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Abstract

The study of subgroups of the free group can be carried out using the theory developed by Stallings, in
which a graphical representation encoding the algebraic properties of these subgroups is given in the form
of Stallings automata. These automata can be used to solve many algorithmic problems for the free group,
like the membership problem, the intersection problem or the finite index problem. In this work, we provide
an overview of Stallings theory and apply it to prove a result by Hall that gives the number of finite index
subgroups in the free group. Moreover, we present a generalisation of the theory of Stallings which gives
a geometric representation of the subgroups of free times free-abelian groups using Stallings automata
enriched with certain abelian labelling to account for the free-abelian part of these groups. Combining this
theory with the result by Hall and an analogous result for free-abelian groups, we obtain a recursive formula
giving the number of finite index subgroups in a free times free-abelian group.

Keywords

Free times free-abelian group, (enriched) Stallings automaton, (enriched) folding, finite index, finite index
problem, decision problem.
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1. Introduction

In 1983, J.R. Stallings published a paper [20] that set the foundations of the now celebrated Stallings
automata theory, which gives a geometrical representation of the subgroups of the free group using certain
type of automata. These so-called Stallings automata have proved to be very useful. Indeed, many
algorithmic problems (like the finite index problem, the membership problem or the finite index problem)
can be seen to be solvable for the free group thanks to techniques based on Stallings automata. In this
work, we present the theory of Stallings following some recent references on the topic ([10] and [8]) and
apply it to prove a result by M. Hall (see [15]), which gives a recursive formula for the number of finite
index subgroups in the free group.

In [5] and [9], a study of free times free-abelian groups was recently carried out by developing a
generalisation of Stallings theory for this more complicated family of groups. In this case, the subgroups of
a free times free-abelian group are represented by Stallings automata enriched with certain abelian labelling.
We will also give an account of this theory and we will use it to derive a formula for the number of finite
index subgroups in a free times free-abelian group. To do this, we will also need to study the same problem
for free-abelian groups, so some attention will be dedicated to that family of groups as well.

This work is structured as follows.

Section 2 is a brief collection of definitions and results of group theory with two aims: first, providing
the basic background about groups (Section 2.1) and algorithmic problems (Section 2.2), and second,
fixing the notation and terminology that we will use.

In Section 3, we focus on free-abelian groups. Being these groups one of the factors of free times
free-abelian groups, the results exposed here will be relevant in Section 5. In Section 3.1, we give some
basic general notions about free-abelian groups which are mainly oriented to obtain a bijection between
the subgroups of a free-abelian group and certain matrices. This bijection is then used in Section 3.2 to
obtain a formula for the number of finite index subgroups in a free-abelian group.

Section 4 is dedicated to the free group. In Section 4.1, the reader can find the definitions and results
regarding these groups that will be essential in the rest of the work. After this, in Section 4.2, we give a
quick overview of the classical Stallings theory, which provides a geometrical representation of the subgroups
of the free group. In Section 4.3, we use the theory of Stallings to study the index of subgroups of the
free group with some detail, which leads us to a reformulation in terms of Stallings automata of a result
by Hall counting the number of finite index subgroups in the free group.

The central part of this work is Section 5, where we study free times free-abelian groups. In Section 5.1,
we give the necessary algebraic background on these groups. In Section 5.2, we present a generalisation
of the theory of Stallings that uses enriched automata to encode the information about subgroups of free
times free-abelian groups. This description of subgroups using enriched automata is applied in Section 5.3
to study the index and, in particular, to derive a recursive formula for the number of finite index subgroups
in a free times free-abelian group.

Finally, Section 6 draws attention to some possible continuations of the work developed in this thesis.
These are based on the possibility of extending the results regarding the number of finite index subgroups to
bigger families of groups, like free-abelian by free groups (see Section 6.1) and Droms groups (see Section
6.2).
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1.1 Notation and terminology

With the aim of avoiding possible confusions, we include some clarification regarding the notation and
terminology used in this work.

The set of natural numbers, which we denote by N, does not include zero. The cardinal of a set S
is denoted by #S. By infinity we always mean countable infinity, and we denote it by co. We will write
[m,n] = {k e NU{0} : m < k < n}, where m is a natural number and n might be a natural number or
infinity. We will also sometimes write [n] = {1,2, ..., n} for n € N.

The last letters of the latin alphabet will usually represent symbols in formal alphabets (x, y,...) and
formal words or elements of the free group (u, v, w,...). The first letters of the latin alphabet in bold
(a,b,c,...) will be used to denote elements of Z™. Uppercase letters in bold (A,B,C,...) will be used
to denote matrices.

Finally, it is important to note that functions act on the right. That is, we denote by (x)p (or just
xp) the image of an element x by the function ¢. Accordingly, we will denote by ¢t the composition

AL BY CoWe apply the same criterion for matrices acting on vectors by multiplication.



2. Preliminaries

In this section, we present briefly some standard concepts about group theory and algorithmic problems.

2.1 Basics of group theory

Let G be a non-empty set and let - : G x G — G be a binary operation assigning an element of G,
denoted by g1 - g2, to every pair (g1, g2), where g1,g € G. If this binary operation is associative and
has a (unique) neutral element (i.e., an element in G, which we will denote by 1¢ or simply 1, such that
lc-g=g1¢c = g, for all g € G), then the pair (G, -) is said to be a monoid. If, in addition, every element
g € G has a unique inverse g~! with respect to this binary operation (thatis, g-g7! = g71-g = 1¢), then
the pair (G, ) is called a group. In what follows, we will usually refer to the set G as a group, assuming
the operation.

We say that H C G is a subgroup of G, denoted by H < G, if H is also a group with the (restriction
of the) operation -.

Definition 2.1. Let G be a group and let S be a subset of G. We say that the smallest subgroup of G
containing S is the subgroup generated by S and we denote it by (S). It is straightforward to check that
(S) = {sillqsilg2 . "sl-l;” :neNands; €S k€Z, forj=12,.., n}.

Given a group G, we say that S C G is a generating set for G if (S§) = G. We say that G is finitely

generated if there exists a finite generating set for G. We will write H <¢; G meaning that H is a finitely
generated subgroup of G.

Definition 2.2. The rank of a group G, which we denote by rk(G), is the minimum cardinality of a
generating set for G, that is,

rk(G) = min{#S: S C G and G = (S)}.

Remark 2.3. If H is a subgroup of G, it is not true in general that the rank of H is bounded by the rank
of G. A representative example is the free group (see Section 4), whose subgroups may have a higher rank
than the ambient group. But there also examples, like free-abelian groups (see Section 3) for which the
rank of a subgroup can be at most the rank of the ambient group. This fact is a source of many interesting
questions wondering about the rank of, for example, the subgroup of fixed points of an automorphism or
the intersections of subgroups. With regard to intersections, we have the following important concept.

Definition 2.4. We say that a group G has the Howson property (or is Howson) if the intersection of
any two finitely generated subgroups of G is again finitely generated (i.e., if H, K <g G implies that
HNK <fg G)

In a group G, we define the commutator of two elements x, y € G as the element [x, y] := x "1y ~Ixy.
The subgroup of G generated by all the commutators is called the commutator subgroup of G and is
denoted by [G, G] := ([x,y] : x,y € G).

Definition 2.5. A group G is abelian if [g1, g2] = 1 for every g1, g € G, that is, if all the elements in G
commute.
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We say that a group G is cyclic if it can be generated by a single element, that is, if G = (g) for some
g € G. ltis clear that cyclic groups are abelian.

Let G be a group and let H be a subgroup of G. For every g € G we may consider the sets
gH={gh:he H} and Hg = {hg : h € H},

which we call the left coset of H by g and the right coset of H by g, respectively. It can be shown that
the left and right cosets define respective partitions on G and, therefore, respective equivalence relations
['H and RH.

Definition 2.6. We call index of H in G, and denote it by |G : H
(which coincides with that of G/Ry), that is,

G+ H| = #(G/Ly).

, the cardinal of the quotient set G/Ly

We write H <g G to denote that H is a finite index subgroup of G. Now, let S C G. We say that S
is a left (right) transversal for H in G if every left (right) coset of H contains exactly one element of S.

In general, for a subgroup H < G, the left and right cosets by an element g € G may not coincide.
But there are subgroups for which this does happen.

Definition 2.7. Let G be a group and H < G. We say that H is normal in G, and denote it by H < G, if
gH = Hg for every g € G.

For example, the commutator subgroup [G, G] of a group G is an example of a normal subgroup in G.

Definition 2.8. Let G be a group and let S be a subset of G. The smallest normal subgroup of G
containing S is called the normal closure of S and is denoted by ((S)).

Notice that for a normal group K, the quotient sets G/L4 and G /Ry are the same and, in this case,
we denote any of them by G/K. This is the crucial property of normality, which allows to give the quotient
set a group structure.

Theorem 2.9. Let G be a group. If K < G, the quotient set G/K is a group with the operation
(aK)(bK) = (ab)K, for all aK, bK € G/K.
In this case, G/K is called the quotient group.

For example, the quotient group G/[G, G] is the largest abelian quotient of G, in the sense that if H
is a normal subgroup of G, then G/H is abelian if and only if [G, G] < H. This quotient group is usually
called the abelianisation of G, denoted by G2P.

Definition 2.10. Let (Gi,-) and (Gp,*) be two groups. A map f : G — Gy is said to be a group
homomorphism if (g - h)f = (g)f = (h)f for every g, h € Gi. The kernel of a homomorphism f : G — G
is

ker(f) :=={g € G1: (g)f = 1c,},

which is clearly a normal subgroup of G;.

A very important result in group theory is the First Isomorphism Theorem, which we now state.



Theorem 2.11. Let Gy and G, be two groups. If f : G — Gy is a homomorphism, then
G1/ ker(f) = Im(f).
In particular, if f is an epimorphism, then

Gy / ker(f) = Go.

A result which can be derived from the previous one and which we will use in this work is the Second
Isomorphism Theorem, whose statement follows.

Theorem 2.12. Let G be a group, let H be a subgroup of G and let N be a normal subgroup of G. Then,
H __ HN

HAN ~ N

The First Isomorphism Theorem plays an important role (see Theorem 4.14) in the definition of a
presentation for a group, which is a succinct way of presenting all the information about a group (see
Definition 4.15 in Section 4.1).

The main objects of study of this work are direct products of free and free-abelian groups, we give the
details of this product of groups now.

Definition 2.13. If (H, ) and (K, ) are groups, then their external direct product, denoted by H x K, is
the group with elements all ordered pairs (h, k), where h € H and k € K, and with operation

(h k)W, K) = (h-H kxK).

Proposition 2.14. Let G be a group with normal subgroups H and K. If HK = G and HN K =1, then
G=HXxK.

A group HK like in the previous proposition is called the internal direct product of H and K. If we
have a group G = H x K, we say that H and K are direct factors of G.

2.2 Algorithmic problems

Between the years 1910 and 1914, the German-born mathematician Max Dehn published a series of papers
on group theory and topology. The problems he posed and the techniques he developed have had a very
strong influence in the study of combinatorial group theory. Among other significant contributions, Dehn
posed three important problems, each one of them stemming from a specific topological question. Dehn'’s
three problems are the following:

Definition 2.15. Word problem, WP(G): Let G be a group given by a finite presentation (X|R). Decide,
given a word w € (XT)*, whether w € ((R)).

Definition 2.16. Conjugacy problem, CP(G): Let G be a group given by a finite presentation (X|R).
Decide, given words u, v € (X*)*, whether there exists w € (X*)* such that w—luwv~! € ((R)).

Definition 2.17. Isomorphism problem IP(G): Decide, given finite presentations (Xi|R1) and (X3|Rz),
whether they present isomorphic groups.
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A rigorous definition of an algorithm can be given using the concept of Turing machine. For our
purposes, it will be enough to define an algorithm as a procedure, given by a finite number of instructions,
that on a given input produces an unambiguous answer after a finite number of steps. If an algorithm
outputting a correct yes/no answer exists for one of these problems, then we say that the problem is
solvable.

In addition to the problems posed by Dehn, there are some other problems which will be of interest for
us. For example we have the following generalisation of the word problem.

Definition 2.18. Membership problem, MP(G): Let G be a group given by a finite presentation (X|R).
Given words u, vq, ..., v, € (Xi)*, decide whether u represents an element in the subgroup generated by
the elements represented by vy, ..., vk.

Another problem of interest which is related to the Howson property we defined in the previous part is
this one.

Definition 2.19. Subgroup intersection problem, SIP(G): Let G be a group given by a finite presentation
(X|R). Given two different finite families of words vy, ..., uj;vi, ..., vk € (XF)*, decide whether the
intersection of the corresponding generated subgroups (u1, ..., us) N {vq,..., vk) < G is finitely generated
and, in the affirmative case, compute a generating set for the intersection.

Since in this work we are particularly interested in counting subgroups of finite index, the following
problem will be quite relevant.

Definition 2.20. Finite index problem, FIP(G): Let G be a group given by a finite presentation (X|R).
Given a finite family vq, ..., vi € (Xi)*, decide if the subgroup (v1, ..., vk) < G has finite index. And, in
the affirmative case, compute a system of coset representatives.



3. Free-abelian groups

In this section we will focus on free-abelian groups. We will start by presenting some basic concepts and
results regarding these groups, paying special attention to those results that allow us to study finite index
subgroups in these groups. In this vein, Theorem 3.17 and Theorem 3.19 are probably the most important:
the former gives a bijection between finite index subgroups of a free-abelian group and a certain kind of
matrices and the latter exploits this bijection in order to count the number of subgroups of a given index
in a free-abelian group. These results will be useful later in Section 5, since the groups we will study there
are a direct product in which one of the factors is a free-abelian group.

3.1 Definition and properties of free-abelian groups

We will define the groups that we are going to study in this section in terms of the existence of a certain
generating set.

Definition 3.1. Let G be an abelian group. We say that a subset 5 C G is an abelian basis for G if the
following two conditions are satisfied:

(i) G = (B) (thatis, B generates G).

(i) If for some by, ..., by € B and ny, ..., nx € Z we have that niby + - - - + ngbx = 0, then n; = 0 for all
i€{l,..., k} (thatis, by, ..., by are linearly independent).

If G is an abelian group which admits an abelian basis 3, we say that G is a free-abelian group.

If it is clear from the context, we will sometimes refer to abelian bases simply as bases.

Remark 3.2. In this work, we will restrict ourselves to the case of finitely generated free-abelian groups.
From now on, every time we refer to a free-abelian group, the reader should take into account that we are
referring to a finitely generated free-abelian group.

Remark 3.3. If G is a (finitely generated) free-abelian group, then every basis for G is finite. Indeed, by
the previous remark, G admits a finite generating set S = {sy, ..., sp}. Now let B be an abelian basis for
G. Since sj € G = (B) for i € {1,..., p}, each s; can be written as an integer linear combination of a
finite number of elements of B. By considering the (finite) union of these elements of 13, we obtain a finite
abelian basis B’ C B for G. If B’ # B, there exists b € B\B’ which can be written as a linear combination
of the elements in B’, contradicting the fact that the elements in B are linearly independent. Thus, B = B’
is finite.

The prototypical example of a free-abelian group is (Z™, +), whose elements are m-tuples of integers
and whose operation is the component-wise addition. Indeed, an abelian basis for Z™ is B = {ej}",,
where €; denotes the tuple which consists of all zeros except for a one in the i-th position (this basis is
usually called the canonical basis of Z™).

The following result collects a few basic properties about free-abelian groups, some of them concerning
the cardinality of their bases and their rank (which turn out to be the same).

Proposition 3.4. Let G and G’ be groups. Then:

(i) G is free-abelian if and only if G = Z™ for some m > 0.
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(ii) If G is free-abelian, then any two bases of G have the same cardinality.
(iii) If G is free-abelian, then the cardinal of any abelian basis of G is equal to the rank of G.
(iv) If G and G’ are free-abelian, then G = G’ if and only if rk(G) = rk(G’).
Proof. (i) If G is free-abelian and B = {b1, ..., b} is an abelian basis for G, the map
f: G — 7"
Zm:x,-b,' = (X1, e Xm),
i=1
where x; € Z for i € [m], is an isomorphism. Conversely, the canonical basis {€;}7; is an abelian
basis for Z™.

(i) Let B and B’ be finite bases of G with cardinals #8 = m and #B’ = m’. By item (i), we have that
G = 7™ =7Z™ If we now consider the subgroup H = {2g : g € G}, we have that

(Z)2Z)" = G /H = (Z./22)™,
so if we consider the cardinal of these isomorphic groups, we obtain
2™ = #(Z/2Z)" = #(G/H) = #(Z/22)" =2,
which implies that m = m'.

(iii) By item (ii), all bases of G have the same cardinal. If we take any abelian basis of G, say B, and we
denote its cardinal #B = m, we have that G = Z™ by item (i). Arguing by contradiction, suppose
that there exists a generating set S with cardinal #S < m for Z™. If we look at the elements of S
in the Q-vector space Q™, we also have that S generates Q™, but this contradicts the fact that Q™
is a vector space of dimension m. Therefore, G = Z™ has rank m.

(iv) This is a direct consequence of items (i) and (iii).

O

Since all free-abelian groups of rank m are isomorphic to Z™ by Proposition 3.4, we will usually denote
any free-abelian group of rank m by Z".

Remark 3.5. It is worth noting that a presentation for the free-abelian group of rank m, Z™, is given by
(tr, ., tm|t; Y 585,V j € [m]).

In order to describe the subgroups of a free-abelian group and their rank, we will need the following
lemma (we omit its proof, but it can be found in [16, Corollary 10.16]).

Lemma 3.6. /f H < G and G/H is free-abelian, then G = H ® K, where K < G and K = G/H.

We can now use this lemma to prove that the property of being free-abelian is inherited by subgroups
and to relate the rank of these subgroups with the rank of the ambient group.

Theorem 3.7. Every subgroup H of a free-abelian group G of finite rank is itself free-abelian and, moreover,
rk(H) < rk(G).

10



Proof. The proof is by induction on m, the rank of G. For the base case, if m = 0, the result is immediate
because G is the trivial group. Also notice that if m = 1, then G = Z. Since the subgroups of a cyclic
group are cyclic as well, we have that either H = {0} or H = Z, and the result holds. For the inductive
step, let {b1, ..., bymy1} be an abelian basis of G. Define G’ = (by, ..., by) and H' = HN G’. By induction,
H'’ is free-abelian of rank < m. Applying Theorem 2.12, we have

H/H =H/(HNG)=2(H+G')/G' < G/G' = Z.

By the case m = 1, either H/H" = {0} or H/H' = Z. In the first case, H = H’ and we are done; in
the second case, Lemma 3.6 gives H = H' @ (h) for some element h € H, where (h) = Z, and so H is
free-abelian and rk(H) = rk(H' @ Z) = rk(H') +1 < m+ 1. O

In Proposition 3.10, we will give a characterisation of finite index subgroups in terms of their rank and
we will also show that the finite index problem is solvable for free-abelian groups. To do so, we first need
to see how subgroups of Z™ can be described using integer matrices.

Given an integer matrix A of dimension s x m, we will denote by (A) the row space of the matrix A,
that is,
(A) = {xA:x € Z°}.

The elements in (A) are integer linear combinations of the rows of A, which are elements of Z™. Therefore,
(A) is the subgroup of Z™ generated by the rows of A. Notice that, in general, the rows of A need not be
an abelian basis of the subgroup (A), they are just a generating set. However, if the matrix A has full row
rank, then the rows of this matrix form an abelian basis of (A).

An integral square matrix U of size m is called unimodular, U € GL,(Z), if det(U) = %1, that is, if
the matrix is invertible in M ,(Z). The following lemma recalls some properties of unimodular matrices
that we will use.

Lemma 3.8. Let A and A’ be integral matrices of dimension s x m. If A = UA’ for some unimodular
matrix U, then (A) = (A"). Moreover, if A and A" have full row rank and (A) = (A"), then A = UA’ for
some unimodular matrix U.

Proof. Suppose A = UA’ for some unimodular matrix U. If a; and u; are the i-th rows of A and U
respectively, we have that a; = u;A’ € (A’) for i € {1,...,s}. Therefore, since (A) is generated by the
rows of A, we have that (A) C (A’). Given that U is unimodular, we also have that A’ = U~1A and can
conclude similarly that (A’) C (A).

Now, if A and A’ have full row rank and (A) = (A’), then the rows of A belong to (A’) and we
have that A = VA’ for some integral matrix V. Similarly, A’ = WA for some integral matrix W. This
means that A = VWA and, since A has full row rank, we may conclude that VW = | which implies that
det(V) = det(W) = =1. O

The following classical result (whose proof we omit but can be found in [1, Theorem 3.1, Section 5.3])
associates a matrix with a special form to every integer matrix. This matrix can be obtained from the
original one multiplying it by suitable unimodular matrices.

Proposition 3.9. For every s X m integral matrix A, there exists a matrix, called the Smith Normal Form
(SNF) of the matrix A, with the same dimensions as A and which is of the form

D = diag(dy, d, ..., d;, 0, ..., 0),

11
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where di, ..., d, are strictly positive integers satisfying that each of them divides the following one (dy|d>| - - - |d;)
and r < min{s, m} such that
PA = DQ,

for some P € GLs(Z) and Q € GL,(Z).

We now have all the ingredients to give the characterisation of finite index subgroups in a free-abelian
group in terms of their rank.

Proposition 3.10. A subgroup L < Z™ has finite index in Z™ if and only if it has maximum rank m.

Proof. Let a1, ...,as € Z™ be a generating set for L. Consider the integral matrix A whose rows are the
a;y’s, which has dimension s x m. We compute the SNF of A, obtaining that

PA = DQ,

for some P € GLs(Z), Q € GL,(Z) and D = diag(di, da, ..., d,, 0, ..., 0) where di, ..., d, are positive such
that di|dz| - - - |d; and r < min{s, m} is the rank of A.

Since the rows of A generate L, we have that L is also generated by the rows of PA, due to Lemma
3.8. Since PA = DQ, L is generated by the image under the automorphism

Q: zm — 7™
v — vQ

of the subgroup L’ generated by the vectors (ds,0, ...,0),...,(0,...,0,d,,0, ..., 0).

Observe that, given that [d1]x- - - x[d,] XZ™" is a transversal for Z™ /L', its image by the automorphism
Q gives us a transversal for Z™ /L. Moreover, notice that the index of L in Z™ is

|Z" L =dy---d - #ZT". (1)
Thus, it is clear that |Z™ : L| is finite if and only if r = m, i.e., if and only if L has maximum rank m. [J

Corollary 3.11. The finite index problem for Z™ is solvable, that is, if a subgroup L of Z™ is given by a
finite set of generators, we can algorithmically decide whether L is of finite index in Z™, and effectively
compute a transversal (and therefore the index |Z™ : L|) if the index is finite.

Proof. Maintaining the notation above, it is enough to observe that the finite index condition (having
r = m) is algorithmically decidable just by counting the number of nonzero diagonal elements in the SNF
of A. Finally, to obtain a transversal in the case in which the index of L is finite, one simply has to multiply
by Q the elements in [di] X - -+ x [d}]. O

Suppose now that L is a finite index subgroup in Z™. Due to Proposition 3.10, it must have rank m and
therefore we can take an abelian basis of L with cardinality m. If we denote by A the matrix whose rows
are the elements of this abelian basis, we obtain a full rank square integer matrix satisfying that (A) = L.
Observe that, because we may have different bases of L, there is not a unique square matrix whose row
space is L. In what follows, we will define and prove the existence and unicity of a matrix with a certain
special form (see Definition 3.12) having L as its row space. This will allow us to establish a bijection
between finite index subgroups in Z™ and a certain set of matrices.

12



Definition 3.12. We say that a matrix H € M, m(Z) is in Hermite normal form (abbreviated HNF) if
there exists r < n and a strictly increasing map f : [r] — [m] satisfying the following conditions:

(i) The last n — r rows of H are zero.
(II) For1<i<r, h;'f(,‘) > 0, h,"j =0 If_] < f(l) and 0 < hj'f(,') < hi,f(i) If_] < I.

The reader may find slightly different definitions for the previous concept from other authors (the
definition we have presented is an adaptation of [4, Definition 2.4.2.]).

Remark 3.13. In the particular case in which H € M,(Z) has full rank, we will have that H is in HNF if
it satisfies the following properties (notice that in this case f is the identity):

(i) hj =0if i > j (thatis, H is an upper triangular matrix),
(ii) hij > 0 for all i € [m] (the elements in the diagonal are strictly positive),

(iii) For every | < i,0 < hj < hj; (the elements above hj; are nonnegative and strictly upper-bounded by

it).

Since we are interested in studying finite index subgroups of Z™, we will now focus on showing how to
transform a full rank m x m integer matrix into a (unique) matrix in HNF with the same row space, which
of course will be of the type specified in the previous remark.

Given an integer matrix A, we can perform the so-called elementary row operations, which consist in
premultiplying A by certain unimodular matrices and are the following:

i) Swapping two rows R; and R; for i # j. We denote this operation by R; <> R; and it is equivalent to
Y g
premultiplying A by the unimodular matrix U obtained from the identity matrix by swapping its i-th
and j-th rows.

(i) Multiplying the i-th row R; by —1, denoted by R; <~ —R;. This is equivalent to premultiplying A by
the unimodular matrix U resulting from multiplying the i-th row of the identity matrix by —1.

(iii) Adding an integer multiple of the j-th row to the i-th row. This operation is denoted by R; - Ri+aR;
with o € Z and it is equivalent to premultiplying A by the unimodular matrix U which is obtained
from the identity matrix by adding « times the j-th column to the i-th column.

Notice that performing a finite sequence of these elementary row operations amounts to premultiplying the
original matrix by a unimodular matrix (since the product of unimodular matrices is again a unimodular
matrix). This means, by Lemma 3.8, that the row space of the matrix obtained after these operations is
precisely that of the original matrix.

Theorem 3.14. Let A be an integer m X m matrix of full rank, then it can be brought into HNF by a
sequence of elementary row operations.

Proof. We describe an algorithm converting A into a matrix in HNF. This algorithm constructs a sequence
of matrices Ag = A, A1, Ay, ..., A, where

| He G
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Counting subgroups using Stallings automata

and we have that Hy is a k x k matrix in HNF and C¢ and Dy have dimensions k x (m — k) and
(m — k) x (m — k) respectively. The matrix Ayy1 is obtained from Ay as follows.

Step 1: Let di, do, ..., dmn_k be the entries in the first column of Dy. By multiplying some of the rows
by —1 if necessary, we may assure that all of these entries are nonnegative. Moreover, since the matrix A
(and, therefore, all the matrices of the sequence) has full row rank, d; > 0 for some / € [m — k]. Now, if
d; > d; are two nonzero entries in the first column of Dy, we perform the row operation R; « R; — L%”,J R;.

We do this until we obtain that there is exactly one nonzero entry in the first column of Dy (we can assure
that this will happen eventually because every time one of these row operations is performed, all the entries
in the first column of Dy remain nonnegative but their total sum strictly decreases). If we denote by d the
unique element in the first column of Dy different from zero and swap rows if necessary, we obtain that d
is in the first row and first column of Dy.

Step 2: It remains to ensure that all the entries in the first column of Cy are nonnegative and smaller
than d. To do so, we perform the operation R; « R; — | 5 | Rk41 for each i € [k — 1] (clearly, this does not
affect the entries of Hy).

Notice that when we compute A; from Ag, Step 2 is not necessary; and, when we compute A, from
An_1, Step 1 can be omitted.

The matrix A, is the claimed one, since it is in HNF. ]

Theorem 3.15. Two full rank square integer matrices H and H' in HNF satisfying that (H) = (H’) must
be equal.

Proof. Suppose H = [h;] and H" = [h};] are two full rank mx m matrices in Hermite normal form satisfying
that (H) = (H’) and H # H’. Choose j € [m] to be as small as possible satisfying h;; # hj; for some
i € [m] and, without loss of generality, suppose hj; > hi;.

If we denote by h; and h; the i-th rows of H and H’ respectively, we have that h;, h{ € (H) = (H’)
and, therefore, h; — h! € (H), which means that h; — h{ can be expressed as an integer linear combination
of the rows of H.

Notice that, by the choice of j, h; —h has zeros in its first j — 1 components. This implies that
hi — h! is an integer linear combination of rows h;j, hj;1, ..., hy. Indeed, suppose h; — hi = >~/7 ; aihy,
with ax € Z. Since hy is the only row of H whose first component is nonzero and the first component
of h; — h{ must be null, we have that ay = 0. Now, out of hy, h3, ..., hm, the only row whose second
component is nonzero is hy, which implies that ap = 0 because the second component of h; — h{ is zero.
Repeating this argument, we arrive at the conclusion that oy = ap = --- = aj_1 = 0.

Given that the only one of the rows hj, hj11, ..., hym which has a positive element in the j-th position
is h;, we have that hj — hj-j = zhj; for some integer z. Now, taking into account that h; < hj and
h; < hj < hjj, we can see that |h; — hj;| < hj and thus we must have z = 0. It follows that h; = hi,
which is a contradiction. O

Remark 3.16. The two previous results tell us that for any subgroup L < Z™ of rank m and any square
full rank integer matrix A whose row space is L, there exists a unique matrix H in Hermite normal form
satisfying that H = UA for some unimodular matrix U. The matrix H will be referred to as the Hermite
normal form of A. Moreover, observe that H is the only full rank square matrix in HNF whose row space
is L. We will denote it by (L)H.

We summarize the described situation in the result below.

14



Theorem 3.17. There exists a bijection between finite index subgroups of Z™ and full rank m x m integer
matrices in Hermite normal form.

Proof. Given a subgroup L < Z™ of finite index, we know by Proposition 3.10 that L has rank m and
therefore we can take an abelian basis for L of cardinality m. Now let A be the full rank m x m matrix
whose rows are the elements of this basis. Computing the HNF of A, we obtain (L)H, which is the only
full rank m x m matrix in HNF whose row space is L. Therefore, we can consider the following well-defined
map:
H: {f.i. subgroups of Z™} — { full rank m x m integer matrices in HNF}
L — (LH

Since the map (M) <= M is clearly its inverse, we conclude that H is a bijection. O

This theorem that we have just proved together with the following result will be the keys for the proof
of Theorem 3.19 in the next section.

Proposition 3.18. Let L be a subgroup of finite index k in Z™, then det((L)H) = k.

Proof. By Proposition 3.9, we know that there exist unimodular matrices P and Q such that (L)H =
P~1DQ, where D is the SNF of (L)H. Since the determinant of unimodular matrices is —1 or 1 and the
determinant of (L)H has to be positive, we have that

det((L)H) = det(D) = dy - -- d, = |Z" : L],

where in the last step we have used the equality (1), taking into account that the rank of L is m because
it has finite index. O

3.2 Counting finite index subgroups in free-abelian groups

The result in this section provides a recursive formula to obtain the number of subgroups of a given finite
index in Z™. In general, for any group G, we will denote by Ny(G) the number of subgroups of index k in
the group G.

Theorem 3.19 (Bushnell-Reiner). Let k € N, then N(Z) =1 and

k

N(Z™) = 3 Ny(zm ) <S> " erm > 2.

s|lk

Proof. By Theorem 3.17 and Proposition 3.18 , we have that every subgroup of index k in Z™ is uniquely
represented by an m x m integral matrix in HNF whose determinant equals k. Therefore, Ni(Z™) is the
number of such matrices, which have the form:

hir hiz hiz - hig

0 hn hs -+ hpy
H=|0 0 hs - h3n|, (2)

0 0 o0 B
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where h;; > 1 fori e {1,...,m}, 0 < hj < hjjfor1 <i < jand k= hi1ho--hmm. Let us count the
number of these matrices.

Let s = hym a divisor of k. To each of the elements him, hom, ..., h(m,l)m we can assign the values
0,1,...,s—1, which gives us s™=1 choices for the last column of the matrix. If we remove the last column
and the last row, we obtain an (m — 1) x (m — 1) integral matrix in HNF whose determinant equals f
thus, there are N« (Z™ 1) choices for the rest of the matrix H. Summing over all the positive divisors s of

k gives the formula

MA(Z™) = SN (27 )5,
s|lk

which is equivalent to the desired formula if we take into account that f runs over all divisors of k as s
does. O

In Table 1, we can find the number of subgroups of index k in Z™ for small values of k and m.

| m\k |1 2 3 4 5 6 7
1 1 1 1 1 1 1

3 7 6 12 8

713 35 31 91 57

15 40 155 156 600 400

31 121 651 781 3751 2801
63 364 2667 3906 22932 19608
127 1093 10795 19531 138811 137257
255 3280 43435 97656 836400 960800
511 9841 174251 488281 5028751 6725601

O© 0O ~NO O WDN
o W S Gy S g e S Sy

Table 1: Values of Ni(Z™) for small m and k.
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4. The free group

After studying free-abelian groups in the previous section, we will dedicate this section to the study of free
groups, which are the other factor that makes up the groups that we will focus on in Section 5.

This section is structured in three parts: Sections 4.1 and 4.2 are meant to be a brief overview of
the properties of the free group and the study of its subgroups using Stallings automata, which are fairly
standard and well-known topics in group theory, whereas in Section 4.3 we will revisit a less well-known
result related to finite index subgroups in free groups.

With more detail, in Section 4.1, we give the main properties of the free group that we will need in this
work; in Section 4.2, we develop the celebrated theory of Stallings describing the subgroups of free groups
as automata; finally, in Section 4.3, we will use the tools of Stallings theory to study the index of subgroups
of free groups and provide a formula for counting the number of subgroups of a given finite index in the
free group.

4.1 Definition and first properties

This section collects the basic definitions and results that we will need about free groups. Although different
definitions of these groups can be given, the categorical approach is perhaps the best in order to highlight
a crucial fact about free groups: the images of a certain subset (called a basis) of a free group uniquely
determine a homomorphism to any other group, no matter what images we choose. To understand why
this behaviour is special, notice that, in general, if we are trying to define a homomorphism between two
groups Gy and Gy and g, h € Gy are two elements such that g - h = 15, we are not free to choose their
images (g)f and (h)f in any way we want, since they will have to satisfy that (g)f = (h)f = (1g,)f = 1¢,.
This categorical definition will be the first one we present.

Definition 4.1. We say that a group F is free if there exists a subset X C F (called a basis) such that
for every group G and every map f : X — G, there exists a unique homomorphism f : F — G making the
following diagram commutative

X —— F
x lf
G.

Notice that Definition 4.1 does not ensure the existence of the object we are defining. We will later
give a constructive proof of the existence of a free group. But before this, it is convenient to give a second
definition of free group (equivalent to the first one).

To present the second definition of the free group, some concepts and notation need to be introduced.
Given a group G and a subset X C G, we will denote by X~! = {x~! : x € X} the set of elements in G
which are inverses of elements in X. A product of elements of a group G in which 15 does not appear

as a factor and no element is adjacent to its inverse is said to be a reduced product (the empty reduced
expression, which we denote by 1, represents the trivial element of G).

Definition 4.2. Let G be a group and X C G. We say that the subset X is free in G if the only reduced
product of elements of X U X! which vyields the trivial element in G is the empty reduced expression.

Once these concepts have been established, we can give the second definition of free group.
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Definition 4.3. Let F be a group and let X C F. We say that F is a free group with basis X if the subset
X is free in F and it is a generating set of F.

The two definitions we have given for the free group (Definitions 4.1 and 4.3) are actually equivalent
(see [10, Proposition 16] or [2, Theorem 3.6]).

The following corollary gives a useful characterisation of a basis of a free group.

Corollary 4.4. F is a free group with basis X C F if and only if every element in F can be written in a
unique way as a reduced product of the elements in X U X 1.

In order to show that free groups exist, we proceed to construct them, specifying the set of elements
of the group as well as an operation.

Definition 4.5. Let X be a nonempty set. The elements of X will be called letters and the set itself will be
called an alphabet. Any ordered and finite sequence of letters in X, w = x1x0 - - - x, with n > 0 and x; € X
not necessarily distinct, is a word on X. A subword of a word will be any subsequence of consecutive
letters. The length of a word w is the number of letters in the word and it will be denoted by |w|. We
will follow the convention of denoting by 1 the empty word (the only word of length zero). The set of all
words over X will be denoted by X*. Notice that X* is a free monoid with respect to the operation of
concatenation. We define the set of formal inverses of X as X~! = {x~! : x € X} (notice that X and
X~ are disjoint). Moreover, we will use the notation X* = X LU X~ 1.

Next, we define a congruence in the monoid (X*)* whose quotient will be the set for the free group
we are building.

Definition 4.6. Let u,v € (X*)*. The words u and v are said to be equivalent, u ~ v, if there exists a
finite sequence of words u = wy, ws, ..., wy = v such that every w; 1 can be obtained from w; by insertion
or deletion of subwords of the form xx~! with x € X*.

We will consider the quotient Fx := (X*)*/ ~ and we will define an operation on it which yields a
group. If we denote by [w] € Fx the class of the word w € (X*)*, we can define the operation

[u] - [v] == [uv], (3)
where uv is the concatenation of u and v in (X*)*.

Proposition 4.7. The set Fx with operation (3) is a group.

Proof. Associativity in Fx is a consequence of the associativity of concatenation in the monoid (X*)*.
The neutral element is [1] and the inverse of a class [x;'---x;"] € Fx (where ¢; = £1) is the class

[X;;En

-+ x; ']. Therefore, Fx with operation (3) is a group. O

Once the group Fx is constructed, we still have to show that it is free with basis X. But let us introduce
first the concept of reduced word.

Definition 4.8. A word w € (X¥)* is reduced if no letter in w is adjacent to its formal inverse.

The following result will allow us to reinterpret Fx in a more combinatorial and algorithm-friendly way.

Proposition 4.9. Every equivalence class [w] € Fx contains exactly one reduced word, denoted by w.
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Proof. See [10, Proposition 12] or [2, Proposition 3.3]. O

Remark 4.10. Proposition 4.9 allows us to interpret the group Fx as the set of reduced words in (X*)*
with the operation v - v = uv. In what follows, we will therefore think of elements of the free group as
reduced words.

Proposition 4.11. For any alphabet X, the group Fx is free with basis X.

Proof. A corollary of Proposition 4.9 is the fact that the the map ¢x : X — Fx which takes x € X to [x]
is injective and this, in turn, gives the result (see [10, Corollary 14] for the details). O

We have shown that we can build a free group with basis any given set (if the set is empty, we have
the free group of rank 0, Fp, which is the trivial group). The following result tells us that the cardinal of
a basis determines the free group up to isomorphism.

Proposition 4.12. Let IF be a free group with basis X C IF and let F' be a free group with basis X' C .
Then, F and ' are isomorphic groups if and only if X and X' have the same cardinal.

Proof. See [10, Theorem 17] or [2, Theorem 3.8 and Corollary 3.10]. O

Remark 4.13. If X is a basis of F, we have that rk(F) = #X. Moreover, we will write F,, to denote the
free group of rank n.

A fundamental trait of free groups is the fact that, in a way, they contain all the information about all
existing groups. We make this statement precise below.

Theorem 4.14. Every group G is a quotient of an appropriate free group. That is, for every group G,
there exists a cardinal n and a normal subgroup N < F, such that G = F,/N.

Proof. Let X C G be a set of generators of G (we can always take X = G) and let n = #X be its cardinal.
We consider the free group Fx. If we let ¢ : X — G be the inclusion map, by the universal property,
there exists a unique morphism of groups @ : Fx — G such that [x]@ = x, for every x € X. Given that
X generates G, ¢ is surjective and, by the First Isomorphism Theorem, ker ¢ is a normal subgroup of Fx
satisfying that Fx/ ker = Im($) = G. O

Relying on Theorem 4.14, we give next the definition of presentation of a group, which is a compact
way of encapsulating a group.

Definition 4.15. Let G be a group. A presentation for G is a pair (X, R) where X is an alphabet, R
is a subset of Fx and G = Fx/((R)). We usually write G = (X|R) and we call the elements of X the
generators given by the presentation of G and, the elements in R, relators of the presentation of G.

Remark 4.16. Observe that the free group with basis X admits the presentation Fx = (X|—), which is
called the canonical presentation for [Fx.

Remark 4.17. Notice also that the presentation of a group is not unique. For example, (a|—) and (a, bjlab™1)
are both valid presentations for the group Z.

Definition 4.18. We say that a presentation (X|R) is finite if both X and R are finite sets. Moreover, a
group is said to be finitely presented if it admits a finite presentation.
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Since finite presentations are finite ways to encode groups (which might be infinite), they are a specially
convenient way of representing groups for algorithmic problems (see Section 2.2).

As a last piece of information about presentations, in the following result we state how a presentation
for a direct product can be obtained from the presentations of its factors.

Proposition 4.19. Let H and K be groups with respective presentations (S1|R1) and (S3|R2). Then
(51 US2|R1U Ry U{[s1,52] : 51 € S1,5 € S2}) is a presentation for the direct product H x K.

4.2 Stallings automata

In this section, we develop the Stallings theory representing subgroups of free groups as automata. The
crucial idea is to understand the elements in a subgroup as labels of closed paths in these automata. We
will develop this idea formally next, starting with some definitions that establish some basic concepts and
notation regarding these mathematical objects.

Definition 4.20. Let X be an alphabet. A (pointed) X-automaton is a tuple I = (V, E, ¢, 7, ¢, b), where
V and E are disjoint sets and V is nonempty, ¢,7: E — V and £ : E — X are functions and b € V.
The sets V = VI and E = ET are called the set of vertices and the set of directed edges or arcs of T,
respectively. The function ¢ assigns to each edge e € E its origin er € V, while T assigns its end er € V.
The function ¢ assigns a label ()¢ € X to each edge. The distinguished vertex b is called the basepoint
of the X-automaton. If e. = p, er = q and (e)/ = x, we write e = p = g and we say that e is an x-arc.
Finally, if we forget about the labelling and the basepoint, what remains is a directed graph (also called
digraph) which we will call the underlying digraph of the automaton.

Definition 4.21. A walk of length s in an X-automaton I is a finite sequence v = ppe1p1 - - - €sps with
pi € VI, e € E, ejt =pj—1 and e =p; for i =1,...,s. We say pp and ps are the origin and the end of
~ respectively and we denote this by v+ = pg and v7 = ps. We also say that « is a walk from pgy to ps and
we denote this by v : pg ~~ ps. If pp = ps = p, we say that v is a closed walk and we also call it a p-walk.
Note that walks of length O (called trivial walks) correspond to vertices in T.

Definition 4.22. An involutive X-automaton I is an XT-automaton with a labelled involution on its arcs;

1
i.e., to every arc e = p 2> g we associate a unique arc e} = g =— psuch that e™! # e and (e7 1)L =e.

We say that e ! is the inverse of e. We say that ETT = {e € ET : (€)¢ € X} is the set of positive arcs
of I and that E°T = {e € ET : (€)¢ € X'} is the set of negative arcs of I'. The positive part of an
involutive automaton I is the automaton '™ obtained after deleting all the negative arcs from I. If we
remove the labelling and the basepoint of I, we obtain an involutive digraph and, if we identify the pairs
of arcs which are inverse of each other (constituting an edge) we have the so-called underlying graph of T.

Remark 4.23. Note that an involutive automaton is fully characterised by its positive (or negative) part.
We will make use of '™ in order to represent the automaton I, following the implicit convention that the
positive arcs e = p = g can be crossed backwards (from g to p) reading the inverse label x~ 1

Let us now give some notions about graphs. These concepts refer to graphs like the ones we obtain
when considering the underlying graph of an involutive automaton, but by extension we will use the same
terms to refer to the involutive automata from which these graphs come from.

A path is a sequence of vertices and edges vpegvier - - - ex_avik_1 without repetitions such that v; €
VI, e € ET, ejt = vj and €7 = vj31. If P = wepvier -+ - exk_avk_1 is a path and k > 3, then the graph
resulting from adding an edge between v,_1 and vy to P is a cycle.
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A notion which will be of importance later on is that of connectivity. A non-empty graph [ is called
connected if any two of its vertices are linked by a path in . A maximal connected subgraph of I is called
a connected component of ['. An edge of a graph ' whose removal results in a disconnected graph is called
a bridge.

A graph which does not contain any cycles is called a forest and a connected forest is called a tree.
The degree of a vertex is the number of its incident edges. The vertices of degree 1 in a tree are its leaves.
If T is a tree and v and v are two of its vertices, we say that v is at T-distance d of u if the length of the
only path in T joining u and v has d edges. An edge e in the tree T is at T-distance d of v if its incident
vertex closest to u is at T-distance d of u. Given a graph I', a spanning forest (spanning tree) of I is a
subgraph of I which is a forest (tree) and whose vertices are all the vertices of I'. The graphical rank of a
graph I, rk(I"), is the number of arcs outside a spanning forest. If I is finite, then

rk(l) = #ET — #VI + #CT,

where CI is the set of connected components of I'.

Remark 4.24. We will understand that the graphical rank of an automaton is the graphical rank of its
underlying graph. Similarly, the degree of a vertex of an automaton will be that of the corresponding
vertex in its underlying graph.

After giving these few notions for graphs, let us now go back to involutive automata. The labelling
on the arcs of an involutive automaton I' can be naturally extended to an (X*)*-labelling of walks in the
automaton simply by concatenating the corresponding labels of the arcs in the walk: if v = pgeip:1 - - - esps
is a nontrivial walk, we define its label as (7)¢ = (e1)¢-- (es)¢ € (XT)*. Moreover, we define its reduced
label as (1) := (y)¢ € Fx. The label and reduced label of a trivial walk are the trivial elements in the
monoid (X¥)* and the group Fx respectively (both will be denoted by 1). If (y)/ = w € (X*)*, we say

that the walk v reads w or that the word w /abels the walk ~, and we write 7y : pg ~ ps.

Let I' be an involutive and connected X-automaton and let p € VI'. One can observe that the set of
reduced labels of p-walks in T,

(MNp={(7)l:visa p-walk of '},

is a subgroup of Fx: indeed, the trivial element is a label for a trivial p-walk; the reduced label of the
concatenation of two elements in (I'), is the reduced label of the p-walk obtained from reading one p-walk
after the other; and the inverse of the reduced label of a p-walk is the reduced label of the inverse walk
(the walk with the reversed sequence) of this p-walk.

Definition 4.25. This subgroup (I'), is called the subgroup recognised by I at vertex p. The subgroup
recognised by ' at the basepoint, (I')p, will be denoted simply by (I') and we will call it the subgroup
recognised by I.

The previous definition establishes a map between automata and subgroups of the free group, namely,

{involutive X-automata} — {subgroups of Fx}
(4)
r — (.

Let us now remark that the map (4) is exhaustive. For any subgroup H of Fx, we can consider a
(possibly infinite) generating set S. Below, we present an automaton that recognises the subgroup H.

With the notation above, given an element (or reduced word) w = x;, x;, - - “Xj, € S, the X-automaton
consisting of the directed cycle reading the word w is called the petal automaton of w (see Figure 1). The
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X-automaton obtained by identifying the basepoints of the different petal automata of all the words in S
is called the flower automaton of S and is denoted by FI(S) (see Figure 2).

p*

Figure 2: Flower automaton of S = {wy, wo, ..., ws}

It is clear that FI(S) is an automaton recognising H. Observe that an element h € H will be a product
of the generators in S and their inverses. If we consider the concatenation of the b-walks around the
petals of each of these generators in the same order that they appear in the expression of h as a product
of elements of S, we obtain a b-walk whose label is h (notice that the orientation of the b-walk around
each petal must be in concordance with the exponent +1 or —1 of each generator in the expression for h).
Conversely, b-walks in the flower automaton have as reduced labels elements of the subgroup H, since S
is a generating set. In consequence, the subgroup recognised by FI(S) is H and we conclude that the map
(4) is exhaustive. However, this map is not a bijection. For example, considering different generating sets
gives different automata recognising the same subgroup.

With the goal of distinguishing a unique witness among all the automata recognising the same subgroup,
we now focus on the sources of redundancy in the map (4) and present some properties of automata which
will be relevant for the bijection.

Definition 4.26. Let I be an X-automaton. A vertex p € VT is saturated if for every letter x € X there
is at least one x-arc with origin at p. An X-automaton [ is said to be saturated if all of its vertices are
saturated.

Remark 4.27. In the case of an involutive X-automaton (which is, in particular, an Xi—automaton), being
saturated translates into having at least one x-arc going in and out of each vertex for each x € X.

Definition 4.28. An X-automaton [ is deterministic at a vertex p € VT if no two arcs with the same
label depart from p (i.e., if ec = €’ and (e)¢ = (€’)¢ implies that e = €’). We say that I is deterministic
if it is deterministic at every vertex.
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Definition 4.29. We say that a walk « presents backtracking if it has two successive arcs inverse of each
other. We say that « is reduced if it presents no backtracking.

Definition 4.30. Let ' be an involutive X-automaton. We say that a vertex in I is alive if it belongs to
some reduced b-walk, otherwise we say it is dead. Moreover, [ is said to be core if it has no dead vertices.
The core of T, denoted by core(I), is the maximal core subautomaton of I' (containing the basepoint).

It is sometimes convenient to understand coreness in an alternative way. In order to present it, we need
the following definition.

Definition 4.31. If the underlying graph of an automaton I' can be obtained by identifying a vertex of
some graph A with a vertex of some disjoint non-trivial tree T, then we say that T is a hanging tree of I.

Remark 4.32. An automaton will be core if it is connected and has no hanging trees which do not contain
the basepoint. As a consequence, core(I') is what remains after choosing the connected component of I
which contains the basepoint b and removing all the hanging trees which do not contain b.

It is important to notice that (core(I')) = (I').

As we will see, automata which are both deterministic and core are the appropriate witnesses we are
looking for.

Definition 4.33. An involutive X-automaton I is said to be reduced if it is deterministic and core.

Of course, in order to convert the map (4) into a bijection, we must distinguish reduced automata up
to isomorphism. We formalise this notion below.

Definition 4.34. Let I = (V,E, ¢, 7,¢,b) and "' = (V' E',//, 7/, ¢',b’) be two X-automata. A homomor-
phism of automata from I to " is a function 6 : V — V' satisfying that (b)f = b’ and that, for every
pair of vertices p, g € VI and every x € X, if there is an arc p = g in I then there is an arc pf = g6 in
r.

The following result is key to establish the bijection, as it will later ensure that reduced automata
recognising the same group will have to be the same up to isomorphism.

Proposition 4.35. Let I and ' be reduced X-automata. Then, (I') < ([} if and only if there is a
homomorphism I — I and, in this case, the homomorphism is unique.

Proof. The proof of this technical result can be found in [10, Proposition 42]. U

Corollary 4.36. Two reduced X-automata recognise the same subgroup if and only if they are isomorphic
(there exists a bijective homomorphism of automata between them). That is, if [ and I’ are reduced
X-automata, then

NH=(Merxr.

Proof. If T = T, we have homomorphisms ¢ : I — " and ¢~ 1 : " — T, so (I') < (") and (I'") < (T') by
Proposition 4.35 and we conclude that (I') = (I').

Reciprocally, suppose (') = (). Equivalently, we have that (I') < () and (I'") < (I'), which implies
(using again Proposition 4.35) that there exist homomorphisms ¢ : I — " and ¢ : " — I'. Notice that
the compositions ¢ and )¢ are homomorphisms from I and [’ to themselves respectively. Since it is
clear that the identity is a homomorphism from any automata to itself, the unicity from Proposition 4.35
guarantees that ¢ and )¢ are the identity of I and I’ respectively. Thus, [ =", ]
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Counting subgroups using Stallings automata

We will now define the Schreier automaton for a subgroup and, from it, the Stallings automaton for a
subgroup, which will help us make the bijection in Theorem 4.44 more explicit.

Definition 4.37. Let G be a group, H a subgroup of G and S C G a set of generators for G. The (right)
Schreier automaton of H with respect to S, denoted by Schg(H, S) or Sch(H, S) if the group is clear by
the context, is the S-automaton with set of vertices H\ G (the set of right cosets of G mod H), an arc
Hg 2> Hgs for every coset Hg € H\G and every element s € S*, and the coset H as basepoint.

Since the vertices of the Schreier automaton are the cosets of the subgroup H, the index of H in G
will be the number of vertices in this automaton. Some other of its properties are collected in the next
proposition.

Proposition 4.38. If H is a subgroup of Fx, the following properties hold:

(i) Sch(H, X) is an involutive, deterministic and saturated X-automaton;
(ii) Sch(H, X) is connected, but it may not be core;

(iii) (Sch(H, X)) = H.

All points in the previous proposition are quite transparent, but it is worth providing an example to
show that the Schreier automaton is not necessarily core.

Example 4.39. If we consider the subgroup H = (x) in 2 = (x, y|—), we have that Sch(H, {x, y}) consist
of an x-loop at the basepoint together with two hanging trees joined to the basepoint by respective b-arcs.
This automaton is not core, due to the presence of hanging trees not containing the basepoint.

We will now add coreness to the Schreier automaton to reach a reduced automaton.

Definition 4.40. Let H be a subgroup of Fx. The Stallings automaton of H with respect to X, denoted
by St(H, X), is the core of Sch(H, X), that is St(H, X) = core(Sch(H, X)).

The following result makes clearer the relation between the Schreier and the Stallings automata.

Proposition 4.41. Let H be a subgroup of Fx. Then, St(H, X) is saturated iff St(H, X) = Sch(H, X) iff
Sch(H, X) is core.

Proof. To see this, we must simply take into account that Sch(H, X) is always saturated, St(H, X) is
always core and St(H, X) = core(Sch(H, X)). O

Before stating the result (Theorem 4.44) that gives us the bijection we are looking for, let us introduce
certain transformations that will allow us to actually compute the Stallings automaton of a subgroup when
it is given by a finite set of generators.

Definition 4.42. Let I be an involutive X-automaton and let e and f be two arcs breaking the determinism
of I', that is, ec = fv and (e)¢ = (f)¢ , but e # f. We define a Stallings folding, and denote it by [ ~ [,
as the transformation which consists in identifying the arcs e and f (as well as their corresponding inverses)
in . If the arcs e and f are not parallel (i.e., er # f7), we will refer to it as an open folding (see Figure
3); otherwise, we will say it is a closed folding (see Figure 4).
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Figure 3: Open folding.

/\' x,.?

o o

Figure 4: Closed folding.

Since the arcs involved in a Stallings folding have the same label, one can read the same reduced words
in I before and after performing a Stallings folding. This observation gives the following lemma.

Lemma 4.43. IfT ~ [ is a Stallings folding, then (I') = (I"').

All the previous concepts and results of this section crystallise into the following theorem, which gives
a bijection between certain kind of automata and subgroups of the free group.

Theorem 4.44 (Stallings). The function

{(isomorphic classes of) reduced X-automata} — {subgroups of Fx} (5)
r— (N

is a bijection with inverse St(H, X) <+ H. Furthermore, finitely generated subgroups correspond precisely
to finite automata and, in this case, the bijection is algorithmic.

Proof. Both maps are well-defined: indeed, for every I, (I') is a subgroup of Fx; and St(H, X) is a reduced
X-automaton for every H < Fx. Also, the maps are inverse of each other: on the one hand, (St(H, X)) = H
because Sch(H, X) already recognised H and taking the core does not change the recognised subgroup; on
the other hand, for I' reduced, Corollary 4.36 ensures that St((I'), X) =T.

We will now show that, if a subgroup H is given by a finite number of generators, then the map (5)
is algorithmic. Suppose S is the given finite set of generators of H < Fx. We can build FI(S), the flower
automaton of S. This automaton recognises H and it is core by construction (since we can assume the
generators to be reduced words). However, this flower automaton may fail to be deterministic at the
basepoint, since we can have two different generators starting by the same letter. To fix this, we can
perform a series of Stallings foldings of the pairs of arcs which break the determinism.

By Lemma 4.43, we know that these Stallings foldings do not change the subgroup recognised by the
automaton. During this process of folding, new nondeterministic situations to fix may arise. However,
notice that with each folding we perform, the number of arcs in the automaton decreases by one and,
since we start with a finite number of arcs because the initial automaton is finite, this folding process
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Counting subgroups using Stallings automata

will eventually finish. As a result, we will obtain a deterministic X-automaton recognising H. Moreover,
since the folding process can only produce hanging trees containing the basepoint, the final object is still
core, and hence a reduced X-automaton recognising H, which must be St(H, X) (because we have already
shown that (5) is a bijection). We emphasise that the bijectivity of (5) implies that the result of the
folding process is independent of the order in which the foldings are performed as well as of the initial set
of generators of H one starts with.

Since we have shown that one of the directions is algorithmic and we have a bijection, we also have
that the map is algorithmic in the other direction. O

The following example illustrates how to perform Stallings foldings so as to obtain a Stallings automaton.

Example 4.45. Consider the subgroup H = (x?yx~1, xy~!xy) < Fp = (x, y|-). Figure 5 summarises a
sequence of Stallings foldings which starts with the flower automaton of S = {x?yx™1, xy~!xy} and ends
with St(H).

Figure 5: Sequence of Stallings foldings.

The following result is quite relevant because it gives an efficient way to compute the direction I' — (I')
of bijection (5). Moreover, it shows that an automaton encodes a basis for the group it recognises and
that the rank of this subgroup can be interpreted graphically under certain assumptions.

Theorem 4.46. Let [ be a connected, pointed and involutive X-automaton, let T be a spanning tree of T,
and let

Br={(b~p3qg~b)l:ecETT\ET}

bet the set of reduced labels of positive T-petals (where ~5 means that the arcs in the corresponding part
of the walk belong to T ). Then,

(i) Bt is a generating set for (I'),
(ii) if T is deterministic, then (') is free with basis B,
(i) if T is reduced, then (I') is finitely generated if and only if T is finite and, then,

rk({T)) =1 — #VI + #ETT = rk(T).
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Proof. We will give an idea of the proof just for the first item (the rest of the proof can be seen in detail
in [10, Proposition 54]). Let w = ()¢ € (I'), where ~ is a reduced b-walk. We may write:
82 €

T e’ T 2 T T € T
Yy:bwe—eve—-—e~ve--.0~>0— e~ b,

where e, ..., € ETT\ET and €j = £1. And we can also consider:

€1 €2 €l
e
2

fy,:b«Lo———)o«Lb«Lo———)o«Lb---bwo—)owb,
It is clear that w = (y)¢ = (v')¢ € (BT). O

An immediate consequence of Theorem 4.46, is the following widely-known result.

Theorem 4.47. (Nielsen-Schreier) Every subgroup of a free group is free.

The theory of Stallings automata we have seen so far has many applications. For example, it can be
used to derive results like the fact that bases of subgroups of free groups are generating sets of minimum
cardinality (see [10, Proposition 72]) or to prove that F, is Hopfian (see [10, Proposition 73]), that is,
every exhaustive endomorphism of [ is automatically injective. Another application of Stallings theory is
to show that the membership problem is solvable for free groups (see [10, Proposition 69]). To see many
other applications of this theory, we refer the interested reader to [8].

In the next section we will apply this theory to study the index of subgroups of free groups and, in
particular, to count the number of subgroups of a given finite index.

4.3 Studying the index of subgroups in free groups

In this section, we will use Stallings automata to study questions related to the index of subgroups of free
groups, including the finite index problem and the derivation of a formula giving the number of subgroups of
a certain finite index in the free group. To start, we give a result which characterises finite index subgroups
of free groups.

Proposition 4.48. Let H be a finitely generated subgroup of a free group Fx. Then, the index |Fx : H|
is finite if and only if St(H) is saturated and, in this case, |Fx : H| = #V St(H).

Proof. Recall that the vertices of the Schreier automaton of H are the right cosets of H in Fx. Then, if
|Fx : H| is finite, Sch(H) is finite. If St(H) were not saturated, we would have to add to it hanging trees
(with infinite vertices) at the vertices with a missing x-arc for some x € X¥ to obtain Sch(H), which would
mean that Sch(H) is infinite, yielding a contradiction. So St(H) must be saturated. Conversely, if St(H)
is saturated, then St(H) = Sch(H) by Proposition 4.41. Then, Sch(H) has a finite number of vertices
because St(H) is finite due to the fact that H is finitely generated. Thus, |Fx : H| is finite. In consequence,
the index |Fx : H| is finite if and only if St(H) is saturated and, in this case, since the Stallings and the
Schreier automata of H are the same, we have that |Fx : H| = #VSt(H). O

As a first consequence of this result, we may observe that Fx has a finite number of subgroups with a
given finite index k, since there is a finite number of Stallings automata with k vertices. Later, in Theorem
4.55, we will obtain a formula to determine that number precisely. A second consequence is that we can
solve FIP(Fx) for Fx a free group.
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Counting subgroups using Stallings automata

Corollary 4.49. The finite index problem is solvable for free groups.

Proof. The decidability of FIP(Fx) is a consequence of Proposition 4.48 and of the computability of the
Stallings automaton in the finitely generated case. For the computation of a transversal when H is of finite
index, take into account that St(H) is saturated and finite. Notice that any walk ~ in St(H) = Sch(H)
starting at b satisfies that y7 = Hw, where w = (y)¢ € Fx. Therefore, we can consider a family of
representatives of the right cosets mod H simply by taking walks from the basepoint to each of the vertices
of St(H) and taking their labels. O

We give below a formula relating the index and the rank of a subgroup of a free group, which will be
used later on in Theorem 5.43.

Theorem 4.50. (Schreier’s Index Formula) Let F,, be a free group of rank n and let H be a finite index
subgroup of F,. Then
rk(H) —1=|F,: H|(n—1). (6)

In particular, the subgroup H is finitely generated if and only if the ambient rank n is finite.

Proof. If H has finite index, then St(H) is saturated (so it is 2n-regular) and #VSt(H) < co. Therefore
rk(St(H)) < oo (that is, there is a finite number of arcs outside any spanning tree) if and only if n < occ.
In particular, if n is infinite, then rk(H) = co and the formula (6) holds.

Let us suppose now that n < co. We know that H is finitely generated, so St(H) is finite. Let T be a
spanning tree of St(H), then H has a basis with #(E+St(H)\ET) elements. Taking this into account, we
have

tk(H) —1 = #(E*St(H)\ET) — 1= #E+St(H) — #£ET — 1
= H#ETSt(H) — #VT = n#VSt(H) — #VSt(H)

= |F,: H|(n—1),
where the second to last equality comes from the equality 2n# VSt(H) = 2#E"St(H), which is obtained
by adding the degrees of all of the vertices. O

In the remaining of this section, we will obtain a recursive formula that gives the number of subgroups
of a given finite index in a free group of finite rank. This result was initially obtained by Marshall Hall Jr.
in a paper (see [15]) published in 1949. Here we revisit this result using the language of Stallings automata
(whose theory was introduced in the previous section) in order to represent subgroups of the free group,
instead of using a Schreier system and a certain function to do so (as it was done originally in [15]).

Taking into account the bijection presented in Theorem 4.44 and the characterisation of finite index
subgroups given in Proposition 4.48, one can establish the following bijection:

Sk(X) = Hi(X)
' Mo <r§, ()

where Si(X) denotes the set of (isom. classes of ) saturated Stallings automata with k vertices and H(X)
denotes the set of subgroups of index k of Fx.

So, our task is to count the number of reduced and saturated X-automata with k vertices (taking
X = {x1,...,Xxn} to be a set of n elements). In order to do so, it is convenient to use an alternative
representation of Stallings automata in which the vertices of the automata are labelled. Propositions 4.52
and 4.53 give a one to one correspondence between the automata with labelled vertices and tuples of
permutations, which will be easier to count. However, considering labelled automata raises the issue that,
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when counting subgroups, we will have to take into account that automata which are identical but for a
change in the labels of the vertices actually represent the same subgroup.

We introduce now some notation that will be used in the remaining of this section. Firstly, we will
denote by Sj the set of permutations of a set of k elements V = {vq, v2, ..., vk }. Secondly, for a fixed set
X = {x, ..., xn} we will denote by A,(X) the set of all X-automata which are deterministic and saturated
and which have k labelled vertices.

Remark 4.51. We make two observations:

(i) The automata in A, (X) have no hanging trees. Indeed, if there was one, it would have to be finite
and there would be a leaf, in contradiction with the fact that these automata are saturated (all
vertices should have even degree).

(i) The automata in A (X) need not be connected.

Proposition 4.52. Let X = {x1,...,xn} and k € N. Then there exists a bijection between (Sx)" and
A(X).

Proof. We will start by giving a map ¢ : (5¢)" — Ak(X). Let P = (71, ..., mn) be a tuple of permutations
of aset V ={vy, ..., v}. We can build an X-automaton I" with (labelled) vertex set V/, taking v; to be
the basepoint and defining the set of arcs as follows: for each i € [n] and j € [k], if (v;)7;i = v;, add the

edge v; 5 v; to I. This automaton satisfies that:

(i) It is deterministic: notice that [ is deterministic by construction, since 7; has a unique image for
every element of V.

(ii) It is saturated: it is clear that for each label x; we have an x;-arc going out of each vertex and the
fact that each 7; is surjective guarantees that there is also an x;-arc arriving at each vertex.

Therefore, we have that I € A,(X) and we can set (P)¢ =T.

For the other direction of the bijection, let I € A,(X) with set of vertices V = {v1, v, ..., vx}. Fix
i € [n] and consider j € [k]. Since [ is deterministic and saturated, there is a unique arc starting at vertex
vj with label x;. Let us denote the end vertex of this arc by vjx;. Now, for every x; € X, we may define
the map
mn: V. —- V

Vi Vi,

which is bijective because V is a finite set and we can show that the map is injective. Indeed, if we had
vix; = vix; for some vj, vj € V with v; # v;, there would be two different arcs labelled with x; arriving at
vertex vijx; = vjx;, contradicting the fact that [ is deterministic. Thus 7; belongs to Sym(V/). If we define
(M~ = (1, ..., m,) for every [ € Ax(X), it is clear that ¢! is indeed the inverse of ¢. O

Proposition 4.53. Let X = {x1,...,x,}. Then there exists a bijection between the subset of automata
in Ax(X) which are connected and the set of tuples P = (1, ..., mp) with m; € Sym(V),Vi € {1, ..., n},
such that the action of the group G = (P) = (1, ..., mp) on V s transitive.

Proof. We will show that the restriction of the bijection ¢ given in the proof of Proposition 4.52 to the set

S ={(m,...., ) € (S5)" : the action of (71, ..., m,) on V is transitive}
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is a bijection onto its image, which is nothing but the set of elements in /Ik(X) which are connected.
Take P = (1, ..., mn) € S and consider two vertices vj, v; € V of the automaton = (P)¢. Given that
the action of G = (1, ..., m,) on V is transitive, there exists o = 7 m;, - - - ;. € G such that (vj)o = v;. By
the way in which the automaton [ is built, this translates into a walk from v; to v; labelled by x; x;, - - - x;,,
so it is clear that any two vertices in [ are connected.
Now suppose I € A,(X) is connected and consider the tuple P = (71, ..., m,) = ()¢~!. Observe
that, since I is connected, there is a walk from the basepoint to any other vertex u of the automaton with

some label xj, - - - x;,. If we now consider o = 7;, -- -7, € G = (71, ..., ™), we have that o is a permutation
of V taking the basepoint to u. This implies that the orbit of the basepoint is the whole set V, so the
action is transitive. O

Notice that, given an automaton | € ftk(X), it may not be connected and hence will not represent
a (vertex-labelled) Stallings automaton. However, we can always obtain a reduced and saturated X-
automaton with up to k labelled vertices simply by taking the basepoint component of [ (we assume it
is the vertex with label v1). If we denote by [, the automaton obtained in this way, we can define the
following map: ; y

f: .Ak(X2 — gb(Ak(X))
r — Fb,

where Cy(Ax(X)) denotes the set of connected components containing the basepoint (vertex with label v1)
of the automata in A (X). In terms of the permutations which are in bijection with A (X), what f does
is to take the orbit of v; under the action of the group generated by the permutations. Restricted to this

orbit, the action is transitive and, by Proposition 4.53, the corresponding automaton is a vertex-labelled
Stallings automaton.

Remark 4.54. Notice that the automata in Cy(Ax(X)) can have between 1 and k vertices. In addition,
these automata are reduced.

Moreover, every (vertex-labelled) automaton [y, determines a (standard) Stallings automaton I, simply
by removing the labels of all vertices except the basepoint (in this context, the label vy is what differentiates
it from the rest of vertices). Thus, we can define a map:

g GolAX) = UL Si(X)
Fb — I’b,

where Ujl-;l S;j(X) is the set of all possible saturated Stallings automata with up to k vertices.

These two maps f and g that we have just defined, together with Propositions 4.52 and 4.53, play an
essential role in the proof of the following result which gives a recursive formula for Ny (F},).

Theorem 4.55. The number N(F,,) of subgroups of index k in I, is given recursively by Ny(F,) =1,

k—1

Nie(Fn) = k(K1) =" [(k = )" N;(F ).

i=1

Proof. Let us consider the following composition of maps:

(5" <& AX) B (X)) B UL S0 & UL HiX)
P~ r — My > Mo > (Tp),
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where ¢ is the bijection described in the proof of Proposition 4.52, f and g are the maps defined above
and 1 denotes a bijection whose restriction to subsets of automata in UJI-(:1 Sj(X) with the same number
of vertices is the bijection (7) for the corresponding value of the index.

Since all the maps involved are surjective, their composition ¢ = ¢fg is surjective as well. We may
write
(S)" = |(H)e™, (8)
H
where H runs over all possible subgroups of Fx of finite index lower or equal than k.

We will now determine the cardinal of the fiber of each element in the image of f and g respectively.
In the case of f, the number of automata which have the same basepoint component as I € A, (X) (that
is, the same orbit of v; in V under the action of the group generated by the elements of the tuple (F)¢—1)
is equal to the number of different ways in which n permutations can act on the vertices outside of this
orbit. If the basepoint component of [ has r elements, there are k — r vertices outside of the orbit of vy,
so there are exactly [(k — r)!]” automata in A, (X) whose image by f is (). In the case of g, the number
of preimages of an automaton 'y, € Ujlle S;j(X) is equal to the number of different labellings that can be
assigned to the vertices in 'y, which are not the basepoint. If the number of vertices in the automaton is r,
this is precisely (k —1)(k —2)---(k — (r — 1)).

So, we have seen that for a subgroup H of finite index r in Fx, the cardinal of its fiber is determined
by its index:

#(H)p™) = (k= 1)(k =2)- - (k= (r = 1)I(k = )" = (k = D)k — )",
Therefore, by (8), we have that

k
(K" =" #(H)e™h) =Y (k= D![(k = )" N(F,),
H r=1

where in the first sum H runs over the subgroups of indices from 1 to k in IF,, and in the second equality
we have stratified the sum according to the index of the subgroups. Dividing by (k — 1)! and separating
the last term of the sum, we have

k—1
k(KN = Ni(Fn) + > [(k = r)11" N(Fn),
r=1
and, isolating Nk(F,), we obtain the desired formula. O

Table 2 shows the number of subgroups of index k in IF,, for small values of k and n.

| n\k |1 2 3 4 5 6 7
1|1 1 1 1 1 1 1
2 (1 3 13 71 461 3447 29093
3 (1 7 97 2143 68641 3011263 173773153
4 |1 15 625 54335 8563601 2228419359 893451975473
5 |1 31 3841 1321471 1035045121 1611152548351 4514783110951681

Table 2: Values of Ni(F,) for small n and k.
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5. Free times free-abelian groups

In this section we will deal with free times free-abelian groups (FTFA groups, for short) which are the direct
product of the two types of groups that we have seen in Sections 3 and 4, free groups and free-abelian
groups.

Although at first sight one might be tempted to think that FTFA groups are just a simple combination
of free and free-abelian groups, they turn out to be a more complicated family of groups than expected,
since they exhibit certain behaviours that set them apart from their factors. One example of this unexpected
behaviour is the fact that FTFA groups are not necessarily Howson, whereas it is known that both free
groups and free-abelian groups are Howson. It is worth checking this fact with an example.

Example 5.1. Let F, x Z = (x,y|—) x (t|—), and consider the finitely generated subgroups H = (x, y)
and K = (tx, y). If we study the intersection of these two subgroups, we obtain

HNK = {w(x,y):weF}n{w(xty): welF}
= {w(x,y):weF}n{w(x, y)twk: weF,}
= {w(x,y)t°: w € Fy, |w|, =0}

= (xRyxK ke Z) = ((y),

where |w/|y denotes the sum of the exponents of every appearance of x in the word w and ((y)) denotes
the normal closure of y in F5. Since the Stallings automaton corresponding to HN K = ((y)) is the one in
Figure 6 and it has infinite graphical rank, we conclude that HN K is not finitely generated (using Theorem
4.46, which relates the graphical rank of the automaton with the algebraic rank of the subgroup which it
recognises).

9 9 90 08.00 ¢

Figure 6: Stallings automaton of HN K.

As we can see, the sometimes unexpected behaviour of FTFA groups makes them an interesting object
of study. Indeed, this family of groups has been the focus of several recent research papers (see [7, 19, 17,
18, 10, 3, 13, 6] ) which investigate issues like, for example, the intersection of subgroups of FTFA groups
or the endomorphisms of these groups.

The current section is structured as follows. In Section 5.1, we will present FTFA groups and derive
some of their basic properties; in Section 5.2, an enriched version of Stallings automata suitable for the
representation of subgroups of FTFA groups will be developed; and, in Section 5.3, we will obtain a formula
for calculating the number of subgroups of a given finite index in a FTFA group. Since the study of FTFA
groups using enriched automata is fairly recent (as opposed to the classical theory of Stallings automata
for free groups presented in Section 4, whose origin may be traced back to 1983 with the publication of
[20] by J.R. Stallings), the results in Sections 5.1 and 5.2 will include proofs in most cases and some will
be illustrated with examples. For this part, we will follow closely [9] and [5].
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5.1 Properties of FTFA groups

We call free times free-abelian groups (FTFA) the direct product of a finite rank free group F,, and a finitely
generated free-abelian group Z™, that is, groups of the form G = F, x Z™. Therefore, by Proposition
4.19, we can consider the following standard presentation for them

X1y ooy Xny
t1,.... tm

G%anZ’":< (9)

tixx = xxti, Vi€ [m],Vk € [n]
titi = tit;, Vi, j € [m] '

taking into account the presentations given for the direct factors in Remarks 4.16 and 3.5.

By definition, any element in G can be represented as a product of the generators x; and t; given in this
presentation, but it is important to notice that, due to the fact that the t;'s commute with all the other
generators, we can obtain different reduced words on these generators representing the same element of the
group. However, every element of G admits a unique representation of the form w(x, ... ,x,,)tlal t2a2 e tam,
where w(xy, ..., xp) is a word on X = {xy, ..., x,} and (a1, a2, ..., am) € Z™.

For economy in the notation, we will abbreviate this normal form writing it as
wt® = w(xq, ... ,X,,)t(al"32 """ am)

where t is a formal symbol with the only purpose of holding the vector a = (a1, a2, ..., am) in the exponent
so that we can write the addition of elements in Z™ as a product. Indeed, in this manner, we can write the
operation in G as (ut?)(vt?) = uvt®® using multiplicative notation, while the abelian part works additively,
as usual, up in the exponent. With this convention, the trivial element of the group G is (represented by)
1-t% and t; = t, where 0 = (0, ...,0) € Z™ and & = (0, ...,1,...,0) is the all-zeros vector with a 1 in
the i-th position, for i € [m].

Definition 5.2. For an element in normal form wt?, we say that w € I, is its free part and the vector
a € Z™ is its abelian part. Moreover, we will denote by 7 the projection to the free part

Tm:G—>F,

wt? = w,
and by 7 the projection to the abelian part

T G—=2"
wt? — a.

Of course, two elements of G are equal if and only if their free and abelian parts coincide. And it is
also worth noticing that both 7 and 7 are homomorphisms. The following remark draws attention to a
redundancy which might generate some confusion.

Remark 5.3. We must be careful in the case in which n = 1. In that case, F, x Z™ = Z™*1 is a free-
abelian group and can be seen as Fo x Z™*! or as F; x Z™, a fact that gives rise to some ambiguity when
defining 7. We will think of these groups as Fo x Z™+1. However, to avoid unnecessary confusions, in
many cases we will choose to avoid this case n = 1, since free-abelian groups were already dealt with in
Section 3.
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As it is the case with free and free-abelian groups, subgroups of a FTFA group are again of the same
kind (with the restrictions inherited from those of its factors). In order to prove this result, it is important
to note that the group G fits in the middle of the natural short exact sequence

1—2" G5 F, —1, (10)

where ¢ is the inclusion map and 7 is the projection to the free part.

Proposition 5.4. Let H be a subgroup of G = F, x Z™. Then the subgroups of H are again free times
free-abelian. In particular, for n > 2, H admits a decomposition

H = Hro x (HNZ™) 2 Fy x Z™, (11)
where o is a splitting of (10), m" € [0, m] and n’ € [0, o¢].

Proof. If we have n =0, 1, then G is free-abelian and, therefore, any subgroup is free-abelian as well. Let
us suppose in what follows that n > 2.

In the short exact sequence (10), we have that ker(7) = im(:) = {1} x Z™ =2 Z™. If we now restrict
this short exact sequence to H < G, we obtain

1 — ker(my) — H —"= Hr — 1,

where ker(my) = HNker(m) = HNZ™ < Z™ and Hr < Fp. In consequence, ker(my) is a free-abelian
group and H is a free group. In order to obtain a splitting for 7y, choose a basis for Hr, say {u;}ic
for some countable set of indices / (recall that Hm need not be finitely generated). Consider the map that
takes every u; to an arbitrary preimage u;t% € H for some a; € Z™. Since the group Hr is free, this defines
a splitting o : Hm — H. Moreover, we have that o is injective, which implies that Hro < H is isomorphic
to Hm. We can now exhibit the following isomorphism of groups:

¢ :H— Hro x ker(my)
h+—(hro, h(hno)™t).

Therefore H = Hro x ker(my) = Hr x (HNZ™) =2 Fy x Z™  where n’ and m’ are as indicated in the
statement of the result, so H is free times free-abelian. O]

Corollary 5.5. A subgroup H < F,, x Z™ is finitely generated if and only if its projection Hm to the free
part is finitely generated.

The following result tells us how the rank of G is related to the ranks of its direct factors.

Proposition 5.6. Let H < F, x Z™, then
rk(H) = rk(Hm) + rk(HNZ™).

Proof. Let us denote p = rk(Hm) and g = rk(H N Z™). From (11), we know that H is isomorphic to the
direct product of Hm and HNZ™, so it can be generated by p + g elements (the union of p generators of
Hm and g generators of HNZ™) . Therefore rk(H) < p+ gq.

In general, if G" is the abelianisation of a group G, we have that rk(G3) < rk(G). Given that
H3b = (HT)2P x (HNZ™m)2P = 7P x 79, we derive that p+ q = rk(H?®) < rk(H). Thus we conclude that
rk(H) =p+q. O
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Now, by considering respective bases for each of the factors of a subgroup H < G (that is, a basis for
Hmo and an abelian basis for H N Z™), we define a notion of basis for a subgroup of a FTFA group.

Definition 5.7. A free-abelian basis of a subgroup H < IF, x Z™ is a set of generators of H of the form
{urt®, o upt®; t, L o)

whereay, ..., ap € Z™, {u1, ..., up} is a free basis of Hm, and {cy, ..., cq} is an abelian basis of Ly = HNZ™.
Notice that we might have p = oo, since Hm could be a subgroup of infinite rank of IF,. This does not
happen with g, which will always be lower or equal than m (by Theorem 3.7).

Given an element w € F,, and a subgroup H < F, x Z™, we may wonder what elements of Z™ can
“accompany” w as an abelian part in such a way that the resulting element belongs to H. This gives rise
to the following concept.

Definition 5.8. Given a subgroup H < G and an element w € F,,, we define the abelian completion of
w in H to be Cy(w) = {a € Z™ : wt® € H}. We also say that a is an abelian completion of w in H if
ac CH(W).

Proposition 5.9. The completion Cy(u) is non-empty if and only if u € Hr and, in this case, it is a coset
of Ly=HNZ™ in Z™. In particular, if {uit®, ..., upt?;t, .. t%} is a free-abelian basis for H < G and
w e IF,, then

, ifw¢ Hr,
@WO_{wA+u,ﬁweHm

where A is the p X m matrix having a; as i-th row, Ly = (c1,...,¢q) < Z™ and w = w¢p is the
abelianisation of the expression of w in the basis {u1, ..., up}; that is, ¢ is the change of basis w — w (w
is originally represented by a word in the generators of the ambient F, and w = w(uy, ..., up)), and p is
the abelianisation ¥, . ., = F, — ZP, as it is represented in the following diagram:

A /Ln

zm 77 /Ly
W w o w WA —— WA+ Ly = Cy(w).

Proof. For the first part, it is enough to take into account the definition of abelian completion, from which
we deduce that Cy(u) # @ iff 3a € Z™ : ut® € H iff u = (ut?)m € Hm. To see that, if Cy(w) # &,
then it is a coset of Ly, let us assume that {ut®, ..., upt®; t1, ... t%} is a basis for H. The fact that
CH(w) = wA + Ly follows from this observation: if we take wt® € H and write it in terms of this basis,
we will have

wt? = w(ut™, ..., upta*’)tb
for some b € (cy, ..., cq). Since the t's commute with everything, if we denote by |w]|; the sum of the
exponents of the different appearances of u;t® in w(uit™, ..., uptap), we have that
wt? = w(uy, ..., up)t(lel """ lwlp)A+b
and thus, a = (|w|1, ..., [w[p)A+b € WA+ Ly. O

A consequence of the previous result is this useful equivalence.
Corollary 5.10. Let wt? € G and H < G with basis {u1t®, ..., upt®; t1, ... t%}, then

wt? € He w € Hr and a € wopA + Ly.
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5.2 Enriched automata

In Section 4.2 we gave a graphical description of the subgroups of the free group using Stallings automata,
and now we will extend this theory to the subgroups of FTFA groups. To achieve this goal, we will also
use certain type of automata, but enriched with some additional information to encode the abelian part of
these subgroups. We give a precise definition of these objects below.

Definition 5.11. A Z™-enriched X-automaton (or simply an enriched automaton) is a pointed involutive
(Z™ x X x Z™)-automaton, with a subgroup of Z™ attached to the basepoint. In more detail, an enriched
automaton I consists of:

(i) an involutive pointed digraph ' = (V, E, ¢, 7, b), which will be called the underlying digraph of T;

(ii) an involutive labelling map ¢ = (¢1,£x, £2) : E — Z™ x X* x Z™ to which we refer as the enriched
labelling of T'; in other words, for every arc e = p — g with label (a1, x, @2), there exists a unique
arc e = g — p with label (—az, x~1, —ay), which will be called the inverse arc of e. We will refer
to a1 and ap as abelian labels of e and to x as a free label of e.

(iii) a label for the basepoint, which is a subgroup Lr < Z™ which we call the basepoint subgroup of T,

The result of removing from T the basepoint subgroup is what we call the body of I' and we will denote
it by .. Removing not only the basepoint subgroup of I' but also all the abelian labels gives as a result a
standard X-automaton which we call the skeleton of T, denoted by sk(I'). An enriched X-automaton T is
said to be deterministic (respectively, connected, core, reduced) if its skeleton sk(I") is so. We also define
the core of an enriched automaton in terms of the core of its skeleton in the natural way.

We will follow the same convention as in the free case (see Remark 4.23), i.e., an involutive automaton
is represented by its positive part.
We will write e = p 22— g to indicate that the arc e = p — g has label (a1, xj, a2). Recall that in
o

J
the free case the labelling of arcs could be extended to walks in a natural way just by concatenating the
labels of the arcs which formed the walk. We adapt this scheme to enriched automata:

(i) An enriched arc e = p 22—22, g is meant to be read t~x;t%2 = x;t*2721 when crossed forward (from
X

the tail to the head of the arrow), while it should be read t*azxj_ltal = xj_lt""ra2 = (xjt227a)~1
when crossed backwards (from the head to the tail of the arrow).

(ii) Successive arcs in a walk read the product (in G) of the labels of the arcs.

(iii) When at the basepoint, one can choose any element from Lr < Z™ < G as a label.

Hence, if v = e1ey - - - e is a non-trivial walk (every e; is an arc and k > 1) in T, an enriched label of
~ will be
()€ = (0 (e)ex () (@l (g Yoy ¢ ¢ G (12)

Moreover, due to rule (iii) above, we will consider that any walk 7p, that contains the basepoint has multiple
enriched labels, namely, the product in G of (y)¢ and any element of the basepoint subgroup. In particular,
we will follow the convention that any element in Lr is a possible enriched label of the trivial b-walk (a
walk beginning and ending at the basepoint).

Proposition 5.12. The set of enriched labels of b-walks in T is a subgroup of G.
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Proof. The trivial element of G is an enriched label of the trivial b-walk in . Moreover, if g1, € G are
enriched labels of respective b-walks 1 and 72, g1g» is an enriched label of the concatenation of ;7 and
72, which is also a b-walk. Finally, if g € G is an enriched label of a b-walk , g~! is an enriched label of
the inverse walk of v, which is also a b-walk. O

Definition 5.13. Let I be an enriched automaton. An element in the group G which is an enriched label
of a b-walk in T is said to be recognised by I'. The set of all elements recognised by I', which we know is
a subgroup of G by the previous result, is called the subgroup recognised by I and it is denoted by (I').

The following lemma tells us how the subgroup recognised by I is related to the subgroups recognised
by its skeleton and its core.

Lemma 5.14. Let T be an enriched automaton. Then,

(i) (sk(T)) = ((T))m,
(i) (T) = (core(T)).

Proof. (i) If u € (sk(I)), then u is the label of a b-walk in sk(I") and, if we consider the enriched label of
this walk in ', we obtain an element ut?® € (I') for some a € Z™ such that (ut?)m = u. Reciprocally,
if u € ((I))m, then there must exist some a € Z™ such that ut? is a label of a b-walk in T and it is
clear that, if we ignore all the abelian information, u is a label of a b-walk in sk(I).

(i) The inclusion (core(I")) C (I) is clear. For the other inclusion, suppose v is a dead vertex in Sk(I)
and let v be a b-walk containing v. The backtracking of this walk translates into a cancellation of
the labels (both free and abelian) of the arcs in I which do not belong to core(I). Therefore, the
labels (elements in G) of b-walks in I and core(I") coincide. O

Proposition 5.12 allows us to define a map which assigns a subgroup of G to every enriched automaton:

{Z™-enriched X-automata} — {subgroups of G}

Foe (. (13)

Recall that we are aiming to obtain a bijection between the set of subgroups of G and some set of
enriched automata. For the map that we have just defined, which is a first step towards the bijection we
seek, it is easy to prove its surjectivity by defining a FTFA version of the flower automaton we had in the
free case.

Definition 5.15. Let ut? € G where u = x;x;, - - x;, # 1 and x;, € X*. We define the canonical petal
automaton associated to ut?, denoted by Fl(ut?), as the following enriched automaton:

Moreover, given a finite subset S = {u1t™, ..., upt?; t, .. t%} C G, with uy,...,up # 1 and ay, ..., ap,
C1,...,Cq € Z™, we define the enriched flower automaton FI(S) as the automaton obtained by identifying
the basepoints of the petals of the first p elements of S and declaring the basepoint subgroup to be
Lr = {(c1,...,cq) (see Figure 7).
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Ll'* = (Cl, ...,Cq)

Figure 7: Enriched flower automaton.

Notice that in Fl(ut?) we can read both ut? and its inverse as enriched labels of a b-walk, so (Fl(ut?)) =
(ut®). The same argument (concatenating petals) proves that (FI(S)) = (S). Indeed, enriched labels of
b-walks in FI(S) are a product of elements of S and vice versa.

Given a subgroup H < G, it is enough to consider a generating set of H, say &, and build the flower
automaton of S in order to obtain an enriched automaton which recognises the subgroup H, that is,
H = (FI(S)). This guarantees the surjectivity of the map (13).

However, a subgroup H < G can be recognised by infinitely many automata, so this map is not injective.
The sources of this non-injectivity are:

(i)

(ii)

(iii)
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The redundancy inherited from the free part: since the skeleton of the flower automaton is a standard
automaton, it may present non-determinism. We will have to adapt the classical Stallings foldings
to enriched automata in order to fix this.

The presence of parallel enriched arcs with the same free label (situation depicted in Figure 8)
generates redundancy due to the non-determinism of the free part (the kind of redundancy in item
(i), but also due to the abelian part. Indeed, looping around the two parallel arcs gives an abelian
contribution which might not be included in the basepoint subgroup (we will specify this later in
Lemma 5.27). Therefore, changing the basepoint label so that it includes said contribution gives
an automaton with different basepoint label recognising the same subgroup. This source of non-
injectivity will be dealt with by means of closed enriched foldings at the same time as (i).

a, a,

Figure 8: Parallel enriched arcs with the same free label.

Certain redistributions of abelian labels throughout the automaton do not change the recognised
subgroup. For example, for any petal of the flower automaton, we could place the label a at the end
of any of the arcs constituting the walk. To fix this source of redundancy we will introduce some
transformations which will allow us to move the abelian labels around the automaton.



(iv) Every abelian label in the enriched automaton I' works modulo Lr. Indeed, suppose we have some
b-walk containing some arc with a as one of its abelian labels. Since the elements of (I') are enriched
labels of b-walks in I and the product of an enriched label of a b-walk by any element of L is another
enriched label of the b-walk, if we change some label a by a + | with | € L, the recognised subgroup
does not change. This source of redundancy is inherent in the object that we are considering, so the
way in which we deal with it is by absorbing it in the natural way, considering the labelling modulo
the basepoint subgroup (which we will express writing mod b).

In order to remove the previous sources of redundancy, we will ask for some extra properties that the
representative automata must satisfy. Firstly, to remove the sources of redundancy (i) and (ii), we will
consider reduced enriched automata.

Remark 5.16. Notice that if T is reduced, its skeleton sk(I') is a reduced X-automaton and, by Lemma
5.14, we have that (sk(I')) = ((I'))m = Hw=. This implies that sk(I") is nothing but the classic Stallings
automaton St(Hw, X).

These reduced automata encode nicely many algebraic properties of the subgroup they recognise, like
a basis for it.

Remark 5.17. Observe that, if T is a spanning tree of I and we call By = {(b~» p > g~>b)l : e €
ETT\ET} (the set of enriched labels of positive T-petals in I'), we have that (B1)m = Bt (the positive
T-basis of H).

The following lemma shows that Bt is a basis for the subgroup recognised by the body of I' and can
be completed so as to obtain a basis for H and it also shows that the basepoint subgroup of a reduced
enriched automaton recognising H coincides with H N Z™.

Lemma 5.18. Let I be a reduced enriched automaton recognising H < G. Then, H = (I.) x L, where
(T.) is the image of a splitting of T\ H, and Ly = HNZ™. Moreover, Bt is a free basis for (I.) which,
joined to an abelian basis for Ly, constitutes a basis for H.

Proof. It is obvious by definition that Lr < () NZ™ = HNZ™. For the opposite inclusion, let By =
{u;t%};, and suppose that t2 € (I) NZ™ = HNZ™. Then, we may write t* = w(u;t%)t' for some | € L,
where w(u;jt®) denotes a reduced word on the u;t%’s. Given that the free part of this element t? is trivial
and {u;}; is freely independent, we must have that w is the trivial word and therefore t? = t' e Lr, as we
wanted to see.

To prove that H = (I.) x Lr, we consider the homomorphism Hr — H given by (v[ )lx — (vJ)¢ for
each arc e € ET\ T and take into account the decomposition (5.4). O

Remark 5.19. We must point out here that, even though we always have L < HNZ™, the opposite
inclusion may not be true when T is not reduced. This is due to possible non-trivial relations among the
free parts uq, ..., up. We refer the reader to Example 5.37 to see an instance where Lr # HNZ™.

Although reduced enriched automata are good representatives of subgroups of G, there are still redun-
dancies to care about. For this, we will consider the following kind of automata.

Definition 5.20. Let I' be an enriched X-automaton and let T be a spanning tree of . We say that I is
T-normalised if it is reduced and its abelian labelling satisfies these two conditions:

(i) (e)t1 = (e)la =0 for all e € ET (the abelian labels in the arcs of T are all equal to zero),
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(i) (e)f1 =0 for all e € EF\ET (only the labels at the head of the arcs outside T might be nonzero).

Notice that if two T-normalised automata I and I’ recognise the same subgroup H < G, they will
both have the same basepoint subgroup (indeed, by Proposition 5.18, Lr = HNZ™ = L). Because of
this, we can compare I and " modulo their basepoint subgroups, as we do in the next result.

Proposition 5.21. For any given subgroup H < G, and any given spanning tree T of St(Hm, X), every
two T-normalised enriched automata I and I’ recognising H are equal modulo Ly = Ly = HNZ™.

Proof. Observe that, by Remark 5.16, both T and I’ have the same skeleton and, by Proposition 5.18,
they also have the same basepoint subgroup. Notice as well that, because they are T-normalised, all the
abelian labels in these automata are zero except for the ones placed at the endpoints of the arcs outside
of the spanning tree. If we show that these labels coincide modulo Ly, we will have the result. Take an
arc e in Sk(I) = Sk(l'’) and let us see if ()2 takes the same value modulo Lr in both I and I’. Suppose
(e)l, = ain T and (e)la = c in I’. If we read the enriched label of the b-walk containing the arc e
whose other arcs all belong to T both in T and I/, for some w € Hm we will obtain that wt? € (T) = H
and wt® € (") = H. This implies that t2=¢ = (wt®)(wt®)™! € HNZ™ = Lt = L. Therefore, the two
automata coincide modulo the basepoint. O

Thanks to this result, once a spanning tree T is fixed, by considering the abelian labels modulo the
basepoint subgroup, we have a unique object representing a given subgroup of G: a T-normalised enriched
automaton I' modulo the basepoint subgroup, for some spanning tree T.

Definition 5.22. Let H be a subgroup of G and let T be a spanning tree of St(Hm, X). Then, a T-
normalised Z™-enriched X-automaton recognising H is said to be a Stallings automaton for H with respect
to T. We will denote these automata by St1(H, X) or simply St(H) when T and X are clear from the
context.! When we consider the abelian labels of one of these automata modulo the basepoint subgroup
(mod b), we call this the canonical Stallings automaton for H with respect to T (which is a unique
representative of the subgroup H), and we denote it by Str(H, X).

Remark 5.23. Notice that the existence of a Stallings automaton of a subgroup H < G is guaranteed.
Indeed, we know that St(Hm) exists and we can consider a spanning tree T. Now, at every arc e outside
this spanning tree, we add as an abelian label (at the head of the arc) an element in the abelian completion
of the element of Hr which labels the b-walk b ~~ p3q ~5 b. Then, we let the remaining labels in the
automaton be zero. Finally, we set H N Z™ as the basepoint subgroup of the automaton. In this way, we
obtain an enriched automaton which is a Stallings automaton for H.

In practice, we may work with any Stallings automaton for H (for example, when we solve some instance
of the membership problem) and we will only need to consider the canonical Stallings automaton to have
a bijection.

In order to establish a bijection between subgroups of G and these enriched automata, we will need to
specify a uniform way to choose the spanning trees of reduced enriched automata.

Lemma 5.24. Let T be a reduced enriched X-automaton. Let < be a well order in X* and consider the
tree T4(T') obtained in the following way:

(i) First, declare that b is a vertex of T(I).

'Note that we are slightly abusing language here since Str(H, X) might denote different automata (equal modulo the
basepoint subgroup).
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(ii) Recursively, add to T<(T') the edge (together with its other incident vertex) with smallest possible
label incident to the oldest vertex present in T(T') at the moment and not closing a path.

Then, T4(T) is a spanning tree of T.

Proof. The hypotheses in the statement of this result guarantee that step (ii) can always be performed.
Indeed, since no two arcs with the same label can be incident in the same vertex (because the automaton
is reduced), the edge with smallest possible label incident to the oldest vertex is well-defined. Given the
fact that the automaton is connected (it is reduced) and the way in which new vertices are incorporated
to the tree (first those at distance 1 from b, then those at distance 2 from b, etc.), all vertices of T will
eventually be incorporated to T<(I) and no cycle is generated, so it is a spanning tree. O

A Stallings automaton for H < F, x Z™ with respect to a spanning tree obtained following the process
in Lemma 5.24 will be denoted by St4(H, X) and we will refer to it as a <-Stallings automaton when we
want to emphasise the way in which the spanning tree has been chosen. Considering its labels modulo the
basepoint subgroup, we obtain a canonical automaton which we denote by St<(H, X)

The main result of this section is the following bijection between subgroups of G and (uniformly chosen)
enriched Stallings automata.

Theorem 5.25 (Delgado-Ventura). Let Fx be a free group with finite basis X, let Z™ be a finitely
generated free-abelian group, and let < be a total order on X*. Then, the map

Sto: {subgr. of Fx x Z™} <« {(isom. classes of) <-Stallings automaton mod b}
H +— Sti(H, X) (14)
(rH <« r

is a bijection. Moreover, if we restrict it to finitely generated subgroups, this bijection is computable.

The fact that the map (14) is a bijection is a consequence of what we have discussed so far: the
inverse map has been already shown to be well defined and surjective. On the other hand, if we consider
=<-normalised Stallings automata modulo the basepoint subgroup, we have a unique representative for each
subgroup in G. In the remaining of this section, we will develop the theory necessary to show that if we
restrict to finitely generated groups, the bijection (14) is algorithmic.

We will start by showing how to compute St (H, X) when we are given a finite generating set S for a
subgroup H. We start by constructing the enriched flower automaton for S in order to obtain an enriched
automaton recognising H. Our goal now is to obtain a <-normalised enriched automaton starting from the
one we have. As it happened in the free case, the strategy is to introduce certain kinds of transformations
on enriched automata that do not change the recognised subgroup and which will allow us to reach a
reduced enriched automaton in finite time.

The idea is to adapt the folding process we had in the free case to the enriched case. Just like in the
free case, here we will also have open and closed foldings, but with the extra information of the abelian
labelling of the arcs. In the case of open foldings, we will perform an identification of two arcs like in the
free case, but here we have the extra condition that the abelian labels (not only the free ones) must be
the same for the arcs involved. On the other hand, for closed foldings the identification entails a possible
abelian contribution to the basepoint subgroup. We formalise these two notions below.

Definition 5.26 (Enriched foldings). Let us consider the following elementary transformations on enriched
automata:
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(i) Open (enriched) foldings: consisting in identifying a pair of nonparallel enriched arcs with exactly
the same (free and abelian) labelling (see Figure 9).

N a A é
X; >

Figure 9: Open enriched folding.

(ii) Closed (enriched) foldings: consisting in identifying a pair of parallel enriched arcs with the same free
label and updating the basepoint subgroup from Lr to Lr + (c; — a3 + a2 — c2) (see Figure 10).

a, a, a] a,
R = ®
cl C, . i .

@(.". @(.“.

Ly Lp+{¢;—a;+a;,—¢,)

Figure 10: Closed enriched folding.

The following lemma guarantees that the previous transformations do not affect the subgroup recognised
by an enriched automaton.

Lemma 5.27. IfT is an enriched Z™-automaton and T ~ T’ is an (open or closed) enriched folding, then
the subgroups recognised by T and I’ in G coincide, that is, (') = (") < G.

Proof. Since the labels of both arcs involved in an open folding coincide, it is clear that one can read the
same labels before and after the folding. As to closed foldings, the updating of the basepoint subgroup
described in Definition 5.26 guarantees the invariance of the recognised subgroup, since it compensates
the abelian contribution that looping around the closed folding creates. Indeed, when we have two parallel
arcs with the same free label we can read the family of words [(t~1x;t%2~2x1¢1)*1]* which (taking into
account the commutativity between the t;'s with and the rest of the generators) corresponds to the abelian
subgroup (c1 —aj + a2 — c2) in G. By adding this abelian contribution to the basepoint subgroup, we
ensure that we can remove one of the arcs involved without changing the recognised subgroup. O

Since open foldings require the two arcs involved to have the same enriched label, one may wonder
what happens if we have an open folding situation in the skeleton of the enriched automaton but the
abelian labels of the two arcs do not match. It is clear that we cannot apply an open enriched folding
directly. This motivates the definition of certain abelian transformations which will allow us to change
the distribution of the abelian labels in the automaton, again, without modifying the recognised subgroup.
These transformations will not only help us to tranform any open folding situation in the skeleton into an
enriched open folding situation, but they will also allow us to “move” the abelian labels out of the chosen
spanning tree when we compute a <-normalisation of our automaton.
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Definition 5.28 (Abelian transformations). Let us consider the following elementary abelian transforma-
tions on enriched automata:

(i) A vertex transformation consists in adding a vector ¢ € Z™ to every abelian label in the neighbourhood
of a vertex p (see Figure 11).

Figure 11: Vertex transformation.

(i) An arc transformation consists in adding a vector ¢ € Z™ to both the initial and final labels of an
arc (see Figure 12).

a; a, a;+c¢ a+c
° ° T ° °

Figure 12: Arc transformation.

It is obvious that these transformations do not affect the skeleton of the automaton and, in the following
result, we show that they do not affect the recognised subgroup either.

Proposition 5.29. Abelian transformations do not change the recognised subgroup. That is, if T ~ T’ is
a (vertex or arc) transformation, then (I) = (I'’).

Proof. Let T be an enriched automaton and let I’ and "’ be the automata resulting from applying a
vertex transformation and an arc transformation, respectively, to . We will prove that () = (I'") = (I'"’).
To show that (I') = (I'"), we must simply observe that, if a b-walk in ' goes through a vertex p reading
X 12Xt = x;.x;, t%7%, the corresponding b-walk in I’ will read Xi; At t7 ¢ = Xi: Xiy tAite-a—c —
X x;, t% % Similarly, in order to prove that (I') = (I'"’), we need only realise that if an arc is read as
t73x;t? = x;tP~2 in T, the corresponding arc in I'” is read as t 2 Cx;tP+e = x;tbte—a—c — y,b—a O

By applying vertex and arc transformations, we can redistribute abelian labels throughout the automaton
without changing the recognised subgroup. The proof of the following lemma may serve as an example of
this.

Lemma 5.30. The abelian labels in any bridge-arc in an enriched automaton do not affect the subgroup
it recognises in ¥, x Z'. In particular, we can remove all abelian labels from any bridge-arc.

Proof. Let e = p 2 %, g be a bridge-arc and assume, without loss of generality, that p belongs to the
Xj

component containing the basepoint when one removes the arc e (we may say p is the arc extreme closer
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to the basepoint). Firstly, we perform an arc transformation subtracting az to both abelian labels of e so

. 0 . .
as to obtain e = p L. g, where ¢ = a; — a. Secondly, using a vertex transformation, we subtract
Xj
c in each one of the vertices in the component containing the basepoint. In particular, the result of this

. . 0 0 . . . _

transformation on e is to have e = p —— q. Notice that now all the abelian labels in the basepoint’s
Xj

component are shifted by —c. We can restore their original labels by carrying out an arc transformation

adding c to both the tail and the head of every arc in this component. O

As we had previously said, the idea is to use abelian transformations in order to reach (enriched) folding
situations like the ones in Definition 5.26. The following result makes this clear.

Lemma 5.31. A pair of arcs e and f in an enriched automaton I admit an open (resp. closed) enriched
folding if and only if the corresponding arcs in Sk(T') admit an open (resp. closed) folding.

Proof. It is obvious that, if the enriched automaton admits an open folding then its skeleton does too.
Suppose now that Sk(I') admits an open folding. If the abelian labels of the arcs coincide, the enriched
automaton also admits an open folding. Otherwise, one can perform arc and vertex tranformations so as to
obtain an enriched folding situation like in Definition 5.26. Indeed, if e = p alx—a2> gandf =p CIX—CZ> r

are the two arcs which we want to identify, we can first apply an arc transforrrjwtion to f adding alj -
to both of its abelian labels in order to obtain (f)¢; = (e)¢; = a1 and (f)¢2 = ca —c1 +a3. Then, we
perform a vertex transformation at r (notice that this will not affect the labelling of e because we have
an open folding situation, that is, we have that g # r) adding a2 — c2 + ¢3 — a3 to the abelian labels in
its neighbourhood, which yields (e)lo = (f)l2. After this preparation, all the abelian labels in e and f
coincide, so we can perform the open folding. In the case of closed foldings, the double implication is clear,
since there are no requirements on the abelian labels of the arcs involved. O

Remark 5.32. After seeing the proof of the previous proposition, one may wonder why in the case of closed
enriched foldings we do not carry out a preparation process that makes the abelian labels match like in the
open folding case. If this were possible, we might have defined closed enriched foldings as an identification
of arcs like in the free case. However, if we try to adapt the argument we have used for open enriched
foldings, we encounter that the vertex transformation at the endpoint of f would also affect the label (€)¢
and we cannot obtain the same abelian labels in both arcs in this way. Given this situation, what we do
is to fully remove f and update the basepoint to avoid changing the recognised subgroup. The reason
behind this change in the basepoint is that want to ensure the recognised subgroup does not change (see
the proof of Lemma 5.27).

As a consequence of Lemma 5.31, we have the following corollary.

Corollary 5.33. Let ' be an enriched automaton. Then T admits no more foldings if and only if Sk(I")
admits no more foldings.

In order to prove the computability of the map (14) all we need to show is that we can transform our
initial flower automaton for a generating set of a subgroup H into St(H).

Proposition 5.34. Let H < F, x Z™ be a subgroup given by a finite family of generators, then a Stallings
automaton for H is computable.

Proof. We will start by building an enriched flower automaton T for the given finite set of generators of H.
This enriched automaton is core and we will show that it can be transformed into a reduced automaton
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without altering the subgroup it recognises (that is, H) by means of a finite sequence of transformations
which may include abelian transformations and enriched foldings.

By classic Stallings automata theory, we know that there exists a finite sequence of foldings which
convert the skeleton of I into the reduced automaton St(Hw). Applying Lemma 5.31, it is clear that we
can perform an enriched folding on T for each of the free foldings of the skeleton just by carrying out the
necessary abelian transformations in the case of open foldings and by changing the basepoint subgroup
suitably in the case of closed foldings. With this, we obtain a finite sequence of transformations which
convert I into a reduced enriched automaton recognising H.

Suppose T is the chosen (by Lemma 5.24) spanning tree for the reduced enriched automaton we have
obtained, which we will call I’. We claim that we can normalise I'" with respect to T by performing abelian
transformations (which do not change the recognised subgroup) throughout the spanning tree in order to
move the abelian labels out of T.

Suppose that we have removed all the abelian labels from every arc at T-distance at most k—1 from the
basepoint b. For every arc e = p —5 pk+1 in T at T-distance k from b, perform an arc transformation
X

removing the label a from the tail of e and then perform a vertex transformation in pyy; to remove the
obtained label (that is, c — a). Notice that the vertex transformation may also affect other arcs:

(i) it may modify the abelian labelling of an arc at distance k + 1 from the basepoint,

(ii) it may modify the abelian labelling of an arc outside of T.

Since I’ is finite, after a finite number of steps in this process, we will reach the arcs in T at maximum
distance from b. After performing the described transformations in these arcs, which may only modify
the labelling of arcs outside of T because there are no arcs in T at a higher distance, we obtain that all
nonzero abelian labels lie in arcs outside of T.

Finally, we can apply arc transformations to concentrate the abelian labels in the heads of the arcs
outside of T so as to obtain a T-normalisation of I'". Thus, St(H) is computable. O

We have shown how to compute St(H) for a finitely generated subgroup H < G. We will now focus
on describing an efficient way of computing the subgroup generated by a Stallings automaton (by giving a
basis for it), showing the computability of the right-to-left direction of the bijection (14).

We already mentioned the idea that, as it happened in the free case, enriched Stallings automata
encode a basis of the subgroups of G (see Remark 5.17 and Proposition 5.18).

Recall that we had seen that By = {(b ~» p = g ~» b)¢: e € ETT\ET} is a basis for (). Taking this
into account, we have that the union of an abelian basis of Lr and a basis of (I,) like Bt is a free-abelian
basis for (I'). In case we have a finite <-normalised enriched automaton, we can compute one of these
bases. First, one must compute an abelian basis for Ly, which can be done using linear algebra. Then,
a basis of (I,) is obtained by reading the enriched labels of the T-petals in ' (of which there is a finite
number). Therefore, we have the following corollary.

Corollary 5.35. Free-abelian bases of finitely generated subgroups of FTFA groups are computable.

We will illustrate the computability of bijection (14) with two examples.

Example 5.36. Let us consider the subgroup

H, = (xyxt(1'2), X_lth(4'0), yxyt(o'2), y_lx_lyt(l'l), £(3:0), t(0'6)) < Fp x 72,
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We will obtain a St<(Hy), where the total order < that we are considering is x 1 < x <y ! <y.
The first enriched automaton in Figure 13 is the flower automaton of the set
{xyxt(1'2), xLyxt @0y 4(0.2) =1, =114(11) 4(3.0) t(0,6)}.

Notice that, in Figure 13, L = ((3,0),(0,6)) and the different automata represent the result we obtain
after each of the five steps that we carry out.

(1,2) (1,2)
(4,0)
(2)
L
L 4,0)
(1,1)
(0,2) 0,2)
0 4.0)
(-3,2) (=3,2),
(5
L " L
(1.3) (1.3)

1,1

Figure 13: Steps in Example 5.36.

In step (1), we apply abelian transformations in order to obtain matching labels in the arcs that we
(0,0) (1,2) .
————" b with the

other red arc below it, we need to perform the following abelian transformations: firstX, we apply an arc
transformation to e adding (—1, —2) and, afterwards, we perform a vertex transformation at e adding
(1,2). The enriched automaton we obtain after step (1) is the result of applying similar operations in the
other petals.

will fold in the second step. For example, notice that to fold the red arc e = o

In step (2), we fold the three red arcs whose heads are pointing at b (observe that all of them have
zero abelian labels thanks to the preparation process carried out in step (1)) and we also fold the three

blue arcs whose heads are pointing at b.

In step (3), we perform the abelian transformations that are necessary before step (4). First, we apply an
arc transformation to the blue arce = o M e adding (3, —2) so as to obtaine = e M)—) ..
Then, we perform a vertex transformation at iéhe top left vertex adding (—3, 2). After this, we ca)r<ry out an

(0,0)  (0,2) (0,—2)  (0,0) ..

arc transformation at thered arc f = o e adding (0, —2) in order to have f = o
This is followed by applying a vertex transformation at the bottom right vertex adding (1, 3).

In step (4), we perform an enriched folding involving the two blue arcs on top and another one involving
the two red arcs at the bottom. Notice that in the resulting automaton, the thicker arcs are those belonging
to the spanning tree associated to the order we have chosen at the beginning.
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In step (5), we apply an arc transformation to the red arc at the bottom adding (—1, —1) so as to make
sure that all nonzero abelian labels are placed at the heads of the arcs outside the spanning tree. This way,
we obtain St(Hi).

Finally, from the Stallings automaton for H; that we have computed, we can obtain a basis for Hi,
which is

By = {th(o,z)’ xLyxt(10) 24(13) | =1,14(11). 4(3.0) t(0,6)}_
Notice that in this basis we have the same number of generators of Hywo that we had at the beginning,
which means that there were no nontrivial relations among the free parts of the original generators. This
will not happen in the next example, in which there will be relations of this type among the given generators.

Example 5.37. In this second example, we will consider the subgroup

H, = <nyt(1,2)’ x’1y2t(3'2),xy3t(’1'4), £(2.0). t(o,4)> < T, x 72.

(1.2)

(1.2)

3,2) N (3.2) - (3.2)

L L+ {((5,0))

Figure 14: Steps in Example 5.37.

The first automaton in Figure 14 is the enriched flower automaton associated to the given generating
set of Ho and we have L = ((2,0),(0,4)). Since the transformations we apply are very similar to the ones
in the previous example, we will only describe with detail the steps which present some difference. In step
(1), we apply abelian transformations to redistribute the abelian labels. In step (2), we perform two open
foldings involving the arcs marked with segments. In step (3), we apply abelian transformations to make
the abelian labels of the pairs of arcs which are marked coincide. In step (4), we perform the two open
foldings involving the arcs marked. In step (5), we perform a closed folding with the subsequent change of
the basepoint subgroup, which consists in adding (1,2) — (—4,2) = (5, 0) to the basepoint subgroup. As
before, the arcs which are thicker represent the spanning tree T that we choose to normalise the automaton
(we have used the same order as in the previous example to obtain this tree). Since all non-zero abelian
labels are placed at the head of the arcs outside T after the last folding, no more abelian transformations
are needed. The resulting automaton is St(H>).
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Now, from the Stallings automaton for H, that we have computed, we can obtain a basis for H,, which

By = {nyt(1,2)’ X71y2 t(1,2); t(l,O), t(0,4)}'

where we have used the fact that ((2,0), (5,0), (0,4)) = ((1,0), (0,4)) to obtain a basis for the basepoint
subgroup.

It is interesting to note that this example clarifies Remark 5.19: the enriched automaton that we
have at the beginning recognises H», but its basepoint subgroup is not H, N Z™. Indeed, we have that
Oayxt(2)) - (x71y2t3:2)). (xy 3¢ (=14 =1 = ¢(50) ¢ HyNZ™, but it is clear that t(>9) & L = ((2,0), (0, 4)).
On the other hand, St(H,) does have Hy N Z™ as its basepoint subgroup (notice that during the process
of folding, we have changed the basepoint subgroup when performing a closed folding).

An important consequence of the algorithmic behaviour of the bijection we have established is that the
membership problem for FTFA groups is computable.

Proposition 5.38. If G is a FTFA group, then the membership problem MP(G) is computable.

Proof. We may assume that all the input words are in normal form. Given elements wt?, wyt?1, ..., wit®* € G,
we will give a finite sequence of steps to show that it is possible to decide whether wt? belongs to
H= <W1tal, ey Wktak>.

Recall that any St(H) is an enriched automaton recognising H. This means, by the definition of
recognised subgroup, that wt® € H if and only if it is an enriched label of a b-walk in St(H). In particular,
if wt® € H, we must have that w € Hr and this is equivalent to w being a label of a b-walk in Sk(St(H))
(since by Proposition 5.14 we have that (Sk(St(H))) = Hm). Assuming that we can read w in the skeleton
of St(H), we will still need to verify if t* € Cy(w) to decide if wt® € H. When reading w in St(H), we
also read an abelian completion ¢, € Cy(w). We will have that wt? is an enriched label of a b-walk in
St(H) if and only if t*~* € Ly (being Ly the basepoint subgroup of St(H)). Taking this into account,
we can decide whether wt? € H following these steps:

1. Compute a St(H).

2. Try to read the free part w of the word in the skeleton of St(H), keeping track of the abelian
completion c,, € Z™ obtained in doing so. If this is not possible, it will mean that w is not the label
of any walk in Sk(St(H)), so return NO; otherwise continue.

3. If the final vertex (after reading w in Sk(St(H))) is not the basepoint b, then return NO (because
this means that w is not the label of a b-walk); otherwise continue.

4. Check whether t? belongs to ¢y + Ly using linear algebra methods over Z. In the affirmative case,
return YES; otherwise, return NO.

5.3 Finite index subgroups of FTFA groups

As an application of the description of subgroups of F, x Z™ given by the bijection (14), in this section
we will study the finite index subgroups of a FTFA group. We will first show how the index of a subgroup
H of G =F, x Z™ is related to the indices of Hm in F,, and of HNZ™ in Z™ (Proposition 5.39). We will
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also show that the finite index problem is solvable for free times free-abelian groups (Proposition 5.42).
And, finally, we will determine the number of finite index subgroups of a FTFA group.

Proposition 5.39. Let G be a FTFA group, let H be a subgroup of G, let {v;};c; be a right transversal
for Hr in Fp,, and let {cj}jc, be a transversal for Ly = HNZ™. Then, {v;t% : i € l,j € J} is a right
transversal for H in G. Hence, |G : H| = |F, : Hr| - |Z™ : Ly|; in particular, the index |G : H| is finite if
and only if both |F,, : Hrr| and |Z™ : Ly| are finite.

Proof. We will first prove that the elements in {v;t% : j € I,j € J} all belong to different right cosets of H.
Indeed, if Hv;t% = Hv;/t%, then we can project to F,, in order to obtain (H7)v; = (Hm)v;y and, given that
{vi}ies is a right transversal for Hm, we obtain that i = /. Taking into account that t% and t% commute
with v; = vy, it follows that Ht% = Ht%' . If we now intersect this with Z™, we obtain Ly + ¢ =Ly+cy,
and this implies that j = j’ because {cj};c, is a transversal for L. This shows that each of the right
cosets represented by an element v;t% is different from the others. Now, to prove that these are all the
right cosets of H in G, we must simply prove that Li;c; Uje; Hvjt% = F, x Z™. Let us take wt? € F, x Z™.
For some i € | and u € Hm, we may write w = uv; and we can also choose d € Cy(u) so that ut € H.
Moreover, we may write a —d = | + ; for some j € J and | € Ly. With this, we have:

a—d

wt? = uv;t? = ut?v; = utdt? 9y = w9ty = utdevieS,

where utdt' € H because utd € H and t' € Ly C H, so wt? € Hv;t% and this concludes the argument. [

Corollary 5.40. Let H be a subgroup of a FTFA group G and let St(H) be a Stallings automaton for H.
Then, H has finite index k if and only if St(H) is saturated, it has a finite number of vertices ky which is
a divisor of k and has a basepoint subgroup of finite index k% in Z™.

Example 5.41. To illustrate the two previous results, let us consider again the subgroups H; and H, in
Examples 5.36 and 5.37.

In Example 5.36, we obtained a Stallings automaton which was saturated and had 3 vertices. This
means that |F» : Himr| = 3. Now, since the basepoint subgroup of this automaton was H; N Z? = L; =
((3,0),(0,6)), we have that |Z? : H; N Z?| = 3-6 = 18, where we have applied formula (1). With this,
applying Proposition 5.39, we conclude that Hj is a finite index subgroup with

Fy x Z2 : Hy| = |Fo : Hym| - |22 : HiNZ?| =3 - 18 = 54.

In Example 5.37, St(H,) was not saturated, which means that H, does not have finite index in [y x Z2,
in virtue of Corollary 5.40.

Proposition 5.39, together with the fact that the finite index problem is known to be solvable for each
of the factors (free and free-abelian) of G, give that FIP(G) is solvable as a corollary.

Corollary 5.42. Let H < G be a finitely generated subgroup given by a finite set of generators. Then,
there is an algorithm to decide whether H is of finite index and, in the affirmative case, compute the index
and a transversal for H. In other words, FIP(G) is solvable.

We will now combine the graphical description that we have obtained for finite index subgroups of

FTFA groups with the formulas we obtained in 3.19 and 4.55 for free-abelian and free groups respectively
in order to derive a formula for the number of subgroups of a given finite index in a FTFA group.
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Theorem 5.43. Let G =TF, x Z™, then

ki(n—1)41
Ni(G) = Nig (Fn) N (Z7) - <:1> :

ke |k

where N (G) denotes the number of subgroups of index k in the group G and ky runs over all divisors of k.

Proof. By Corollary 5.40, it is clear that we must count the number of canonical Stallings automata which
are saturated, have a finite number of vertices k; which is a divisor of k and have a basepoint subgroup of
finite index k% in Z™M.

Let us begin by fixing kq, a divisor of k. To determine the number of enriched automata I' with k;
vertices satisfying the above properties, we will begin by studying how many choices we have for

(i) the skeleton of T,
(ii) the basepoint subgroup of I', and

(iii) the abelian labelling of the arcs of T,

taking into account the restrictions coming from the mentioned properties.

We will first consider the skeleton of I'. Since I' must be <-normalised (in particular, reduced) and
saturated and must have kj vertices, it is clear that Sk(I') must be the Stallings automaton of a subgroup
of index ki in F,. Therefore, the number of possible choices that we have for Sk(T') is Ny, (F,), i.e., the
number of subgroups of index k; in FF,.

As to the basepoint subgroup of I, since we need it to have index k% in Z™, the number of possible

choices that we have for it is N« (Z™), i.e., the number of subgroups of index k% in Z™M.
k1

It remains to determine the number of distinct abelian labellings that we can have for the arcs of T.
The first thing one must notice is that, because I' is <-normalised, all abelian labels will be zero except
maybe the ones situated at the heads of the arcs outside the spanning tree T4(I). The number of arcs
outside the spanning tree is the graphical rank of Sk(I’), which coincides (by Theorem 4.46) with the rank
of (Sk(I)). Using Schreier's formula (see Theorem 4.50), we can write the rank of (Sk(I')) in terms of its
index. Indeed, rk({Sk(F))) —1 = |F, : (Sk(F))|(n—1) = ky(n—1), so there are ky(n—1)+1 labels whose
value might be nonzero. Given that these abelian labels are considered modulo the basepoint subgroup, the

number of possible choices for each of them is precisely the index of the basepoint subgroup in Z™, which
. . . . . ki(n—1)+1

we know is equal to k% Therefore, the number of possible abelian labellings for the arcs is (k%) :
Since the three elements listed above determine I, for the value k; we had fixed, the product of the
three numbers that we have obtained is the number of enriched automata with ky vertices which have the
properties mentioned in the first paragraph of the proof. To finish the argument, we must simply sum the

number we have obtained over all possible divisors ki of k and that yields the formula in the statement. [J

We can see how many finite index subgroups of index k we have in F,, x Z™ for certain values of n, m
and k in Table 3.
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| (nm\k|1 2 3 4 5 6 7
(0,3 |1 7 13 35 31 91 57
(2,00 |1 3 13 71 461 3447 29093
(2,1) |1 7 22 111 486 3772 20142
(2,2) |1 15 49 255 611 4827 20485
(2,3) |1 31 130 799 1236 9232 31886
(3,1) |1 15 124 2431 68766 3025596 173773496
(3,2) |1 31 205 3263 69391 3057907 173775897
(3,3) |1 63 448 5951 72516 3139944 173792704

Table 3: Values of Ni(F, x Z™) for small n, m and k.
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6. Future work

The work that we have presented so far has some possible continuations. Since FTFA groups can be
thought of as members of larger families of groups, it is reasonable to think that the results that we have
obtained for FTFA groups might be generalizable to these larger families. In this vein, two families of
groups for which it is natural to try to obtain a formula for the number of subgroups of a given finite index
are free-abelian by free groups (which we will present in Section 6.1) and Droms (which will be dealt with
in Section 6.2).

6.1 Free-abelian by free groups

The groups we studied in Section 5, FTFA groups, which are the direct product of a free group and a
free-abelian group, are actually a particular case of a more general notion which we present next.

Definition 6.1. Let Z™ = (t1, ..., tm|tjtj = tjt;, Vi, j € [m]) be a free-abelian group of finite rank m with
abelian basis T = {t1, ..., tm}, let F,, = (x1, ..., x4|—) be a free group of rank n with basis X = {x, ..., x,}
and let Aj € GLy(Z) for each j € {1,..., n} be automorphisms of Z™. The semidirect product Ga =
F, xa, Z™, with action the homomorphism given by

A.: F, — GLn(Z)
X = A

is called a free-abelian by free group, which we will abbreviate by FABF.

Remark 6.2. If w = xflle; .- 'XI-ZP is a word where j; € {1,...,n} and ¢; € {—1,+1} for all j € {1, ..., p},
we will write

A, = AfllAf; = Af:
for the product of matrices obtained replacing each letter x; in w by the corresponding matrix A;. Also,
for a subgroup H < F,,, we will write

Ay ={A,:weH}

With the notation above, a presentation for a FABF group Ga = F,, xa, Z™ with a specified action is
the following:

X1y oo Xn (15)

titj = tjt;, Vi, j € [m]

_ m __
Ga =Fnwa, 2 _< 1, tm

Xk_lt,'Xk =tiAx, Vi€ [m],Vk S [n] >

Remark 6.3. The case where the action is trivial (that is, Aj = I, for all j € {1, ..., n}) corresponds to the
direct product F,, x Z™, the family of groups studied in Section 5.

Given a word w on (X U T)*, we can use the relations in (15) to move the t;'s orderly to the right and
obtain a normal form for the element represented by w. Indeed, we define the normal form for the element
of Ga represented by the word w as

ut® = u(x, ..., xp) - t5 - E2,

where u is the element of F, represented by the free part of the element in F,, x5, Z™ corresponding to
the word w and a = (a1, ..., am) € Z™ is its abelian part. In addition, we will denote by 7 : Gp — F, the
map assigning ut? — u.
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With this notation, the semidirect conjugation relation in Ga can be written as

aA,

u1t?u = t*Av, where a € Z™ and u € I,

Equivalently, we have the following multiplication rules:
-1
t?u = ut®® and ut® = t*A Ty

As it happened with free groups and FTFA groups, the subgroups of a FABF group are FABF as well.
Moreover, a generalisation of the techniques developed in section 5 allow to establish again a bijection
between subgroups and enriched automata (see [5]).

The enriched automata in this new bijection are the same objects presented in Definition 5.11. In
this context, we will also have that the set of enriched labels of b-walks in an enriched automata I is a
subgroup in Ga, which we call the subgroup recognised by I' and denote by (I)a. However, the way in
which enriched arcs are meant to be read in the context of the semidirect product is a bit different from
the FTFA case, since we must consider the action. Indeed, for a given action A, : F,, — GL,(Z™), the arc
e=p alx_az> g is meant to be read as we indicate in Figure 15. And, taking this into account, enriched

J
labels of walks in T are defined analogously to the FTFA case.

A =yt A

Figure 15: Reading of enriched labelling in FABF groups.

Another trait that differentiates the enriched automata in the FABF case is that we may obtain elements
in Z™ which do not belong to the basepoint subgroup by conjugation. Let us clarify this. Suppose that ut®
is the label of a b-walk v in I. If we read the inverse walk of v, followed by an element ¢ € Z™ belonging
to the basepoint subgroup and then we read -, what we obtain is

TR S ut? = uT Pt = u PR = CRup A

Now, if we read just ~ followed by its inverse, we have

At =y tur A = AN

Thus, tA is an element of Z™ which belongs to the subgroup recognised by I', but which may not belong
to the basepoint subgroup. Thinking now about the whole basepoint subgroup, if we read the inverse of
7y, the basepoint subgroup L and then -, what we obtain is the conjugate of L by ut?, which is (L)A,.
This generates certain redundancy when trying to give a unique enriched automaton representing each
subgroup, since we might take an enriched automaton with a bigger basepoint subgroup. This motivates

the following definition.
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Counting subgroups using Stallings automata

Definition 6.4. Let I be a Z-enriched X-automaton recognising a subgroup H < Ga. Then, the closure
of the basepoint subgroup L in I with respect to A, is the subgroup

L:=(LAu: <HNZ™

The basepoint subgroup L of I is said to be closed (in T with respect to A,) if it is equal to its own closure,
that is, L = L. An enriched automaton having a closed basepoint subgroup is called closed.

To eliminate the source of redundancy coming from conjugation that we were talking about before, we
will need to consider closed enriched automata.

In spite of the complications in the basepoint subgroup that arise due to the effect of conjugation, it is
possible to adapt foldings to this new situation and guarantee the computability of the basepoint subgroup
in order to obtain a unique representative automaton. We now enunciate without proof the theorem that
gives the bijection between FABF groups and certain enriched automata.

Theorem 6.5 (Delgado, Ventura). Let Fx be a free group with finite basis X, let Z™ be a finitely generated
free-abelian group, and let < be a total order on X*. Then, the map

Stg: {subgr. of Fx xa, Z™} < {(isom. classes of) Stallings automata mod b}
H — Sty(H X) (16)
<I'>A — T

is a bijection. Moreover, f.g. subgroups correspond to finite automata and the restriction of this bijection
to f.g. subgroups is computable.

In the previous theorem, by Stallings automata we mean closed <-normalised Z™-enriched X-automata,
where the meaning of <-normalised is the same as in the context of FTFA groups. As to St<(H, X), we
will not give define it explicitely in the context of FABF groups. We simply observe that St<(H, X) is a
closed enriched automaton.

Once we have this bijection, it is natural to ask whether it could be used to count finite index subgroups
in Fx xa, Z™ mimicking the approach that we followed for FTFA groups. The following two results, which
are generalisations of Proposition 5.39 and Corollary 5.40 for FABF groups, suggest that this similar
approach might work.

Proposition 6.6. Let H be a subgroup of Gp, let {v;}ic; be a right transversal for Hm in F,, and let
{cj}jcs be a transversal for Ly = HNZ™. Then, {v;t% : i € I,j € J} is a right transversal for H in Ga.
Hence, |Ga : H| = |F, : Hm| - |Z™ : Ly|; in particular, the index |Ga : H| is finite if and only if both
|F, : Hr| and |Z™ : Ly| are finite.

Corollary 6.7. Let H be a subgroup of Ga. Then, H has finite index k if and only if the St<(H, X) is
saturated, it has a finite number of vertices k1 which is a divisor of k and has a basepoint subgroup of
finite index /Tkl in Z™.

It is clear from these results that, if we wish to determine the number of subgroups of index k in Ga,
we will have to count the number of Stallings automata I' which are saturated, have a finite number of
vertices ki which is a divisor of k and have a basepoint subgroup of finite index k% in Z™. It is important
to notice that, since Stallings automata are closed in this context, the basepoint subgroup must be closed
in I with respect to A,. That is, we are counting the same objects as in Theorem 5.43, but adding the
extra condition that the basepoint subgroup L satisfies L = (L)Ap,, where H is the subgroup recognised
by I
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If {u1,..., up} is a basis for Hr, the extra condition L = (L)An, can be reformulated as
L= (L)A,, foric{l,..,p} (17)

Recall that, since L must be a finite index subgroup of Z™, we can associate to it a unique m x m integer
matrix L of rank m in Hermite Normal Form (using the bijection in Theorem 3.17). Since the rows of L
generate L, condition (17) can be written as

IX € GLy(Z) such that L - A, = X - L for each i € {1, ..., p}. (18)

If we now regard L as a matrix over Q and take into account that its determinant is not zero (as it is
the index of L in Z™, which we are assuming to be finite), we can consider its inverse L' and we can
reformulate (18) as

LA,L™t € M, (Z) forall i € {1,..., p}. (19)

From this, we can see that a first step to obtain the desired formula for this family of groups would be
to determine, given A € GL,(Z), how many m x m full rank integer matrices in HNF satisfy that LAL ™!
is an integer matrix.

Remark 6.8. Since we cannot expect LAL™! to be an integer matrix for every L we consider (unless A is
the identity matrix), it is clear that the number of subgroups of index k in a FABF group F,, xa, Z™ will
be at most Ni(F, x Z™).

6.2 Droms groups

Below, we present a second natural generalisation of the family of FTFA groups. The groups of this
generalised family can be defined by giving a presentation for them that is encoded in a simple graph.
Among these groups, we will focus on Droms groups, which will be defined later.

Definition 6.9. Given a finite simple graph " with vertex set V/(I'), the corresponding right-angled Artin
group (RAAG), denoted by Gr, is given by the following presentation:

Gr = (V(I')|xy = yx < x and y are adjacent vertices in ).
Example 6.10. Some examples of RAAGs are the following:

(i) The free group of rank n, F,,, is a RAAG whose associated graph consists of n isolated vertices.

(ii) The free-abelian group of rank m, Z,, is a RAAG associated to the complete graph with m vertices,
K.

(iii) The FTFA group F, X Z, is a RAAG whose associated graph is the join of K, and the graph with
n isolated vertices. Recall that the join of two graphs is the result of connecting with edges all the
vertices in one of the graphs with all the vertices of the other.

(iv) The group [Fy x F, is a RAAG associated to the cycle of length 4.

The main theorem by Droms in [14] says that the graph describing a RAAG is unique in the sense of
the following theorem.

Theorem 6.11. Two RAAGs Gr and Gy are isomorphic if and only if the graphs T and I are isomorphic.
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Counting subgroups using Stallings automata

The behaviour of RAAGs can be quite wild; for example, the finite index problem for I, x I, is not
decidable, so we cannot expect to extend the results about the index to all RAAGs. This suggests that we
will need to restrict to a smaller family. Another example of the complicated behaviour of RAAGs is the fact
that the closure property that we had for free-abelian, free and FTFA groups (see Theorem 3.7, Theorem
4.47 and Proposition 5.4, respectively) does not hold in general, not all finitely generated subgroups of
RAAGs are themeselves RAAGs. Droms provided a condition for a RAAG to have all of its subgroups again
of this type, which we state next.

Theorem 6.12. Every finitely generated subgroup of Gr is itself a RAAG if and only if no full subgraph of
I is a cycle of length four (C4) or a path of length three (Ps).

The graphs satisfying this condition are called Droms graphs and their associated RAAGs are called
Droms groups. The family of Droms groups admits a recursive construction with a neat algebraic interpre-
tation.

Theorem 6.13. The family of Droms graphs (resp., Droms groups) can be recursively defined as the
smallest family of graphs ®© (resp., groups D) satisfying the following rules:

(i) The empty graph, Ko, belongs to ®. (The trivial group {1} belongs to D).

(i) IfT1,T2 € D, then the disjoint union 'y U T belongs to ®. (If Gi, G € D, then their free product
Gy * Gy belongs to D).

(i) IfT € D, the join K1 VT is a Droms graph. (If G € D, the direct product Z x G is a Droms group).

The recursive description of Droms groups allows to combine Ivanov’s graphs (which are a generalisation
of Stallings graphs to study subgroups of a free product) and enriched graphs to understand Droms groups.
This has already been done successfully in [12], where the intersection problem is solved and, in a work
in progress [11], the same authors study and solve the finite index problem among other problems. This
supports the possibility of counting finite index subgroups in this family.
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