(7,w) = (a -k +b,7,4)
our proof is complete. ]

We are now ready to define our algorithm as follows.

Algorithm 5.15 (Word Shuffling). Let A be the map in Lemma 5.14. For each word
o € S*, there is a finite sequence of extended patterned words

((0,e),0) = (u®, 7D, g A, (u®, 7)), @)

B (w9, 79), 6@y = ((v,7),). (5.6)

From this sequence we define Shuffle(c) = (v, 7). Notice from property 3 in Lemma 5.1}
that we have
lolg = |oWMs > 6P g > 6@ |g > - > |6@|g =0

and thus q < |o|s + 1. From property 2 in Lemma 5.14, we see that v™ ~ o.

In the remainder of this section, we compute the group elements and weights of patterned
words, and determine which patterned word represents geodesics.
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5.1.2. Geodesic Patterned Words

From Algorithm 5.15, for each word ¢ € S* we have a well-defined patterned word
(v, m) = Shuffle(o) such that v™ ~ o, that is, v™ represents the same group element as o
with the same weight. We see that o is a geodesic if and only if v™ is a geodesic.

In this section, we modify an argument of Benson [10] and show that the group element
and weight of any word v™ can be computed with the use of integer affine transforms,
and that we may verify that v™ is a geodesic by checking if the vector v belongs to a
polyhedral set G;.

Lemma 5.16. For each pattern , there are integer affine transformations Vy: Z, — Z™
and Qr: Zr — 7 such that for each patterned word (v, ), we have vT = U (v) - p(T) and
w(v™) = Qr(v).

Proof. Recall that in Definition 5.3 we fixed a labelling Y = {y1,%2,...,ym} where
m = |Y|. Define the matrix Z € Z™*™ such that e;Z = y; for each standard basis vector
e; € Z™. Then, we see that vZ = y;*y5? - - - ym* for each v € N™. For each p € P we
see that pap~—! € Z" for each x € Z" < G; thus we define matrices R, € Z™" such that
TR, = pxp ! for each z € Z™.

To compute the element v™ we first rewrite v™ as

(o (v m Um+1_ Um+2 m —1
(y11y22--~y51)’7r1<y1 Yo Y >7T1
V2m—+1, V2m+2 3m -1
(7T17T2)(3/1 Yo "y )(Wﬂz)
Vikm+1, Vkm+2 V(k+1)m -1
--7T<y1 +y2 + ..-ym >7T -7'("

Then we see that p(vT) = p(7) and ¥ (v™) = VU, (v) where

\I/ﬂ—(’l)) = (’1}1,112, ceey ’Um)Z + (vm+1,vm+2, - ,’Ugm)ZRﬂl—i-
“ ot (Umkt 15 Umkt2s - - V(gpym) £ Ry, + o+ By Ry + ().

Considering the word v™ we see that w(v™) = Qr(v) where

kK m
Qr(v) = w(m) + Z Z Vjmai - W(Yi)-
§=0 i=1
The maps V¥ : Z; — Z" and Q,: Z; — Z are integer affine transforms. ]

From the integer affine transformations defined in Lemma 5.16 and the closure properties
of polyhedral sets we have the following result.

Lemma 5.17. For each pattern m, there is a polyhedral set G, C N such that v € G, if
and only if (v,m) is a patterned word where v™ is a geodesic.
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Proof. From Algorithm 5.15 we see that the word v™ is a geodesic if and only if there
is no patterned word (u,7) with 7 = v™ and w(u”) < w(v™). For each pattern 7, let
Er: Z, — Z""! be the integer affine transformation defined as E,(v) = (¥, (v), 2 (v)),
and let R C Z2("*1) be the polyhedral set

R = {(1/, p) € ZMH x zntt

V= M1, V2 = 2, ..., Unp = lUn
and Vp41 > finy1

Then, we see that v™ is geodesic if and only if there is no patterned word (u,7) with
p(T) = p(7) and (Ex(v), Er(u)) € R; or equivalently, v™ is a geodesic if and only if the
intersection

(Ex({vh) x E-N5) ) NR

is empty for each pattern T with p(7) = p(7).
Let f: Z"! x Zntl — Z"*1 be the projection onto the first Z"+! factor, that is,
f(v, ) = v for each (v, p) € Z"! x Z"HL. Let

Dpr=NyN [(Eﬂ)_l f ((EW(N,T) x ET(/\/'T)) N R)} .

Then, we see that v™ is a geodesic if and only if v ¢ D, for each pattern 7 with
p(T) = p(7). Then, v™ is a geodesic if and only if v € G, where

G = N A U{Drr

T is a pattern with p(7) = p(ﬁ)}

where we see that the above union is finite as there can be only finitely many patterns.
Moreover, from the closure properties in Propositions 4.2 and 4.3 we see that each set
Gr C N is polyhedral. d

5.2. Geodesic Growth

In this section we provide a characterisation of the geodesic growth of virtually abelian
groups, in particular, we show that the geodesic growth of a virtually abelian group with
respect to any finite weighted monoid generating set is either polynomial with rational
geodesic growth series, or exponential with holonomic geodesic growth series. This result
is provided in Theorem A.

The result in Theorem A is proven by first showing that the geodesic growth series is
holonomic, then applying the following lemma.

Lemma 5.18. If G has a holonomic geodesic growth series with respect to the weighted
monoid generating set S, then the geodesic growth is either exponential, or the polynomial
of an integer degree with a rational geodesic growth series.

Proof. The proof follows from Corollary 2.7.1 and Lemma 2.10. O
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In Lemma 5.22, we construct a weight-preserving bijection from the words in S* to
a subset of paths in a weighted graph I'. Then, in Theorem A we construct a weight-
preserving bijection from the set of such paths which correspond to geodesics, and the
set of words in a finite number of polyhedrally constrained languages. Using the theory
developed in Section 2.2.3, we then prove our result. We begin by constructing the graph
I" as follows.

Definition 5.19. Let A be the map constructed in Lemma 5.14. Let I" be the finite
weighted directed edge-labelled graph defined as follows. For each pattern T and each word
w € S* with |lwlg < d =[G : Z"], the graph T' has a vertex [r,w] € V(I'). Suppose
T € STRPATT, |w|s > 1 and that A(T,w) = (x,7,w'); if lw|s = d, then for each word
¢ € S* with |w'é|ls < d, the graph T' has a labelled edge [r,w] = [T/, w'€]; otherwise,
1 <|w|s < d and the graph T has a labelled edge [r,w] = [r',w']. Moreover, each such
edge has weight w(w) — w(w') > 0.

We are interested in paths of the following form.
Definition 5.20. For each pattern w, we write PATH, for the set of paths
ParH, = {p: [e,w] =" [m,e] | w € S* with |w|s < d}.
We write PATH for the union of all such sets, that is, PATH = | J,, PATH.
We count the instances of each edge label as follows.

Definition 5.21. Let a: PATH — |J{Nx | # € PATT} map paths p € PATH, to vectors in
Nz such that the i-th component of a(p) counts the number of edges of p that are labelled
with i, that is, if p: v1 — vy =2 ... 2 [,e] € PATH,, then we have a(p) = v € Ny
where each v; = #{j | z; = i}.

In the following lemma, we construct a weight-preserving bijection that maps from the
set of words S* to the set of paths PATH.

Lemma 5.22. We may construct a weight-preserving bijection S* — PATH, which
we denote as o — pgs, with the following properties. For each word o € S* where
Shuffle(o) = (v, ), we have p, € PATH,. For each path p € PATH,, there is a unique
word o € S* such that p = p, and v™ ~ o where v = a(p) € Nx.

Proof. Let o0 € S*, then from Algorithm 5.15 there is a finite sequence
((0,9),0) = ((u™,7),0M) S ((u®, 7)), 6)
- (@, 79),6@) = ((v,7),0). (5.7)

Let w9 = Prefix(0?)) and A(r0),w@)) = (20+D 70+ 4,0y,
From Lemma 5.14 we see that each oU*1 = (w) s w0} . ¢ Then,

o = (D s WD) s @) (@D e g (5.8)
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and thus

w(o) = (W) — w@)) + (@w®) - ww®")
oo (@) —w( ). (5.9)

Moreover, from the properties of A given in Lemma 5.14, and the definition of the graph
I" given in Definition 5.19, we see that

pa [ey ] = [, 0] 25 (1@, 0] 22,

2(a—1) 2(@)
—

(70D a1 25 (70 (D] = [1,£] (5.10)
is a path in PATH,. Notice that the weight of the path p, is the same as the weight of o
in (5.9) and thus the map o — p, is weight preserving. It remains to be shown that the
map o — P, is a bijection.

Suppose that we are given a path p, as in (5.10). Then, we may recover the words
w® as AW, w0)) = (20+D 70+ ,0)). Hence, we may recover the word o using
equation (5.8). Thus, we see that the map o — p, is one-to-one. It remains to be shown
that the map o — p, is onto, that is, for each p € PATH, there is a word o such that
P =Do-

Let p € PATH, be a path written as

p: e, w] = [rD, w®)] =, @, w®) LN

z(@)

A 20 17@ @] = [, ].

[ra=1) qp(a=1)]
Let A(7W), w0)) = (z0+1) 70+ 4p())") We define the words /) such that
o) — (00 5 @) . oG+
and 0(9) = ¢. We define the vectors ul) € N, such that
u ) = Proj_g) 160 () + e 611y

and uY) =0 € N_@). From the property 1 in Lemma 5.14 we see that each ITW|p <
|70+ |p, and thus from Definition 5.13 we see that u(? = a(p). Let 0 = ¢! and
v = u(®, then we see that

((0,2),0) = (), 7D),0M) 2 (), 7@),0?)
A (w9, 7@, 6@ = ((v,7), &)

From this, we see that Shuffle(c) = (v, 7) and that p = p, with o ~ v™ where v = a(p) €
N;. Moreover, we see that the map o — p, is onto. ]

We may now prove our first main theorem as follows.
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5. Virtually Abelian Groups

Theorem A. Let G be a virtually abelian group with a finite weighted monoid generating
set S. Then the geodesic growth with respect to S is either polynomial of integer degree
with rational geodesic growth series, or exponential with holonomic geodesic growth series.

Proof. From Lemma 5.22, we may compute the geodesic growth function as

vs(k) = Z #{p € PATH, | w(p) < k and «a(p) € G} (5.11)

mePATT

where w(p) is the weight of p, and G, is the polyhedral set in Lemma 5.17. Notice that
(5.11) is a finite sum as we have only finitely many patterns.

Let ¥ be the weighted finite alphabet which contains the edges of I', that is, for each
edge e: v1 5 vy in T, there is a letter (11, x,15) € ¥ with weight w(e). Then, for each
pattern 7, we have a weight-preserving bijection from the paths in PATH, to the words
in a language L, C X*, in particular, the language L, contains all words of the form

([e,w], w1, v1) (11, x2, 12) (v, 3, 13) - - - (Vk, Tt 1, [T, €]) € B*.

Notice that each L, is a regular language.

We write ®(1q,z,12) € NI¥I to denote the Parikh vector corresponding to the letter
(v1,2,19) € X. For each pattern m, we define an integer affine transform Ej: Z=
Z, such that E;(®(v1,2,12)) = exy is the a-th standard basis element for each z €
{1,2,...,dim(Z25)}, and Er(®(vi,z,12)) = 0 otherwise. Let w € L, be the word
corresponding to the path p € PATH,, then we see that a(p) = E(®(w)). From
Lemma 5.22, we see that the path p corresponds to a geodesic if and only if ®(w) €
EY(Gn).-

For each pattern 7, we define the constrained language L%eOd C L, as

L8 = {w e Ly | ®(w) € E7Y(Gr)}-
Notice that there is a weight-preserving bijection between L&Y and the set of geodesics
o € S* with p, € PATH,. From Proposition 4.3 we see that E~1(G,) is a polyhedral set

and thus each L7gre°d is a polyhedrally constrained language, as studied in Section 4.2. Then,
from Proposition 4.5 we see that the multivariate generating function fr(z1,2,..., 75

of each L&°Y is holonomic.
Let ar; € N4 be the weight of the letter that corresponds to the variable x; in the
generating function fr(w1,22,...,2)5|). Let h(2) € C[[2]] be defined as

he(2) = fr(2%m1, 202 20mIs)),

Then we see that the coefficient of 2 in h.(z) counts the geodesics o € S* for which
P € PATH, and w(o) = k. Let g(z) € C[[z]] be defined as

1
9(z) = 15 Z hx(2),
wePATT

Then we see that the coefficient of 2* in g(2) is given by vg(k), that is, g(z) is the geodesic
growth series g(2) = Y7, vs(k)2*. Moreover, from the closure properties in Lemma 2.9
we see that the function g(z) is holonomic.

Our result then follows from Lemma 5.18. O
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5.3. Language of Geodesics

In the previous section, we characterised the geodesic growth of virtually abelian groups.
In our proof of this result, we found a bijection between the geodesics of the virtually
abelian group and a finite union of formal languages. It is then natural to ask if there
is a formal language characterisation for the language of geodesics. In this section we
show that the language of geodesics can be recognised by blind multicounter automaton.
Informally, we prove this result in Theorem C by implementing Algorithm 5.15 on a blind
multicounter automaton, we then check if the word is geodesic using Lemma 5.17.

Theorem C. The language of geodesics of a virtually abelian group with respect to any
finite weighted monoid generating set S is blind multicounter.

Proof. Let G be a virtually abelian group that is generated as a monoid by a finite
weighted set S, and let Z™ <« G with finite index d = [G : Z"]. Let o € S*, then from
Algorithm 5.15 we have a patterned word (v, ) = Shuffle(o) for which v™ ~ ¢ and thus
o is a geodesic if and only if v € G; where G, C N; is the polyhedral set given by
Lemma 5.17.

The idea of our proof is to simulate Algorithm 5.15 on a blind multicounter automaton,
while maintaining enough information on the machine’s counters so that we may verify
the membership of the vector v to the set G.

For each polyhedral set G, we fix a finite union of basic polyhedral sets

N
Gr = U Bﬂ',i'
=1

Then, for each basic polyhedral set By ;, we fix a finite intersection

Kﬂ,i,l
Bri= () {2 € Zxlani;-2> Brij)
j=1
K'/r,i,Q
N ﬂ {Z € Z: ’Xﬂ,i,j “Z =N, (mod eﬂ-ﬂ"]’)}
7j=1
Kr,i3
N m {Z € Z, | fﬂ-’i’j 2= )\ﬂ-,i,j} (5.12)
j=1

where Qg Xm,igo §7T7i,j € Z;, Bw,i,jy Nryijs )‘W,i,j € Z and 97“@'7]' S N+.

Let £k € N be such that k > K;;1 + K ;2 + K ;3 for each basic polyhedral set
Bz ;. In the remainder of this proof, we construct a blind k-counter automaton M =
(Q, 5,9, qo, F,e) that recognises the language of geodesics. Notice that the input alphabet
of the machine is the generating set S.
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5. Virtually Abelian Groups

For each basic polyhedral set By ;, we define a map Cr;: Ny — ZF as

Cri(v) = (Qryi1 ~V, Q2 -0y ooy Qi Ky Vs
X il " Uy X2 " Vs ooy Xt Kp o * Vs
&r,i,l - v, §7r,i,2 U, oy, §W7i7K7r,i,3 - v, 0, 0, . ,0). (5.13)

Notice that a vector v € N belongs to By, if and only if
Cﬂ,i(’u) = (al,ag, e ,aKM.’l, bl, bg, ey bKﬂ,i,w C1,C2y ... 7CK7T,i,3’ O,O7 oy O)

where each a; > By, each bj = 1r;; (mod Or; ;) and each ¢j = Ar; ;.

State-Space of the Machine.

For each 7 € PATT, each basic polyhedral set By ;, and each word w € S* with |w|s < d,
we have a state of the form [7,w, 7, i] € Q. From these states, the machine will perform
Algorithm 5.15 on its input word.

During the construction of our machine, we will ensure that if

(qo, (0,0,...,0),0¢) F* ([1,w,m, 1], (c1,ca,...,c),Ce),

then there is a u € N, with ww( ~ o and (c1,¢,...,¢) = Cr;i(Proj, .(u)). In
particular, this vector will correspond to some vector u? in the sequence of extended
patterned words given in (5.6) as constructed in Algorithm 5.15.

For each basic polyhedral set B, ;, we have an accepting state ¢r; € F'. Moreover, our
construction will have the property that (go,0,0¢) =* (¢r, 0, ¢) if and only if Shuffle(c) =
(v, ) with v € B ;, and thus the machine M will accept the word o if and only if it is a
geodesic.

Nondeterministically Guessing a Basic Polyhedral Set.

The machine M begins simulating the word shuffling algorithm after nondeterministically
guessing a basic polyhedral set By ; for which Shuffle(o) = (v, 7) with v € By ;. Notice
that such a choice of basic polyhedral set exists if and only if ¢ is a geodesic. We
accomplish this by introducing a relation

((QO7 5)? ([57 &, i]? O)) €9
for each basic polyhedral set B ;, that is, we have a transition
(qo, (0,0,...,0),0¢) F ([e,e,m,1],(0,0,...,0),0¢) (5.14)

for each By ;. Notice that 050 >~ ¢ and (0,0,...,0) = Cr ;(Proj. .(0)).

Performing the Word Shuffling Algorithm.

For each extended strongly patterned word ((u®,7®),0®) in sequence (5.6) in Al-
gorithm 5.15, we will see that M has configurations of the form

([w, 7@, 7,], Cr i (u?), ¢)
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5.3. Language of Geodesics

where 0@ = w(. In order to apply the map A from such a configuration we will require
that w = Prefix(o). We do so by introducing transitions as follows.

Let ([r,w,m,i], (c1,c2,...,ck),Ce) be a configuration of M and let 0 = w(, then
w = Prefix(o) if and only if either |w|g = d or ( = . Thus, for each word w € S* with
|lwls < d and each s € S, we introduce a relation of the form

(([r,w, m,i],s), ([r,ws,7,i],0)) €6
for each 7,7, 4. From these relations we have a unique partial computation

([ryw, 4], (e1,¢2, ..., cx), Ce) F* ([r,w', 7,4], (c1,e2,. .., cx), Ce) (5.15)

where w’ = Prefix(c) and 0 = w( = w’¢’. We then apply the map A as follows.

Let 7 € STRPATT be a strong pattern, let w, € S* with w = Prefix(w() and |w|g > 1,
and let A(7,w) = (z,7',w’). From Lemma 5.14, we see that for each vector u € N, we
have (u/)™ w'¢ ~ u"w¢ where v’ = Proj, ./(u) + e ,. Moreover, we see that

Cﬂ',i(PrOjT,ﬂ’(u,)) = C7T7i(PrOjT,7r(u>) + Cﬂ,i(PrOjT’,ﬂ(eT’J))'

Notice that w = Prefix(w() if and only if either |w|g = d or ( = €. If |w|s = d, then we
introduce the relation

(([r,w,m, ], ¢€), ([, 0, m, 1], Cr,i(Proj,s (e 2)))) € 0
for each 7, 4; otherwise, if |w|g < d, then we introduce the relation
(([7—7 w, T, i]’ 6)7 ([T/7 w/’ T, 7;]7 Cﬂ,i(PrOjT’,ﬂ(eT’,x)))) €9

for each m,4. That is, we may apply the map A with the above relations.

Combining these transitions with those described in (5.15), we see that after non-
deterministically choosing a basic polyhedral set in (5.14), the machine will deterministic-
ally perform Algorithm 5.15, then enter a configuration of the form

([r,e,m, 1], (c1,co,y ... Cr),0) (5.16)

with (c1,c2,...,cx) = Cri(v) where (v, 7) = Shuffle(o).

For each pair of patterns 7,7 with m # 7, and each basic polyhedral set B ;, the
machine has no transitions out of any configuration ([7,e,7,1],c,¢) where ¢ € ZF. Hence,
if the computation enters such a state, it cannot continue to an accepting configuration.
Thus, we may assume without loss of generality that the machine nondeterministically
chose the basic polyhedral set B ; with 7 = 7 when performing the transition in (5.14).
In the rest of our proof, we describe how the machine verifies that v € By ;.

Checking Polyhedral Set Membership.

Suppose that
(qo, (0,0,...,0),0¢) " ([, e, m,i], (c1,c2,...,Ck),¢),
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5. Virtually Abelian Groups

then (c1,¢2,...,¢,) = Cri(v) where (v,m) = Shuffle(o). For each state of the form
[, e, 7, 1], we introduce a relation

(([777677T7i]7 e)? (qw,inuﬂ,i)) €90

where
pri = (=PBri1— 1, —Briz— 1, .., =Brik — 1,
— Nri s —Nwi25 - -« — Nrjigks
- )\ﬂ,i,h _>\7r,7l,27 cee T )\ﬂ,i,ka 07 07 s 70)
From this relation we have
([r,e,m, ], (c1,¢2,...,¢k), ) F (qrs, AN
where v € By if and only if (¢}, ), ..., c,) belongs to the set

NEma1 « OnitZ X O ioZi X -+ X Or ik, oL X {O}k_K’“ivl_K’“i’Q.

T,1,2

We verify v’s membership to B ; by introducing additional relations as follows. For each
1 <j < Kx;1, we have
((qﬂ,’ia 8), (qﬂ,i, _ej)) € 57

where e; € ZF is the Jj-th standard basis element, and for each 1 < j < Ky ;2

((qw,h e)? (qw,iv :I:GW»Z}J‘ ej')) €90

where j/ = Kr;1+ j and ej; € ZF is the j’-th standard basis element. From these
relations, we see that we see that

(g0, (0,0,...,0),0¢) F* (gn,i, (0,0,...,0),¢),

if and only if v € Br; where (v, 7) = Shuffle(o). O

5.4. Concluding Remarks

In this chapter we characterised the geodesic growth for all virtually abelian groups with
respect to every generating set. Moreover, the proofs in this chapter are constructive, i.e.,
it is possible to compute the geodesic growth series for any given virtually abelian group.

Bridson, Burillo, Elder and Suni¢ gave a sufficient condition for a virtually abelian
groups to have polynomial geodesic growth (see Lemma 5.1). It would be interesting to
see if this condition is also necessary, that is, we ask the following question.

Question 5.23. Let G be a virtually abelian group with polynomial geodesic growth. Then,
is there an element g € G whose normal closure is a finite-index abelian subgroup of G ?
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Recall that the geodesic growth is bounded from below by the volume growth, and thus,
any group with polynomial geodesic growth must be virtually nilpotent. In this chapter,
we have shown that for any abelian group A, there is a virtually-A group with polynomial
geodesic growth (see the presentation in Equation (5.2)); and we have provided a method
to determine if a virtually abelian group has polynomial geodesic growth. Until now, the
only known examples of polynomial geodesic growth have been virtually abelian, e.g.,
the groups studied by Bridson, Burillo, Elder and Sunié [19]. It is then natural to ask if
every group with polynomial geodesic growth is virtually abelian, and if not, then what
counterexamples are there. In Chapter 6, we take the next step towards answering this
question, and in moving forward to a classification of polynomial geodesic growth.
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Chapter

Towards Virtually Nilpotent Groups

In Chapter 5 we characterised the geodesic growth of virtually abelian groups. In this
chapter, we take the next step towards a classification of polynomial geodesic growth
by furnishing an example of a virtually 2-step nilpotent group with polynomial geodesic
growth. This is the first group which has been shown to have polynomial geodesic growth
and is not virtually abelian. This result is important as it shows that a classification of
polynomial geodesic growth must include groups beyond the class of virtually abelian.

In Theorem B, we show that there is a group that is virtually 2-step nilpotent and has
polynomial geodesic growth. Our proof relies on a result that is implicit in the work of
Blacheére [16] which we provide in Lemma 6.1.

This result shows that there are groups with subexponential geodesic growth which are
not virtually abelian, in particular, this example opens the door to the possible existence
of a virtually nilpotent group that has intermediate geodesic growth with respect to
some generating set. It also raises the question of whether polynomial geodesic growth is
restricted to virtually nilpotent groups of step at most 2.

6.1. A Virtually Heisenberg Group

The integer Heisenberg group is the group of 3 x 3 upper-triangular integer matrices with
1’s on their diagonals, that is, the group generated by the matrices

1 10 100
a=10 1 0 and b= |0 1 1
0 01 0 01
It is well known that the integer Heisenberg group, Hs, has the presentation

Hz = (a,b|[a,[a,b]] = [b,[a,0]] = 1).

Let X denote the standard generating set X = {a,a™!,b,b"'} for H3, following the
convention of Blachére [16] we write (z,y, z) € Hs for the element corresponding to the
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6. Towards Virtually Nilpotent Groups

normal form word [a, b]*bYa”. Inspired by the polynomial geodesic growth example in
Equation (5.1), we construct a virtually Heisenberg group Hj3 x Cs as follows.

Hy x Co = {a,b,t|[a,[a,b] = [b,[a,b]] =t* =1, a' =b). (6.1)

From the relation b = a’ and applying a Tietze transform, we see that S = {a,a™!,t}
is a generating set for H3 x Cy. We provide a partial picture of the Cayley graph of
Hj3 % Cs in Figure 6.1. Informally, one may think of this group as two copies of Hj3 “glued”
together with a “twist” by ¢ edges.

Figure 6.1: A Cayley graph for Hs x Co with respect to the generating set S where the
undirected edges are labelled by ¢ and directed edges labelled by a.

Our goal is to show that any geodesic of H3 x Cy with respect to the generating set S
can contain at most 7 instances of the letter £. From this we are able to place a polynomial
upper bound on the geodesic growth function of Hs x Cy. To do this, we first study
geodesics of the integer Heisenberg group with respect to the generating set X.

Blachére [16, Theorem 2.2| provided explicit formulae for the length of elements in Hs,
with respect the generating set X, by constructing geodesic representatives. We provide
the following lemma which is implicit in the proof of Theorem 2.2 in [16].

Lemma 6.1. Fach element (x,y,z) € Hs has a geodesic representative with respect to
the generating set X = {a,a™1,b,b=1'} of the form

a®l bﬁl a®? b52 a3 bﬁs or bﬁl a® bﬁ2 a2 bﬁs a®s
where each oy, B; € 7.

Proof. We see that the lemma holds in the case of (0,0,0) € Hj as the empty word ¢ € S*
is such a geodesic. In the remainder of the proof, we assume that (z,y,z) # (0,0,0).
Following Blachére [16, p. 22] we reduce this proof to the case where z,z > 0 and
—x < y < x as follows.

Let 7: X* — X* be the monoid isomorphism defined such that 7(a*) = v* and
7(b¥) = a* for each k € Z. Let w® denote the reverse of the word w, that is, if

w = wyiwsy - - - wy, where each w; € X, then wh = wy, - - wawy.
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6.1. A Virtually Heisenberg Group

If w e X* is a word as described in the lemma statement with w = (z,vy, z), then
w' = 7(w') is also in the form described in the lemma statement and w’ = (y,z, 2).
Moreover, we see that 7(w’) is a geodesic if and only if w is a geodesic. Defining the
monoid isomorphisms g, @p: X* — X* by pq(a¥) = a7, ¢, (0F) = b*, and py(a*) = a*,
op(bF) = b7F for each k € Z, we see that if w € X* is a geodesic representative for
(x,y,2) € Hs, then pq(w), pp(w) and @q(pp(w)) are geodesics for (—z,y, —z), (z, —y, —%2)
and (—x, —y, z), respectively, and each such word is in the form as described in the lemma
statement. From application of the above transformations, we may assume without loss
of generality that x,z > 0 and —z <y < .

Let h = (x,y,z) € Hs, then from [16, Theorem 2.2] we have the following formulae for
the length ¢x(h) and (most importantly for us) geodesic representative for h.

I. If y > 0, then we have the following cases.
L1. If < \/z, then ¢x(h) =2|2/z | — x —y and h has a geodesic representative
given by WY S,a** where ',y are the values given by S, = (2,9, 2)
(cf. [16, p. 32]), where S, is as follows.
x If z = (n+1)? for some n € N, then S, = a" 1o+,
s if there exists a k € N with 1 < k < n such that z = n? + k, then let
S, = aFbaFpn;
% otherwise, there exists some k € N with 1 < k < n such that z = n?+n+k
and we have S, = a*ba"T1-kpn.
[.2. If z > /2, then we have the following two cases:
[.2.1 zy > z, then £x(h) = x + y, otherwise
1.2.2 zy < z, then £x(h) =2[z/x] + x — y;
and in both cases, the word bY~“~1a’ba®~"b" is a geodesic for h where 0 < u,
0 <wv<zand z=wuzx+ v (cf. pages 24,32 and 33 in [16]).
II. If y < 0, then we have the following cases.
IL1. If 2 < \/z —ay, then Ux(h) =2[2y/z —ay| —x+y. Let n=[/z—zy]| — 1.
Then
* there is either some & € N with 1 < k£ < n such that we have z—xy = n2—|-k,
and h has a® b~ 1aFba"Fb"Y as a geodesic representative; or
* there is some £ € N with 0 < k& < n such that we have z — zy =
(n+1)2—k and a® b~ Fa~1pF—"~ 1" 1pn 14 is a geodesic representative
for h (cf. [16, p. 24]!).
I1.2. Ifx > /z — a2y, then £x(h) = 2[z/x|+x—y and h has a geodesic representative
of bY~"1a¥ba®Ub" where u,v > 0, v < z and z = ux +v (cf. [16, pp. 24 & 33)).
Notice that in each of the above cases, we have our desired result. ]

From this lemma, we have the following result.

Corollary 6.1.1. If w € 5* is a geodesic of Hs x Cy with respect to the generating set
S ={a,a"1,t}, then w contains at most 7 instances of the letter t.

Proof. Let w € S* be a word containing 8 instances of ¢ of the form

w = a™ta™ta™ta™?tata 3 ta ta e,

!Note that in [16] there is an error in the second case.
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where n;, m; € Z, and notice that w belongs to the subgroup Hs. The Tietze transform
given by b = tat which we applied to obtain the generating set S = {a,a™!,¢} from (6.1)
yields an automorphism ¢: Hs x Cy — Hs x Co given by p(a) = a, ¢(t) = t, p(b) = tat,
and since 1> = 1 we have ©(b¥) = ta¥t for k € Z. Let X = {a,a™1,b,b'} be a generating
set, for the subgroup Hs. Then from the word w € §* we may construct a word

wy = a™ b a™ a3 gMp" € X

where w3 = W since p(wz) = w. Moreover, |w|g = |wa|x + 8.
From Lemma 6.1, we know that there is a word ws € X*, with w3 = wg and |w3|x <
|wa|x, of the form

w3 = a™ BB a2pP2 0315 o ws = BBt @1 P2 2 pPs g3

where «;, 8; € Z (possibly zero). We then see that W can be represented by a word of the
form

wy = a“ta ta®2ta®ta®3ta®t or wy = taP ta® ta?ta2ta3 ta®

where

lwy|s = Jwz|x +6 < |wa|x +8 = |wls.

Then w cannot be a geodesic as we have a strictly shorter word wy that represents the
same element. Thus, a geodesic of Hz x Co with respect to S = {a,a!,t} can contain at
most 7 instances of the letter ¢ as we can replace any subword with 8 instances of ¢t with
a strictly shorter word containing at most 7 instances of ¢. O

From this corollary we may immediately obtain the following polynomial upper bound
on the geodesic growth function.

Theorem B. The geodesic growth function of Hs x Cy with respect to S = {a,a™ 't} is
bounded from above by a polynomial of degree 8.

Proof. From Corollary 6.1.1, we see that any geodesic of Hs x Cs, with respect to the
generating set S, must have the form

w=a"™ta™?t - ta "+

where k < 7 and each m; € Z. Then with k fixed and r = |w|g, we see that there are
at most 2¥*! choices for the sign of my,ma, ..., my41, and at most (,’;) choices for the
placement of the ¢’s in w. Thus, the geodesic growth function g(n) has an upper bound
given by
7nk+17“ 7nk+1k 8,8
ys(n) <D 2 <k> <Y D 2FtR <8 2%

k=0 r=~k k=0 r==k

which gives the degree 8 polynomial upper bound. O
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6.2. Concluding Remarks and Open Questions

The proof that the virtually 2-step nilpotent group in this chapter has polynomial geodesic
growth relied heavily on work of Blachére (see Lemma 6.1) and does not appear to be
generalisable in its current form. It is then natural to ask if there are nilpotent groups of
higher step with analogous properties, in particular, we ask the following question.

Question 6.2. Is there a virtually k-step nilpotent group with polynomial geodesic growth
for some k = 3, and if so, is there such an example for each k?

It follows from the work of Bass [9, Theorem 2| that the usual growth rate of a virtually
nilpotent group is polynomial of integer degree. Moreover, from Theorem A it is known
that if a virtually abelian group has polynomial geodesic growth, then it must be of
integer degree since the geodesic growth series is rational in this case. It is not known if
there is a group with polynomial geodesic growth of a non-integer degree.

Question 6.3. Is there a group with polynomial geodesic growth of a non-integer degree?

Based on experimental results (see [12|) we conjecture that the geodesic growth rate of
Hj3 x Cy with respect to the generating set S can be bounded from above and below by
polynomials of degree six (cf. the volume growth is polynomial of degree four). We ask
the following question.

From Theorem A we know that if a virtually abelian group has polynomial geodesic
growth, then its geodesic growth series is rational. However, it is unclear if this property
is held by virtually nilpotent groups. From experimental results, it appears that the
geodesic growth series of H3 x Cy with respect to S is not rational (see [12]).

Question 6.4. Is the geodesic growth series for Hs x Cy with respect to S rational?

In this thesis we have taken steps towards a classification of polynomial geodesic
growth, and more generally towards the study of the geodesic growth of virtually nilpotent
groups. In particular, we characterised the geodesic growth of virtually abelian groups;
and provided the first example of a group with polynomial geodesic growth that is not
virtually abelian. The results in this thesis open up new questions and new techniques
for obtaining characterisations.
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Appendix

Additional Proofs

In this appendix we provide proofs of incidental statements made throughout this thesis.
These proofs are provided in the interest of completeness.

In the introduction, it was stated that the word problem for any finitely presented
group is recursively enumerable. This is a well-known fact which we prove as follows.

Proposition A.1. Finitely presented groups have recursively enumerable word problems.

Proof. Let G be a group with presentation (X | R) where X and R are both finite. We
then see that a word w € X* is in the word problem if and only if we have

n
W =Fy Huirfiui_l
i=0

for some n € N where each u; € X*, 0; € {—1,1} and r; € R. Notice here that ‘=p,’
denotes that the left and right-hand sides are the same word after free-reduction is
performed, that is, they are equivalent if viewed as elements of the free group.

We may then construct a Turing machine M which takes a word w € X* as input,
then iterates through the set of all finite products [, uirf" u;l. At each iteration, the
machine should compare the word w and the result of the product. The machine then
terminate and accepts only if the two words are equal.

We see that the machine M accepts a word w € X* if and only if it lies within the
word problem WP x, that is, membership to the word problem WP x is semi-decidable.

It is well known that a problem is semi-decidable if and only if the set of all accepted
words (in this case the word problem) is recursively enumerable. This can be proven by
constructing a machine which checks all words in parallel using a technique known as
dovetailing (see Theorem 20.8 on p. 441 of [85] for a proof of this fact). O

In Section 2.3.1 we gave an example of a linearly constrained language, and provided its

generating function. In the following we show that this generating function is holonomic
by explicitly constructing a system of linear differential equations which it satisfies.
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Proposition A.2. The multivariate power series

13
neN (n)

satisfies the differential equations
(2% — 2723y2) 02 f(x,y, 2) + (x — B4a?y2)0, f (x,y, 2) — 6xyz f(z,y,2) = 0
(v — 270y )02 (2, 2) + (y — 542y22)0, (2, 2) — 6ayz f(0,9,2) = 0 b (A1)
(22 = 27xy23)02 f (x,y, 2) + (2 — Bdayz)0.f(x,y, 2) — 6zyz f(z,y,2) = 0.
Thus, f(x,y,z) is holonomic.
Proof. Notice that the system of differential equations in (A.1) is equivalent to
2202 f(x,y, 2) + 20uf (2,y, 2) — 272202 (zyz f(2,y, 2)) — 6xyz f(x,y,2) = 0
Y20 f(x,y,2) + ydy f(x,y, 2) — 27y° 0 (wyz f(2,y, 2)) — 6zyz f(2,9,2) =0 ¢ (A.2)
202 f(x,y,2) + 20.f(x,y, 2) — 2712202 (xyz f(x,y, 2)) — 6xyz f(x,y,2) = 0.

This can be shown using the product rule of differentiation.

Let (3n)!
f(x,y,2) = % (n%gx"y”zn,
ne
then
> !
20, f(x,y,2) = Z Ei7))3 n a2y 2",
n=1
> !
P05 f(2,y,2) =Y Ei?fg n(n —1)a"y"z",
n=1 :
> — 1))
vz ) =3 =Py, and
0 — 1))
Py fla.2) = 3 (ol Dty
n=1
We then see that
P02 f(x,y,2) + w0, f(,y, 2) — 27205 (wy2 f(2,y, 2)) — 6xyz f(2,y,2) = Y cpa”y"2"
n=1
where each
(3n)! (3(n —1))!
1] 5(3n)! (3(n —1))!
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Moreover, we see that each ¢, =0 as

(3n)!  3nBn-1)Bn-2) (3(n—1))!

(nl)? = RCEVEN

Thus, we have
2?0%f(x,y, 2) + 20y f (2, y, 2) — 272° 0% (wyz f(x,y, 2)) — 6xyz f(z,y,2) = 0.

The proofs of the other two differential equations in (A.2) are the same.
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