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Abstract Let H < F be two finitely generated free groups. Given g € F, we study the ideal Jy4 of
equations for g with coefficients in H, i.e. the elements w(z) € H * (x) such that w(g) = 1 in F. The
ideal Jg4 is a normal subgroup of H = (x), and it’s possible to algorithmically compute a finite normal
generating set for Jg; we give a description of one such algorithm, based on Stallings folding operations.
We provide an algorithm to find an equation in w(x)€Jy with minimum degree, i.e. such that its cyclic
reduction contains the minimum possible number of occurrences of z and z~1; this answers a question
of A. Rosenmann and E. Ventura. More generally, we show how to algorithmically compute the set Dy
of all integers d such that J; contains equations of degree d; we show that Dy coincides, up to a finite
set, with either N or 2N. Finally, we provide examples to illustrate the techniques introduced in this
paper. We discuss the case where rank(H) = 1. We prove that both kinds of sets D, can actually occur.
We show that the equations of minimum possible degree aren’t in general enough to generate the whole
ideal J4 as a normal subgroup.

Keywords: geometric group theory; free groups; equations over groups; Stallings automata;
algorithms in group theory
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1. Introduction

Given an extension of fields K C F' and an element o € F, a first interesting question
to ask is to determine whether the element « is algebraic over K, i.e. whether it satisfies
some non-trivial equation with coefficients in K. In other words, we want to determine
whether there exists a non-trivial polynomial p(z) € K[z] such that p(a) = 0. If the
answer is affirmative, one tries to study the ideal I, C KJz] of equations for o over K:
this turns out to be a principal ideal, and thus its structure is very simple. Completely
analogous questions can be asked in the context of group theory, but the answers turn
out to be much more complicated.

Let F,, be a free group generated by n elements aq,...,a,. Let H < F,, be a finitely
generated subgroup and consider an infinite cyclic group (z) = Z. An equation in z
with coefficients in H is an equality of the form w(z) = 1 with w(z) € H * (x) in the
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2 D. Ascari

free product of H and (z). With an abuse of notation, we will also call the element w(z)
an ‘equation’, instead of the equality w(z) = 1. Every w(z) € H = (z) has a unique
expression as a reduced word in the alphabet {x, 271} U H \ {1}; we define the degree of
w as the number of occurrences of z and ! in the cyclic reduction of w. For an element
g € F),, consider the map ¢, : H * (x) — F,, that is the inclusion on H, and that sends
to g; this is the ‘evaluation in g’ map. We say that g is a solution for the equation w if
pg(w) = 1. We define the ideal J, to be the normal subgroup J, = ker ¢, of H * (z).

First of all, given a finitely generated subgroup H < F,, we would like to deter-
mine for which elements g € F;, the ideal J, is non-trivial, i.e. which elements satisfy
some non-trivial equation over H. This has been answered recently by A. Rosenmann
and E. Ventura in [14]. Following their terminology, we say that ¢ depends on H if
J4 # 1 or, equivalently, if rank((H, g)) < rank(H). In [14], they provide the following
characterization for the elements of F,, that depend on H.

Theorem 1.1 (Rosenmann and Ventura [14]). There is an algorithm that, given
a finite set of generators for a subgroup H < F,, computes a finite set of elements
i, ..., g € Fy such that, for every g € F,,, the following are equivalent:

(i) The element g depends on H.
(ii) The element g belongs to one of the double cosets Hg1 H, ..., Hgp H.

Given an arbitrary element g € Hg;H in one of the double cosets as in Theorem 1.1,
we have that the ideals J, and J,, are strictly related: if g = hg;h’ with h,h’ € H,
then we have that w(x) € J, if and only if w(hzh') € J,,. This means that, in order to
understand the structure of the ideal J, for every element g € Fj,, it’s enough to focus
on the study of the finite family of ideals Jy,,...,J,, of the elements gy, ..., gy provided
by Theorem 1.1.

In this paper, we fix a finitely generated subgroup H < Fj, and an element g € F),,
and we study the structure of the ideal J,. We answer several natural questions about
the structure of J,, with a particular focus on properties related to the degree of the
equations in the ideal. Since the ideal J, can be seen as the kernel of a map between two
free groups, it’s possible to algorithmically compute a finite set of generators for J, as
normal subgroup of H * (z) (this is done, for example, in [6]); we describe an algorithm
for this purpose, based on Stallings’ folding operations, and we apply it to work out
computations in several explicit examples. We show that there is an algorithm that
computes a non-trivial equation in J, of minimum possible degree, answering a question
asked by A. Rosenmann and E. Ventura; more generally, we show that it’s possible to
algorithmically determine whether J, contains equations of a given degree d € N, and
we provide a characterization of all the equations of degree d in J,. We also investigate
the properties of the set Dy = {d € N : there is a non-trivial equation of degree d in J,},
showing that it coincides, up to a finite set, with either the set of even numbers or with
the set of all natural numbers.

In the subsequent paper [1], we will further investigate the properties of the ideal J,. In
this paper, we make use of techniques based on Stallings’ graphs and folding operations,
while in [1] we deal with the same questions using the theory of context-free languages,
a tool which is widely studied in computer science. To the best of our knowledge, some
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results, such as explicit polynomial bounds on the length of the equations, can only be
obtained by means of the folding techniques, while others, such as algorithms running
in polynomial time, can only be obtained with context-free languages. We also remark
that context-free languages only allow to obtain results for virtually free groups, due
to Muller—Shupp theorem, see [11]; on the contrary, folding techniques might allow to
generalize the results of this paper to wider families of groups.

1.1. Algebraic extensions in free groups

We point out that a notion of algebraic extension in free groups had already been
introduced in [5] (see also [10], [9], [20]). Given H < J < F,,, we say that the extension
H < J is algebraic if H isn’t contained in any proper free factor of J. Fixed H < F,
finitely generated, there are only a finite number of subgroups J < Fj, such that the
extension H < J is algebraic: this follows from the work of Takahasi [19]. The notion of
algebraic extension is related to the notion of element that depends on a subgroup, as
follows. Let H < F,, be a finitely generated subgroup and let g € F;, be an element: then
g depends on H if and only if the extension H < (H, g) is algebraic. However, we also
point out that it’s possible to find an algebraic extension H < J and an element g € J
such that ¢g doesn’t depend on H; in this sense, the notion of algebraic extension and
the notion of dependence on a subgroup aren’t equivalent. In [10], they also introduce a
notion of element algebraic over a subgroup. Given H < F, and g € F,, we say that g is
F,-algebraic over H if every free factor of F,, containing H also contains g. We point
out that, if ¢ depends on H, then g is F,-algebraic over H, but the converse isn’t true in
general.

1.2. Results and structure of the paper

Let F,, be a finitely generated subgroup on n generators ai,...,an; let H < F, be a
finitely generated subgroup and let g € F,, be an element. In this paper, we study the
structure of the ideal J, of the equations with coeflicients in H with g as a solution.
Most of our results can be generalized to equations in more variables, but, for simplicity
of notation, for most of the paper we deal only with the one-variable case; the results in
the multi-variate setting can be found in § 7 at the end of the paper.

For an arbitrary surjective homomorphism from a finitely generated free group to a
finitely presented group, the kernel is always finitely generated as a normal subgroup. If
the target is free, then it follows from Grushko’s Theorem that there is an algorithm to
find a finite normal generating set; the reader can also refer to [6] for such an algorithm. In
§ 3, we describe an efficient algorithm; the key idea, based on Stallings folding operations,
is the following. In a chain of folding operations, the rank-preserving folding operations
are homotopy equivalences, and thus isomorphisms at the level of fundamental group,
while the non-rank-preserving folding operations give a non-injective map of fundamental
groups (that means, in our case, adding generators to the kernel). The novel aspect of our
algorithm, which is explained in § 3, is the following: we show that the non-rank-preserving
folding operations can be postponed until the end of the chain of folding operations
(see Figure 4). This gives a clean and efficient way to produce a set of generators for the
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kernel as a normal subgroup (which, in the particular case of the map ¢4 : H x (x) — F,,
is exactly the ideal J,).
In [14], Rosenmann and Ventura ask the following question:

Questions 1.2 Is it possible to (algorithmically) find an equation of minimum degree
for an element g that depends on H?

In §4, we give an affirmative answer to this question.

Theorem A (See Corollary 4.13). There is an algorithm that, given a finite set of
generators for a subgroup H < F, and an element g € F,, such that g depends on H,
produces a non-trivial equation w € J, of minimum possible degree.

We give a brief outline of the proof of Theorem A. We take a non-trivial (cyclically
reduced) equation w € J, of minimum possible degree; we think of w as a word in the
letters aq, ..., an,x (where ay,...,a, is a basis for F,). We then prove that, for words
of sufficient length, some parts of the word w can be literally cut away, by means of a
move that we call a ‘parallel cancellation move’, introduced in Lemma 4.10; this produces
another equation w’ € J,, which is strictly shorter than w and which has the same degree.
By iterating this process, we prove that there is a (computable) bound B = B(H,g) > 0
such that there is an equation in J, of minimum possible degree and with length at most
B, see Theorem 4.4 for the precise value of B. With this bound established, the algorithm
now just takes all the (finitely many) elements of H * (x) which are of length at most B,
and for each of them it checks whether it belongs to J,, recording its degree.

A completely analogous result holds for equations of any fixed degree d: if J, contains
a non-trivial equation of degree d, then it contains one whose length is bounded (see
Theorem 5.12 for the precise bound). In particular, we prove the following theorem:

Theorem B (See Corollary 5.13). There is an algorithm that, given a finite set of
generators for a subgroup H < F,,, an element g € F,, and an integer d > 1, tells us
whether J, contains non-trivial equations of degree d, and, if so, produces an equation
w € Jy of degree d.

One of the interesting features of the algorithm is that the ‘parallel cancellation moves’
of Lemma 4.10 have inverses, namely the ‘parallel insertion moves’ which we introduce
in Lemma 5.4. This means that there is a (computable) bound C = C(H,g) > 0 such
that every (cyclically reduced) equation of degree d can be obtained from an equation
of degree d whose length is at most C, by means of a finite number of insertion moves;
this gives a characterization of all the equations of degree d in terms of a finite number
of short equations (see Theorem 5.14 for the details).

Next, we study the set D, of degrees of equations with coefficients in H and having ¢
as a solution. We prove that Dy coincides with either N or 2N (the set of non-negative
and non-negative even numbers, respectively), up to a finite set. We provide an algorithm
that, given I and g, computes the set D,.

Theorem C (See Theorem 5.17). Ezactly one of the following possibilities takes
place:

https://doi.org/10.1017/50013091524000439 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091524000439

Ideals of equations for elements in a free group and stallings folding 5

(i) Dy contains an odd number and N\ Dy is finite.
(ii) Dy contains only even numbers and 2N\ Dy is finite.

Theorem D (See Theorem 5.19). There is an algorithm that, given a finite set of
generators for a subgroup H < F,, and an element g € F,, that depends on H, produces
the following outputs:

(i) Determines whether we fall into case (i) or (ii) of Theorem 5.17.
(ii) Computes the finite set N\ Dy or 2N\ D, respectively.

In §6, we make use of the tools developed in the rest of the paper in order to work
out explicit computations in some specific cases; in each case, we compute the minimum
degree dmin for an equation in J, and the set D, of possible degrees. In example 6.1,
we deal with the case where rank(H) = 1, showing that in this case di, is either 1 or
2. The examples of §6.2 and 6.3 show that both cases of Theorem C can occur. One
may be tempted to conjecture that the equations of J, of minimum possible degree dyin
are enough to generate the ideal J,; we give counterexamples to this (see §6.3 and 6.4),
showing that the ideal J, is not always generated by just the equations of degree dmin.

In §7, we generalize most of the results of the paper to equations in more variables.

2. Preliminaries and notations

In this section, we introduce the notation about graphs that we are going to use along
the paper.

2.1. Graphs and paths

We consider graphs as combinatorial objects, following the notation of [18] and [15].
A graph T' is a quadruple (V, E,,¢) consisting of a set V' = V(I') of wvertices, a set
E = E(T) of edges, a map ~: E — F called reverse and a map ¢ : E — V called initial
endpoint; we require that, for every edge e € F, we have € # e and € = e. For an edge
e € E, we denote with 7(e) = 1(€) the terminal endpoint of e.

A map of graphs f: ' — I'/ is just a couple of maps, vertices to vertices and edges
to edges, preserving the reverse and the initial endpoint. A subgraph of a graph I is
a graph T'/7 such that V(') C V(T') and E(T'r) C E(T') and the reverse and endpoint
maps on I'// are the restrictions of the maps on I'.

A path in a graph I', with initial endpoint v € V(I') and terminal endpoint
v e V(T), is a sequence o = (eq, ..., eg) of edges ey, ...,e, € E(T') for some integer £ > 0,
with the conditions ¢(e;) = u and 7(e;) = v and 7(e;) = t(e;41) for i = 1,...,£ — 1. The
integer £ is called length of the path. For ¢ = 0, for every vertex v of I there is a unique
path of length 0 whose initial and terminal endpoints coincide and are equal to v; we call
it the constant path at v. A graph is connected if for every couple of vertices there is
a path going from one to the other.

Given two paths o = (e, ..., e¢) from u to v and ¢’ = (e}, ..., €},) from v to w we define
their concatenation as the path o -0’ = (e1, ..., er, €7, ..., €},) form u to w. Given a path
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o = (e1,...,er) from u to v we define its reverse as the path @ = (e, ...,e1) from v to u.
Given a map of graphs f : ' — I'7 and a path ¢ = (eq, ..., e¢) from u to v in I', we define
the path f.(c) from f(u) to f(v) in T/ given by f.(c) = (f(e1),..., f(e¢)). The image
of a path o is the smallest subgraph of I' containing all the edges ey, ..., e, (or the single
vertex v in case of the constant path at v).

A path (e, ...,es) is reduced if e; # €;41 for every i € {1,....,¢ —1}. A path (e, ..., er)
is closed if 7(ey) = i(ey), i.e. if its two endpoints coincide. A closed path (e, ...,er)
is cyclically reduced if it’s reduced and e; # €;. A tree is a connected graph that
doesn’t contain any cyclically reduced closed path; we have that, in a tree, every couple
of vertices is connected by a unique reduced path.

2.2. Geometric realization and fundamental group

Let T'= (V, E,%, ) be a graph. The geometric realization |T'| is the one-dimensional
CW complex that has one O-cell for every vertex v € V' and one 1-cell for every pair of
reverse edges {e,e} C F; the 1-cell corresponding to the pair {e, €} has its two endpoints
glued onto the vertices ¢(e) and 7(e). A map of graphs f : I' — I/ induces a cellular
map |f| : |T'| — |IV/| between the geometric realizations. A subgraph I'7 C I induces a
subcomplex |T//| C |T|.

A path o = (e1,...,e¢) for £ > 1 induces a continuous map |o] : [0,1] — \1"| this sends
the point 4 to the vertex 7(e;—1) = t(e;) for i = 0, ..., ¢, and the interval [*7*, 4] to the
1-cell correspondmg to the edge e;. We denote With [ ] the homotopy class (relative to
the endpoints) of the geometric realization |o|. We say that a path ¢ is homotopically
trivial if the homotopy class [o] contains a constant path (in particular the two endpoints
of ¢ have to coincide).

Definition 2.1. For a finite graph T, define |T|| := |E(T')|/2 as the number of 1-cells
in the geometric realization |T'|.

Let T be a graph. Every covering space of |I'| can be seen as the geometric realization
lg| : |T7] = |T'| of some map of graphs ¢ : IV — I'; with an abuse of notation, we will call
covering map also the map of graphs ¢ (and not only its geometric realization |¢|). In
particular, we can consider the universal cover p : r— T'; the graph T is a tree.

Proposition 2.2. Let I' be a connected graph and let ¢ be a homotopy class of paths
in |T| relative to the endpoints. Then there is a unique reduced path o such that [o] = c.

Sketch of proof This is a standard application of the theory of covering spaces. Let
p: T = T be the universal cover, let v : [0,1] — |T'| be a path in the homotopy class ¢
and let vy = v(0) and v; = ~v(1). Choose Ty € p~(vo), let 7 : [0,1] — |T| be the unique
lifting of v such that 7(0) = vy and let v; = 7(1).

The map p induces a bijection between paths ¢ in T from vy to v1 and paths o in
I’ with [o] = ¢; moreover, reduced paths o are in bijection with reduced paths o. In
particular, since Tisa tree, there is a unique reduced path in T from o vy to v1, and thus
a unique reduced path in the homotopy class c. O
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A pointed graph (T, *) is a graph I' together with a marked vertex x € V(I"). For
a pointed graph (I', %) we define its fundamental group 71 (I, *) to be the fundamental
group 1 (|T], *) of its geometric realization.

We shall need to work explicitly with the following well-known construction. Let (T, )
be a finite connected pointed graph and let T be a maximal tree contained in I". Let E'
be the set of edges which are not contained in T'; for each pair of reverse edges {e,e} C E’
choose one of the two elements, let’s say e, and consider the reduced path o, that starts
at *, moves to «(e) along T, crosses e and goes back from 7(e) to * along T.

Proposition 2.3. The fundamental group m (T, %) is a free group with a basis given
by the homotopy classes [o.] for each pair of reverse edges {e,e} C E'.

Sketch of proof We consider the CW complex |I'| and we collapse the subcomplex
|T|, obtaining a bouquet of circles, one for each pair of reverse edges {e,e} C E’. This
induces an isomorphism at the level of the fundamental groups, since the subcomplex |T|
is contractible. In the bouquet of circles, the image of |o.| crosses the 1-cell corresponding
to the pair {e,€} exactly once, and it doesn’t cross any other 1-cell. The result follows
by induction on the number of circles, using van Kampen’s theorem. O

We will also need the following basic operation between graphs.

Definition 2.4. Let (T, %), (A, x) be pointed graphs. Define their join as the pointed
graph (U'V A, %) given by quotient of their disjoint union by the relation that identifies
their two basepoints.

We have a natural isomorphism 71 (I'V A, %) = (T, %) * w1 (A, *).

2.3. Core and pointed core of a graph

Let (T, *) be a connected pointed graph: define the pointed core of T', denoted by
core,(T), as the subgraph given by the union of the images of all the reduced paths from
the basepoint to itself. Notice that core,(I") is connected, and the inclusion core,(I') — T’
induces an isomorphism of fundamental groups 7y (core, ('), x) — 71 (T, ).

Similarly, let T be a connected graph which is not a tree: define the core of I', denoted
by core(I"), as the subgraph given by the union of the images of all the closed cyclically
reduced non-constant paths. The graph core(T") is connected. If (T', *) is a pointed graph
then core(T") is contained in core,(T") as a subgraph; to be precise, there is a unique
shortest path v (possibly a constant path) connecting the basepoint to core(I'); the graph
core, (I") consists exactly of the union of core(I") and of the image of ~.

2.4. Reduction of paths

Let T be a graph, let ¢ = (ey,...,es) be a path and suppose o isn’t reduced.
Then we have esy; = €5 for some s € {1,....¢ — 1}, and we can define the path
o' = (€1,...,€5-1,€542,...,€¢); We say that ¢’ is obtained from o by means of an ele-
mentary reduction. Notice that if o had length ¢ then ¢’ has length £ — 2; moreover we

have [¢’] = [o], i.e. their geometric realizations are homotopic relative to the endpoints.
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If the path ¢’ is not yet reduced, then we can reiterate the same process; this motivates
the following definition:

Definition 2.5. Let T' be a graph and let 0 = (ey,...,eq) be a path. A reduction
process for o is a sequence (S1,t1), ..., (Sm,tm) for m € N with the following properties:

(i) S1,t1, ey Sm, tm are pairwise distinct integers in {1,...,£}.

(ii) For every i =1,...,m we have s; < t;.

(iii) For everyi=1,...,m we have {s;+1,8;+2,...,t; —2,t;—1} C {s1,t1, ..., Si—1,ti—1}-
(iv) For everyi=1,...,m we have es, = &,.

Think of e, e;, as the ith elementary reduction to be performed on the path o.
Condition (iii) says that the edges es,, €t ,...,es;, |, €, , cover interval from ey, to e, so
that, after performing the first i — 1 cancellations, the edges e;, and e;; become adjacent;
in particular, s; and ¢; have to be consecutive numbers. Condition (iv) ensures that
the ith elementary reduction can actually be performed. Condition (ii) is just a useful
convention, saying that the edges es,, e;, appear in this order along the path.

Lemma 2.6. Let T be a graph and let o = (eq,...,e¢) be a path, together with a
reduction process (81,t1), .., (Sm, tm). Then for every 1 < a < 8 < m we have that either
Sa <to < 8g <tp orsg<itg<sqy<lg orsg<s, <ty <tg.

Proof. We have {sq + 1,84 + 2,....,ta — 2,tq — 1} C {$1,%1, ., Sa—1,ta—1} and in
particular neither sg nor ts can occur in the interval {sy,sq + 1,....,ta — 1,¢a}. The
conclusion follows. O

Let o be a path and let (s1,%1), ..., (Sm, tm) be a reduction process for o. Then we can
remove the edges €, €4y, .-+, €55 €1y, from o in order to obtain a well-defined path o'
This is the same as performing on o the sequence of elementary reductions given by the
couples (s;,t;) for i = 1,...,m. We say that o’ is the residual path of the reduction
process. In this case, we have [0'] = [o], i.e. their geometric realizations are homotopic
relative to the endpoints.

Proposition 2.7. Let T be a graph and let o = (ey,...,es) be a path, together with a
reduction process (s1,t1), ..., (Sm,tm). Then exactly one of the following holds:

(i) The residual path o' is reduced.
(ii) There is a couple (Sm41,tms1) such that (s1,t1), ...y (Smstm)s (Smt1,tm+1) 1S a
reduction process for o.

Proof. Suppose that the residual path ¢’ isn’t reduced. Then there are integers s', ¢’ €
{1,..,€} \ {s1,t1, .y Sm, tm } such that s’ < ¢’ and ey =€, and ey and ey are adjacent
when seen as edges of the residual path ¢’. This means that {s'+1, s’ +2,...,t' =2,¢'—1} C
{s1,t1, ., Sm,tm }, and in particular we can define the couple ($p4+1,tm+1) := (¢',¢') and
this provides a reduction process (81,t1), -, (Smstm)s (Sm+1,tm+1) for o, as desired. O

The above proposition essentially says that a reduction process can be induc-
tively extended, until we get a residual path which is reduced. A reduction process
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Sj t;

Figure 1. An example of a possible diagram for a reduction process. The labels below the interval
put in evidence a couple (s;,t;) of the reduction process.

(81,t1), ey (Sm,ytm) is called maximal if it can’t be extended by adding a couple of
edges (Sm—1,tm+1), i-e. if it falls into case (i) of Proposition 2.7. Of course, every path
admits at least one maximal reduction process. Despite the maximal reduction process
not being unique in general, it turns out that the residual path is unique, as shown in
the following proposition:

Proposition 2.8. Let o be a path in I', and let ¢’ be the unique reduced path
such that [0'] = [o], as in Proposition 2.2. Then every mazimal reduction process
(81,t1)y -y (S, tin) for o has the same residual path, that coincides with o’.

Proof. The residual path of the process is a reduced path in the homotopy class [o].
But by Proposition 2.2, there is a unique such path. The conclusion follows. O

The following graphical representation of a reduction process will be useful. Let ¢ =
(e1,...,e¢) be a path in the graph I' and let (s1,%1), ..., (Sm, tm) be a reduction process for
0. Consider the interval [0, 1] x {0} € R? and subdivide it at the points (%, 0)..., (%, 0),
and let z; be the midpoint of the segment [%, %] x {0} for j =1, ..., L. For every couple
(84, i), take a smooth curve r; in the upper half-plane connecting zs; to z1,. The curves

r1,...,Tm can be taken to be pairwise disjoint, as in Figure 1.

2.5. Labelled graphs

We consider the finitely generated free group F),, of rank n, generated by aq,...,ay.
For an element h € F, we denote with & = h~' the inverse of h. We denote with A,
the graph with one vertex V = {x} and edges F = {a1,ay, ..., an, @y }. The fundamental
group 71 (A, *) will be identified with F,: the path o; = (a;) from * to * corresponds to
the element a; € F),.

Definition 2.9. A labelled graph is a graph T" together with a map of graphs f : T' —
A,

This means that every edge of I" is equipped with a label in {aq, a1, ..., apn, Gy }, according
to which edge of A,, it is mapped to, reverse edges having inverse labels; the map f :

I' - A, is called labelling map for T'.

Definition 2.10. Let I'g,I'y be labelled graphs with labelling maps fo, f1 respectively.
A map of graphs h : Tg — I'y is called label-preserving if f1 o h = fy.
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2.6. Core graph of a subgroup

From the theory of covering spaces, we know that pointed covering spaces of A,, are
in bijection with subgroups of the fundamental group 71 (A, *) = F,,. Given a pointed
covering space p : (I', %) = (A, %), we have that the map p, : 71 (T, x) — F, is injective,
and thus 71 (T, ) can be identified with its image p. (71 (T, x)) = H, determining a sub-
group H < F),. Conversely, given a subgroup H < Fj,, there is a unique pointed covering
space p : (I, %) = (A, *) such that p,(m (T, %)) = H: we define (cov(H),*) = (T, *) to
be such covering space.

Remark 2.11. A covering space p : (T, x) = (A,, *) is in particular a labelled graph.

Definition 2.12. Define the core of H, denoted by core(H), and the pointed core of
H, denoted by core.(H), to be the core and the pointed core of (cov(H), ), respectively.

Of course cov(H ), core(H ), core,(H) are labelled graphs, with labelling map given by
the covering projection p, and by its restriction to the subgraphs core(H) and core,(H)
respectively. The labelling map f : core, (H) — A, gives amap f, : w1 (core,(H),*) — F,
which induces an isomorphism f, : 71 (core,(H),*) — H.

We have that H is finitely generated if and only if core(H) is finite (and if and only if
core,(H) is finite). In that case, core(H) and core,(H) can be built algorithmically from
a finite set of generators for H, see Algorithm 5.4 in [18].

3. Equations and Stallings folding

It is well-known that, given an homomorphism between finitely generated free groups
p: F, — F,, there is a free factor decomposition F,. = F'x F’ such that ¢ is injective on F
and trivial on F'. We here introduce an efficient way of computing such a decomposition.
The technique is based on the classical Stallings folding operations; the novel aspect
of what we do is that we focus on the non-rank-preserving folds, which are the ones
responsible for the generators of the kernel, and we delay them until the end of the chain
of folding operations. In particular, this can be applied to compute, for a given subgroup
H < F, and a given element g € F,, a set of generators of the ideal J, < H * (z) as a
normal subgroup.

3.1. Stallings folding operations

We will assume that the reader has some confidence with the classical Stallings folding
operation, for which we refer to [18]. We briefly recall the main properties that we are
going to use.

Let T be a finite connected labelled graph and suppose there are two distinct edges
e1, ez with the same label and with a common endpoint v = t(e1) = ¢(e2). We can identify
e1 with e (and €; with €2, and v = 7(e1) with vy = 7(e2)): we obtain a label-preserving
quotient map of graphs ¢ : I' — I'1.

Definition 3.1. The quotient map q : I' — T'1 is called Stallings folding.
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Given a finite connected labelled graph I', we can successively apply folding operations
to I' in order to get a sequence I' =T'Y — 't — ... — '™, Notice that the number ||T'|| of
edges of I' decreases by 1 at each step, and thus the length of any such chain is bounded
by ||T'||. The following proposition, although not explicitly stated in [18], is a well-known
consequence; for an overview on the topic, the reader can refer to [3] (and for further
applications also to [2], [13]).

Proposition 3.2. Let T' be a finite connected labelled graph and let T = T —
' - ... =>T™ bea mazimal sequence of folding operations. Also, fix a basepoint
x € I', inducing a basepoint x € I'* for i =0,...,m. Then we have the following:

(i) Fach such sequence has the same length m and the same final graph I'™.
(ii) Let f*:T% — A, be the i-th labelling map. Then the image of fi : w1 (L% ) —
w1 (A, *) is the same subgroup H < F,, for everyi=1,...,m.

(iil) For every ¢ = 1,...,m there is a unique label-preserving map of pointed graphs
ht : T% — cov(H). The image im(h') is the same subgraph of cov(H) for every
1=1,...,m.

(iv) The map h™ is injective, and thus we can see T™ as a subgraph of cov(H)
through h™; moreover the subgraph h™(T'"™) contains core.(H). In particular, h'" :
w1 (T, %) — w1 (cov(H), *) is an isomorphism and the map fI* : 7 (I™, %) — F,
1s injective.

Sketch of proof It’s easy to prove that the maps f! : 7 (I, %) — 71(A,,*) and
fiFt (T %) — 71 (A, *) have the same image. Now (ii) follows by induction.

We now consider the covering space p : (cov(H),*) — (A,,#*). The labelling map
i (T4 %) — (A,, ) satisfies the condition fi(m1(I'%, %)) C pu(m1(cov(H),*)) on the
fundamental groups; by standard results about covering spaces, this implies the existence
of a unique lifting of the map f*: (I'!,*) — (A,,*) to a map h' : (I'!, %) — (cov(H), *).
The condition of being a lifting (i.e. of having p o h* = f?) is equivalent to the condition
of A* being label-preserving.

It is immediate to prove that the images of the maps h® : ¥ — cov(H) and h**! :
't — cov(H) are the same. Now (iii) follows by induction.

Since no folding operation is possible on I'™, we have that the labelling map f™ : I'"™ —
A,, sends reduced paths to reduced paths. It follows from Proposition 2.2 that the map
frm () %) — w1 (Ay, *) is injective, and thus the map A7 : w1 ('™, %) — 71 (cov(H ), )
is an isomorphism.

Suppose that there are two distinct vertices of I'™ that are identified by A™. Then there
is a reduced non-closed path o in I'™ that is sent to a closed path hZ*(o). Since no folding
operation is possible on I'™, this implies that hAT*(o) is reduced. Up to conjugation, we
can assume that o goes from the basepoint * to a different vertex. Take the homotopy
class [h7"(0)] in 71 (cov(H), *), use that A7 : 71 (I'™, %) — m1(I'™, %) is an isomorphism,
and apply Proposition 2.2: there is a unique closed reduced path 7 in I'™ from * to *
such that h*(7) = hD(o). In particular, the two paths 7,0 start at the same point,
and while going along them we read the same word fI"(7) = fI"(o): since no folding
operation is possible on I'™, this implies that 7 = o. But 7 is a closed path while ¢ isn’t,
contradiction.
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a a
a a a a x /
a
Figure 2. Examples of (the geometric realizations of) configurations where a folding operation

is possible. The two examples on the left produce rank-preserving folding operations; the two
examples on the right produce non-rank-preserving folding operations.

This shows that A™ : T — cov(H) is injective on the set of vertices. Since no folding
operation is possible on I, it follows immediately that A™ is injective, allowing to see
I'™ as a subgraph of cov(H). Since A" induces an isomorphism of fundamental groups,
we must have that the image of h™ contains core,(H), yielding (iv).

Finally, we observe that the final graph I'™ is the image of the unique map A : T —
cov(H), and thus it doesn’t depend on the chosen folding sequence. Also, the number
of folding operations required is exactly m = ||T'|| — [|[T™||, so it doesn’t depend on the
chosen folding sequence either. This proves (i). d

Definition 3.3. Let ' be a finite connected labelled graph. Define its folded graph
fold(T") to be the labelled graph T™ obtained from any mazimal sequence of folding
operations as in Proposition 3.2.

3.2. Rank-preserving and non-rank-preserving folding operations

Let T be a labelled graph and let ¢ : I' — I'/ be a folding operation.

Definition 3.4. A Stallings folding q : I' — Tt is called rank-preserving if the
induced map on the geometric realizations |q| : || — |T'1] is a homotopy equivalence.

In that case, for every basepoint * € T, the map ¢ : (I',x) — (I'7,q(x)) is a
pointed homotopy equivalence and g, : m1 (T, %) — w1 (I, ¢(*)) is an isomorphism. Being

rank-preserving is equivalent to the requirement that the two endpoints vy = 7(e;)
and voa = 7(eq) of the edges ej,es that we are identifying are distinct (see also
Figure 2).

In a sequence of folding operations as in Proposition 3.2, it is not always possible
to change the order of the operations, see for example Figure 3. Informally, we could
say that certain folding operations are required before being able to perform other
operations. The key observation is that non-rank-preserving folding operations change
the set of edges of I', but they do not change the set of vertices of I'; as a conse-
quence, they are not a requirement for any other operation. This can be made precise as
follows.

Proposition 3.5. Let T' be a finite connected labelled graph. Let T = I'° — T'l —
... = I'* be a mazimal sequence of rank-preserving folding operations. Let T* — Th+1

https://doi.org/10.1017/50013091524000439 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091524000439

Ideals of equations for elements in a free group and stallings folding 13
x / b b
\ / a a

Figure 3. Above we have two examples of (geometric realizations of) graphs, and in each of
them we want to perform two folding operations (one involving a-labelled edges, and the other
involving b-labelled edges). In the graph on the left, we can perform the two operations in any
order. In the graph on the right, we are forced to perform the operation on the a-labelled edges
first.

... = I'™ be a mazimal sequence of folding operations for T'*. Also, fix a basepoint x € T,
inducing a basepoint * € I'" for every i = 1,...,m. Then we have the following:

(i) Each map in the first sequence is a (pointed) homotopy equivalence; the map T —
I'* is a (pointed) homotopy equivalence.
(ii) The second sequence only contains non-rank-preserving folding operations; the map
I'* — T induces a bijection on the set of vertices.
(iii) The concatenation of the two sequences produces a folding sequence as in
Proposition 3.2. In particular T™ = fold(T").
(iv) The numbers k,m do not depend on the chosen sequences.

Remark 3.6. This shows that the graph I'* is essentially fold(I'), but with some edge
repeated two or more times (see Figure 4). The repeated edges (and their multiplicity)
can depend on the chosen sequence of folding operations; the graph I'* is not uniquely
determined by T'.

Proof. Part (i) is trivial.

For (ii), suppose the sequence I'* — ... — I'™ contains a rank-preserving folding oper-
ation, and let ; > k be the smallest integer such that I'V — IJ+! is rank-preserving;
this means that there are two edges ej,es; in I'V with the same label, an endpoint
v = t(e1) = t(ez) in common, and the other endpoints v;1 = 7(e1) and va = 7(e2)
which are distinct. Let p : T*¥ — TV be the composition of the sequence of folding
operations I'* — ... — TY: each of those operations is non-rank-preserving, and in par-
ticular it induces a bijection on the set of vertices. Let v’ v],v5 be the unique vertices
of I'* such that p(v') = v,p(v}]) = vi,p(vh) = vo respectively. Take any edges €}, e} in
I'* such that p(e}) = e1,p(ey) = ea and notice that we must have i(e}) = t(eh) = v
and 7(e}) = v1,7(e) = ve. Thus it’s possible to fold e} and e}, performing a rank-
preserving folding operation on I'*. This gives a contradiction because the sequence of
rank-preserving folding operations ' — - .. — I'* was maximal.
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]_'\k

Y, T
s \< AN

Figure 4. An example of the result of the folding procedure described in Proposition 3.5 (the
labelling has been omitted). On the left, the (geometric realization of the) graph I'*, the result of
the sequence of only rank-preserving folding operations. On the right, the (geometric realization

of the) graph I'"* obtained from a sequence of both rank-preserving and non-rank-preserving
operations.

Part (iii) is trivial.

For part (iv), we observe the following: along the sequence I'® — ... — I'* at each
step the number of vertices decreases by one, while along the sequence I'* — ... — T'™
the number of vertices is preserved. Thus £ is equal to the number of vertices of I' minus
the number of vertices of fold(T"), regardless of the chosen sequence. By Proposition 3.2,
the sum m + k doesn’t depend on the chosen sequence, and thus neither does m. O

Remark 3.7. The difference in rank from the graph at the beginning and at the end
of a folding sequence plays a role in several other applications. For example, it can be
useful to determine which subgroups of a free groups are free factors, see [16], [17], [12].
For a discussion about the rank in graph pairs, see also [4].

3.3. The kernel of a homomorphism between free groups
Let F,, = {a1,...,an|—) and F. = (b1, ..., b.|—) be finitely generated free groups.

Theorem 3.8. There is an algorithm that, given a homomorphism ¢ : F, — F, by
means of the words ¢(by), ..., p(by), determines two finite sets M, N C F,. such that:

(i) MUN is a basis for F,.
(ii) ¢ is injective on (M).
(iil) ¢ is trivial on (N).
(iv) The length of b; as a reduced word in the basis M U N is at most twice the length
of ©(b;) as a reduced word in the basis ay, ..., ay.

In particular, in Theorem 3.8, we have that ker ¢ is the normal subgroup ((N)) < F..
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Figure 5. In the picture, we can see the (geometric realization of the) graph T', for the
homomorphism ¢ : (b1,ba,b3) — (a1,a2,as) given by ¢(b1) = azasa; and p(b2) = af and
@(b3) = aia2asa@i. On the left of the basepoint the graph core.({a2a3a3)), above the basepoint
the graph core.((a$)) and on the right of the basepoint the graph core.({afa2a3@1)). The three
basepoints of the three core graphs are identified into a unique basepoint .

F, 4>7r1 4>7r1 k,*)4>7r1(F"'L,>k

N

F _71'1

Figure 6. The diagram commutes.

Proof. If we have ¢(b.) = 1, then we just put b, in N and then we restrict our
attention to the subgroup (by,...,b.—1). Thus, it’s enough to prove the statement in the
case where p(b;) A1 fori=1,..,r

Let A,, be the graph given by V(A,) = {x} and E(A,) = {a1,a1,...,an,a,}. Let
' = core,({p(b1))) V -+ V core.({¢(b:))) be the labelled graph given by the join of
the graphs core,({p(b;))) for i = 1,...,r (see Figure 5). For i = 1,...,r, let 3; be the
unique reduced path in core.({¢(b;))) representing the element b;. Let f : T' — A,, be
the labelling map, inducing a map fi : 71(T, %) — 71 (A,, ) between the fundamental
groups. Let 0 : F,. — m1(T, x) be the isomorphism given by 0(b;) = [Bi] for i = 1,.
Observe that f. 0§ = ¢ as maps from F, to m1(A,,*) = F,.

Let ' =T9% — ... — I'* be a maximal sequence of rank-preserving folding operations
and let T* — ... — I'"™ be a maximal sequence of folding operations for T'*, as in
Proposition 3.5. The basepoint * € I" induces a basepoint * € I'V for every j = 0, ...,m
Let p: T — I'* and ¢ : T* — '™ be the quotient maps given by the sequences of folds.
Let f* : T* — A, and f™ : I'"™ — A, be the labelling maps, and observe that the
diagram of Figure 6 commutes.

Our plan now is to study the map ¢ using the fact that ¢ = fI* 0 q. o px 0 0. By
Propositions 3.5 and 3.2, we have that f* is injective (and can thus be ignored) and the
maps 6, p, are isomorphisms. As we will see, the interesting map is ¢..

Since p is a homotopy equivalence, the fundamental group of I'* has rank r. Let
T be a maximal tree for I'*, and let {e1,€y,...,e,, €.} be the list of edges in I'* \ T,
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and for every pair {e;,€;} choose the one which has label in {aq,...,a,} (and not in
{@1,...,a,}) (without loss of generality assume it’s ¢;): these give a basis [01], ..., [0,] for
the fundamental group 71 (I'*, %), according to Proposition 2.3.

By Proposition 3.5, the map ¢ : I'* — I'"* induces a bijection on the set of vertices
(see Figure 4); we consider the maximal tree T for I'*, and we observe that q|T is
injective and ¢(7) is a maximal tree for I'"". Let {d;,dy,...,ds,ds} be the list of edges
in I'™ \ ¢(T), and for every pair {d;,d;} choose the one which has label in {a1,...,a,}
(and not in {@,...,a,}) (without loss of generality, assume it’s d;): these give a basis
[p1]; ---s [ps] for the fundamental group (I, %), as in Proposition 2.3.

The map g, : 71 (T'%, %) — 71 ('™, %) is now very easy to describe: we have

1 if g(e;) € q(7)

«([o3]) =
(i) lp;] ifqle;) =d; € T\ g(T).

For each edge d; in I'™ \ ¢(T') fix an index 4(j) such that g(e;(;)) = d;. Define the sets
N"=A{[os] - qles) € a(T)}{[osllog )] = alew) = djand &' # i(5)}M" = {[oip] 15 =1, ..., 5}

and we observe that M’ U N is a basis for 71 (T, *) and that g. is injective on (M’) and
zero on (N'). Thus we set M = 6~ 1(p;1(M")) and N = 0~ (p;*(N')) and this yields (i),
(i) and (iii).

We observe that the construction of the graphs I',T* . T™ and of the maps p,q
is algorithmic. We use the bases F,. = (b1,...,b.) and m(T',*) = ([£1],...,[Br]) and
71 (T* %) = ([o1], ..., [0+]). The maps @ and 6~ are of course explicit in those bases.
The map p. can be algorithmically obtained too, because it is enough to look at the
paths p.(B;) for i = 1,...,r and at the occurrences of the edges ej,€y, ..., €., €, along
those paths. In order to make explicit the map p;!, we observe that, for j =1, ..., k, the
folding operation IV~! — TV induces a pointed homotopy equivalence [T ~!| — |TV|, and
it’s easy to explicitly produce a pointed homotopy inverse 7/ : [['V| — |T~1|; thus, we
have p;* = nlo---onk and by looking at the homotopy classes 71 (- - - (n”*~1(nk([04]))) - - +)

we obtain a writing of p;1([o;]) as a word in [34], ..., [8,], for i = 1,...,7. This shows that
M and N can be built in an algorithmic way.
Each of [o1], ..., [0,] can be written as a word of length at most 2 in the elements of

N'.Fori=1,..,rlet £; be the length of the word ©(b;) in the basis aq, ..., ay; the path
Bi has length ¢;, and so does the path p.(5;); in particular, p.(8;) contains the edges

€1,€1, ., €, € at most ¢; times, and thus p.([8;]) can be written as a word in [o4], ..., [04]
of length at most ¢;. Finally, each b, is a word of length one in [f1], ..., [5,]. This proves
part (iv). O

As a corollary of Theorem 3.8, we obtain the following result about ideals of equations:

Corollary 3.9. Let H < F), be a finitely generated subgroup and g € F,, be an element.
Then we have the following:

(i) The ideal I, < H = (z) is finitely generated as a normal subgroup.
(ii) The set of generators for I, can be taken to be a subset of a basis for H * (x).
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(iil) There is an algorithm that, given a finite set of generators for H and the element g,
computes a finite set of normal generators for I, which is also a subset of a basis
for H x (x).

Proof. Apply Theorem 3.8 to the evaluation homomorphism ¢4 : H *(x) — F, (given
by the inclusion on H and by ¢4 (z) = g). The algorithm of Theorem 3.8 produces a basis
for a free factor N of H x (z); the ideal J, coincides with ker ¢,, which is the normal
subgroup generated by N. The conclusion follows. O

Remark 3.10. We also refer the reader to [14], where they present two algorithms
to determine a finite set of generators of J, (as normal subgroup). The first algorithm is
based on Nielsen transformations, while the second one on Stallings’ folding techniques.

Remark 3.11. In the proof of Theorem 3.8, we make use of the basis [o1], ..., [0,] for
71 (%, %), which corresponds to a basis c1, ..., ¢, for F,. (given by ¢; = 0~ (p;*([4])) for
i=1,...,7). We show that the kernel ker ¢ is generated by words of length at most 2 in
the basis ¢y, ..., ¢,.. Moreover we show that, for ¢ = 1,...,r, the length of b; written as a
reduced word in the basis ¢1, ..., ¢, is smaller or equal than the length of b; written as a
reduced word in the basis aq, ..., ay.

In the setting of the particular case of Corollary 3.9, this gives us a basis ¢, ..., ¢r41
for H * (x) satisfying the following two conditions:

(i) J4 is generated by words of length at most 2 in the basis c1, ..., ¢,41;

(ii) The length of hy (respectively hag, ..., hy, ) written as a reduced word in the basis
C1, -y Cr11 18 smaller or equal than the length of hq (respectively hag, ..., k., g) written
as a reduced word in the basis aq, ..., ay.

4. The minimum degree of an equation

In this section, we work with a fixed finitely generated subgroup H < F,, and with a
fixed element g € F,, such that g depends on H. Let ¢4 : H * (x) — F,, be the map
of evaluation in g, and consider the ideal J, = ker ¢4. Recall that the degree of w is
defined as the total number of occurrences of z and Z in the cyclic reduction of w.

4.1. Equations as paths

Let I' = core,(H) V core,({(g)) be the pointed labelled graph given by the join of
core,(H) and core,({g)), see Figure 7. Let f:T' — A,, be the labelling map, inducing a
map fi : w1 (T, %) = m1(A,, *) between the fundamental groups.

Let 6 : H % () — m1(T,*) be the isomorphism sending each element of H to the
corresponding homotopy class of paths in core,(H), and the element x to the homotopy
class of the path in core,({g)) corresponding to the element g. It is immediate to see that
fx 060 =4 as maps from H * (x) to m1 (A, *) = F,, see Figure 8. In particular, we have
J, = ker o, = ker(f. 0 6) = 0~ (ker f.).
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b

. b *
\ / x
— . ’
b T
Figure 7. In the picture, we can see the (geometric realization of the) graph I'. Here F» = (a, b)
and H = (h1, he) with hy = b%ab and ha = abab. On the left of the basepoint, we have the graph
core,(H). On the right of the basepoint, we have the graph core.((g)) where g = ba.

H x (z) 0 1 (T, %)
Pg /
Fn =T (An, *)

Figure 8. The diagram commutes.

Definition 4.1. Let w € H x (z) be an equation. Define the corresponding path o
as the unique reduced path in T from * to * belonging to the homotopy class 6(w) (see
Proposition 2.2).

Definition 4.2. Let o be a reduced path in ' from % to x. Define the corresponding
equation w € H x (z) as w = 0"1([0]).

The two above definitions give a bijection between equations w € H x (z) and reduced
paths o in T from * to *. We define the length of an equation w € H *(z) as the length of
the corresponding path. Cyclically reduced paths correspond to cyclically reduced equa-
tions, i.e. equations w € H * (x) such that, when we write w as a reduced word in the
letters ay,ay, ..., an, Gn, x, T, the word is also cyclically reduced. Equations belonging to
the ideal J, correspond to paths o such that f.(o) is homotopically trivial.

Definition 4.3. A lift is a reduced path o in T' from * to x such that f.(o) is
homotopically trivial.

Recall that ||T'|| denotes the number of edges of the graph I' (Definition 2.1). The aim
of this section is to prove the following theorem:

Theorem 4.4. Let d,;, be the minimum possible degree for a non-trivial equation in
Jg. Then there is a non-trivial equation w € J4 of degree dmin and length £ < 8|12 drmin -
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4.2. Innermost cancellations

The degree of a cyclically reduced equation can be computed by looking at how many
times the corresponding path crosses the edges of core({(g)).

Lemma 4.5. Let o be a cyclically reduced path from x to x in T, with corresponding
cyclically reduced equation w € H % (x) of degree d. Then we have the following:

(i) For every edge e of core({(g)), the path o contains exactly d occurrences of e,€ (in
total).

(ii) For every edge e of core.({(g)), the path o contains at most 2d occurrences of e, e
(in total).

Proof. Write the equation w as a cyclically reduced word c;z%lcox®2- - -, 27 Cpyq
with aq, ..., € Z\ {0} and ¢y, ..., ¢, 41 € H. Then in the graph I" we have that 6(w) =
O(cr) - O(z1)----- 0(x27) - 0(cr4+1) (recall that the - symbol denotes the concatenation of
paths, without any homotopy).

(i) Fix an edge e of core({g)). Then f(x*¢) contains exactly one of e and €, and exactly
|a;| times, for ¢ = 1,...,r. We have that 6(c;) is contained in core,(H) and thus it
doesn’t contain any edge of core({g)). The conclusion follows since |ay |+...+|a,| = d.

(ii) Fix an edge e of core,({g)) \ core((g)). Then §(z*i) contains exactly one occurrence
of e and exactly one occurrence of €, for i = 1,...,7. We have that 6(c¢;) is contained
in core,(H) and thus it doesn’t contain any edge of core({g)). The conclusion follows
since r < d.

0

Recall that equations w belonging to the ideal J, are in bijection with lifts o,
i.e. reduced paths in T' from * to * such that f.(o) is homotopically trivial (see
Definition 4.3). Given a lift ¢ of length ¢, we can take a maximal reduction process

(815t1), 5 (8272, tey2) for fu(o).

Definition 4.6. Let o be a lift of length £ > 2 and let (s1,t1),...,(S¢/2,te/2) be a
mazximal reduction process for f.(c). A couple (s;,t;) is called innermost cancellation

The following two lemmas, which will be of fundamental importance in what follows,
tell us that the degree of w is closely related to the number of innermost cancellations in
the process.

Lemma 4.7. Let 0 = (ey,...,e¢) be a lift of length £ > 2 and let (s1,t1), ..., (S¢/2,te/2)
be a mazimal reduction process for f.(c). Let (s;,t;) be an innermost cancellation. Then,
among es, and e, , one is an edge of core.(H) and the other is an edge of core.((g)) (and
7(es;) = t(eq;) is the basepoint).

Proof. Since (s;,t;) is a couple of a reduction process for f.(c), we have that f(e;,) =
f (éﬁz‘)‘ This means that the two edges e, and s, have the same label. Observe that
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L(eti) = L(Esi) but e;, # €s,, since o is a reduced path and ¢; = s; + 1. This means that
er; and €5, can’t both belong to core,(H) (because it is folded) and can’t both belong
to core,({(g)) (because it is folded too). Thus one of them has to belong to core,(H) and
the other to core.({g)), and the conclusion follows. O

Lemma 4.8. Let o be a cyclically reduced lift of length £ > 2 and let
(81,t1)5 .05 (8272, te/2) be a mazimal reduction process for f.(o). Suppose that the cycli-
cally reduced equation w € J4 corresponding to o has degree d. Then the reduction process
contains at most 2d innermost cancellations.

Proof. As in the proof of Lemma 4.5, write the equation w as a cyclically reduced
word

1% eox®2- - -crx® Cry

with aq,...,a, € Z\ {0} and ¢y, ...,¢cr41 € H; we have 0 = 0(w) = 6(c1) - O(x*1) - -+ -
O(z%)-0(cr+1). We see that w has degree d = |ag|+- - -+ |a| > r and, using Lemma 4.7,
that the path o contains at most 27 innermost cancellations. The conclusion follows. [J

4.3. Parallel cancellation

In this subsection, we introduce the parallel cancellation moves, which allow us to
produce a shorter equation from a longer one.

Definition 4.9. Let ¢ = (e1,...,es) be a lift of length £ > 4 and let
(51,t1), ..y (S¢/2,te/2) be a mazimal reduction process for f.(o). We say that two couples
(Sasta), (8g,t3) with o < B are parallel if sz < s4 < to < tg and we have €sg = €sa
and er, = Ctg-

The reason behind the definition of parallel couples is that they allow us to perform
a cancellation move, which we now describe, that will be of fundamental importance
in the proof of Theorem 4.4. Let 0 = (ey,...,es) be a lift of length ¢ > 4 and let
(81,t1), -5 (S¢/2,te/2) be a maximal reduction process for f.(c). Let (sq,ta), (s5,tp) be
two parallel couples. Define

/
o' = (e1, . €sg—1)€sqr e Cla Ctgtly oo )

obtained removing the two segments (esﬁ,...,esa,l) and (etaﬂ,...,etﬁ) from o (see
also Figure 9). Notice that o’ is a well-defined path in T" from * to x and has length
¢ satisfying 2 < ¢/ < £ — 2 (because there are at least two edges that get removed,
namely eg 3 and e, 5 and two that don’t get removed, namely e;, and e;,). We say

that the path ¢’ is obtained from o by means of a parallel cancellation move. Let
w:i{l,....,s8—1, 80, ... ta,tg+1,...., £} = {1,..., €'} be the unique non-decreasing bijection
(which is needed to reparametrize the indices).

Lemma 4.10 (Parallel cancellation). Let o = (e1,...,er) be a lift of length
¢ > 4 and let (s1,t1),...,(S¢/2,te/2) be a mazimal reduction process for f.(o). Let

https://doi.org/10.1017/50013091524000439 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091524000439

Ideals of equations for elements in a free group and stallings folding 21

g Sa ta tp

Figure 9. An example of a diagram for a maximal reduction process. The cancellation move
removes the two intervals that are painted below the diagram.

(Sasta), (sg,t3) be two parallel couples, and let o' be obtained performing the parallel
cancellation move. Then o’ is a lift (i.e. o' is reduced and f.(c') is homotopically triv-
ial). A mazimal reduction process for f.(c') can be obtained from (s1,t1), ..., (S¢/2,te/2)
by removing the couples (s;,t;) with sg < s; < sq and by applying w to each number in
each of the remaining couples.

Proof. We want to show that ¢’ is reduced. For k = 1, ..., s3 — 2, we have that the
two consecutive edges ey, exy1 in o’ also appear as consecutive edges in o, and since o is
reduced we have ej, # €,41. The same holds for k = s,,...,to—1 and for k = tg+1, ..., {—1.
For the two edges e;,_1, €5, that appear consecutive in ¢/, we notice that e, = e5, since
the couples are parallel, and e, 51 % € 5 yielding e, 51 # €s,,. The same holds for the
two edges ey, et g1 This proves that ¢’ is reduced.

For every i € {1, ...,£/2} we have that e, is removed from o if and only if s5 < s5; < 84 if
and only if (by Lemma 2.6) t,, < t; < tg if and only if e;, is removed from o. Consider the
sequence (s1,t1), ..., (S¢/2,t¢/2) and remove the couples (s;,%;) with s5 < s; < 54 (Whilst
preserving the order of the other couples): the remaining couples contain the indices of
the edges that remain in ¢’, the index of each edge appearing exactly once. We can thus
apply w to each number in each of the remaining couples, and we get a sequence of couples
(q1,71), -+ (Qer j2, e j2) such that g1, 71, ..., qpr 2,741 o are a permutation of 1,...,¢'. Since
w is non-decreasing we also have ¢; < r; for j =1,...,¢/2.

Fix an index j € {1,..,¢/2} and we must have (g;,7;) = (w(s;),w(t;)) for some
i € {1,...,4/2}. Since (s1,t1),..., (S¢/2,t¢/2) is a reduction process for o we have that
{si + 1,8 +2,...,t; — 2,t; — 1} C {s1,t1,...,8i—1,t;—1}: we remove from both those
sets the indices in {sg,...,80 — 1,tq + 1,....,t3} and we apply w, and we obtain that
{g;+1,q¢;+2,...,7;—2,7;—1} C{q1,71,--,qj—1,7j—1}. Finally, we observe that f(es,) =
f(éti) implies f(eqj‘) = f(érj)'

This proves that (q1,71), .., (¢ /2, 7/ /2) is a maximal reduction process for f.(o’), and
it contains all the indices from 1 to ¢. In particular, f.(c’) is homotopically trivial. The
conclusion follows. 0

The following lemma shows that parallel cancellation move can’t increase the degree
of the corresponding equation.
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Lemma 4.11. Let 0,0’ be cyclically reduced lifts. Suppose that o' is obtained from
o by means of a parallel cancellation move. Then the degrees d,d’ of the corresponding
equations w,w’ satisfy d’ < d.

Proof. Fix an edge e of " belonging to core({(g)) and apply Lemma 4.5. The sequence
of edges of ¢’ is obtained from the sequence of edges of o by removing some elements of
the sequence. In particular, the number of occurrences of e and € can’t increase. O

Later, in §5.1, we will provide a more detailed discussion about parallel cancellation
moves that preserve the degree of the corresponding equation.

4.4. The minimum possible degree for a non-trivial equation

Recall that ||I'|| denotes the number of edges of the graph I' (Definition 2.1).

Proposition 4.12. Let w € T4 be a cyclically reduced equation and let o be the
corresponding cyclically reduced lift. Suppose w has degree d and length £ > 8||T|*d.
Then every mazximal reduction process for f.(o) contains two parallel couples.

Proof. Fix a maximal reduction process (si,t1),...,(s¢/2,t¢/2) for fi(o). Let
Z = {(e,e’) € E(T') x E(T') : f(e) = f(e)} be the set of couples of edges with the
same label; we have 2||T'|| possibilities for the choice of e, and fixed e we have at most
||| possibilities for the choice of ¢ (each label can appear on at most ||T'|| edges, since
reverse edges have inverse label): this shows that |Z] < 2||T||%.

Define the map {1,...,£/2} — Z given by i — (es,, ;). By hypothesis, we have £/2 >
2||T||? - 2d and thus there is at least one element of Z which is the image of at least
2d + 1 indices i1 < -+ < 3441 in {1,...,£/2}. This means that we have 2d 4+ 1 pairwise
distinct couples (st ), .. (si2d+1’t in the reduction process satisfying e,

= eti2 =

i2d+1) 1

€y =1 = eSiQd-&-l and e; = e%dﬂ.

For each k = 1,...,2d + 1, the couple (sik,tik) has to contain an innermost cancel-
lation, i.e. there is an innermost cancellation (qg,rx) with s;, < g < 7 < ;. By
Lemma 4.8, there are at most 2d innermost cancellations: since we have 2d + 1 couples

(8iystiy)s e (8i2d+1’ti2d+1)’ two of them, let’s say (sij,tij) and (s, t;, ) with j <k, have

(51

to contain the same innermost cancellation (g;,7;) = (gx,7%). But by Lemma 2.6, this
implies si; < 8y, < ti, < tz-j. Thus the two couples (sij,tij), (sik,tik) are parallel, as
desired. ]

We are now ready to prove Theorem 4.4.

Proof of Theorem 4.4. Let w € J, be a non-trivial equation of degree din and of
minimum possible length ¢ > 1. This in particular implies that w is cyclically reduced.
Let o be the corresponding cyclically reduced lift (which has length ¢ too).

Assume by contradiction that ¢ > 8||T||2dmin. Let (s1,t1), ..., (¢/2,t¢/2) be a maxi-
mal reduction process for fi(c): by Proposition 4.12 we can find two parallel couples
(si,ti), (sj,t;). We perform the corresponding parallel cancellation move (according to
Lemma 4.10) and we obtain a path ¢’ of length ¢, with corresponding equation w’ € Jg,
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with w’ # 1. Notice that ¢ < ¢; moreover, by Lemma 4.11, the degree d of w’ satisfies
d’' < dpin, but since dp,;, is the minimum possible this implies d’ = dy;,. But then ¢/ < £
contradicts the minimality of £. This proves the theorem. O

Corollary 4.13. There is an algorithm that, given a finite set of generators for a
subgroup H < F,, and an element g € F,, such that g depends on H, produces a non-trivial
equation w € J4 of minimum possible degree.

Algorithm We first produce an upper bound D on the minimum degree of an equation
in J4; this is done for example by taking any non-trivial equation in J,, which we can
construct using the algorithm of Theorem 3.8, and taking its degree D. Given this upper
bound D, we take all the non-trivial reduced paths ¢ in I' from * to % and of length
¢ < 8||T||>D. For each such path o, we check whether f,.(c) is homotopically trivial (in
linear time on a pushdown automaton, with a free reduction process), and we compute
the degree of the corresponding equation w. We take the minimum of all the degrees
of those equations: this is also the minimum possible degree for a non-trivial equation
in Jg. O

5. The set of minimum-degree equations

In this section, we describe a parallel insertion move and we show that it is an inverse
to degree-preserving parallel cancellation moves. We also provide a few lemmas that
help us manipulate sequences of parallel insertion moves. The aim of this section is to
provide an explicit characterization of the set of all the equations of minimum pos-
sible degree (and more generally, of the set of all the equations of a certain fixed
degree).

We work with in the same setting as in previous § 4. We fix a finitely generated subgroup
H < F, and an element g € F,, such that g depends on H. As in the previous section,
we consider the pointed labelled graph I' = core,(H) V core,((g)) with labelling map
f:T—=A,.

5.1. Degree-preserving parallel cancellation moves

Given two lifts o and ¢/, Lemma 4.11 tells us that, if ¢’ is obtained from ¢ by means of
a parallel cancellation move, then the degrees d,d’ of the corresponding equations w, w’
satisfy d’ < d. We now provide more precise information about which parallel cancellation
moves give an equality d’ = d between the degrees.

Definition 5.1. Let 0,0’ be lifts and suppose o’ is obtained from o by means of a par-
allel cancellation move. We say that the parallel cancellation move is degree-preserving
if the two equations w,w’ corresponding to the paths o,c’ have the same degree d = d'.

Lemma 5.2. Let 0 = (eq,...,ep) be a cyclically reduced lift of length £ > 4 and let

(81,t1), 5 (S¢/2,tey2) be a mazimal reduction process for f.(o). Suppose that there are
two parallel couples (Sq,ta),(sg,t3) with 1 < o < f < £/2, and let o’ be the cyclically
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reduced lift obtained from o performing the parallel cancellation move. If the parallel
cancellation move is degree-preserving, then we have the following:

i) The edges €5,y ..., €5, Ctys -5 €t belong to core(H).
B ar o B
(i) We have that so — sg = tg — to and the mazimal reduction process contains the
couples (sg +1i,tg —1i) fori=0,1,..., 84 — $3-

Proof. We observe that I' consists of the join of core(H), core({g)) and a (possibly
trivial) edge-path connecting one point of core(H) to one point of core({g)).

(i) Let p = (esﬁ,esﬁﬂ, .y €s,,) and we want to prove that p is contained in core(H).
Notice that p begins and ends with the same edge e, 5 = Csa-
Suppose that €sg doesn’t belong to core(H). Then the path p is reduced, and begins
and ends with a same edge in T\ core(H). This implies that, for every edge e of
core({g)), the path p is forced to contain either e or € at least once. It follows by
Lemma 4.5 that the parallel cancellation move can’t be degree-preserving.
Suppose now that there is an edge e, with sg < s < s, such that e; doesn’t belong
to core(H). Then p is reduced, begins and ends in core(H), and contains an edge
in "\ core(H). This implies that, for every edge e of core({g)), the path p is forced
to contain either e or € at least once. It follows by Lemma 4.5 that the parallel
cancellation move can’t be degree-preserving.
It follows that p = (esﬁ,esﬁﬂ, .y €54, ) 18 contained in core(H). Similarly, we have
that (ety .. s etﬁ) has to be contained in core(H ), and this proves (i).

(ii) Suppose that a couple (s;,t;) satisfies sg < s; < t; < s for some 1 <4 < . Then
there must be an innermost couple (sj7tj) with sg < 55 <t; < 5o forsome 1 < j <
1. But then by Lemma 4.7, at least one of the edges €s; €t belongs to I'\ core(H),
contradicting (iv). It follows that no couple (s;,t;) can satisfy sg < s; < t; < Sq;
similarly, no couple (s;, t;) can satisfy to < s; < t; < . By Lemma 2.6, we have that
the reduction process has to pair up numbers in {sg,sg + 1, ..., sS4} with numbers
in {ta,te +1,...,t3}, and the pairing has to be done in decreasing order. This

proves (ii).
O

5.2. Parallel insertion moves

We here introduce the parallel insertion mowve, which allows us to produce longer
paths representing equations from shorter ones. We prove that this is the inverse of
the degree-preserving parallel cancellation moves. We provide a few lemmas that allow
us to manipulate sequences of moves, and which will be useful in what follows.

Definition 5.3. Let ¢ = (e1,...,er) be a lift of length ¢ > 2 and let
(815t1)5 05 (S£/2,te72) be a mazimal reduction process for f.(o). Fir a couple (Sa,ta)
such that es,, et belong to core(H). An insertion for o at (Sqa,ta) s a couple (p1, p2)
as follows:

(i) p1 is a cyclically reduced closed path in core(H) such that the first edge of p; is

€sq -
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Sa te

///,// ! Sa ta ; \\\\\\

/// \ / \\\
/// \ ! \\\
P1 P2
Sa to

P1 P2

Figure 10. An example of a parallel insertion move. In the image above, we can see a diagram
for a maximal reduction process for o. In the image in the middle, we see the two cuts at ¢(es, )
and 7(et, ) and the two segments p1 and (the reverse of) ps ready to be inserted. In the image
below, we see the result after the insertion move, and a diagram for a maximal reduction process
for o’.

(ii) p2 is a cyclically reduced closed path in core(H) such that the first edge of ps is
-

(iii) The two paths p1, p2 have the same length and satisfy fi(p1) = f«(p2) (i-e. we read
the same cyclically reduced word in ay,ay, ..., an, a, while going along p; and ps2).

Let (p1,p2) be an insertion at (so,tq) for the lift o. Call o = (eq,...,e;) and p; =
(e],€h,...,el) and po = (e1/,ealt..., e 11). Define

Y

/ ! / / — — —
0 = (€1,€2, ey €5 —1, €15y eey €1y €y Esoytls +ovs Ctoy—1s Ctoys Crlly Cr1l, ..y CLI,

Cta+1s €ty +2y s €g>

obtained by inserting the segment p; immediately before the edge e;,, and by inserting
the segment po, in reverse direction, immediately after the edge e;, (see also Figure 10).
Notice that ¢’ is a well-defined path in I' from * to *, since we required p;, ps to be
cyclically reduced and to begin with ey, , €, respectively. The path o’ has length ¢ =
£ + 2r where ¢ > 2 is the length of 0 and r > 1 is the length of the segments of the
insertion. We say that the path ¢’ is obtained from ¢ by means of a parallel insertion
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move. Let v: {1,..., 0} = {1,2,...,80 — 1,7+ 80,7+ Sa + 1, ..c;m +tq — 1,7 + to,2r +
ta+1,2r+t4 +2,...,2r + £} be the unique non-decreasing bijection (which is needed to
reparametrize the indices).

Lemma 5.4 (Parallel insertion). Let o = (eq,...,ep) be a lift of length £ > 2 and let
(51,t1), -0, (Sg/2,te/2) be a mazimal reduction process for f.(o). Let (sq,ta) be a couple
such that e, , es,, belong to core(H) and let (p1, p2) be an insertion for o at (Sq,tq). Let
o’ be the path obtained performing the parallel insertion move. Then o' is a lift (i.e. o’
is reduced and f.(o') is homotopically trivial). Moreover, there is a mazimal reduction
process for f.(o') containing the couples (v(s;),v(t;)) fori=1,...,¢/2.

Proof. The fact that ¢’ is reduced follows from the fact that o is reduced and
from the fact that pi,ps are cyclically reduced; here it’s important the property
that p; begins with e, respectively (that grants us that es,—1 # € and e,. #
€s,), and analogous for ps. A maximal reduction process for f.(c’) is given by
(W(51), V(81))s s (0(30), U(Ea))s (50 + 7 — Ly b+ 7+ 1), (507 — 2, b 7+ 2), o (S0 b
2r), (v(Sat1), V(tat1)), - (¥(5/2), ¥(te/2)); in other words, in order to reduce o', we can-
cel the same couples of edges as in o, until we cancel es, against e, ; at that point, we
cancel p; against the reverse of py (and this can be done since by hypothesis we have
f«(p1) = f«(p2)); and then we conclude the reduction process in the same way as in o.
In particular, f,(c’) is homotopically trivial, as desired. d

Recall that f : I' — A, is the labelling map, and with an abuse of notation
denote with f : core(H) — A, the labelling map of core(H), which is a restriction
of the same map to the subgraph core(H). Take two copies f; : core(H) — A, and
f2 : core(H) — A, of the same map and consider the pull-back Q = core(H) X a,, core(H )
as defined in Section 1.3 of [18]. This means that Q has vertices V(2) = V(core(H)) x
V(core(H)) and edges E(Q2) = {(e1,e3) € E(core(H)) x E(core(H)) : fi(e1) = fa(ea)},
and the two projection maps p; : € — core(H) and py : @ — core(H) satisfy
fiopr = faops.

Let o = (e, ..., e¢) be alift, let (s1,t1),..., (s¢/2,t¢/2) be a maximal reduction process for
f«(0) and let (s4,ts) be a couple such that ey, e, belong to core(H). By the universal
property of the pull-back, we have that insertions (p1,p2) as in Definition 5.3 are in
bijection with cyclically reduced closed paths p in 2 such that the first edge of p is
(€sq» €ty )- This provides a characterization of all insertions for o at (sq,t,) and provides
an algorithmic way to check the existence of an insertion, since the construction of the
finite graph 2 is algorithmic.

For every vertex v of core(H), the group m(core(H),v) can be seen as a subgroup of
F,, (by means of the injective homomorphism induced by the labelling map). Similarly,
for every two vertices vy, ve of core(H) the group 1 (€2, (v1,v2)) can be seen as a subgroup
of F,,. By Theorem 5.5 of [18], we have 71 (€, (v1, v2)) = m1(core(H ), v1) Ny (core(H), v2)
as subgroups of F,; notice that both m(core(H), v1) and m (core(H), v2) are conjugates
of H.

In particular, in order to have an insertion for o at (sa,t), we need to have non-
trivial intersection 7y (core(H), t(es, ) N1 (core(H), 7(et, ). We point out that there are
cases where the possibilities for parallel insertion moves are very limited (for example
if H is malnormal in F,,, meaning that every two distinct conjugates of H have trivial
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intersection). In any case, it is possible that t(es,) = T(es,,) (i-€. €5y = €ty ), giving the
possibility for at least some parallel insertion move to be performed.

The following two lemmas show that the parallel insertion moves of Lemma 5.4 are
essentially the inverse of the parallel cancellation moves of Lemma 4.10 which are degree-
preserving as in Definition 5.1.

Lemma 5.5. Let 0 = (eq,...,ep) be a cyclically reduced lift of length £ > 2 and let
(81,t1), s (8272, tey2) be a mazimal reduction process for f.(o). Let (sa,ta), (g,ts) be two
parallel couples, and let ¢’ be obtained performing the parallel cancellation move. Suppose
that the parallel cancellation move is degree-preserving and let p = (635, Csgtlsees €sg—1)
and ps = (Etﬁ,étﬂ,l, ey €tot1). Then (p1,p2) is an insertion for o’ and if we perform
the parallel insertion move we obtain o.

Proof. It follows from Lemma 5.2 that (p1, p2) is an insertion. The insertion move has
to be performed at (sg,2t, —t5) = (w(sqa),w(ta)), where w is the ‘reparametrization of
indices’ map as in Lemma 4.10. It follows from the definitions that when we apply the
parallel insertion move to ¢’ we obtain o. O

Lemma 5.6. Let o/ = (e1,...,ey) be a lift of length ¢ > 1 and let
(81,t1), s (8072, ter j2) be a mazimal reduction process for fi(o'). Let (sa,ta) be a couple
such that eg,, e, belong to core(H) and let (p1,p2) be an insertion for o' at (Sq,ta);
let o be obtained performing the parallel insertion move. Then o' can be obtained from
o by means of a parallel cancellation move that removes the segments p1, p2 that we just
added; moreover, this parallel cancellation move is degree-preserving.

Proof. Immediate from the definitions. O

We are now going to prove the technical Lemmas 5.7, 5.8 and 5.9; these will allow us
to manipulate a sequence of insertion moves. The following Lemma 5.7 says that, if we
take a path o and we have two parallel insertion moves that we want to perform on o,
then we can perform them in any order that we want, and we get the same result.

Lemma 5.7. Let o = (ey,...,e¢) be a lift of length £ > 1 and let (s1,t1), ..., (S¢/2,te/2)
be a mazimal reduction process for f.(o). Let (Sa,ta), (Syrsty) be couples such that
€sarCtasEs s €t , belong to core(H) and let (p1,p2), (p},p5) be insertions for o at
(Sarta)s (Sqr,tyr) Tespectively. Then performing the two parallel insertion moves on o

in one order or in the other gives as a result the same path.

Proof. When performing the moves in one order or in the other, we start with the
same path o, and we add the same edges in the same places. The only thing that changes
is the order in which the edges are added, but the resulting paths are the same. O

The following Lemma 5.8 says that, if we take a path and we perform two parallel
insertion moves at the same couple of edges, then we can consolidate them into one
single insertion move instead (at the same couple of edges).

Lemma 5.8. Let 0 = (e1,...,e¢) be a lift of length £ > 1 and let (s1,t1), ..., (S¢/2,te/2)
be a mazimal reduction process for f.(o). Let (sq,tq) be a couple such that es,, , ;. belong
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to core(H), and let (p1,p2), (P}, ph) be insertions for o at (Sa,ta). Then (p1 - pl, p2 - ph)
is an insertion for o at (sq,ta). Moreover, performing on o the parallel insertion move
relative to (p1, p2) and then the one relative to (p}, ph) gives the same result as performing
the parallel insertion move relative to (p1 - pi, p2 - ps)-

Proof. Completely analogous to the proof of Lemma 5.7. 0

The following Lemma 5.9 says that, if we take a path and we perform a parallel insertion
move at a couple of edges, and then another insertion move at a couple of edges that
we just added, then we can again consolidate the two insertion moves into a single one.
Notice that this is slightly different from the previous Lemma 5.8.

Lemma 5.9. Let 0 = (e1,...,ez) be a lift of length £ > 1 and let (s1,t1), ..., (S¢/2,te/2)
be a mazimal reduction process for fi(c). Let (Sq,ta) be a couple such that es,, , es,, belong
to core(H), and let (p1, p2) be an insertion for o at (Sa,ta). Let o’ be the path obtained
performing the parallel insertion move and let (s7,t}), ..., (82,/2, %//2) be a mazimal reduc-
tion process for f.(o'). Let (sj,t};) be a couple in the reduction process for f.(o') that
doesn’t come from a couple in the reduction process for f.(o) (see Lemma 5.4); let (p}, p3)
be an insertion for o' at (sj,t};) and let oll be the path obtained performing the parallel
insertion move. Then there is an insertion (p1/1, palt) for o at (Sq,ts) such that, if we
perform on o the corresponding parallel insertion move, we obtain o/!.

Proof. Completely analogous to the proof of Lemma 5.7. 0

5.3. Characterization of all the minimum-degree equations

Recall that ||T'|| denotes the number of edges of the graph I' (Definition 2.1). Let dmin
be the minimum possible degree for a non-trivial equation w € J,.

Theorem 5.10. Let w € J, be a cyclically reduced equation of degree dmin and let o be
the corresponding cyclically reduced lift. Then there is a cyclically reduced equation w' €
Jg of degree dwin with corresponding cyclically reduced lift o', and a maximal reduction
process for f.(o’), such that:

(i) The path o' has length €' < 8||T||?dmin-
(ii) The path o can be obtained from o’ by means of at most ¢'/2 parallel insertion
moves (see Lemma 5.4), each of them performed at a distinct couple of the reduction

process for f.(d’).

Proof. If the length of o is £ > 8||I'||?dmin, then by Proposition 4.12 we can perform
a parallel cancellation move on ¢ in order to get a shorter path. The degree can’t strictly
increase, by Lemma 4.11, and can’t strictly decrease, since dpi, was minimum. Thus,
we obtain a strictly shorter path, whose corresponding equation has the same degree
dmin. We reiterate the process, and after a finite number of parallel cancellation moves
we have to obtain a path ¢’ with corresponding equation of degree dp;, and of length
0" < 8|12 dynin-
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Since ¢’ is obtained from o by means of a finite number of parallel cancellation moves,
by Lemma 5.5, this means that ¢ can be obtained from ¢’ by means of a sequence of
parallel insertion moves. Take a sequence of parallel insertion moves &1, ..., &, that changes
¢’ into o and has minimum length p between all such sequences.

Suppose that there are two parallel insertion moves £;, & with ¢ <r such that &, acts
on a couple that is added to the reduction process by &, (see Lemma 5.4): then we take
an innermost couple of parallel insertion moves with that property, so that each move &;
with ¢ < j < r acts on a couple in the reduction process different from the one of &,.
In particular, by Lemma 5.7, we can change the order in our sequence in order to bring
&, adjacent to £,, and we can then apply Lemma 5.9 in order to substitute &, &, with
a single parallel insertion move. This contradicts the minimality of the length p of the
sequence.

Thus in our sequence &i,...,&;, we have that each insertion move acts on a couple
coming from the initial reduction process of o’. If two insertion moves &,, &, with ¢<r
act on the same couple, then we reason as above, and by means of Lemmas 5.7 and 5.8
we can substitute them with a single insertion move, contradicting the minimality of p.

It follows that each couple of parallel insertion moves of the sequence &, ...,&, acts
on a different couple coming from the initial reduction process of ¢’, and in particular
p < ¢'/2. The conclusion follows. O

5.4. Equations of an arbitrary fixed degree

Until now we focused on the study of the equations of minimum possible degree, but
the results can be generalized to equations of any fixed degree. The following proposition
is similar to Proposition 4.12, but with the difference that this time we are looking for a
parallel cancellation move which is degree-preserving.

Proposition 5.11. Let w € J, be a cyclically reduced equation and let o be the cor-
responding cyclically reduced lift. Suppose w has degree d > 1 and length ¢ > 64||T||*d? +
16[|T||3d + 4||T||d. Then every mazimal reduction process for fi.(o) contains two parallel
couples such that the corresponding parallel cancellation move is degree-preserving.

Proof. Fix a maximal reduction process (s1,1), ..., (5¢/2,t¢/2) for fi(o). We say that
a couple (s;,t;) is bad if one of e, e, belongs to core,((g)). There are at most ||T'| pairs
of edges {e, e} in core.({(g)), and for each of them there are at most 2d edges of & which
are equal to e or € (by Lemma 4.5). It follows that there are in total at most 2||T'||d bad
couples.

Consider the set C' = {1,2,...,£} \ {r : r belongs to a bad couple (s;,t;)}. This means
that we remove at most 4||T'||d elements from the set {1, ..., £}, and thus the remaining set
C can be written as a union of at most 4||I'|d+1 intervals: we write C = C;U...UC, with
a < 4||T||d+1, where Cy = {bg, b +1,...,c} for some 1 < by, < ¢ < ¢, in such a way that
Ch—1+2 <bp < ¢ <bg1—2fork =2,...,a—1. We have |C1|+...+|C,| = |C| > £—4|T||d
and by hypothesis ¢ — 4||T||d > 16]||T||3d(4||T||d + 1) + 1: it follows that there is at least
one set C € {C, ...,C,} of size at least |C| > 16||T||3d + 1.

We observe that there is no couple (s;,t;) with both s;,t; € C: otherwise, we could find
an innermost cancellation (s;,t;) with s; < s; <t; <t;, and by Lemma 4.7 (s;,t;) would
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be a bad couple, and thus C would contain elements of a bad couple, contradiction. Let
Z ={(e,e,Cy) : e,¢’ € E(T) with f.(e) = fu(e/) and Cy € {C4,...,C,} with Cy # C}:
we have 2||T'|| possibilities for choice of e, fixed e we have at most ||T'|| possibilities for
the choice of €', and we have at most 4||T||d choices for Cy; it follows that | Z| < 8||T'||?d.

Without loss of generality, assume C contains at least 8||T'[|2d+1 elements s; belonging
to couples (s;, ;) of the reduction process (otherwise C has to contain at least 8||T'||>d + 1
elements t; belonging to couples (s;,t;) of the reduction process, and the reasoning is
analogous). To each such edge s;, we associate the triple (es;,€:,,Cx) € Z, where Cy €
{C1,...,C.}\ {C} is the connected component to which ¢; belongs. Since we have at least
8||T|I°d + 1 edges s; in C, and at most |Z| < 8||T'||3d possible triples, there are at least
two elements s;,, s;, with the same associated triple (esi1 »ery s Cr) = (esi2 Gy Ck).

It immediately follows that (s; ,%;,) and (s4,,t;,) are parallel couples. Without loss of
generality we can assume that s;; < s;,; we have that the interval {Si1’3i1 +1,.., Si2}
is contained in C and the interval {ti2 ylig 1,0, ti1} is contained in Cj. Thus, when we
perform the parallel cancellation move relative to the couples (s;,¢;,) and (siy, i), we
only remove edges whose image is in core,(H). We conclude from Lemma 4.5 that the
cancellation move is degree-preserving, as desired. O

We are now ready to state and prove the analogues to Theorem 4.4 and to
Theorem 5.10.

Theorem 5.12. Let d > 1 be an integer. Suppose that J, contains a non-trivial
equation of degree d. Then J, contains a non-trivial equation w of degree d and length
0 < 64|T||*d? + 16||T||3d + 4||T||d.

Proof. Take any non-trivial equation w in J, of degree d and minimum possible
length ¢ > 1. This implies that w is cyclically reduced. Let o be the corresponding
cyclically reduced lift (which has length £ too). If £ > 64[|T||*d? + 16||T||3d + 4/|T'||d then
by Proposition 5.11 we can perform a degree-preserving cancellation move on o, and thus
we can find a non-trivial equation in J, of degree d whose corresponding lift is strictly
shorter, contradiction. Thus we must have ¢ < 64|T'||*d? + 16||T||3d + 4||T||d, and the
conclusion follows. O

Corollary 5.13. There is an algorithm that, given a finite set of generators for a
subgroup H < F,,, an element g € F,, and an integer d > 1, tells us whether 3, contains
non-trivial equations of degree d, and, if so, produces an equation w € J4 of degree d.

Theorem 5.14. Let d > 1 be an integer. Let w € T4 be a cyclically reduced equation
of degree d and let o be the corresponding cyclically reduced lift. Then there is a cyclically
reduced equation w' € I, of degree d with corresponding cyclically reduced lift o/, and a
mazimal reduction process for f.(o'), such that:

(i) The path o' has length ¢’ < 64||T||*d? + 16||T||>d + 4[|T||d.
(ii) The path o can be obtained from o' by means of at most ' /2 insertion moves (see
Lemma 5.4), each of them performed at a distinct couple of the reduction process

for fi(a”).
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Proof. Completely analogous to the proof of Theorem 5.10. 0

5.5. The set of possible degrees

Let H < F, be a finitely generated subgroup, let g € F;, be an element that depends
on H, and let J, < H  (x) be the ideal of the equations for g over H.

Definition 5.15. Define D, = {d € N : there is a non-trivial equation w €
Jg of degree d}.

Lemma 5.16. Ifd,d’' € D, and k > 0 then d + d’' + 2k € D,.

Proof. Let w € J,; be an equation of degree d: up to cyclic permutation, we can
assume that w is of the form c;az®1---c,x®" with cq,...,¢, € H\ {1} and aq,...,q, €
Z\ {0}. Similarly, let w’ € J,4 be an equation of degree d’, and similarly we assume that
w = c’lmo‘ll-~-c;xag with ¢f,...,c, € H\ {1} and of,...,al, € Z\ {0}. Without loss of
generality, also assume that o/, > 0 and we take h € H \ {1,¢1}. Then w/ = hwhz"w'z*
belongs to J, and has degree d + d’ + 2k, for any k > 0. The conclusion follows. g

Denote with 2N the set of non-negative even numbers.

Theorem 5.17. FExactly one of the following possibilities takes place:

(i) Dy contains an odd number and N\ Dy is finite.
(ii) Dy contains only even numbers and 2N\ Dy is finite.

Proof. If J, contains only equations of even degree, then we take any equation of even
degree d, and by Lemma 5.16 we are able to obtain equations of degree d + d + 2k for
every k > 0. Thus, in this case, we have that 2N\ Dy is finite.

Suppose now that J, contains an equation of odd degree d. Then by Lemma 5.16, we
are able to obtain equations of degree d + d + 2k for every k > 0, and thus equations of
every even degree big enough. In particular, we are able to obtain an equation of degree
2d, and thus by Lemma 5.16 we are able to obtain equations of degree 2d + d + 2k for
every k > 0, and thus equations of every odd degree big enough. Thus, in this case, we
have that N\ Dy is finite. O

In order to understand whether we fall into case (i) or (ii) of Theorem 5.17, it is enough
to look at a set of normal generators for J,,.

Lemma 5.18. Let H < F,, be a finitely generated subgroup and let g € F,, be an
element that depends on H. Suppose that the set of equations W C J, generates T, as
normal subgroup of H * (x), and suppose every equation w € W has even degree. Then
every equation in J, has even degree.

Proof. Consider the homomorphism ¢ : H x (x) — Z/2Z defined by ¢(h) = 0 for every
h € H and ¢(x) = 1. Observe that ¢ sends equations of even degree to 0 and equations
of odd degree to 1. Since every w € W has even degree, we have that W is contained in
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ker ¢. But then the normal subgroup J, generated by W is contained in ker ¢ too, and
thus J4 only contains equations of even degree. O

Theorem 5.19. There is an algorithm that, given a finite set of generators for a
subgroup H < F,, and an element g € F,, that depends on H, produces the following
outputs:

(i) Determines whether we fall into case (i) or (ii) of Theorem 5.17.
(ii) Computes the finite set N\ Dy or 2N\ D, respectively.

Proof. Let J, = ((wy, ..., wg)) be a finite set of normal generators for J,, which can be
computed algorithmically by Corollary 3.9. According to Lemma 5.18, if one of wy, ..., wg
has odd degree then we fall into case (i) of Theorem 5.17, otherwise we fall in case (ii)
of Theorem 5.17.

If we fall into case (i), then we take w; of degree d; odd, and with the same proof of
Theorem 5.17 we have that N\ D, C {1,...,3d;}. For each degree d € {1, ..., 3d; }, we use
Corollary 5.13 to determine whether d belongs to D,. If we fall into case (ii), we perform
an analogous procedure. O

6. Examples

We now provide a few examples for the reader, to illustrate the techniques introduced in
the present paper. In each example Dy, = {d € N : J, contains a non-trivial equation of
degree d}, as in Definition 5.15, and dmyin denotes the minimum of D

6.1. Cyclic subgroups

Let F,, = (a1, ...,a,) and suppose that H has rank 1, let’s say H = (h) for some h € F,
with h # 1. In order for an element g to depend on H, we must have that g, h belong to
a common cyclic subgroup of F,, (otherwise g and h generate a free subgroup of rank 2).
We can use (H, g) as ambient free group instead of F,,: without loss of generality, in the
following we assume that F,, = (a) and that H = (h) where h = a™ with m > 1, and
that g = a® with k£ > 0 coprime with m.

The graph T’ = core,(H) V core.({g)) here has rank 2 while core,({H, g)) has rank 1.
This means that the algorithm of Theorem 3.8 produces a single generator for the ideal
J4 9 H * (x). One possible such generator w,, ; for each m > 1 and k > 0 coprime can
be obtained by means of the following recursive formula:

wlyo(h, .’E) =7
Wik (R, ) = Wyn—g k(AT z)for m > k
Wi g (hy ) = Win k—m (h, zh)for m < k.
Moreover, with this definition, it is possible to prove by induction that wy, x (h, ) contains

k occurrences of h, no occurrence of h, no occurrence of x and m occurrences of Z. In
particular, wp, r € Jg is an equation of degree m.
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Remark 6.1. In the case h = a® and g = a?, we have the generator ws 2(h,z) =
hz?hz® for the ideal J4. We observe that the most immediate candidate h?Z® doesn’t
work, because it is contained in J, but it doesn’t generate the whole ideal.

Remark 6.2. The following is a well-known property of one-relator groups due to
Magnus (see [8] and [7]): if two elements of a free group generate the same normal
subgroup, then they coincide, up to conjugation and inverse. In particular, the generator
W,k defined above is essentially the unique generator for the ideal J,.

Let w € (h,z) be a non-trivial cyclically reduced element, which up to conjugation can
be written in the form w = h*12°1-. . her 2P with r > 1 and ay, ..., ay., B1, ..., Br € Z\{0}.
The condition w € J, is equivalent to (a1 +-- -+ a,)m+ (81 +--- + B,)k = 0, and since
m, k are coprime this means that for some p € Z we have 8 + --- + 5, = pm and
aq + -+ - + a, = —pk. The degree of the equation is d = |B1| + -+ + |5,

Suppose that m = 1. Then we have wy , = h5Z. In this case dpi, = 1 and D, = N\{0}.

Suppose that m > 2 is even. Then duyin = 2 and D, = 2N\ {0}. For the D inclusion,
we have the equation [h, z°] of degree 2s for each s > 1. For the C inclusion, notice that
the unique generator w, , has even degree, and thus by Lemma 5.18 each equation has
even degree.

Suppose that m > 2 is odd. Then dynin =2 and Dy ={d:d > 2 even}U{d:d >m
odd}. For the D inclusion, we have the equation [k, 2] of degree 2 and the equation w,y, j of
degree m, and we can use Lemma 5.16. For the C inclusion, we notice that, if an equation
is written in the form w = h®12P1.. . 28" as above, then either 81 +--- + B, = 0, in
which case the degree d = |51] + -+ |5 iseven, or m < By + -+ + S| < |f1| + - +

6.2. An ideal with only even-degree equations

Let F = {(a,b) and consider the subgroup H = (hy,hs) with h; = ba and hy = ab®a
and the element g=a. We can build the corresponding graph I', see Figure 11, and
we have that m (T, %) is a free group with three generators [jin, ], [tny], [1tg], Which are
the homotopy classes of the reduced paths fip, fin,, jty corresponding to the elements
hi,he € H and g respectively. We can perform a sequence of rank-preserving folding
operations on I', see Figure 12, and we end up with a rose A’ with one a-labelled edge e
and two b-labelled edges es, e3 (and their reverses). Let p : (T, %) — (A’, %) be the map
given by the composition of the folding operations, and notice that by Proposition 3.5
the geometric realization |p| : |T'| — |A’| is a pointed homotopy equivalence: a pointed
homotopy inverse 7 : |A’| = |T'| can be built following the chain of folding operations, and
it sends the 1-cells corresponding to eq, ez, e3 to the geometric realizations of the paths p,4
and fup 1ty and Tigfipg pghghty, L respectively. In order to obtain generators for the kernel
J4 < Hx(x), we have to look at the image through 7 of the path ese,: we obtain that the
kernel is generated (as a normal subgroup) by just one equation J, = ((Thozzhizhy)).

We observe that this unique generator has even degree, and thus Lemma 5.18 tells us
that every equation in J, has even degree. We shall explain why there is no equation of
degree 2, there is exactly one equation of degree 4 up to conjugation and inverse and there
are equations of degree 6. By Lemma 5.16, it follows that dmin = 4 and D, = 2N\ {0, 2}.
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Figure 11. In the picture, we can see the (geometric realization of the) graph T' of §6.2. Here
H = (ba,ab®a@) and g = a. On the left of the basepoint, we have the graph core.(H), while on
the right we have core.((g)).
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Figure 12. A maximal rank-preserving folding sequence for the graph I' of §6.2. At each step,
we highlight in bold the two edges that are going to be folded in the next step.

Remark 6.3. In order characterize all the equations of degrees 2,4,6, we could use
Theorem 5.14; this is too long to do by hand, but quite easy to do with the aid of a
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Figure 13. In the picture, we can see the (geometric realization of the) graph I" of §6.3. Here
H = (b,ababa) and g=a. On the left of the basepoint, we have the graph core.(H). On the
right of the basepoint, we have the graph core.({g)).

computer. It is also possible to prove them with some combinatorics of the cancellation
between words; we do not provide a full proof here, but rather a sketch.

Consider the map between free groups ¢ : (hy, ho, ) — (h1, ) with ¢ (h1) = hy,¥(z) =
x,¢(h2) = xh1Th1TZ and notice that J, = kere. Up to conjugation, an equation w €
J4 can be written as reduced word w(hi, ho,z) = ui(hi, ho)x®1- - uy(hy, he)z®". We
now substitute cach occurrence of hy with zhiTh1ZZE, and each occurrence of hy with
xxhyxh T, and after this substitution we reduce the obtained word, until we get the trivial
word. During the reduction process, each block xh,Th,ZZ and xxh,zh T, obtained from
an occurrence of ho or hg, will completely cancel at some point: we take the occurrence of
ho such that the corresponding block is the first to completely cancel during the reduction
process. We now look at the word w near that occurrence of hy or hs, and we obtain that
w contains at least one of

hgxxﬁlx, Thgxx, $Elfh2$, zﬁll‘ﬁlfhg, hg%l’ﬁlfﬁg, ngl’ﬁlfhg

(or of their inverses) as a subword. These can be substituted with (respectively)
xhy, hiThy, MT, T, xxh T, xxh T

in order to get a shorter (possibly not reduced) equation.

This immediately implies that J, contains no equation of degree 2, and it also allows
to deduce that the only equations of degree 4 are the conjugates of the generator. With
some more work, it is also possible to give a characterization of all the degree 6 equations.

6.3. An ideal with both even-degree and odd-degree equations

Consider the subgroup H = (h1,ha) with hy = b and hy = ababa and the element
g = a. We see the corresponding graph I' in Figure 13. We can now proceed as in §6.2:
we choose a maximal sequence of rank-preserving folding operations for I', we build a
homotopy inverse to the sequence of folding operations, we obtain a generator for the
normal subgroup J, < H * (x). Whatever sequence of folding operations you choose,
you will always get the same generator, up to inverse and cyclic permutations, namely
jg = <<h2$h1xh1$>>
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We have that J, contains no equation of degree 1. It contains equations of degree 2,
which are exactly the ones of the form [(hahy)?,xhy] for @ # 0 up to conjugation and
inverses. It also contains equations of degree 3 (possibly essentially different from the
generator). By Lemma 5.16, it follows that dmi, = 2 and D, = {d : d > 2}. We observe
that the equations of minimum possible degree are not enough in this case to generate the
whole ideal: in fact, according to Lemma 5.18, equations of degree 2 generate a normal
subgroup containing only even-degree equations.

Remark 6.4. As in the example of §6.2, it is possible to characterize equations of
degree 2 and 3 with Theorem 5.14, using a computer, or it is possible to do it by hand
with some combinatorics of the cancellations inside the words; and again, for this second
method, we provide a sketch below.

Cousider the map between free groups ¢ : (hy, ho,z) — (h1,x) with¢(h1) = h1,¥(z) =
z,v¥(hg) = xhizhiz and notice that J, = ker+. Up to conjugation, an equation w € Jy,
can be written as reduced word w(hy, ha,x) = uy(hy, ha)z®1.. u.(hy, ho)z® . We now
substitute each occurrence of he with xhizhiz and each occurrence of hy with zhixhyz;
as in §6.2 we take the occurrence of hy or hy such that the corresponding xhixhix or
Thi1ZTh,T is the first to completely cancel, and we look at the word w near that occurrence
of hy or hy. We obtain that w contains at least one of

EQIhlI, .'L'EQI’ Ihlzﬁg, EQIhth, hghlmﬁg,

(or of their inverses) as a subword. These can be substituted with (respectively)
Thy, hiThy, T, hiz, zhy

in order to get a shorter (possibly not reduced) equation.

Dealing with some cases it can be proved that equations of degree 2 are exactly the
ones of the form [(hah1)®, xhy] for i # 0 up to conjugation and inverses, and one can
produce equations of degree 3 which are essentially different from the generator.

6.4. An ideal with two generators

Consider the subgroup H = (hy, hy, h3) with hy = a?ba and hy = a® and hz = bab
and the element g = a?b. We can see the corresponding graph I' in Figure 14 and a
maximal sequence of rank-preserving folding operations in Figure 15. The group 71 (T, *)
is a free group with four generators [1n, |, [1tn, ], [1ns], [11g], Which are the homotopy classes
of the reduced paths jin,, fhy, fhg, g corresponding to the elements hy, ho, hy € H and
g respectively. At the end of the sequence of folding operations, we obtain a rose A’
with one b-labelled edge e; and three a-labelled edges es, es,e4. The map p : (T, %) —
(A’, ) given by the composition of the folding operations is a homotopy equivalence,
according to Proposition 3.5, and a pointed homotopy inverse is n : |A’| = |I'| which
sends the 1-cells corresponding to the edges e, ez, €e3,e4 to the geometric realizations
of the paths fingfigfiy, pg and Tgpin pgfty, Fgtthy and Ty, prg and 7igfin, figfthgfig P, fg
respectively. We look at the images through n of the paths eseés and ese; and we obtain
that the kernel J, < H * (z) is generated (as normal subgroup) by the equations J, =
<<fh1 "Eﬁgfhgfhl, fhlirhgf»
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Figure 14. In the picture, we can see the (geometric realization of the) graph I’ of §6.4. Here
H = (a®ba, a®, bab) and g = a?b. On the left of the basepoint, we have the graph core.(H). On
the right of the basepoint, we have the graph core.({g)).

It is easy to show that J, contains equations of degree 2, but not equations of degree 1.
It follows that dwmin = 2 and Dy = N\ {0, 1}. We observe that, despite dmin = 2, equations
of degree 2 are not enough to generate the whole ideal Jg4; in fact, the equations of degree
2 generate a normal subgroup containing only even-degree equations (see Lemma 5.18),
while J, also contains equations of odd degree.

7. Equations in more variables

We point out that most of the results of this paper can be generalized to equations in
more than one variable. In this section, we provide the statements of the theorems in the
multivariate setting. Since the proofs are very similar to the one-variable case, we only
provide sketches.

Let F,, be a free group generated by n elements a1, ...,a,. Let H < F}, be a finitely
generated subgroup and let (z1), (x2), ..., (z,;,) be infinite cyclic groups. An equation
with coefficients in H is an element w € H * (x1) * - - - * (;,). The multi-degree of w is
the m-tuple (dy, ...,d,) of integer numbers, where d; is given by the sum of the number
of occurrences of z; plus the number of occurrences of Z; in the cyclic reduction of w.

For (g1, ..., gm) € (F)™, we define the map ¢g, . g, + H* (x1) % % (1) — F}, such
that (Pglwwgm‘H is the inclusion and ©gq,.rgm (x;) = g; for i = 1,...,m. We say that an
m-tuple (g1,...,gm) € (Fp)™ is a solution to the equation w € H * (1) * - -+ * (xy,) if
w € ker 9g, . gm- For (g1,...,9m) € (F,)™, we define the ideal Jy, ... 4, to be the normal
subgroup Jy, . =ker g, . gm JH*(x1) % % (Tp).

»gm

Definition 7.1. We say that (g1,...,9m) € (F,)™ depends on H if 34 4, is
non-trivial.

From Theorem 3.8, we immediately deduce the following:

Corollary 7.2. Let H < F,, be a finitely generated subgroup and let (g1,...,Gm) €
(F,)™. Then we have the following:

(i) Theideal 3y, ... gy I H*(x1)*- % (20) is finitely generated as a normal subgroup.
(i) The set of generators for Jg, . gm can be taken to be a subset of a basis for H *

(1) * o x (T

am
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Figure 15. A maximal rank-preserving folding sequence for the graph I' of §6.4. At each step,
we highlight in bold the two edges that are going to be folded in the next step.

(iii) There is an algorithm that, given H and ¢, ..., gm, computes a finite set of normal

generators for Ty, . g, which is also a subset of a basis for H % (x1) % - * (Tp,).

Proof. Apply Theorem 3.8 to the evaluation homomorphism g, . g, + H*{z1)*- - *
(xm) = Fy. O
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Fix now an m-tuple (g1,...,9m) € (F,)™. As we did in the one-variable case,
we want to see equations as paths in a suitable graph. Let I' = core.(H) V
core,({g1)) V -+ V core.({gm)) be the labelled graph given by the join of
core,(H ), core.({g1)), ..., core.({(gm)), where we identify all the basepoints to a unique
point. Let also f : I' — A, be the labelling map. We have an isomorphism 6 :
H % {x1) * -+ % (@) — m (T, %) so that we can define the same correspondence as in
Definitions 4.1 and 4.2. We define the length of an equation w € H % (x1) % - - - % () as
the length of the corresponding reduced path from x to x in I'. Equations w € Ty, . g,
correspond to reduced paths ¢ in T' from * to * such that f.(o) is homotopically trivial
(relative to its endpoints), and we call such paths lifts. The following three lemmas relate
the degree of an equation to its corresponding path, and the proofs are essentially the
same as for Lemmas 4.5, 4.7 and 4.8.

Lemma 7.3. Let o be a cyclically reduced path from x to x in T, with corresponding
cyclically reduced equation w € H x (x1) x - - % (x,) of multi-degree (d1, ..., dy,). Then for
t=1,...,7 we have the following:

(i) For every edge e of core({(g;)), the path o contains exactly d; occurrences of e,€ (in
total).

(ii) For every edge e of core.({(g;)), the path o contains at most 2d; occurrences of e, €
(in total).

Proof. Sketch of proof We proceed as in the proof of Lemma 4.5. Fix i € {1,...,r}
and write w = ey Leawy 2 - xf T pyq With i, ., € Z\ {0} and ¢q, ... o1 € H %
(T1, ey Ti—1,Tit1,s -, Tr). Then in the graph T’ we have that 6(w) = 0(cy) - () - -+ -
0(xi") - 0(cria)-

(i) Fix an edge e of core((g;)). Then 6(z®J) contains exactly one of e and €, and
exactly |a;| times, for j = 1,...,r. We have that 6(c;) is contained in core,(H)
and thus it doesn’t contain any occurrence of e or €. The conclusion follows since
a1+ + oy | = ds.

(ii) Fix an edge e of core,({g;))\core({g;}). Then 6(z%7) contains exactly one occurrence
of e and exactly one occurrence of €, for j = 1,...,7. We have that 6(c;) is contained
in core,(H) and thus it doesn’t contain any occurrence of e or €. The conclusion
follows since r < d;.

l

Lemma 7.4. Let o0 = (ey,...,e¢) be a lift of length £ > 2 and let (s1,t1), ..., (S¢/2,te/2)
be a mazimal reduction process for f.(o). Let (s;,t;) be an innermost cancellation. Then
es, and e, belong to two different graphs between core.(H), core.((g1)), .-, core«({gm))
(and T(es;) = t(et;) is the basepoint).

Sketch of proof This is analogous to the proof of Lemma 4.7. The hypothesis implies
that f(e;,) = f(€s;) and i(ey;) = 1(€s;) but e;; # €s,. This means that e;, and e,
can’t both belong to core,(H) (because it is folded) and can’t both belong to the same
core,({g;)) for some 1 < i < m (because it is folded too). The conclusion follows. O
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We can define a parallel cancellation move, in the exact same way as in Definition 4.9
and Lemma 4.10. We say that a parallel cancellation move is degree-preserving if the
equations w and w/, corresponding to the paths before and after the parallel cancellation
move respectively, have the same multi-degree (dy, ..., d,) = (d}, ..., d,,). With this defi-
nition, Lemma 5.2 about degree-preserving parallel cancellation moves remains true too.
It is also possible to define a parallel insertion move, as in Definition 5.3 and Lemma 5.4.
The two Lemmas 5.5 and 5.6, stating that parallel insertion moves are an inverse to
degree-preserving parallel cancellation moves, remain true. Lemmas 5.7, 5.8 and 5.9 hold
in the same way, allowing to manipulate sequences of parallel insertion moves. Finally,
in the same way as we obtained Proposition 5.11 and Theorems 5.12 and 5.14, we can
prove the following.

Proposition 7.5. Let w € Ty, .. 4, be a cyclically reduced equation and let o be the
corresponding cyclically reduced representative. Suppose w has multi-degree (dy, ..., dm)
and length ¢ > 64||T||*D? + 16||T||>D + 4||T||D where D = max{dy,...,d,,}. Then
every maximal reduction process for f.(o) contains two parallel couples such that the
corresponding parallel cancellation move is degree-preserving.

Sketch of proof We proceed as in the proof of Proposition 5.11. Fix a maximal
reduction process (s1,t1), ..., (8¢/2,t¢/2) for fi(co). There are at most ||T'|| pairs of edges
{e,e} belonging to core,({(g1)) V -+ V core,({gm)), and for each pair we have at most
2D occurrences in total of e and € in o (by Lemma 7.3). We remove from {1,...,¢}
the elements s;,t; of the couples such that one of e, e;, belongs to core.((g1)) V-V
core, ((gm)). We are removing at most 4||T'|| D elements from {1, ..., ¢}, so we are left with
a set C that can be written as a union C = Cy U---UC, of a < 4||T'||D + 1 intervals. Of
these intervals, at least one, let’s say C € {C1, ..., C, } has size at least |C| > 16||T'||>D+1.

There is no couple (s;,t;) with both s;,¢; € C (otherwise we can find an innermost
cancellation in C, and we have a contradiction, since we have removed from {1, ..., ¢}
all the indices of the innermost cancellations). Let Z = {(e,e’,Cy) : e, € E(T") with
f«(€) = fu(e') and Cy € {Cy, ..., Cy} with Cy # C} and notice that |Z| < 8||T||>D.

Without loss of generality, we assume C contains at least 8||T'||>D + 1 elements s;
belonging to couples (s;,t;) of the reduction process. To each such edge s;, we associate
the triple (es;, et,,Cx) € Z where Cy € {Cy,...,Co} \ {C} is the connected component
to which #; belongs. By pigeonhole principle, there are at least two elements s;, , s;, with
the same associated triple (esi1 €ty Ck) = (eSiQ’etiQ’Ck)'

It immediately follows that (s; ,%;;) and (sq,,%;,) are parallel couples. We assume
that Sip < Sig and we have that the interval {5i175i1 +1,.., si2} is contained in C' and
the interval {t;,,t;, +1,...,t;; } is contained in Cj. Thus, when we perform the parallel
cancellation move relative to the couples (s; ,t;,) and (s;,,;,), we only remove edges
whose image is in core.(H). It follows that the cancellation move is degree-preserving,
as desired. O

Theorem 7.6. Suppose that Ty, 4, contains a non-trivial equation of multi-degree
(di,...;dm) and let D = max{dy,...,dm}. Then Ty, g, contains non-trivial equation w
of multi-degree (dy, ...,d) and length < 64||1"||4D2 +16||T(|D + 4||T'|| D.
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Sketch of proof We proceed as in the proof of Theorem 5.12. Take any non-trivial
equation in Jy, . g, of multi-degree (di, ..., d,,) and such that the corresponding lift o
has minimum length ¢. If ¢ > 64[|T||*D? + 16[|T'||>D + 4||T||D then we can perform a
degree-preserving cancellation move on ¢ in order to make it shorter, contradiction. The
conclusion follows. O

Corollary 7.7. There is an algorithm that, given a finite set of generators for
a subgroup H < F,, elements g1,....,9m € F, and an m-tuple (di,...,dn) of non-
negative integers, tells us whether 3y, . 4., contains non-trivial equations of multi-degree
(di,...,dm), and, if so, produces an equation w € 391,“"gm of multi-degree (dy, ...,dp).

Theorem 7.8. Let w € Ty, . g, be a cyclically reduced equation of multi-degree
(di,...,dm) and let D = max{dy,...,dy}. Let o be the corresponding cyclically reduced
lift. Then there is a cyclically reduced equation w' € Ty, .. g, of degree (dy,...,dy,) with
corresponding cyclically reduced lift o', and a mazimal reduction process for f.(c'), such
that:

(i) The path o' has length ¢’ < 64||T||*D? + 16||T||>D + 4||T|| D.
(ii) The path o can be obtained from o' by means of at most €' /2 insertion moves, each
of them performed at a distinct couple of the reduction process for f.(d’).

Proof. Completely analogous to the proof of Theorem 5.10. O
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