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Abstract

We introduce specular sets. These are subsets of groups which form a natural
generalization of free groups. These sets of words are an abstract general-
ization of the natural codings of interval exchanges and of linear involutions.
We consider two important families of sets contained in specular sets: sets
of return words and maximal bifix codes. For both families we prove several
cardinality results as well as results concerning the subgroup generated by
these sets.
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1. Introduction

We have studied in a series of papers initiated in [4] the links between
uniformly recurrent languages, subgroups of free groups and bifix codes. In
this paper, we continue this investigation in a situation which involves groups
which are not free anymore. These groups, named here specular, are free



products of a free group and of a finite number of cyclic groups of order
two. These groups are close to free groups and, in particular, the notion of a
basis in such groups is clearly defined. It follows from the Kurosh subgroup
theorem that any subgroup of a specular group is specular.

A specular set is a subset of such a group which generalizes the natural
codings of linear involutions studied in [10].

The extension graph of a word w with respect to a set of words S is the
bipartite graph with vertices the disjoint union of left- and right-extension
of w in S and edges the corresponding bi-extension in S.

A specular set can be seen as a set of words stable by taking the inverse
and defined in terms of restrictions on the extensions of its elements. More
precisely, a specular set has the property that the extension graph of every
nonempty word is a tree and the extension graph of the nonempty word is a
union of two disjoint trees.

Specular sets extend the notion of tree sets developed in [7] and [20] that
encompass Sturmian words, Arnoux-Rauzy words or else natural codings
of interval exchanges. Tree sets have striking combinatorial and algebraic
properties that we extend here.

The main results of this paper are Theorems 6.15 and 8.1, referred to as
the First Return Theorem and the Finite Index Basis Theorem. The first one
asserts that the set of return words to a given word in a recurrent specular
set is a basis of a subgroup of index 2, called the even subgroup. The last
one characterizes the symmetric bases of subgroups of finite index of specular
groups contained in a specular set S as the finite S-maximal symmetric bifix
codes contained in S. This generalizes the analogous result proved initially
in [4] for Sturmian sets and extended in [8] to a more general class of sets,
containing both Sturmian sets and interval exchange sets.

There are two interesting features of the subject of this paper.

In the first place, some of the statements concerning the natural codings
of linear involutions can be proved using geometric methods, as shown in a
separate paper [10]. This provides an interesting interpretation of the groups
playing a role in the natural codings (these groups are generated either by
return words or by maximal bifix codes) as fundamental groups of some
surfaces. The methods used here are, however, purely combinatorial.

In the second place, the abstract notion of specular set gives rise to groups
called here specular. These groups are natural generalizations of free groups,
and are free products of a finite number of copies of Z and of Z/2Z. They
are called free-like in [2], appear at several places in [17] et are well-known
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in the Bass-Serre theory (see [33, 18]).

The idea of considering recurrent sets of reduced words invariant by taking
inverses is connected with the notion of G-full words of [32] (see Section 4.5).

The paper is organized as follows. In Section 2, we recall some notions
concerning words, extension graphs and bifix codes. We define the notion
of characteristic which is the Euler characteristic of the extension graph of
the empty word. We consider tree sets of characteristic 1 or 2 (tree sets of
characteristic 1 are introduced in [7], while the case of arbitrary characteristic
is treated in [20]).

In Section 3, we introduce specular groups, which form a family with
properties very close to free groups. We deduce from the Kurosh subgroup
theorem that any subgroup of a specular group is specular (Theorem 3.3).
Actually (as pointed out to us by a referee), specular groups can be studied
as groups acting on trees as developed in the Bass-Serre theory [33].

In Section 4 we introduce specular sets. We recall several results from [19]
and [20] concerning the cardinality of some sets included in neutral sets,
namely bifix codes (Theorems 4.15 and 4.16). We give a construction which
allows to build specular sets from a tree set of characteristic 1 using a trans-
ducer called doubling transducer (Theorem 4.20). We make a connection
with the notion of G-full words introduced in [32] and related to the palin-
dromic complexity of [21].

In Section 5 we recall the definition of a linear involution introduced
in [15] and we show that the natural coding of a linear involution without
connections is a specular set (Theorem 5.9).

In Section 6 we introduce three variants of the notion of set of return
words. We prove several cardinality results concerning these sets (Theo-
rems 6.6, 6.9, 6.12). We prove that the set of return words to a given word
forms a basis of the even subgroup (Theorem 6.15 referred to as the First
Return Theorem) and that the mixed return words form a monoidal basis of
the specular group (Theorem 6.17).

In Section 7 we prove several results concerning subgroups generated by
bifix codes. We prove that a set closed by taking inverses is acyclic if and
only if any symmetric bifix code is free (Theorem 7.1). Moreover, we prove
that in such a set, for any finite symmetric bifix code X, the free monoid X*
and the free subgroup (X) have the same intersection with S (Theorem 7.8).

Finally, in Section 8, we prove the Finite Index Basis Theorem (Theo-
rem 8.1) and a converse (Theorem 8.6).

This paper is an extended version of a conference paper [6].
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2. Preliminaries

In this section, we first recall some notions on sets of words including
recurrent, uniformly recurrent and tree sets. We also recall some definitions
and properties concerning bifix codes.

2.1. Extension graphs

Let A be a finite alphabet. We denote by A* the free monoid on A. We
denote by ¢ the empty word. The reversal of a word w = aqas - - -a, with
a; € A is the word @ = a,, - --asa;. A word w is said to be a palindrome if
w = W.

A set of words on the alphabet A is said to be factorial if it contains the
alphabet A and all the factors of its elements.

An internal factor of a word x is a word v such that x = uvw with u, w
nonempty.

Let S be a set of words on the alphabet A. For w € S, we denote

Ls(w) = {a€A|awe S}
Rs(w) = {a€ A|wae S}
Bgs(w) = {(a,b) € Ax A|awbe S}

and further
ls(w) = Card(Lg(w)), rs(w)= Card(Rs(w)), bs(w)= Card(Bg(w)).

We omit the subscript S when it is clear from the context. A word w is right-
extendable if r(w) > 0, left-extendable if {(w) > 0 and bi-extendable if b(w) >
0. A factorial set S is called right-extendable (vesp. left-extendable, resp. bi-
extendable) if every word in S is right-extendable (resp. left-extendable, resp.
bi-extendable).

A word w is called right-special if r(w) > 2. It is called left-special if
(w) > 2. It is called bi-special if it is both left-special and right-special.



For w € S, we denote
mg(w) = bg(w) — lg(w) — rg(w) + 1.

The word w is called weak if mg(w) < 0, neutral if mg(w) = 0 and strong if
mg(w) > 0.

We say that a factorial set S is neutral if every nonempty word in S is
neutral. The characteristic of S is the integer x(S) = 1 — mg(e). Thus a
neutral set of characteristic 1 is such that all words (including the empty
word) are neutral. This what is called a neutral set in [7].

A set of words S # {e} is recurrent if it is factorial and if for any u,w € S,
there is a v € S such that uvw € S. An infinite factorial set is said to be
uniformly recurrent if for any word u € S there is an integer n > 1 such
that u is a factor of any word of S of length n. A uniformly recurrent set is
recurrent.

In [20] it is proved that the converse is true for neutral sets. As all sets
we will deal with are neutral, we usually omit the term “uniformly” and just
mention whenever we suppose them to be recurrent.

Theorem 2.1 ([20]) A recurrent neutral set is uniformly recurrent

The factor complezity of a factorial set S of words on an alphabet A is
the sequence p,, = Card(S N A™). Let s, = ppt1 — pn and t,, = S,11 — S, be
respectively the first and second order differences sequences of the sequence

Pn-
The following result is from [13] (see also [11], Theorem 4.5.4).

Proposition 2.2 Let S be a factorial set on the alphabet A. One has t, =
> wesnan M(w) and s, =37 cgran(r(w) — 1) for alln = 0.

Let S be a bi-extendable set of words. For w € S, we consider define the
undirected graph Eg(w), or simply £(w) when S is clear from the context,
having as set of vertices the disjoint union of L(w) and R(w) and edges the
pairs (a,b) € B(w). This graph is called the extension graph of w. We
sometimes denote 1 ® L(w) and R(w) ® 1 the copies of L(w) and R(w) used
to define the set of vertices of £(w). We note that, since £(w) has ¢(w)+r(w)
vertices and e(w) edges, the number 1 — m(w) is the Euler characteristic of
the graph &€ (w)!.

'We consider here graphs as 1-dimensional complexes and thus they have no faces.
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If the extension graph &£(w) is acyclic, then m(w) < 0. Thus w is weak
or neutral. More precisely, one has in this case that ¢ = 1 — m(w) is the
number of connected components of the graph £(w).

A bi-extendable set S is called acyclic if for every w € S, the graph £(w)
is acyclic.

A bi-extendable set S is called a tree set of characteristic ¢ if for any
nonempty w € S, the graph £(w) is a tree and if £(¢) is a union of ¢ trees
(the definition of tree set in [7] corresponds to a tree set of characteristic 1).
Note that a tree set of characteristic ¢ is a neutral set of characteristic c. We
focus here on characteristic 1 or 2 (specular sets, that we will introduce in
Section 4, are tree sets of characteristic 2 with some symmetric properties).

An infinite word is episturmian if the set of its factors is closed under
reversal and if it contains for each n at most one word of length n which
is right-special. It is a strict episturmian word if the set of its factors has
exactly one right-special word of each length and moreover each of these
words u is such that r(u) = Card(A) (see [4]).

A Sturmian set is the set of factors of a strict episturmian word. Any
Sturmian set is a recurrent tree set of characteristic 1 (see [7]).

Example 2.3 Let A = {a,b}. The Fibonacci morphism is the morphism
f: A* — A* defined by f(a) = ab and f(b) = a. The Fibonacci word is the
fixed-point f“(a) of the Fibonacci morphism. Its set of factors is a Sturmian
set (see [26]).

2.2. Bifix codes

A prefix code is a set of nonempty words which does not contain any
proper prefix of its elements. A suffiz code is defined symmetrically. A bifix
code is a set which is both a prefix code and a suffix code (see [5] for a more
detailed introduction).

A coding morphism for a prefix code X on the alphabet A is a morphism
f: B* — A* which maps bijectively B onto X.

Let S be a recurrent set. A prefix (resp. bifix) code X C S is S-maximal
if it is not properly contained in a prefix (resp. bifix) code Y C S. Since S
is recurrent, a finite S-maximal bifix code is also an S-maximal prefix code
(see [4], Theorem 4.2.2).

For example, for any n > 1, the set X = § N A" is an S-maximal bifix
code.



Let X be a bifix code. Let @) be the set of words without any suffix in
X and let P be the set of words without any prefix in X. A parse of a word
w with respect to a bifix code X is a triple (q,z,p) € @ x X* x P such
that w = gzp. We denote by dx(w) the number of parses of a word w with
respect to X. The S-degree of X, denoted dx(S), is the maximal number of
parses with respect to X of a word of S.

For example, the set X = S N A™ has S-degree n.

Let S be a recurrent set and let X be a finite bifix code. By Theorem
4.2.8 in [4], X is S-maximal if and only if its S-degree is finite. Moreover, in
this case, a word w € S is such that dx(w) < dx(S5) if and only if it is an
internal factor of a word of X.

The kernel of a bifix code X is the set of words of X which are internal
factors of X.

We will use bifix codes in relation with a more general version of extension
graphs (see [7]). For two sets of words X,Y and a word w € S, we denote
L¥w)={z e X |zwe S}, Ri(w)={yeY |wyeS} B (w) =
{(x,y) € X xY | zwy € S}. We also define £ (w) as the undirected graph
on the set of vertices which is the disjoint union of L3 (w) and RY(w) and
edges in B3 (w). Set further

(¥ (w) = Card(LE (w)), 7% (w) = Card(RY (w)), by (w) = Card(BZ" (w)).

Finally, for a word w, we denote my" (w) = by"” (w) — €% (w) — 7% (w) + 1.
Note that £4(w) = Es(w), my™ (w) = mg(w), and so on.
We will use below the following result.

Proposition 2.4 Let S be a recurrent set, let X C S be a finite S-mazimal
suffix code and let Y C S be a finite S-mazimal prefiz code.

1. If Eg(x) is acyclic, then £ (x) is acyclic.

2. If S is neutral, then my" (w) = mg(w) for every w € S.

Proof. Statement 1 follows from Proposition 3.7 in [7]. Statement 2 is Propo-
sition 6.2 in [20]. .

Observe that the condition that X (resp. Y) is an S-maximal suffix
(resp. prefix) code is only necessary for Assertion 2 (for Assertion 1, X
(resp. Y) may be an arbitrary suffix (resp. prefix) code). Observe also
that this condition can be replaced by the condition that X (resp. Y) is
an Sw~l-maximal suffix code (resp. a w~!S-maximal prefix code), where
Swt={ueS|uw e S} and symmetrically w=S = {u € S | wu € S}.
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3. Specular groups

In this section, we introduce specular groups and we prove some properties
of this family of groups. These groups are related with the notion of group
acting on a tree (see, for example [33]). In particular, using the Kurosh
subgroup theorem, we prove that any subgroup of a specular group is specular
(Theorem 3.3).

Note that most of the results in this section are known. We state them
and give some simple proofs for the sake of completeness.

3.1. Definitions

We consider an alphabet A with an involution 6 : A — A, possibly with
some fixed points. We also consider the group Gy generated by A with the
relations af(a) = ¢ for every a € A. Thus 6(a) = a™! for a € A. The set A
is called a natural set of generators of Gy.

When 6 has no fixed point, we can set A = B U B~! by choosing a set
of representatives of the orbits of # for the set B. The group Gy is then the
free group on B, denoted F. In general, the group Gy is a free product of a
free group and a finite number of copies of Z/27Z, that is Gy = Z* x (Z/27)*
where 7 is the number of orbits of § with two elements and j the number of its
fixed points. Such a group will be called a specular group of type (i, j). These
groups are very close to free groups, as we will see. The integer Card(A) =
2i + 7 is called the symmetric rank of the specular group Z* * (Z/27)*.

Proposition 3.1 Two specular groups are isomorphic if and only if they
have the same type.

Proof. The commutative image of a group of type (i,j) is Z' x (Z/27)
and the uniqueness of 7, 7 follows from the fundamental theorem of finitely
generated Abelian groups. .

Example 3.2 Let A = {a,b,¢,d} and let 6 be the involution which ex-
changes b,d and fixes a,c. Then Gy = Z * (Z/27Z)?* is a specular group of
symmetric rank 4.

The Cayley graph of a specular group Gy with respect to the set of natural
generators A is a regular tree where each vertex has degree Card(A). The
specular groups are actually characterized by this property (see [17]).



3.2. Subgroups

By the Kurosh subgroup theorem, any subgroup of a free product Gy *
Gax---x (G, is itself a free product of a free group and of groups conjugate to
subgroups of the G; (see [28]). Thus, we have, replacing the Nielsen-Schreier
Theorem of free groups, the following result.

Theorem 3.3 Any subgroup of a specular group is specular.

It also follows from the Kurosh subgroup theorem that the elements of
order 2 in a specular group Gy are the conjugates of the j fixed points of
and this number is thus the number of conjugacy classes of elements of order
2. Indeed, an element of order 2 generates a subgroup conjugate to one of
the subgroups generated by the letters of order 2.

Any specular group G = Gy has a free subgroup of index 2. Indeed, let H
be the subgroup formed of the reduced words of even length. It has clearly
index 2. It is free because it does not contain any element of order 2 (such
an element is conjugate to a fixed point of # and thus is of odd length).

A group having a free subgroup of finite index is called virtually free (see
[17]). On the other hand, a finitely generated group is said to be context-free
if, for some presentation, the set of words equivalent to ¢ is a context-free
language. By Muller and Schupp’s theorem, a finitely generated group is
virtually free if and only if it is context-free [29]. Thus a specular group is
context-free. One may verify this directly as follows. A context-free grammar
generating the words equivalent to € for the natural presentation of a specular
group G = Gy is the grammar with one nonterminal symbol ¢ and the rules

oc—aca'c (a€A), o—e

The proof that this grammar generates the set of words equivalent to ¢ is
similar to that used in [3] for the so-called Dyck-like languages.

We will need two more properties of specular groups. Both are well-known
to hold for free groups.

A group G is called residually finite if for every element g # ¢ of GG, there
is a morphism ¢ from G onto a finite group such that ¢(g) # e.

Every free group is residually finite. The same property holds for sub-
groups of a product of residually finite groups (see, for example, [33, p. 122])
Thus we have the following result (we give an alternative proof for the sake
of completeness).
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Proposition 3.4 Any specular group is residually finite.

Proof. Let K be a free subgroup of index 2 in the specular group G. Let
g# 1bein G. If g ¢ K, then the image of g in G/K is nontrivial. Assume
g € K. Since K is free, it is residually finite. Let N be a normal subgroup
of finite index of K such that g ¢ N. Consider the representation of G on
the right cosets of N. Since g ¢ N, the image of g in this finite group is
nontrivial. .

A group G is said to be Hopfian if any surjective morphism from G onto G
is also injective. By a result of Malcev, any finitely generated residually finite
group is Hopfian (see [27], p. 197). We thus deduce from Proposition 3.4 the
following result.

Proposition 3.5 A specular group is Hopfian.

3.3. Monoidal basis

A word on the alphabet A is #-reduced (or simply reduced) if it has no
factor of the form af(a) for a € A. It is clear that any element of a specular
group is represented by a unique reduced word.

A subset of a group G is called symmetric if it is closed under taking
inverses. A set X in a specular group G is called a monoidal basis of G
if it is symmetric, if the monoid that it generates is G and if any product
T1Tg -+ - X, of elements of X such that zprp # e for 1 <k < m—11is
distinct of €.

Example 3.6 The alphabet A is a monoidal basis of Gy.

The previous example shows that the symmetric rank of a specular group
is the cardinality of any monoidal basis (two monoidal bases have the same
cardinality since the type is invariant by isomorphism by Proposition 3.1).

Let H be a subgroup of a specular group G. Let @) be a set of reduced
words on A which is a prefix-closed set of representatives of the right cosets
Hg of H. Such a set is traditionally called a Schreier transversal for H (the
proof of its existence is classical in the free group and it is the same in any

specular group).
Let

X ={pag ' |a € A,p,qeQ,pagQ,pac Hg}. (3.1)
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Each word z of X has a unique factorization pag=! with p,q € Q and a € A.
The letter a is called the central part of x.
The following is [33, Proposition 16].

Proposition 3.7 Let H, Q) and X as above. Then X is a monoidal basis of
H.

Proof. Let us first show that X is symmetric. Let 2 = pag~* € X, then
27! = ga~'p~!. We cannot have ga—! € Q since otherwise p € Hqa~! implies
p = ga~! by uniqueness of the coset representative and finally pa € Q.

The set X generates H as a monoid because if © = ajas - - - a,, € H with
a; € A, then v = (a1p;")(praspy’) - (Pm—1Gm) With ay---a, € Hpy, for
1 <k <m—1is a factorization of = in elements of X U {e}.

Finally, if a product zi2s---x,, of elements of X is equal to &, then
Trrpy1 = € for some index k since the central part a never cancels in a
product of two elements of X.

Thus, X is a monoidal basis of H. .

The set X of Proposition 3.7 is called the Schreier basis of the subgroup
H relative to the Schreier transversal ().
One can deduce directly Theorem 3.3 from these properties of X.

Proof of Theorem 3.3. Let H be a subgroup of a specular group G, @ be
a Schreier transversal for H and X be the Schreier basis relative to (). Let
¢ : B — X be a bijection from a set B onto X which extends to a morphism
from B* onto H. Let o : B — B be the involution sending each b to ¢ where
p(c) = p(b)~.

Since the central parts never cancel, if a nonempty word w € B* is o-
reduced then p(w) # e. This shows that H is isomorphic to the group G,.
Thus H is specular. .

If H is a subgroup of index n of a specular group G of symmetric rank r,
the symmetric rank s of H is

s=mn(r—2)+2. (3.2)

This formula replaces Schreier’s Formula (which corresponds to the case j =
0). It can be proved as follows. Let @) be a Schreier transversal for H and
let X be the corresponding Schreier basis. The number of elements of X is

12



nr — 2(n — 1). Indeed, this is the number of pairs (p,a) € @) X A minus the
2(n — 1) pairs (p,a) such that pa € @ with pa reduced or pa € @ with pa
not reduced. This gives Formula (3.2).

Example 3.8 Let GG be the specular group of Example 3.2. Let H be the
subgroup formed by the elements represented by a reduced word of even
length. The set @ = {¢,a} is a prefix-closed set of representatives of the two
cosets of H. The representation of G by permutations on the cosets of H is
represented in Figure 3.1.

a,b,c,d

o
a,b,c,d

Figure 3.1: The representation of G by permutations on the cosets of H.
The monoidal basis corresponding to Formula (3.1) is
X ={ab, ac, ad, ba, ca, da}.

The symmetric rank of H is 6, in agreement with Formula (3.2) and H is a
free group of rank 3.

Example 3.9 Let again G be the specular group of Example 3.2. Consider
now the subgroup K stabilizing 1 in the representation of G' by permutations
on the set {1,2} of Figure 3.2.

b,d

Figure 3.2: The representation of G by permutations on the cosets of K.
We choose @@ = {e,b}. The set X corresponding to Formula (3.1) is
X = {a,bad, bb, bed, ¢, dd}.

The group K is isomorphic to Z x (Z/27Z)**.
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The following result, which will be used later (Section 6), is a consequence
of Proposition 3.5.

Proposition 3.10 Let G be a specular group of type (i,j) and let X C G
be a symmetric set with 2i + j elements. If X generates G, it is a monoidal
basis of G.

Proof. Let A be a set of natural generators of G. Considering the commuta-
tive image of GG, we obtain that X contains j elements of order 2. Thus there
is a bijection ¢ from A onto X such that p(a™!) = ¢(a)™! for every a € A.
The map ¢ extends to a morphism from G to G which is surjective since X
generates GG. Then ¢ being surjective, it also injective since G is Hopfian,
and thus X is a monoidal basis of G. .

4. Specular sets

In this section, we introduce specular sets. We introduce odd and even
words and the even code which play an important part in the sequel. We
prove that the decoding of a recurrent specular set by the even code is a
union of two recurrent tree sets of characteristic 1 (Theorem 4.13). We
exhibit a family of specular sets obtained as the result of a transformation
called doubling, starting from a tree set of characteristic 1 and invariant by
reversal (Theorem 4.20). In the last part, we relate specular sets with full and
G-full words, a notion linked with palindromic complexity and introduced
in [32].

4.1. Definition

We assume given an involution 6 on the alphabet A generating the spec-
ular group Gy.

A symmetric bi-extendable (and thus factorial) set S of reduced words
on the alphabet A is called a laminary set on A relative to 6 (following [14]
and [25]). Thus the elements of a laminary set S are elements of the specular
group Gy and the set S is contained in Gy.

A specular set is a laminary set on A which is a tree set of characteristic
2. Thus, in a specular set, the extension graph of every nonempty word is
a tree and the extension graph of the empty word is a union of two disjoint
trees.

The following is a very simple example of a specular set.
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Example 4.1 Let A = {a,b} and let 6 be the identity on A. Then the set
of factors of (ab)¥ is a specular set (we denote by x* the word z infinitely
repeated).

The next example is due to Julien Cassaigne. We frequently refer to it in
next sections.

Example 4.2 Let A = {a,b,c,d} and let S be the set of factors of the fixed
point 0¥ (a) of the morphism o from A* into itself defined by

o(a) =ab, o(b)=cda, o(c)=cd, o(d)= abc.

@© @ @i@
(d) @ (H)—0

Figure 4.1: The extension graph Eg(e).

The extension graph of ¢ is shown in Figure 4.1. It is shown in [7, Example
3.4] that S is a tree set of characteristic 2. We will see later (Example 4.23)
that S is a specular set relative to the involution 6 = (bd).

The following result shows in particular that in a specular set the two trees

forming & (¢) are isomorphic since they are exchanged by the bijection (a, b) —
(b7t a™t).

Proposition 4.3 Let S be a specular set. Let Ty, Ty be the two trees such
that E(e) = ToUTy. For any a,b € A andi = 0,1, one has (1®a,b®1) € T;
if and only if (1@ b7 Ya 't ®1) € Ti_;.

Proof. Assume that (1 ® a,b® 1) and (1 ® b=, a~! ® 1) are both in 7.
Since Ty is a tree, there is a path from 1 ® a to ™! ® 1. We may assume
that this path is reduced, that is, does not use consecutively twice the same
edge. Since this path is of odd length, it has the form (ug, vy, us, ..., up, v,)
with up = 1 ® @ and v, = a=' ® 1. Since S is symmetric, we also have a
reduced path (v, ', uyt, -+, ur',ug") which is in £(e) (for u; = 1 ® a;, we
denote u;' = a;! ® 1 and similarly for v; ') and thus in 7g since 7, and
Ti are disjoint. Since v, 1 = g, these two paths have the same origin and
end. But if a path of odd length is its own inverse, its central edge has the
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form (z,y) with x = y~!, as one verifies easily by induction on the length

of the path. This is a contradiction with the fact that the words of S are
reduced. Thus the two paths are distinct. This implies that £(¢) has a cycle,
a contradiction. .

Following again the terminology of [14], we say that a laminary set S is
orientable if there exist two factorial sets S, ,S_ such that S = S, US_ with
S, NS_ = {c} and for any x € S, one has z € S_ if and only if 271 € S,
(where 27! is the inverse of z in Gy).

The following result shows in particular that for any tree set T" of charac-
teristic 1 on the alphabet B, the set TUT ! is a specular set on the alphabet
A=BUB™

Theorem 4.4 Let S be a specular set on the alphabet A. Then, S is ori-
entable if and only if there is a partition A = AL UA_ of the alphabet A and a
tree set T of characteristic 1 on the alphabet B = A such that S = TUT™!.

Proof. The condition is trivially sufficient. Let us prove it is necessary and
suppose that S is a specular set on the alphabet A which is orientable. Let
(S4,S5_) be the corresponding pair of subsets of S. The sets S,,S_ are
bi-extendable, since S is. Set A, = ANS, and A- = AN S_. Then
A = A, UA_ is a partition of A and, since S_, S, are factorial, we have
Sy C A% and S_ C A*. Let Ty, T1 be the two trees such that £(¢) = ToUT5.
Assume that a vertex of 7y is in A,. Then all vertices of Ty are in A, and
all vertices of 77 are in A_. Moreover, &g, (¢) = Ty and Eg_(¢) = 7. Thus
S.,S_ are tree sets of characteristic 1. .

The following result follows easily from Proposition 2.2 (see [20, Propo-
sition 2.4] for details).

Proposition 4.5 The factor complexity of a specular set containing the al-
phabet A is given by pg = 1 and p, = n(k—2)+2 forn > 1 with k = Card(A).

4.2. Odd and even words

We introduce a notion which plays, as we shall see, an important role in
the study of specular sets. Let S be a specular set. Since a specular set is
bi-extendable, any letter a € A occurs exactly twice as a vertex of £(¢), one
as an element of L(¢) and one as an element of R(g). A letter a € A is said
to be even if its two occurrences appear in the same tree. Otherwise, it is

16



said to be odd. Observe that if a specular S is recurrent, there is at least one
odd letter.

Example 4.6 Let S be the set of factors of (ab)¥ as in Example 4.1. Then
a and b are odd.

Example 4.7 Let S be the set of Example 4.2. The letters b, d are even,
while a and ¢ are odd.

Let S be a specular set. A word w € S is said to be even if it has an even
number of odd letters. Otherwise it is said to be odd. The set of even words
has the form X* N S where X C S is a bifix code, called the even code. The
set X is the set of even words without a nonempty even prefix (or suffix).

Proposition 4.8 Let S be a recurrent specular set. The even code is an
S-maximal bifix code of S-degree 2.

Proof. Let us verify that any w € S is comparable for the prefix order with
an element of the even code X. If w is even, it is in X*. Otherwise, since S
is recurrent, there is a word w such that wuw € S. If u is even, then wuw
is even and thus wuw € X*. Otherwise wu is even and thus wu € X*. This
shows that X is S-maximal. The fact that it has S-degree 2 follows from
the fact that any product of two odd letters is a word of X which is not an
internal factor of X and has two parses. .

Example 4.9 Let S be the specular set of Example 4.2. The letters b, d are
even and the letters a, ¢ are odd. The even code is

X = {abc,ac, b, ca, cda, d}.

Denote by Ty, 71 the two trees such that £(¢) = To U T1. We consider
the directed graph G with vertices 0,1 and edges all the triples (i, a,j) for
0<i4,j<landae€ Asuchthat (1®ba®l)e T, and (1®a,c®1)ecT;
for some b,c € A. The graph G is called the parity graph of S. Observe that
for every letter a € A there is exactly one edge labeled a because a appears
exactly once as a left (resp. right) vertex in £(¢).

Example 4.10 Let S be the specular set of Example 4.2. The parity graph
of S is represented in Figure 4.2, where we assume that 7 is the tree on the
left of Figure 4.1 and 7; is the tree on the right of Figure 4.1.
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Figure 4.2: The parity graph.

Proposition 4.11 Let S be a specular set and let G be its parity graph. Let
S;.; be the set of words in S which are the label of a path from i to j in the
graph G.

(1) The family (S;; \ {e})o<ij<1 is a partition of S\ {e}.

(2) Forue S;;\{e} andv € Spe\{e}, ifuv € S, then j = k.

(3) SooU Sia is the set of even words.

(4) Sij = Si 1

Proof. We first note that for a,b € A such that ab € S, there is a path in
G labeled ab. Since (a,b) € £(¢), there is a k such that (1 ®a,b® 1) € Tk.
Then we have a € S, and b € Sy ; for some i,j € {0,1}. This shows that
ab is the label of a path from 7 to j in G.

Let us prove by induction on the length of a nonempty word w € S that
there exists a unique pair ¢, j such that w € S; ;. The property is true for a
letter, by definition of the extension graph &£(e) and for words of length 2 by
the above argument. Let next w = ax be in S with a € A and x nonempty.
By induction hypothesis, there is a unique pair (k, j) such that x € Sy ;. Let
b be the first letter of . Then the edge of G with label b starts in k. Since
ab is the label of a path, we have a € S; for some ¢ and thus ax € S; ;. The
other assertions follow easily (Assertion (4) follows from Proposition 4.3).

Note that Assertion (4) implies that no nonempty even word is its own in-
verse. Indeed, So_,é = 511 and 51_11 = 50,0-

Proposition 4.12 Let S be a specular set. If x,y € S are nonempty words
such that xyx=' € S, then y is odd.

Proof. Let i,j be such that x € S;;. Then 7! € S;_;1_; by Assertion (4)
of Proposition 4.11 and thus y € S;,1_; by Assertion (2). Thus y is odd by
Assertion (3). n

The following result is the counterpart for recurrent specular sets of the
main result of [9, Theorem 6.1] asserting that the family of (uniformly) recur-
rent tree sets of characteristic 1 is closed under maximal bifix decoding. Let
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S be a recurrent set and let f be a coding morphism for a finite S-maximal
bifix code X. The set f~1(S5) is called a decoding of S by X.

Theorem 4.13 (Even code decoding Theorem) The decoding of a re-
current specular set by the even code is a union of two recurrent tree sets of
characteristic 1. More precisely, let S be a recurrent specular set and let f
be a coding morphism for the even code. Then f~'(Soo) and f~'(Si1) are
recurrent tree sets of characteristic 1.

Proof. We show that Ty = f7'(Sp) is a recurrent tree set of characteristic
1. The proof for f~1(S} ;) is the same.

First, Ty is bi-extendable, as one may easily verify. Next, since S is
recurrent, it is uniformly recurrent by Theorem 2.1. Thus for every u € S
there exists n > 1 such that u is a factor of any word w in S of length n. But
if u,w € Sy are such that w = lur, then ¢,r € Syo. Thus Tj is recurrent.

We now show that T} is a tree set of characteristic 1. Let X be the even
code and set Xg = X NSy and X; = X NS ;.

It is enough to show that £3(w) = £2*(w) is a tree for any w € Spy.
Note first that E3(w) = £ (w). Indeed, for w € Sy and z,y € X such
that xwy € S, one has z,y € X, and zwy € Sp.

First, for any nonempty word w € Sp, since E3(w) = 5§’X(w), the graph
EX(w) is a tree by Proposition 2.4.

Next, let us show that the graph £2(g) is a tree. First, since Es(e)
is a union of two trees, it is acyclic, and thus the graph £(¢) is acyclic
by Proposition 2.4. Next, since S is neutral, by Proposition 2.4, we have

my™ () = mg(e) = —1. This implies that mg~ (¢) is a union of two trees.
Since £5 () is the disjoint union of £3(e) and 5 (¢), this implies that

each one is a tree. "

Example 4.14 Let S be the set of Example 4.2. Recall that it is the set of
factors of the fixed point of the morphism

oc:aw—ab, b~ cda, c+—cd, d— abe.

The even code X is given in Example 4.9. Let ¥ = {a,b,¢,d, e, f} and let g
be the coding morphism for X given by

ar— abc, bw—ac, c—b, d—ca, er>cda, frd.
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The decoding of S by X is a union of two tree sets of characteristic 1 which
are the set of factors of the fixed point of the two morphisms

a— afbf, b—af, f—a

and
c—e, d— ec, e ecdc.

These two morphisms are actually the restrictions to {a, b, f} and {c,d, e} of

the morphism g~ 'oyg.

4.3. Bifiz codes in specular sets

Recall from Section 2 that the characteristic of a set S is given by x(5) =
65(8) + TS(E) — bs(&?).
The following result is from [20]. We will use it for specular sets.

Theorem 4.15 Let S be a recurrent neutral set containing the alphabet A.
For any finite S-mazximal bifiz code X of S-degree d = dx(S), one has

Card(X) = d(Card(A) — x(5)) + x(5).
We can apply Theorem 4.15 to recurrent specular sets.

Theorem 4.16 (Cardinality Theorem for bifix codes) Let S be a re-
current specular set containing the alphabet A. For any finite S-mazximal
bifix code X, one has

Card(X) = dyx(S)(Card(A) — 2) + 2. (4.1)

Proof. Since S is specular, we have x(S) = 2 and thus the statement follows
directly from Theorem 4.15. .

Example 4.17 Let S be the specular set of Example 4.2. The even code
(given in Example 4.9) is an S-maximal code of S-degree 2. We have
Card(X) = 6 in agreement with Theorem 4.15.

The following statement is a partial converse of Theorem 4.15.

Theorem 4.18 Let S be a uniformly recurrent laminary set containing the
alphabet A. If the graph £(€) is acyclic and if any finite S-mazimal bifix code
of S-degree d has d(Card(A) — 2) + 2 elements, then S is specular.
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To prove Theorem 4.18, we use the following result, which can be proved
in the same way as Theorem 3.12 in [8], using internal transformations.

Proposition 4.19 Let S be a recurrent set containing the alphabet A and
let dy > 2. If all finite S-mazximal bifix codes of S-degree d > dy have the
same cardinality, then any word of length greater than or equal to dy — 1 s
neutral.

Theorem 4.18 results from Proposition 4.19 applied with dy = 2.

4.4. Doubling maps

We now introduce a construction which allows one to build specular sets.
This is a particular case of the multiplying maps introduced in [20].

A transducer is a labeled graph with vertices in a set () and edges labeled
in X x A. The set () is called the set of states, the set X is called the input
alphabet and A is called the output alphabet. The graph obtained by erasing
the output letters is called the input automaton (with an unspecified initial
state). Similarly, the output automaton is obtained by erasing the input
letters.

Let A be a transducer with set of states Q = {0, 1} on the input alphabet
> and the output alphabet A. We assume that

1. the input automaton is a group automaton, that is, every letter of ¥
acts on () as a permutation

2. the output labels of the edges are all distinct.

We define two maps dy, 07 : X* — A* corresponding to initial states 0 and 1
respectively. Thus dg(u) = v (resp. d;(u) = v) if the path starting at state 0
(resp. 1) with input label u has output v. The pair d4 = (do, 1) is called a
doubling map and the transducer A a doubling transducer.

The image of a set T on the alphabet ¥ by the doubling map d 4 is the
set S = (50(T) U (51(T)

If A is a doubling transducer, we define an involution 64 as follows. For
any a € A, let (i, a, j) be the edge with input label « and output label a.
We define 0 4(a) as the output label of the edge starting at 1 — j with input
label a. Thus, O4(a) = §;(a) = aif i+ j = 1 and O4(a) = §1_i(a) # a if
1=7.

Recall that the reversal of a word w = ajas---a, is the word w =
Qp -+ Q2047 .
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One can prove by induction on the length of y € >* that if z = 0;(y)
and if 7 is the end of the path starting at ¢ and with input label y, then
z7' = 6;_;(9). Observe that since the input automaton is a group automaton,
there is always a path starting at 1 — 7 with input label 3.

A set S of words is closed under reversal if w € S implies w € S for every
w € S. By definition, any Sturmian set is closed under reversal (see [4]).

Theorem 4.20 For any tree set T of characteristic 1 on the alphabet %,
closed under reversal and any doubling map 94, the image of T by 64 1s a
specular set relative to the involution 0 4.

Proof. Set S = 64(T) = 0o(T") U 01(T"). By Theorem 3.1 of [20], S is a tree
set of characteristic 2. By construction, it is also clear the any word in §' is
0 4-reduced.

Let now prove that S is a symmetric language. Assume that x = 6;(y)
for i € {0,1} and y € T. Let j be the end of the path starting at ¢ and with
input label y. Since 7! = §;_;(g) and T is closed under reversal, we have
z=! € §;_;(T). This shows that S is symmetric and so that it is laminary.
Thus, S is a specular set. .

We now give two examples of specular sets obtained by doubling maps
(doubling the Fibonacci set).

Example 4.21 Let ¥ = {«, 8} and let T" be the Fibonacci set over X. Let
0 be the doubling map given by the transducer of Figure 4.3 on the left.

e ole Slbas

Figure 4.3: A doubling transducer and the extension graph Es(e

ala

Both letters in Y act as the identity on the two states 0, 1.

Then 64 is the involution defined by 6 : a — ¢, b — d, ¢ — a, d — b.
The image of T by ¢ is a specular set S on the alphabet A = {a, b, c,d}. The
graph Eg(e) is represented in Figure 4.4 on the right. All letters are even.

Note that the set S of Example 4.21 is not recurrent. The set S is actually
just a union of two Fibonacci sets, one over the alphabet {a, b} and the second
over the alphabet {c, d}.
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Example 4.22 Let ¥ = {a, 8} and let T" be the Fibonacci set. Let ¢ be the
doubling map given by the transducer of Figure 4.4 on the left. The letter «
acts as the transposition of the two states 0, 1, while § acts as the identity.

ala Oo—W0 @
gla( o X )l . ©

alc @ @ ©

Figure 4.4: A doubling transducer and the extension graph Eg(e).

Then 64 is the involution € of Example 3.2 and the image of T" by o
is a specular set S on the alphabet A = {a,b,¢,d}. The graph Eg(e) is
represented in Figure 4.4 on the right.

The letters a, c are odd and b, d are even.

Note that S is the set of factors of the fixed point ¢g*(a) of the morphism

g :a+— abcab, b+ cda, ¢ cdacd, d+— abe.
The morphism g is obtained by applying the doubling map to the cube f2 of
the Fibonacci morphism f in such a way that ¢“(a) = do(f“(«)).
In the next example (due to Julien Cassaigne), the specular set is obtained

using a morphism of smaller size.

Example 4.23 Let A = {a,b,c,d}. Let T be the set of factors of the fixed
point x = f“(a) of the morphism f : a — af, — afa. It is a Sturmian
set. Indeed, z is the characteristic word of slope —1 + /2 (see [26]). The
sequence s, = f"(«) satisfies s, = s2_;s,_5 for n > 2. The image S of T by
the doubling automaton of Figure 4.4 is the set of factors of the fixed point
0“(a) of the morphism o from A* into itself defined by

o(a) =ab, o(b) =cda, o(c)=cd, o(d)=abc.

Thus the set S is the same as that of Example 4.2.

Note that, when S is a specular set obtained by a doubling map using a
transducer A, the parity graph of S is the output automaton of A (see for
instance Figures 4.2 and 4.4).
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4.5. Palindromes

The notion of palindromic complexity originates in [21] where it is proved
that a word of length n has at most n+1 palindrome factors. A word of length
n is full if it has n + 1 palindrome factors and a factorial set is full (or rich)
if all its elements are full. By a result of [23], a recurrent set closed under
reversal is full if and only if every complete return word to a palindrome
in S is a palindrome (a complete return word to a set X of words of the
same length is a word of S which has exactly two factors in X, one as a
proper prefix and one as a proper suffix, see Section 6.1). It is known that all
Sturmian sets are full [21] and also all natural codings of interval exchange
defined by a symmetric permutation [1].

The fact that a tree set of characteristic 1 is full in the following result
generalizes results of [21, 1].

Proposition 4.24 Let T' be a recurrent tree set of characteristic 1, closed
under reversal. Then T is full.

Proof. We use the following equivalent definition of full sets (see [32]): for
any x € T,

(i) if « is not a palindrome, it is neutral.
(ii) Otherwise, m(z) + 1 is equal to the number of letters a such that axa
is a palindrome in 7" (the so-called palindromic extensions).

Since T is a tree set of characteristic 1, every word is neutral. We thus only
have to show that every palindrome has exactly one palindromic extension.
Let x € T be a palindrome. It may be verified that since x is palindrome
and T is closed under reversal, the graph Er(x) is closed under reversal in
the sense that it contains an edge (1 ® a,b ® 1) if and only if it contains
the edge (1 ® b,a ® 1). One may verify that, as a consequence, there is at
least one a € A such that ara € T. Indeed, this can be proved as follows
by induction on Card(A). It is true if Card(A) = 1. Otherwise, let a € A
be such that 1 ® a is a leaf of Ep(x). Then, since the graph is closed under
reversal, the vertex a ® 1 is also a leaf. Set A’ = A\ {a}. The restriction of
the graph to the vertices in A’ is a tree closed under reversal, and thus the
property follows by induction. But if there is another one, the graph would
have a cycle. Indeed, assume that axa,bxb € T. Consider a simple path ~
of minimal length from one of 1 ® a,a ® 1 to one of 1 ® b,b ® 1. This path
cannot contain the edges corresponding to aza, bxb. Using these edges and
the symmetric of 7, one obtains a cycle. Thus T is full. .
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In [32], this notion was extended to that of G-full, where G is a finite group
of morphisms and antimorphisms of A* (an antimorphism is the composition
of a morphism and reversal) containing at least one antimorphism. As one
of the equivalent definitions, a set S closed under G is G-full if for every
x € S, every complete return word to the G-orbit of z is fixed by a nontrivial
element of G.

Let us consider a tree set T' of characteristic 1 and a specular set S
obtained as the image of T by a doubling map 4.

Let us define the antimorphism o : u — u~! for u € Gy. From Section 4.4
it follows that both edges (i,c,a,j) and (1 — i,,0(a),1 — j) are in the
doubling transducer. Let us define also the morphism 7 obtained by replacing
each letter a € A by 7(a) if there are edges (i, a, a, j) and (1—j, o, 7(a), 1 —1)
in the doubling transducer.

We denote by G4 the group generated by the o and 7. Actually, we have
GA=1]27 x 7]27.

Example 4.25 Let S be the specular set defined in Example 4.21. The
group G 4 is generated by

o:at—c, b—d, c—a, d—b,

and
T:a+—c, b—d, c—a, d—b.

Note that, even if the images of 0 and 7 over the alphabet are the same, the
latter is a morphism, while the first is an antimorphism. Moreover, in that
case, we have o7 = 70 : w — W for every w € S.

Example 4.26 Let S be the recurrent specular set defined in Example 4.22.
The group G4 is generated by the antimorphism

oc:a—a, b—d, c—c d— a,
and the morphism
T:a+—c, b—d, c—a, d—b.

We have H = {id, o, 7,07}, where o7 = 70 is the antimorphism fixing b, d
and exchanging a and c.
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We now connect the notions of fullness and G 4-fullness, proving an anal-
ogous result of Proposition 4.24 for specular sets.

Proposition 4.27 Let T be a recurrent tree set of characteristic 1 on the
alphabet X2, closed under reversal and let S be the image of T under a doubling
map. Then S is G 4-full.

Proof. By Proposition 4.24 we know that T is full.

To show that S is G 4-full, we will use several properties of the map 9;.
We note that it is injective, that it preserves prefixes and conversely: u is a
prefix of v if and only if 0;(u) is a prefix of ¢;(v). Also, for any y € T and
x = 0;(y), the images of y,y by do, d; form the G 4-orbit of .

Consider € S and a word w which is a complete return word to the
G 4-orbit of x. We may assume that x is a prefix of w and that v(x) is a
prefix of w, with v € H. Let y,u € T and i € {0, 1} be such that = §;(y)
and w = §;(u). Then y is a prefix of w.

We first show that u is a palindrome. First observe that u has a suffix
in the set {y,y}. Indeed, if v € {id, 7} then y is a suffix of u. Otherwise,
if v € {0,70}, one has that 7 is a suffix of u. Let now z be the longest
palindrome prefix of u. Then y is a prefix of z since otherwise z would have
a second occurrence in u (in a full set, the longest palindrome prefix of a
word is unioccurrent, see [23]). Consequently 7 is a suffix of z and z cannot
have another occurrence of y or § except as a prefix or a suffix (otherwise,
w would have an internal factor in the G _4-orbit of ). Thus z is a complete
return word to {y,7}. Consequently, d;(z) is a complete return word to the
G g-orbit of x and thus 6;(z) = w, which implies that v = z and that u is a
palindrome.

Now, the G 4-orbit of any word w = §;(u) with u palindrome has two
elements. Indeed, either w is even and w=! = 7(w), or w is odd and w™! = w.
Thus such a w is fixed by a nontrivial element of G 4. .

Example 4.28 Let S be the specular set of Example 4.21. Since it is a
doubling of the Fibonacci set (which is Sturmian and thus full), it is G 4-
full with respect to the group G4 generated by the antimorphism ¢ and the
morphism 7 of Example 4.25. The G _4-orbit of x = a is the set X = {a,c}.
The set of complete return words to X (see also Section 6) is given by

CRs(X) = {aa,aba, cc, cdc}.
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The four words are palindromes and thus they are fixed by o7.
As another example, consider x = ab. Its G 4-orbit is the set X =
{ab, ba, cd, dc} and the set of complete return words to X is given by

CRs(X) = {aba, baab, bab, cdc, decd, ded} .
Each of them is a palindrome, thus is fixed by o7.

Example 4.29 Let S be the specular set of Example 4.22. Since it is a
doubling of the Fibonacci set (which is Sturmian and thus full), it is G 4-full
with respect to the group G4 generated by the map o taking the inverse (that
is fixing a, ¢ and exchanging b and d) and the morphism 7 (which exchanges
a,c and b, d respectively). The G 4-orbit of x = a is the set X = {a,c}. We
have

CRs(X) = {abc, ac, ca, cda}.

The four words are fixed by o7. As another example, consider x = ab. Then
X = {ab,bc, cd,da} and CRs(X) = {abc, bead, bed, cda, dab, dach}. Each of
them is fixed by some nontrivial element of G 4.

5. Linear involutions

In this section we define linear involutions and connections. We prove that
the natural coding of a linear involution without connections is a specular
set (Theorem 5.9).

5.1. Definition

Let A be an alphabet of cardinality k£ with an involution 6 and the corre-
sponding specular group Gy. Note that we allow 6 to have fixed points. This
leads to a definition of linear involutions which is somewhat more general
than the one used in [15, 10].

We consider two copies I x {0} and I x {1} of an open interval I of the
real line and denote I = I x {0,1}. We call the sets I x {0} and I x {1} the
two components of I. We consider each component as an open interval.

A generalized permutation on A of type (¢,m), with £ +m = k, is a
bijection 7 : {1,2,...,k} — A. We represent it by a two line array

7r:< (1) m(2) ...7(¢) )
T(l+1) ...7({+m)
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A length data associated with (¢, m, ) is a nonnegative vector A € ]Rjﬁ = R’i
such that

)\n(l) + ...+ )\ﬂ-(g) = )\W(g_,_l) + ...+ )\w(k) and \, = \,-1 for all a € A.

We consider a partition of  x {0} (minus £ —1 points) in ¢ open intervals
Ii1y, - Iney of lengths Ar(1y, . . ., Ax(e) and a partition of I x {1} (minus m—1
points) in m open intervals Ines1), - - Doy of lengths Arqny, .o Aregm)-
Let 3 be the set of kK —2 division points separating the intervals I, for a € A.

The linear involution on I relative to these data is the map T = 09 0 0y
defined on the set I\ ¥ as the composition of two involutions defined as
follows.

(i) The first involution oy is defined on 7\ ¥. It is such that for each a € A,
its restriction to I, is either a translation or a symmetry from I, onto
J

(ii) The second involution exchanges the two components of I. Tt is defined
for (z,0) € I by o9(z,d) = (x,1 —9). The image of z by oy is called
the mirror image of z.

We also say that 7' is a linear involution on I and relative to the alphabet A
or that it is a k-linear involution to express the fact that the alphabet A has
k elements.

Example 5.1 Let A= {a,b,¢,d,a™ b7, ¢!, d7} and

(a b al ¢
et dt ot oa)
Let T be the 8-linear involution corresponding to the length data represented
in Figure 5.1 (we represent I x {0} above I x {1}) with the assumption that

the restriction of oy to I, and I; is a symmetry while its restriction to I, I.
is a translation.

a b\_\{ c o I x {0}

lc_ o= b o4 oI x {1}
T%(z) T(z)

Figure 5.1: A linear involution.
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We indicate on the figure the effect of the transformation 7" on a point z
located in the left part of the interval I,. The point o1(z) is located in the
right part of I,-1 and the point T'(z) = o901(z) is just below on the left of
I—1. Next, the point 017'(z) is located on the left part of I, and the point
T?(z) just below.

Thus the notion of linear involution is an extension of the notion of interval
exchange transformation in the following sense. Assume that

(i) £ =m,
(ii) for each letter a € A, the interval I, belongs to I x {0} if and only if
I,-1 belongs to I x {1},
(iii) the restriction of oy to each subinterval is a translation.

Then, the restriction of 7" to I x {0} is an interval exchange (and so is its
restriction to I x {1} which is the inverse of the first one). Thus, in this case,
T is a pair of mutually inverse interval exchange transformations.

It is also an extension of the notion of interval exchange with flip [30, 31].
Assume again conditions (i) and (ii), but now that the restriction of oy to at
least one subinterval is a symmetry. Then the restriction of 7" to I x {0} is
an interval exchange with flip.

Note that for convenience we consider in this paper interval exchange
transformations defined by a partition of an open interval minus ¢ — 1 points
in ¢ open intervals. The usual notion of interval exchange transformation
uses a partition of a semi-interval in a finite number of semi-intervals.

A linear involution T is a bijection from I\ ¥ onto I\ 04(X). Since oy, 0
are involutions and 7' = o o 0y, the inverse of T is T~ = o4 o 0.

The set X of division points is also the set of singular points of 7" and their
mirror images are the singular points of 7~ (which are the points where T
(resp. T7') is not defined). Note that these singular points z may be ‘false’
singularities, in the sense that T' can have a continuous extension to an open
neighborhood of z.

Two particular cases of linear involutions deserve attention.

A linear involution 7" on the alphabet A relative to a generalized per-
mutation 7w of type (¢,m) is said to be non-orientable if there are indices
i,j < £ such that m(i) = n(j)~' (and thus indices i,7 > ¢ + 1 such that
7(i) = m(5)~"). In other words, there is some a € A for which I, and I,
belong to the same component of I. Otherwise T is said to be orientable.
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A linear involution T" = 05 0 07 on [ relative to the alphabet A is said to
be coherent if, for each a € A, the restriction of oy to I, is a translation if
and only if I, and I,-1 belong to distinct components of I.

Example 5.2 The linear involution of Example 5.1 is coherent.

Linear involutions which are orientable and coherent correspond to in-
terval exchange transformations, whereas orientable but non-coherent linear
involutions are interval exchanges with flip.

Orientable linear involutions correspond to orientable laminations (see
[10]), whereas coherent linear involutions correspond to orientable surfaces.
Thus coherent non-orientable involutions correspond to non-orientable lam-
inations on orientable surfaces.

5.2. Minimal involutions

A connection of a linear involution T is a triple (z,y,n) where z is a
singularity of 77!, y is a singularity of T, n > 0 and T"z = y.

Example 5.3 Let us consider the linear involution 7" which is the same as in
Example 5.1 but such that the restriction of oy to I. is a symmetry. Thus T
is not coherent. We assume that I =]0, 1], that A\, = A\g. Let x = (1 — Ay, 0)
and y = (A4, 0).

Then z is a singularity of 7= (09(z) is the left endpoint of 1), y is a
singularity of T' (it is the right endpoint of I,) and T'(z) = y. Thus (z,y,1)
is a connection.

Example 5.4 Let T" be the linear involution on I =]0, 1] represented in
Figure 5.2. We assume that the restriction of oy to I, is a translation whereas
the restriction to I, and I, is a symmetry. We choose (3—1/5)/2 for the length
of the interval I. (or I). With this choice, T has no connections.

a b b1

-1 -1
C C a

Figure 5.2: A linear involution without connections.
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Let T be a linear involution without connections. Let

O=JT™%) and O=0Un(0) (5.1)

n>0

be respectively the negative orbit of the singular points and its closure under
mirror image. Then 7 is a bijection from I \ O onto itself. Indeed, assume
that T(z) € O. If T(z) € O then z € O. Next if T(z) € 05(0), then T(z) €
ao(T7(X)) = T"(02(X)) for some n > 0. We cannot have n = 0 since 09(X)
is not in the image of T. Thus z € T 1(03(X)) = oo(T (X)) C 02(0).
Therefore in both cases z € O. The converse implication is proved in the
same way.

A linear involution 7" on I without connections is minimal if for any point
zel \ O the nonnegative orbit of z is dense in 1.

Note that when a linear involution is orientable, that is, when it is a
pair of interval exchange transformations (with or without flips), the interval
exchange transformations can be minimal although the linear involution is
not since each component of I is stable by the action of T. Moreover, it
is shown in [16] that non-coherent linear involutions are almost surely not
minimal.

Example 5.5 Let us consider the non-coherent linear involution 7" which
is the same as in Example 5.1 but such that the restriction of o; to I, is a
symmetry, as in Example 5.3. We assume that I =|0, 1[, that A\, = \; and
that 1/4 < A\. < 1/2 and that A, + X\, < 1/2. Let x = 1/2+ A, and z = (z,0)
(see Figure 5.3). We have then T3(z) = z, showing that T is not minimal.
Indeed, since z € I, we have T'(z) = (1—x,0) = (1/2—A\.,0). Since T'(z) € I,
we have T%(z) = (Ao +Np) + (Ao —142),1) = (x— A, 1) = (1/2,1). Finally,
since T?(z) € I;-1, we obtain (1,0) —T3(z) = T?(2) — (X\¢, 1) = (1,0) — 2 and
thus T3(z) = 2.

Z= T3(2)

0 4 b \o—‘a_1 O
T(Z)I ¢! d~ h—! d
0 o D —— O
T?(z)

Figure 5.3: A non-coherent linear involution.
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The following result (already proved in [12, Proposition 4.2] for the class
of coherent involutions) is [10, Proposition 3.7]. The proof uses Keane’s the-
orem proving that an interval exchange transformation without connections
is minimal [24].

Proposition 5.6 Let T be a linear involution without connections on I. If'T
is non-orientable, it is minimal. Otherwise, its restriction to each component
of I 1s minimal.

5.3. Natural coding

Let T be a linear involution on I, let I = I x {0,1} and let O be the set
defined by Equation (5.1).

Given z € | \O, the infinite natural coding of T' relative to z is the infinite
word Y (2) = agay . .. on the alphabet A defined by

a, =a if T"(2) € I,.

We first observe that the infinite word Y7 (2) is reduced. Indeed, assume that
an, =a and a,,; = a! with a € A. Set x = T"(z) and y = T'(z) = T""(2).
Then z € I, and y € [,-1. But y = oy(u) with u = oy(x). Since z € I,,
we have u € I,-1. This implies that y = o2(u) and u belong to the same
component of I , a contradiction.

We denote by L£(T') the set of factors of the infinite natural codings of T'.
We say that £(7') is the natural coding of T'.

Example 5.7 Let T be the linear involution of Example 5.4. The words of
length at most 3 of S = L(T') are represented in Figure 5.4.
The set S can actually be defined directly as the set of factors of the
substitution
fra—cb™, b—ce, c—ab ™l

which extends to an automorphism of the free group on {a, b, c} (see [10]).

The following is Proposition 5.3 in [10].

Proposition 5.8 The natural coding of a linear involution is closed under
taking inverses.

We prove the following result.
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Figure 5.4: The words of length at most 3 of S.

Theorem 5.9 The natural coding of a linear involution without connections
s a specular set.

Proof. Let T be a linear involution without connections. By Proposition 5.8,
the set £(T") is symmetric. Since it is by definition bi-extendable and formed
of reduced words, it is a laminary set. By [20, Theorem 9.5], £(T) is a tree
set of characteristic 2. Thus £(7") is specular. n

We now present an example of a linear involution on an alphabet A where
the involution # has fixed points.

Example 5.10 Let A = {a,b,c,d} be as in Example 3.2 (in particular,
d=b"1 a=a"' ¢c=c'). Let T be the linear involution represented in

a d

O b O S O

Figure 5.5: A linear involution on A = {a, b, ¢, d}.

Figure 5.5 with o, being a translation on [, and a symmetry on I, I.. Choos-
ing (3 — +/5)/2 for the length of I,, the involution is without connections.
Thus S = L(T) is a specular set. Let us show it is equal to the specular set
obtained by the doubling transducer in Example 4.22. Indeed, consider the
interval exchange V' on the interval Y =|0, 2] represented in Figure 5.6 on
the right, which is obtained by using two copies of the interval exchange U
defining the Fibonacci set (represented in Figure 5.6 on the left).
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0 1 0 1 2
5 a b o5 6 a b 5 & o d 5
1 1 1 1 1 1
o b a o o d Ol 5 b a o

Figure 5.6: Interval exchanges U and V for the Fibonacci set and its doubling.

Let X =]0,1[x{0,1} and let « : Y — X be the map defined by

(2) = (2,0) if z €]0, 1]
a= (2—2,1) otherwise.

Then awoV = T o and thus L(V) = L(T). The interval exchange V is
actually the orientation covering of the linear involution 7" (see [10]).

6. Return words

In this section we introduce three variants of the notion of return words,
namely complete, right and mixed return words. We prove several results
concerning sets of return words (Theorems 6.6, 6.9, 6.12). We also prove that
the set of return words to a given word forms a basis of the even subgroup
(Theorem 6.15 referred to as the First Return Theorem) and that the mixed
return words form a monoidal basis of the specular group (Theorem 6.17).

6.1. Cardinality Theorems for return words
In this section, we introduce several notions of return words: complete
return words, right (or left) return words and mixed return words. For each
of them, we prove a cardinality theorem (Theorems 6.6, 6.9 and 6.12).
Here, when we consider a recurrent set S containing the alphabet A, we
implicitly assume that all words of S are on the alphabet A.

6.1.1. Complete return words

Let S be a factorial set of words and let X C S be a set of nonempty
words. A complete return word to X is a word of S with a proper prefix in
X, a proper suffix in X but no internal factor in X. We denote by CRs(X)
the set of complete return words to X.

The set CRs(X) is a bifix code. If S is uniformly recurrent, CRg(X) is
finite for any finite set X. For z € S, we denote CRg(z) instead of CRg({x}).
Thus CRgs(z) is the usual notion of a complete return word (see [22] for
example).
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Example 6.1 Let S be the specular set of Example 4.22. One has

CRs(a) {abca, abcda, acda}

CRs(b) = {bcab, bedacdab, bedacdacdab}
CRs(c) = {cabe,cdabe, cdac}

CRs(d) = {dabcabcabed, dabcabed, dacd}.

The following result is proved in [20, Theorem 5.2].

Theorem 6.2 Let S be a recurrent neutral set containing the alphabet A.
For any finite nonempty bifiz code X C S with empty kernel, we have

Card(CRg(X)) = Card(X) + Card(A) — x(5). (6.1)
As a consequence of Theorem 6.2, one has the following statement.

Corollary 6.3 Let S be a recurrent specular set on the alphabet A. For any
finite nonempty bifiz code X C S with empty kernel, one has

Card(CRs(X)) = Card(X) 4 Card(A) — 2.
The following example illustrates Corollary 6.3.

Example 6.4 Let S be the specular set on the alphabet A = {a,b, ¢, d} of
Example 4.2. We have

CRs({a,b}) = {ab, acda, bea, beda}.

It has four elements in agreement with Corollary 6.3.

We note that when X is a finite S-maximal bifix code of S-degree d with
kernel K (X), the set CRs(X) has the following property. For any set K
such that K(X) C K C X with K # X, theset Y = K UCRg(X \ K) is an
S-maximal bifix code of S-degree dg(X)+1. The code X is the derived code
of Y (see [4, Section 4.3]). This gives a connection between Equations (4.1)
and (6.1). By Equation (4.1), we have

Card(Y) = (d + 1)(Card(A) — x(5)) + x(5) = Card(X) + Card(A) — x(5).
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Thus

Card(CRs(X \ K)) = Card(Y) — Card(K)
= Card(X) — Card(K) + Card(A) — x(5)
Card(X \ K) + Card(A) — x(95)

which is Formula (6.1) since X \ K is a bifix code with empty kernel.

6.1.2. Right return words
Let S be a factorial set. For any nonempty word x € S, a right return
word to x in S is a word w such that zw is a complete return word to x. One
defines symmetrically the left return words to x € S as the words w such that
wz is a complete return word. We denote by Rg(z) the set of right return
words to z in S and by R's(z) the corresponding set of left return words.
Note that when S is a laminary set Rg(z)™t = Rig(z™1).

Proposition 6.5 Let S be a specular set and let x € S be a nonempty word.
All the words of Rs(x) are even.

Proof. If w € Rg(x), we have zw = vx for some v € S. If z is odd, assume
that x € Sp1. Then w € S1;. Thus w is even. If z is even, assume that
x € Spo. Then w € Sy and w is even again. "

Theorem 6.6 (Cardinality Theorem for right return words) LetS be
a recurrent specular set. For any x € S, the set Rg(x) has Card(A) — 1 ele-
ments.

Proof. This follows directly from Corollary 6.3 with X = {2} since Card(Rgs(z)) =
Card(CRg(x)). .

Example 6.7 Let S be the specular set of Example 4.22. We have

Rs(a) = {bca,bcda, cda},
Rs(b) = {cab,cdacdab, cdacdacdab},
Rs(c) {abe, dabe, dac},
Rs(d) = {abcabed, abcabcabed, acd}.
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It is shown in [7] that if S is a (uniformly) recurrent tree set of characteris-
tic 1 containing the alphabet B, then for any = € S, one has Card(Rgs(x)) =
Card(B). The relation with Theorem 6.6 is as follows. Let X be the even
code and let X(] =XnN S(]’O,Xl =XnN 51’1. Thus X = X(] U Xl.

One has Card(Xy) = Card(A) — 1 by Theorem 4.16 (indeed, Card(X) =
2Card(A) — 2 and Card(X,) = Card(X)).

Let f be a coding morphism for X. Then for any « € Sy, the set Rg(z)
is in bijection, via the decoding by Xj, with the set of right return words to
S~ (x). Since f7'(Spp) is a tree set on By = f~'(Xj), the set Rg(z) has
Card(A) — 1 elements, in agreement with Theorem 6.6.

6.1.3. Mixed return words
Let S be a laminary set. For w € S such that w # w™!, we consider
complete return words to the set X = {w,w™'}.

Example 6.8 Let T be the linear involution of Example 5.4. We have

CRs({a,a™'}) = {ab~'cba™ ab~ cbcta,a b c a,
ab ‘¢ toat aebera, a T eb T e ba T
CRs({b,b7}) = {ba~teb,bateb™t bc tab ™t b7 eb, b~ e tab ™ b e b},

CRs({c,c™}) = {cba™tc,cbc™, cb e ctab™ e, ctab™ e, ¢ ba e}

Theorem 6.9 Let S be a recurrent specular set containing the alphabet A.
For any w € S such that w # w™?, the set of complete return words to
{w,w™'} has Card(A) elements.

Proof. The statement results directly of Corollary 6.3. .

Example 6.10 Let S be the specular set of Example 4.22. In view of the
values of CRg(b) and CRs(d) given in Example 6.1, we have

CRs({b,d}) = {bcab, bed, dab, dacd)}.

Two words u, v are said to overlap if a nonempty suffix of one of them is
a prefix of the other. In particular a nonempty word overlaps with itself.

We now consider the return words to {w,w™'} with w such that w and
w~! do not overlap. This is true for every w in a laminary set S where the
involution € has no fixed point, in particular when S is the natural coding of
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a linear involution. In this case, the group Gy is free and for any w € S, the
words w and w™! do not overlap.

With a complete return word u to {w,w™'}, we associate a word N(u)
obtained as follows. If u has w as prefix, we erase it and if « has a suffix w™!,
we also erase it. Note that these two operations can be made in any order
since w and w™! cannot overlap.

The mized return words to w are the words N (u) associated with complete
return words u to {w, w™}. We denote by MR g(w) the set of mixed return
words to w in S.

Note that MR g(w) is symmetric and that wMRg(w)w™! = MRg(w™1).
Note also that if S is orientable, then

MRs(w) = Rs(w) URs(w) ™' = Re(w) URs(w™?).

The reason for this definition comes from the fact that, when S is the
natural coding of a linear involution, we are interested in the transformation
induced on I, Uoy(1l,), where I, = I, N T (I,,)N...N T~ (I, _,) for a
word w = byby - - - byy—1 (see [10]). The natural coding of a point in I, begins
with w while the natural coding of a point z in g5(1,,) ‘ends’ with w™! in the

sense that the natural coding of T71*/(2) begins with w™".

Example 6.11 Let T be the linear involution of Example 5.4. We have

MRs(a) = {bteb, b~ cbeta,a eb e ra, b e b, a ebe ta, a e e b)Y
MRs(b) = {a'eb,a tc,cra, b eb,b e a, b e b)Y,
MRs(c) = {ba 'c,b,b7' ctab e, tab™ ¢ tha e}

Observe that any uniformly recurrent biinfinite word z such that F(x) =
S can be uniquely written as a concatenation of mixed return words (see
Figure 6.1). Note that successive occurrences of w may overlap but that
successive occurrences of w and w™! cannot.

r S t U
Figure 6.1: A uniformly recurrent infinite word factorized as an infinite product - - - rstu - - -
of mixed return words to w.

We have the following cardinality result.
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Theorem 6.12 (Cardinality Theorem for mixed return words) Let S
be a recurrent specular set on the alphabet A. For any w € S such that w,w™!
do not overlap, the set MRg(w) has Card(A) elements.

Proof. This is a direct consequence of Theorem 6.9 since Card( MR g(w)) =
Card(CRs({w,w™1}) when w and w™! do not overlap. .

Note that the bijection between CRg(w, w™!) and MRg(w) is illustrated
in Figure 6.1.

Example 6.13 Let S be the specular set of Example 4.22. The value of
CRs(b,d) is given in Example 6.10. Since b, d do not overlap,

MRg(b) = {cab, ¢, dac, dab}

has four elements in agreement with Theorem 6.12.

As a corollary, we obtain the following result.

Corollary 6.14 Let S be the natural coding of a linear involution without
connections on the alphabet A. For anyw € S, the set MRg(w) has Card(A)
elements.

6.2. First Return Theorem

By [7, Theorem 4.5], the set of right return words to a given word in a
recurrent tree set of characteristic 1 containing the alphabet A is a basis of
the free group on A. We will see a counterpart of this result for recurrent
specular sets.

Let S be a specular set. The even subgroup is the group formed by
the even words. It is a subgroup of index 2 of Gy with symmetric rank
2(Card(A) — 1) by (3.2) generated by the even code. Since no even word
is its own inverse (by Proposition 4.11), it is a free group. Thus its rank is
Card(A) — 1.

Theorem 6.15 (First Return Theorem) Let S be a recurrent specular
set. For any w € S, the set of right return words to w is a basis of the even
subgroup.

Proof. We first consider the case where w is even. Let f : B* — A* be a
coding morphism for the even code X C S. Consider the partition (.5; ), as
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in Proposition 4.11, and set Xo = XN Sy, X; = XNS; ;. By Theorem 4.13,
the set f~1(S) is the union of the two recurrent tree sets of characteristic
1, Ty = f~%(Sop) and Ty = f~'(S11) on the alphabets By = f~!'(Xj) and
By = f7'(X}) respectively. We may assume that w € Spo. Then Rg(w) is
the image by f of the set R = Ry, (f*(w)). By [7, Theorem 4.5], the set R
is a basis of the free group on By. Thus Rg(w) is a basis of the image of Fp,
by f, which is the even subgroup.

Suppose now that w is odd. Since the even code is an S-maximal bifix
code, there exists an odd word u such that uw € S. Then Rg(uw) C Rg(w)*.
By what precedes, the set Rg(uw) generates the even subgroup and thus the
group generated by Rg(w) contains the even subgroup. Since all words in
Rs(w) are even, the group generated by Rg(w) is contained in the even
subgroup, whence the equality. We conclude by Theorem 6.6. .

Example 6.16 Let S be the specular set of Example 4.22. The sets of right
return words to a, b, ¢, d are given in Example 6.7. Each one is a basis of the
even subgroup.

Concerning mixed return words, we have the following statement.

Theorem 6.17 Let S be a recurrent specular set. For any w € S such that
w,w™t do not overlap, the set MRg(w) is a monoidal basis of the group Gy.

Proof. Since w and w™! do not overlap, we have Rg(w) C MRg(w)*. Thus,
by Theorem 6.15, the group (MRg(w)) contains the even subgroup. But
MRg(w) always contains odd words. Indeed, assume that w € S;;. Then
w™ € Si_j1-; and thus any u € MRs(w) such that wuw™" € Sis odd. Since
the even group is a maximal subgroup of Gy, this implies that MRg(w)
generates the group Gy. Finally since MRg(w) has Card(A) elements by
Theorem 6.12, we obtain the conclusion by Proposition 3.10. .

Example 6.18 Let S be the specular set of Example 4.22. We have seen in
Example 6.13 that
MRs(b) = {c, cab, dab, dac}.

This set is a monoidal basis of Gy in agreement with Theorem 6.17.

Since, in the free group, a reduced word w and its inverse do not overlap, we
have the following corollary of Theorem 6.17 in the case where the involution
6 has no fixed points. A geometric proof and interpretation is given in [10].
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Corollary 6.19 Let S be the natural coding of a linear involution without
connections on the alphabet A= BU B™. For any w € S, the set MRg(w)
is @ monoidal basis of Fpg.

Example 6.20 Let T be the linear involution of Example 5.4. We have seen
in Example 6.11 that MRg(b) = {a"tcb,a"tc,c ta,b~1eh, b= ¢ ta, b=t 1b}.
It is a monoidal basis of the free group on {a, b, c}.

7. Freeness and Saturation Theorems

In this section we consider two notions concerning sets of generators of
a subgroup H in a specular group, namely free subsets and the set of prime
words with respect to H. We prove that a set closed by taking inverses is
acyclic if and only if any symmetric bifix code is free (Theorem 7.1). More-
over, we prove that in such a set, for any finite symmetric bifix code X,
the free monoid X* and the free subgroup (X) have the same intersection
with S (Theorem 7.8). To prove the last result we use the notion of coset
automaton.

7.1. Freeness Theorem

Let 6 be an involution on A and let Gy be the corresponding specular
group. A symmetric set X is free if it is a monoidal basis of a subgroup H of
the group Gy. Thus a symmetric set X C Gy is free if for x1,2o,..., 2, € X,
the product z;xs - - - x, cannot reduce to 1 unless z; = x, +11 for some ¢ with
1 <1< n.

The following is essentially Theorem 5.1 in [7].

Theorem 7.1 (Freeness Theorem) A laminary set S is acyclic if and
only if any symmetric bifix code X C S s free.

The proof is identical with that of Theorem 5.1 in [7], using the incidence
graph of a set X, which is the undirected graph Gx defined as follows. Let P
be the set of proper prefixes of X and let () be the set of its proper suffixes.
Set P = P\ {e} and Q' = Q \ {e}. The set of vertices of Gx is the disjoint
union of P and @’. The edges of Gx are the pairs (p,q) for p € P’ and
q € Q' such that pg € X. As for the extension graph, we sometimes denote
1® P, Q" ®1 the copies of P’, Q" used to define the set of vertices of Gx.
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Example 7.2 Let S be a laminary set and let X = SN A? be the bifix code
formed of the words of S of length 2. The incidence graph of X is identical
with the extension graph &£(g).

The following statement is proved in [7, Proposition 5.6]. Recall that a
path in an undirected graph is reduced if it does not use twice consecutively
the same edge.

Proposition 7.3 Let S be an acyclic set. For any bifix code X C S, the
following assertions hold.

(i) The incidence graph Gx is acyclic.
(ii) The intersection of P' = P\ {e} (resp. Q' = Q \ {e}) with each
connected component of Gx is a suffiz (resp. prefiz) code.

(iii) For every reduced path (vi,us, ..., Up, Vys1) in Gx with uy, ..., u, € P’
and vy, ...,v,41 € Q', the longest common prefix of v, v,,1 IS a proper
prefix of all vi,..., U, Upiq.

(iv) Symmetrically, for every reduced path (uy, vy, ..., Un, Uns1) 0 Gx with
Uty oy Uprr € P and vy,... v, € @Q', the longest common suffix of
Uy, Upy1 1S @ proper suffix of uy, ug, ..., Upiq.

7.2. Cosets

Let X be a symmetric set. We use the incidence graph to define an
equivalence relation vy on the set P of proper prefixes of X, called the coset
equivalence of X, as follows. It is the relation defined by p = ¢ mod ~x if
there is a path (of even length) from 1 ® p to 1 ® g or a path (of odd length)
from 1 ® p to ¢ ® 1 in the incidence graph Gx. It is easy to verify that,
since X is symmetric, vy is indeed an equivalence. The class of the empty
word ¢ is reduced to €. This definition is an extension to symmetric sets of
the equivalence denoted €y introduced in [4].

The following statement is the generalization to symmetric bifix codes of
Proposition 6.3.5 in [4]. We denote by (X) the subgroup generated by X.

Proposition 7.4 Let X be a symmetric bifix code and let P be the set of its
proper prefizes. Let «yx be the coset equivalence of X and let H = (X). For
any p,q € P, if p=qmod vx, then Hp = Hq.

Proof. Assume that there is a path of even length from p to ¢. If the path
has length 2, then we have pr,qr € X for some suffix r of X. This implies
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pg~t € H and thus Hp = Hq. The general case follows by induction. In the
case where there is a path of odd length from p to ¢~!, there is a path of
even length from p to r and an edge from 7 to ¢~ ! for some r € P. Then
Hp = Hr by the preceding argument. Since rq~! € X, we have Hr = Hq
and the conclusion follows. .

We now use the coset equivalence vx to define the coset automaton Cx of
a symmetric bifix code X as follows. The vertices of Cx are the equivalence
classes of vx. We denote by p the class of p. There is an edge labeled a € A
from s to t if for some p € s and ¢ € t (that is, s = p and t = §), one of the
following cases occurs (see Figure 7.1):

(i) pa € P and pa = ¢ mod vy,
(ii) or pa € X and ¢ = «.

e~ (' ® ('C%)

Figure 7.1: The edges of the coset automaton.

Proposition 7.5 Let X be a symmetric bifix code, let P be its set of proper
prefizes and let H = (X). If for p,q € P and a word w € A* there is a path
labeled w from the class p to the class 4, then Hpw = Hgq.

Proof. Assume first that w is a letter a € A. It is easy to verify using
Proposition 7.4 that in the two cases of the definition of an edge (p,a,q),
one has Hpa = Hq. Since the coset does not depend on the representative
in the class, this implies the conclusion. The general case follows easily by
induction. .

Let A be an alphabet with an involution 6. A directed graph with edges
labeled in A is called symmetric if there is an edge from p to ¢ labeled a if
and only if there is an edge from ¢ to p labeled a~!.

If G is a symmetric graph and v is a vertex of G, the set of reductions
of the labels of paths from v to v is a subgroup of Gy called the subgroup
described by G with respect to v.

A symmetric graph is called reversible if for every pair of edges of the form
(v,a,w), (v,a,w’), one has w = w’ (and the symmetric implication since the
graph is symmetric).
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Proposition 7.6 Let S be a specular set and let X C S be a finite symmetric
bifix code. The coset automaton Cx 1is reversible. Moreover the subgroup
described by Cx with respect to the class of the empty word is the group
generated by X.

Proof. 1t is easy to verify that the words of X are labels of paths from € to
€ which do not pass by £ in between. Thus the group described by Cx with
respect to € contains H = (X).

By Proposition 7.5, if there is a path from the class of p to the class of
q labeled w, then Hpw = Hq. Thus if w belongs to the group described by
Cx (w.rt. €), it is in H. We have thus proved that the coset automaton
describes H.

Let us show now that Cx is reversible. First, it is symmetric since X is
symmetric. Let us show that if (v, a,w) and (v, a,w’) are edges of Cx, then
w = w'. Consider p,p’ € P such that p = p’ mod vx. Assume that there is
an edge labeled a from p = p/ to § and to ¢'.

Case 1. Suppose that pa,p’'a € P. We have to show that pa = p’a mod ~vx.
Let u, v be such that pau, p’av € X. It is not possible that there exists a path
of odd length from p to p’~! in the incidence graph Gx. Indeed, assume that
p € S;;and a € Sj. Let (p,us,...,usm,p~') with m > 0 be a path of odd
length from p to p'~!. Then each uy for 1 <t < m is in S;,; and each wugiqq
for 0 <t <m—1isin S, for some i, ¢, € {0,1}. Then p'~* € S;,, and
thus p’ € S1_¢,,1—;. But then we cannot have p'a € S. Thus there is a path
of even length from p to p’ in Gx. This implies that there is a path of even
length of the form (au,p,...,p’,av). Thus by Proposition 7.3 (iii), there is a
path of even length from pa to p’a. This implies that pa = p'a mod ~x.

Case 2. Assume now that pa € P and p'a € X. For the same reason as in
Case 1, there cannot exist a path of odd length from p to p’. Thus there is a
path of even length from p to p’. By Proposition 7.3 (iii), this is not possible
since otherwise we would have for some word u, a path (au,p,...,p/,a) and
a is not a proper prefix of the last term of the sequence.

The case where pa € X and p'a € P is symmetrical. Finally, if pa, p'a €
X, we have ¢ = ¢ =¢.

This shows that if (v,a,w) and (v, a,w’) are edges of Cx, then w = w'.
Since Cx is symmetric, it follows that if (v,a,w) and (v, a,w) are edges of
Cx, then v = v'. Thus Cx is reversible. .
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Example 7.7 Let T be the linear involution of Example 5.4 and let S =
L(T). Let X be the set of words of length 3 of S (see Figure 5.4), which is a
symmetric bifix code. The incidence graph Gy is represented in Figure 7.2.
The coset automaton Cx is represented in Figure 7.3 (we only represent one

a——ble clb—at b\a‘lc c‘1a7b‘1
c—b et b ! b'l—cta alc b
— —
bl b \c‘lb b—lc/
c‘l<ba_1 ab~t —=¢ a=t cb bl —a
ab™*  ba™! TSt et

Figure 7.2: The incidence graph of X.

of the edges labeled a and a™!, the other one is understood). The vertex 2
is the class corresponding to the first two trees in Figure 7.2. The vertex 3
corresponds to the two last ones.

Figure 7.3: The coset automaton.

7.3. Saturation Theorem

Let H be a subgroup of the specular group Gy and let S be a specular
set on A relative to . The set of prime words in S with respect to H is
the set of nonempty words in H N S without a proper nonempty prefix in
H NS. Note that the set of prime words with respect to H is a symmetric
bifix code. One may verify that it is actually the unique bifix code X such
that X C SN H C X*.

The following statement is a generalization of Theorem 5.2 in [7] (Satu-
ration Theorem).
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Theorem 7.8 (Saturation Theorem) Let S be an acyclic laminary set.
Any finite symmetric bifix code X C S 1is the set of prime words in S with
respect to the subgroup (X). Moreover (X)NS =X*NS.

Proof. Let H = (X) and let Y C S be the set of prime words with respect
to H. Then Y is a symmetric bifix code and thus it is free by Theorem 7.1.
Since, by Proposition 7.6, the coset automaton Cyx is reversible, any reduced
word is the label of at most one reduced path in Cx. Since any word of X
is the label of a reduced path from € to € in Cx which does not pass by &
in-between, this implies that X C Y. But any y € Y is the reduction of
some product z1x5 - - - x, with x; € X. Since Y is free and contains X, this
impliesn =1and y € X. Thus X =Y.

The last assertion follows from the fact that, since X is the set of prime
words in S with respect to H, one has HNS C X*. .

Note that the hypothesis that X is symmetric is necessary, as shown in
the following example.

Example 7.9 Let A = {a,b,a™',07'}. Let S be the set of factors of
(ab™")* U (a'b)“ (we denote as usual by z* the infinite word xzz - -+ ). Then
S is an acyclic laminary set. The set X = {a,ba™'} is a bifix code but it is
not the set of prime words with respect to (X) since b € (X) N S.

8. Bifix codes and monoidal bases

In this section we prove the Finite Index Basis Theorem (Theorem 8.1)
and a converse (Theorem 8.6).

8.1. Finite Index Basis Theorem

The following result is the counterpart for specular sets of the result
holding for recurrent tree sets of characteristic 1 (see [8, Theorem 4.4]). The
proof is very similar to that of Theorem 4.4 in [8] and we omit some details.

Theorem 8.1 (Finite Index Basis Theorem) Let S be a recurrent spec-
ular set and let X C S be a finite symmetric bifix code. Then X 1is an
S-maximal bifix code of S-degree d if and only if it is a monoidal basis of a
subgroup of index d.
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The following result is a complement to Theorem 4.4.3 in [4], asserting that
if S is a recurrent set, any finite bifix code X C S is contained in a finite
S-maximal bifix code Z. It shows that when X is symmetric, then Z can be
chosen symmetric.

Theorem 8.2 Let S be a recurrent laminary set. Any finite symmetric bific
code X C S is contained in a finite symmetric S-mazimal bifiz code.

Proof. Let X C S be a finite symmetric bifix code which is not S-maximal.
Since X is finite, the number d = max{dx(w) | w € X} is finite. By Theorem
4.3.12 of [4], X is the kernel of some S-maximal bifix code Z of S-degree
d+ 1. Since S is recurrent, by Theorem 4.4.3 of [4], Z is finite. Let us show
that Z is symmetric. Indeed, we have by Theorem 4.3.11 in [4], dz(w) =
min{d+1, dx(w)}. Since X is symmetric, we have dy(w) = dx(w™') for any
w € S. Indeed, (¢, z,p) is a parse of w if and only if (p~!, 27!, ¢71) is a parse
of w™'. Thus dz(w) = dz(w™'). This implies that Z is symmetric. .

Proof of Theorem 8.1. Assume first that X is a finite symmetric S-maximal
bifix code of S-degree d. Let P be the set of proper prefixes of X. Let H be
the subgroup generated by X.

Let u € S be a word such that dy(u) = d, or, equivalently, which is not an
internal factor of X. Since u can be replaced by any of its right extensions,
we may assume that u is odd. Let () be the set formed of the d suffixes of u
which are in P.

Let us first show that the cosets Hq for ¢ € @ are disjoint. Indeed,
HpN Hq # () implies Hp = Hq. Any p,q € @ are comparable for the suffix
order. Assuming that ¢ is longer than p, we have ¢ = tp for some t € P.
Then Hp = Hq implies Ht = H and thus t € HN.S. By Theorem 7.8, since
S is acyclic and X is symmetric, this implies ¢t € X* and thus ¢t = . Thus
p=q.

Let

V={veGy|QucC HQ}

where the products Qv and H(@ are understood in the group Gy (that is,
with reduction).

For any v € V the map p — ¢ from @ into itself defined by pv € Hgq is
a permutation of (). Indeed, suppose that for p,q € (), one has pv,qu € Hr
for some r € Q. Then rv~! is in Hp N Hq and thus p = ¢ by the above
argument.
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The set V is a subgroup of Gy. Indeed, 1 € V. Next, let v € V. Then
for any ¢ € @, since v defines a permutation of (), there is a p € () such that
pv € Hq. Then quv~' € Hp. This shows that v™' € V. Next, if v,w € V,
then Quw C HQw C HQ and thus vw € V.

We show that the set Rg(u) is contained in V. Let y € Rg(u). Since uy
ends with u, and since w is not an internal factor of X, for any p € Q, we
have py = xq for some z € X* and ¢ € (). Therefore y € V.

By Theorem 6.15, the group generated by Rg(u) is the even subgroup.
Thus V' contains the even subgroup. But V' contains odd words. Indeed, let
v € S be such that uvu=! € S. Then v is odd by Proposition 4.12. Moreover,
for any p € Q there is some ¢ € Q such that pvg~! € X*. This implies that
pv € X*q and thus v is in V. Since the even subgroup is of index 2, it is
maximal in Gy and we conclude that V = G,.

Thus Qw C HQ for any w € Gy. Since € € (), we have in particular w €
HQ for any w € Gy. Thus Gy = HQ. Since Card(Q) = d, and since the right
cosets Hq for ¢ € () are pairwise disjoint, this shows that H is a subgroup
of index d. By Theorem 4.16, we have Card(X) — 2 = d(Card(A) — 2). But
since X generates H, and since X contains the inverses of its elements, this
implies by Proposition 3.10 that X is a monoidal basis of H.

Assume conversely that the finite bifix code X C F'is a monoidal basis of
the group H = (X) and that (X) has index d. Since X is a monoidal basis,
by Schreier’s Formula, we have Card(X) = (k —2)d + 2, where k = Card(A).
The case k = 1 is straightforward; thus we assume k > 2. By Theorem 8.2,
there is a finite symmetric S-maximal bifix code Y containing X. Let e be
the S-degree of Y. By the first part of the proof, Y is a monoidal basis of
a subgroup K of index e of Gy. In particular, it has (k — 2)e + 2 elements.
Since X C Y, we have (k —2)d+2 < (k — 2)e + 2 and thus d < e. On the
other hand, since H is included in K, d is a multiple of e and thus e < d.
We conclude that d = e and thus that X =Y. .

Note that when X is not symmetric, the index of the subgroup generated
by X may be different of dg(X), as shown in the following example.

Example 8.3 Let T be as in Example 5.4 and let S = L£(T). The set
X ={a,ba=t bc7 b7 e, b7 e a7 e, b, cb7t, crab™t, ¢ tb} is an S-maximal
bifix code of S-degree 2. Since b,c € (X), the group generated by X is the
free group on A.

The following consequence of Theorem 8.1 is the counterpart for specular

48



sets of Theorem 5.10 in [9]. We give in [10] a geometric proof and interpre-
tation of Theorem 8.4 for the natural coding of a linear involution.

Theorem 8.4 Let S be a recurrent specular set. For any subgroup H of
finite index of the group Gy, the set of prime words in S with respect to H is
a monoidal basis of H.

Proof. Let X be the set of prime words in S with respect to H. The set X
is a symmetric bifix code and the number of parses of a word of S is at most
equal to the index d of H in Gy. Indeed, let (v, z,u) and (v',2’,u’) be two
parses of a word w € S. If v,v" are in the same left coset of H, then the
two interpretations are equal. Indeed, assume that |v| > |v/| and set v = v's.
Then s € H and thus s € X*, which implies s = 1 by definition of a parse.
Therefore X is an S-maximal bifix code by [4, Theorem 4.2.8].

By Theorem 8.1, X is a monoidal basis of a subgroup K of index e. Since
K C H, the index of K is a multiple of the index of H. Since e < d, we
conclude that e = d and that K = H. .

We illustrate Theorem 8.4 with the following interesting example.

Example 8.5 Let T" be as in Example 5.4 and let S = L(T"). Let G be the
group of even words in F4. It is a subgroup of index 2. The set of prime
words in S with respect to G is the set Y = X U X! with

X ={a,ba"te,be b7 e b e,

Actually, the transformation induced by 7" on the set I x {0} (the upper
part of I in Figure 5.2) is the interval exchange transformation represented
in Figure 8.1. Its upper intervals are the I, for x € X. This corresponds to

1 1 1.1 1

5 a ba "¢ be 5 b~'c b~'c o
1 1 171 1

oL b o cb o cb Ol ab a o

Figure 8.1: The transformation induced on the upper level.

the fact that the words of X correspond to the first returns to I x {0} while
the words of X~ correspond to the first returns to I x {1}.
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8.2. A converse of the Finite Index Basis Theorem
The following is a converse of Theorem 8.1.

Theorem 8.6 Let S be a recurrent laminary set of factor complexity p, =
n(Card(A) —2) + 2. If SN A" is a monoidal basis of the subgroup (A™) for
alln > 1, then S is a specular set.

Proof. Consider w € S and set m = |w|. The set X = (AwAU Aw=tA)NS
is closed by taking inverses and it is included in Y = S N A™*2. Since Y is
a monoidal basis of a subgroup, X C Y is a monoidal basis of the subgroup
(X).

This implies that the graph £(w) is acyclic. Indeed, assume that the path
(ay,by,...,ap,by,a1) is a cycle in E(w) with p > 2, a; € L(w), b; € R(w) for
1 <i<pand a; # a, Then ajwb,aswbs, ..., aywd,, a;wb, € X. But

aywby (aywby ) " tagwbs - - - aywb, (agwhy,) "t = ¢,

with ajwb;j(aj1wb;) ™t = ajaj_il # ¢ (otherwise a; = a;41), contradicting the
fact that X is a monoidal basis.

Since p, = n(Card(A) — 2) + 2, we have s, = Card(A) —2 and ¢, = 0
for all n > 0. By Proposition 2.2, it implies that m(w) = 0 for all nonempty
words w. Since €(w) is acyclic, we conclude that £(w) is a tree.

Finally, since £(¢) is acyclic, and since m(e) = —1, the graph £(¢) has
two connected components which are trees. .
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